arXiv:hep-ph/0601120v5 9 Oct 2007

On the structure of the ππ invariant mass spectra of the Υ(4S) → Υ(1S, 2S)π^+π^− decays

Feng-Kun Guo^{1,2,6∗},^† Peng-Nian Shen^{2,1,4,5}, Huan-Ching Chiang^{3,1}, and Rong-Gang Ping^{1,2} 1Institute of High Energy Physics, Chinese Academy of Sciences, P.O.Box 918(4), Beijing 100049, China 2CCAST (World Lab.), P.O.Box 8730, Beijing 100080, China 3South-West University, Chongqing 400715, China 4Institute of Theoretical Physics, Chinese Academy of Sciences, P.O.Box 2735, China 5Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator, Lanzhou 730000, China 6Graduate University of Chinese Academy of Sciences, Beijing 100049, China (Dated: October 10, 2007)

We perform a model-independent analysis for recently reported data of the π^+π^− invariant mass spectra in the Υ(4S) → Υ(1S, 2S)π^+π^− decays and point out that there does exist a broad peak below 0.6 GeV in the data of the Υ(4S) → Υ(1S)π^+π^− decay, which is analogous to that in the Υ(3S) → Υ(1S)π^+π^− decay. With the data of Υ(4S) decays, we further test our model developed for studying the puzzle in the Υ(3S) → Υ(1S)π^+π^− decay. The result shows that with such a model, all the π^+π^− invariant mass spectra of Υ(4S) decays can be described. We also predict the cos θ^∗_π distributions of Υ(4S) → Υ(1S, 2S)π^+π^− decays, which can be used to justify our model prediction.

PACS numbers: 13.25.Gv;12.39.Fe;12.39.Mk Keywords: Υ π^+π^− transition, S wave ππ final state interaction, tetraquark

Υ(4S) is the first bottomonium state above the BB̄ threshold. The branching fraction for Υ(4S) → BB̄ is larger than 96% [1]. Recently, the ππ invariant mass spectrum of the Υ(4S) → Υ(1S)π^+π^− decay was measured by the Belle Collaboration [2, 3] and the BaBar Collaboration [4], respectively, and the decay of Υ(4S) → Υ(2S)π^+π^− was reported by the BaBar Collaboration [4]. Their results with rather large error bars are shown in Fig. 3. The branching ratios of decay modes reported by different collaborations are listed in Table I. Although the branching ratio in Ref. [2] seems inconsistent with the newly reported one in Ref. [3], it is compatible with those in Refs. [4, 5].

An interesting phenomenon in the the Υ(3S) → Υ(1S)π^+π^− decay is that the π^+π^− invariant

∗ Now at Institut für Kernphysik (Theorie), Forschungszentrum Jülich, D-52425 Jülich, Germany †Electronic address: f.k.guo@fz-juelich.de

TABLE I: The branching ratios of the decay modes Υ(4S) → Υ(1S, 2S)π^+π^−.

B(Υ(4S) → Υ(1S)π^+π^−)(10^{−4}) B(Υ(4S) → Υ(2S)π^+π^−)(10^{−4}) CLEO [5] < 1.2 < 3.9 BaBar [4] 0.90 ± 0.15 1.29 ± 0.32 Belle [2] 1.1 ± 0.2 ± 0.4 Belle [3] 1.8 ± 0.3 ± 0.2

mass spectrum has a double peak structure, namely a broad peak shows up below 0.6 GeV [6]. In past years, much attention has been attracted to such a phenomenon [7, 8, 9, 10, 11, 12, 13]. Now, the reported π^+π^− invariant mass spectrum of the Υ(4S) → Υ(2S)π^+π^− decay also exhibits a distinguishable double peak structure, but in the Υ(4S) → Υ(1S)π^+π^− decay, the lower structure seems not evident [2, 4, 14]. Based on this observation, Vogel suspected that the dipion transitions between two Υ(nS) states with Δn = 2 are special [15].

In order to explain the double peak structure and the angular distribution in the Υ(3S) → Υ(1S)π^+π^− decay, we proposed an additional sequential process in our model. In such a process, an intermediate bb̄qq̄ state with J^P = 1^+ and I = 1 (called X) is suggested. By including this sequential process and considering the S wave ππ final state interaction (FSI), we well-described the Υ(nS) → Υ(mS)π^+π^− (n = 2, 3, m = 1, 2 and n > m) data available in a systematical way [7]. Obviously, the newly reported data will provide us an opportunity to justify our model and check Vogel’s assertion.

In this paper, we perform a model-independent analysis for all the π^+π^− invariant mass spectrum data in the Υ(4S) → Υ(1S, 2S)π^+π^− transitions. Although the Belle Collaboration claimed that the data in Ref. [2] should be superseded by those in Ref. [3], we still use all these data to justify our model proposed in Ref. [7], and consequently, predict the angular distribution for further confirmation in future.

Before processing detailed calculations, we analyze the π^+π^− invariant mass spectra of the Υ ππ transitions, qualitatively.

1) The isoscalar character of bottomonia limits the isospin of the dipion system to be I = 0. Because both Υ(4S) and Υ(1S) are the vector state, the π^+π^− system favors the S wave than the higher ones. A mass difference of 1.12 GeV between Υ(4S) and Υ(1S) gives the upper limit of the physical M_π+_π− region. In this region, the well-established isoscalar-scalar meson of f_0(980) would couple to ππ strongly, which causes its width of about 40-100 MeV [1]. Therefore, there might be a narrow peak or dip in the π^+π^− invariant mass spectrum of the Υ(4S) → Υ(1S)π^+π^− decay. However, if the bin in the experimental data is wide, as shown in all the reported data sets, the narrow state of f_0(980) might not show up explicitly.

2) In comparison with the measured invariant mass spectrum, namely the differential width, the squared decay amplitude (|M|^2) reflects the decay dynamics more directly. Among low partial waves between two pions, only S- and D-waves can contribute to the decay amplitude. Because the contribution from the D-wave is suppressed by a factor of 2/45 due to the integration of the 2nd order Legendre polynomial, the squared decay amplitude can be approximated by the invariant mass spectrum divided by the integrated phase space. The π^+π^− invariant mass spectra of the Υ(3S, 4S) → Υ(1S)π^+π^− decays without the phase space factor are shown in Fig. 1. For comparison, we normalize the magnitudes around m_π+_π− = 0.41 GeV in all the data sets from Refs. [2, 3, 4] for the Υ(4S) → Υ(1S)π^+π^− decay and from Ref. [6] for the Υ(3S) → Υ(1S)π^+π^− decay to the values close to each other. From this figure, one sees that the tendency of the data in the Υ(4S) → Υ(1S)π^+π^− decay, especially in the region lower than 0.65 GeV, is analogous to that in the Υ(3S) → Υ(1S)π^+π^− decay. This indicates that in the ππ invariant mass spectrum of the Υ(4S) → Υ(1S)π^+π^− decay, a broad peak does exist in the lower M_{ππ} region, which implies that the above mentioned Δn = 2 rule might not be true.

FIG. 1: The π^+π^− invariant mass spectra of the Υ(3S, 4S) → Υ(1S)π^+π^− decays without the phase space factor.

Now, we use our proposed model [7] to study Υ(4S) → Υ(1S, 2S)π^+π^− decays. The decay mechanism of Υ(nS) → Υ(mS)π^+π^− is shown in Fig. 2, where (a) and (c) represent the contact diagram and the diagram in tree level with X, respectively, and (b) and (d) denote the corresponding diagrams with the S-wave ππ FSI.

FIG. 2: The decay mechanism of Υ(nS) → Υ(mS)π^+π^−. Solid external lines represent Υ(nS), dashed lines represent pions, and solid intermediate lines represent X.

By incorporating appropriately the chiral expansion with the heavy quark expansion to the lowest order, the amplitude of the contact term in the heavy quarkonium π^+π^− transition can be written as [11, 13, 16]

V_0 = − 4 f^2_π [ (g_1p_1 · p_2 + g_2p^0_1p^0_2 + g_3m^2_π)ε^∗ · ε^′ + g_4(p_{1μ}p_{2ν} + p_{1ν} p_{2μ})ε^{∗μ}ε^{′ν} ] , (1)

where f_π = 92.4 MeV is the pion decay constant, g_i (i = 1, 2, 3, 4) are coupling constants, p_1 and p_2 represent the 4-momenta of π^+ and π^−, respectively, p^0_i (i = 1, 2) denote the energies of π^± in the lab frame, and ε and ε^′ describe the polarization vectors of the heavy quarkonia, respectively. It was shown in Refs. [11, 13] that the g_4-term in Eq. (1) can be ignored in the view point of QCD multipole expansion. Then, Eq. (1) can be reduced to

V_0 = − 4 f^2_π

(g_1p_1 · p_2 + g_2p^0_1p^0_2 + g_3m^2_π)ε^∗ · ε^′. (2)

Note that part of D-wave components still exist in the g_2 term [7]

p^0_1p^0_2 = 1 1 − β^2 [( p^{0∗2}_1 − β^2p^{∗2}_1 3 ) P_0(cos θ^∗_π) − 2β^2p^{∗2}_1 P_2(cos θ^∗_π) ] , (3)

where β is the velocity of the ππ system in the rest frame of the initial particle, p^∗_{1μ} = (p^{0∗}_1 , p^∗_1) and p^∗_{2μ} = (p^{0∗}_2 , p^∗_2) represent the four-momenta of π^+ and π^− in the c.m. frame of the ππ system, respectively. P_0(cos θ^∗_π) = 1 and P_2(cos θ^∗_π) = (cos^2 θ^∗_π − 1/3)/2 are the Legendre functions of the 0-th order and the 2-nd order, respectively.

In our model, we stressed that an additional sequential process Υ(nS) → πX → Υ(mS)ππ should also contribute to the decay. Taking a simple S-wave coupling for the vertex Υ(nS) → πX, the decay amplitude of the sequential process in Fig. 2 (c) can be written as V^{tree}_X = g_{nm}ϵ^′_μϵ^∗_ν ( −g^{μν} + p^μ_{X+} p^ν_{X+} /m^2_X p^2_{X+} − m^2_X + im_X Γ_X + −g^{μν} + p^μ_{X−} p^ν_{X−} /m^2_X p^2_{X−} − m^2_X + im_X Γ_X ) , (4) where g_{nm} is the effective coupling constant among Υ(mS), Υ(nS), π^+ and π^− via an intermediate state X, and p_X± denote the momenta of the charged intermediate states of X^±, respectively. In Ref. [7], we showed that the X state is necessary in getting a global fit to all the Υ(nS) → Υ(mS)π^+π^− (n = 2, 3, m = 1, 2, n > m) data. Especially in the Υ(3S) → Υ(1S)π^+π^− decay, the contribution of X is very important for both the dipion invariant mass spectrum and the angular distribution. The predicted mass and width of the X state are m_X = 10.05 GeV and Γ_X = 0.688 GeV, respectively [7]. It should be mentioned that the predicted X state is supported by later theoretical calculations with the constituent quark model [17] and the QCD sum rules [18], respectively.

In Ref. [7], it was also shown that the S-wave ππ FSI is very important to reproduce the double peak structure in the π^+π^− invariant mass spectrum of the Υ(3S) →Υ(1S)π^+π^− decay. Such an importance has further been presented in the study of the heavy quarkonium chromopolarizability [19] that describes the interaction of heavy quarkonia with soft gluons [20]. The S-wave ππ FSI can properly be treated by the so-called coupled-channel chiral unitary approach [21]. In this approach, the ππ S-wave phase shifts can be well-described with barely one parameter, 3-momentum cut-off q_{max} = 1.03 GeV, and the low lying scalar mesons (σ, f_0(980), a_0(980) and κ) can dynamically be generated with reasonable masses and widths [21, 22]. In the S-wave isoscalar sector, the ππ and KK̄ channels are taken into account (for detailed information, refer to Ref. [21]). By using the phase convention |π^+⟩ = −|1, 1⟩ and the normalization ⟨π^+π^−|π^+π^−⟩ = ⟨π^−π^+|π^−π^+⟩ = ⟨π^0π^0|π^0π^0⟩ = 2 (considering the fact that π^+, π^− and π^0 are in the same isospin multiplet), the full amplitude of the π^+π^− + π^−π^+ + π^0π^0 → π^+π^− process can be denoted by 2t^{I=0}_{ππ,ππ} with t^{I=0}_{ππ,ππ} being the full coupled-channel amplitude of the I = 0 S-wave ππ → ππ process. In the Υ(4S) → Υ(1S)π^+π^− decay, the large phase space allows the KK̄ channel to be on shell. Thus, the full amplitude of the K^+K^− + K^0K̄^0 → π^+π^− process can similarly be described by 2t^{I=0}_{KK̄,ππ}/ √ 3 with the phase convention |K̄^0 = −|1/2, 1/2⟩ and the amplitude t^{I=0}_{KK̄,ππ} which denotes the full coupled-channel amplitude of the I = 0 S-wave KK̄ → ππ process. To factorize the FSI from the contact term in Fig. 2 (b), the on-shell approximation is adopted as usual. The off-shell effects can be absorbed into phenomenological coupling constants. In this approximation, both the ππ and KK̄ loops shown in Fig. 2 (b) are allowed in the Υ(4S) → Υ(1S)π^+π^− decay, but only the ππ loop is permitted in the Υ(4S) → Υ(2S)π^+π^− decay. Then, the total transition amplitude for Υ(4S) → Υ(1S)π^+π^− can be given by

t = V_0 + V_{0S} · G_{11} · 2t^{I=0}_{ππ,ππ} + V_{0S} (m_K ) · G_{22} · 2 √ 3 t^{I=0}_{KK̄,ππ} + V^{tree}_X + g_{41}ϵ^′_μϵ^∗_ν G^{μν}_X · 2t^{I=0}_{ππ,ππ}, (5) and the transition amplitude for Υ(4S) → Υ(2S)π^+π^− by

t = V_0 + V_{0S} · G_{11} · 2t^{I=0}_{ππ,ππ} + V^{tree}_X + g_{42}ϵ^′_μϵ^∗_ν G^{μν}_X · 2t^{I=0}_{ππ,ππ}, (6)

where V_{0S} is the S-wave projection of V_0, and V_{0S} (m_K ) is the one for the process with two kaons. G_{ii} and G^{μν}_X are the two-meson loop integral (i = 1 for the ππ loop, and i = 2 for the KK̄ loop) and the three-meson loop integral, respectively. G_{ii} = i ∫ d_4q (2π)^4 1 q^2 − m^2_i + iε 1 (p^′ − p − q)^2 − m^2_i + iε

, (7)

G^{μν}_X = i ∫ d_4q (2π)^4 −g^{μν} + p^μ_X p^ν_X /m^2_X p^2_X − m^2_X + iε 1 q^2 − m^2_π + iε 1 (p^′ − p − q)^2 − m^2_π + iε

, (8)

where p^′ and p represent the momenta of Υ(4S) and Υ(1S), respectively. The loops are calculated with a cut-off momentum q_{max} = 1.03 GeV which was used in explaining the data of the ππ S-wave scattering [21]. Thus, the FSI of ππ used here is consistent with the interaction of ππ employed in fitting the ππ scattering data. It should be mentioned that in calculating the transition amplitude for the diagram in Fig. 2(d), we do not consider the intermediate X_s(bb̄ss̄) state, the strange cousin of X, due to its negligible contribution (refer to Ref. [7]). In this way, no additional parameter is introduced in the calculation.

As has been pointed out in Ref. [7], to describe all the bottomonium dipion transition data, including the newly reported data, self-consistently, the g_2 value is fixed to be g_2/g_1 = −0.23. Then, the data of the π^+π^− invariant mass spectra in the Υ(4S) → Υ(1S, 2S)π^+π^− decays [2, 3, 4] are fitted by three parameters, g_1, g_3/g_1 and g_{nm}, where m = 1 and m = 2 represent the final states of Υ(1S) and Υ(2S), respectively. Namely, in terms of the function minimization and error analysis package (MINUIT) [23], these parameters can be determined by a least square fit. The resultant parameters with relevant errors are listed in Table II. In order to demonstrate the necessity of the suggested intermediate state X, the data fitting without X is also performed, and the relevant parameters are presented in Table II too. Moreover, the central values of the experimental branching widths, Γ(Υ(4S) → Υ(1S)π^+π^−) = 2.2 keV [2], 3.7 keV [3], 1.8 keV [4] and Γ(Υ(4S) → Υ(2S)π^+π^−) = 2.7 keV [4], are used in determining the physical values of coupling constants as well. It should be noted that due to g_{nm} = g_{nX} g_{mX} , the values of g_{nm} with different n and m are not fully independent. Using the values of g_{41} and g_{42} given in Table II and the value of g_{31} given in Ref. [7], one can deduce g_{32} = 7.36 GeV^2 which is different from the value of −0.00418 GeV^2 given in Ref. [7]. Fortunately, because the contribution from the sequential process is not important in the Υ(3S) → Υ(2S)π^+π^− decay, such a change does not affect the description of the data.

The calculated π^+π^− invariant mass spectra of the Υ(4S) → Υ(1S, 2S)π^+π^− decays are plotted in Fig. 3, where the solid and dashed curves denote the results with and without X, respectively. In the case with X, a clear bump exists in the low-energy region of the π^+π^− invariant mass spectra in both the Υ(4S) → Υ(1S)π^+π^− and the Υ(4S) → Υ(2S)π^+π^− decays, while in the case without X, no such a structure appears in the Υ(4S) → Υ(1S)π^+π^− decay. It seems that the newly reported Υ(4S) ππ transition data support our model in which the sequential process with X is influential. Moreover, in the π^+π^− invariant mass spectrum of the Υ(4S) → Υ(1S)π^+π^− decay, our model gives a narrow structure at the place just below 1 GeV. In addition, in the Υ(4S) → Υ(2S)π^+π^− decay, the calculated results for Fig. 3(d) show a better description of the data if the sequential process with X is also considered. These results can be understood by analyzing the contributions of different terms. For simplicity, in the case of Υ(4S) → Υ(1S)π^+π^−, we only focus our attention on the data set in Ref. [3]. The contributions from different terms are plotted in Fig. 4, where the solid curve denotes the total result, and the dashed, dotted and dash-dotted curves represent the contributions from the terms without X, with X only, and the interference term, respectively. It is seen that the narrow peak close to 1 GeV comes from the S-wave coupled-channel ππ FSI. Recalling that the isoscalar-scalar meson f_0(980) can be generated dynamically in the coupledchannel chiral unitary approach [21], one can attribute the origin of the narrow peak to the effect of f_0(980). However, due to the limited resolving power of the present data, this narrow peak might not be observed. Higher statistical data should be called. If this peak still cannot be found in the future higher statistical data, one should not be surprised, because it might be canceled by other stuff. An analogue is that in studying J/ψ → ωπ^+π^− decay in the coupled-channel chiral unitary approach [26], due to the contribution of the intermediate state b_1(1235), the peak of f_0(980) cannot be observed [24, 25]. Similar to the situation in the Υ(3S) → Υ(1S)π^+π^− decay [7], the contribution from the sequential process plays a dominant role in the Υ(4S) → Υ(1S)π^+π^− decay. But, in the Υ(4S) → Υ(2S)π^+π^− decay, the dominant contribution comes from the terms without X. Furthermore, in both Υ(4S) decays, the contribution from the interference term is important. Anyway, in order to justify the heavy quarkonium ππ transition model further, the data with higher statistics should be requested.

Using the central values of parameters in Table II, we calculate the cos θ^∗_π distributions for both Υ(4S) dipion transitions (for Υ(4S) → Υ(1S)π^+π^−, we use the parameter set determined from the data in Ref. [3]). The results are presented in Fig. 5, where the solid and dashed curves represent

TABLE II: Resultant parameters in fitting the π^+π^− invariant mass spectra of the Υ(4S) → Υ(1S, 2S)π^+π^− decays.

Decay Data source g_1 g_3/g_1 g_{nm} (GeV^2)

Υ(4S) → Υ(1S)π^+π^−

Belle [2] (6.00 ± 1.43) × 10^{−3} 0.69 ± 0.63 5.28 ± 1.20 Belle [2] (6.51 ± 1.18) × 10^{−3} 0.44 ± 0.48 0 (fixed) Belle [3] (5.56 ± 4.48) × 10^{−3} 0.94 ± 1.74 7.60 ± 1.19 Belle [3] (6.76 ± 1.46) × 10^{−3} 1.04 ± 0.52 0 (fixed) BaBar [4] (7.05 ± 0.86) × 10^{−3} −0.94 ± 0.53 3.70 ± 1.02 BaBar [4] (3.84 ± 0.73) × 10^{−3} 1.65 ± 0.70 0 (fixed)

Υ(4S) → Υ(2S)π^+π^−

BaBar [4] 0.15 ± 0.01 −3.37 ± 0.17 11.9 ± 3.3 BaBar [4] 0.14 ± 0.01 −3.67 ± 0.14 0 (fixed)

FIG. 3: The π^+π^− invariant mass spectra for the decays Υ(4S) → Υ(1S, 2S)π^+π^−. The solid and dashed curves denote the results with and without X, respectively.

FIG. 4: The contributions from different terms to the π^+π^− invariant mass spectra. (a) Υ(4S) → Υ(1S)π^+π^−, (b) Υ(4S) → Υ(2S)π^+π^−.

FIG. 5: Predictions of the cos θ^∗_π distributions. (a) Υ(4S) → Υ(1S)π^+π^−, (b) Υ(4S) → Υ(2S)π^+π^−. The solid and dashed curves represent the results with and without the intermediate X state, respectively.

the results with and without X, respectively. From the figure, one sees that the predicted cos θ^∗_π distribution of the Υ(4S) → Υ(1S)π^+π^− decay is much flatter in the case without X than in the case with X. Clearly, the angular distribution of the Υ(4S) → Υ(1S)π^+π^− decay with X exhibits a similar behavior shown in the Υ(3S) → Υ(1S)π^+π^− decay, because the sequential process plays dominant role in both decays. Therefore, we can expect that the future angular distribution data would be a criterion for further judgment.

Moreover, we would mention that in the Υ(4S) → Υ(1S)π^+π^− decay, the numerical result shows a negligible effect from the off-shell tensor resonance f_2(1270).

In summary, we analyze recently reported data of the π^+π^− invariant mass spectra of the Υ(4S) → Υ(1S, 2S)π^+π^− decays in a model-independent way, and find that the behavior of the ππ invariant mass spectrum in the Υ(4S) → Υ(1S)π^+π^− decay is an analogue of that in the Υ(3S) → Υ(1S)π^+π^− decay, namely there does exist a broad structure in the ππ mass region below 0.6 GeV. This disagrees with the presumed Δn = 2 rule in Ref. [15]. Then, we try to justify our model developed in studying the puzzle in the Υ(3S) → Υ(1S)π^+π^− decay by using the newly reported data of Υ(4S) dipion decays. We find that with the additional contribution from the sequential process proposed in our model, one can describe the experimental data, namely the intermediate state X plays an important role in the Υ(4S) → Υ(1S)π^+π^− decay. We also predict the cos θ^∗_π distributions of Υ(4S) → Υ(1S, 2S)π^+π^− decays. The result shows that the cos θ^∗_π distribution of the Υ(4S) → Υ(1S)π^+π^− decay in the without X case is much flatter than that in the with X case. Therefore, this observable can be employed to justify our model in the future.

Acknowledgments

We would like to thank D. V. Bugg for his constructive comments. We also benefit much from valuable discussions with B.-S. Zou. We sincerely appreciate C. Patrignani and A. Sokolov for providing us the BaBar’s and Belle’s data, respectively. This work is partially supported by the NSFC grants under the Nos. 90103020, 10475089, 10435080, 10447130 and CAS Knowledge Innovation Key-Project grant under the No. KJCX2SWN02.

[1] W.-M. Yao et al., Particle Data Group, J. Phys. G 33 (2006) 1. [2] Belle Collaboration, K. Abe et al., hep-ex/0512034.

[3] Belle Collaboration, A. Solokov et al., Phys. Rev. D 75 (2007) 071103. [4] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 96 (2006) 232001. [5] CLEO Collaboration, S. Glenn et al., Phys. Rev. D 59 (1999) 052003. [6] CLEO Collaboration, F. Butler et al., Phys. Rev. D 49 (1994) 40. [7] F.-K. Guo, P.-N. Shen, H.-C. Chiang, R.-G. Ping, Nucl. Phys. A761 (2005) 269. [8] H.J. Lipkin, S.F. Tuan, Phys. Lett. B 206(1988) 349 . [9] P. Moxhay, Phys. Rev. D 39 (1989) 3497.

[10] G. Bélanger, T. DeGrand and P. Moxhay, Phys. Rev. D 39 (1989) 257; H.-Y. Zhou, Y.-P. Kuang, Phys.

Rev. D 44 (1991) 756 ; M. Uehara, Prog. Theo. Phys. 109 (2003) 265 ; S. Chakravarty, P. Ko, Phys. Rev. D 48 (1993) 1212 ; M. Ishida, S. Ishida, T. Komada, S.-I. Matsumoto, Phys. Lett. B 518 (2001) 47; A. Gallegos, J. L. Lucio M and J. Pestieau, Phys. Rev. D 69 (2004) 074033; T. A. Lähde and D. O. Riska, Nucl. Phys. A707 (2002) 425.

[11] S. Chakravarty, S. M. Kim, P. Ko, Phys. Rev. D 48 (1993) 1205; ibid. D 50 (1994) 389. [12] V. V. Anisovich, D. V. Bugg, A. V. Sarantsev and B. S. Zou, Phys. Rev. D 51 (1995) R4619. [13] T. Mannel, R. Urech, Z. Phys. C 73 (1997) 541.

[14] CLEO Collaboration, J.P. Alexander et al., Phys. Rev. D 58 (1998) 052004. [15] H. Vogel, talk presented at The 4th Flavor Physics and CP Violation Conference (FPCP 2006), Vancouver, Canada, 9-12 Apr 2006 [arXiv:hep-ex/0606011].

[16] L. Brown, R. Cahn, Phys. Rev. Lett. 35 (1975) 1.

[17] F. Fernández, talk presented at The 18th International IUPAP Conference on Few-Body Problems in Physics (FB18), S. Paulo, Brazil, 21-26 August 2006.

[18] R.D. Matheus, S. Narison, M. Nielsen, J.M. Richard, Phys. Rev. D 75 (2007) 014005; R.D. Matheus, F.S. Navarra, M. Nielsen, R. Rodrigues da Silva, arXiv:0705.1357.

[19] F.-K. Guo, P.-N. Shen, H.-C. Chiang, Phys. Rev. D 74 (2006) 014011. [20] M.B. Voloshin, Mod. Phys. Lett. A 19 (2004) 665.

[21] J. A. Oller and E. Oset, Nucl. Phys. A620 (1997) 438; (Erratum) ibid. A652 (1999) 407. [22] F.-K. Guo, R.-G. Ping, P.-N. Shen, H.-C. Chiang, B.-S. Zou, Nucl. Phys. A773 (2006) 78. [23] F. James, CERN Program Library Long Writeup D506, Version 94.1, CERN Geneva, Switzerland (1998).

[24] DM2 Collaboration, J. E. Augustin et al., Nucl. Phys. B320 (1989) 1.

[25] N. Wu, at XXXVIth Rencontres De Moriond, QCD High Energy Hadronic Interactions, Les Arcs, Savoie, France, March, 2001 [arXiv: hep-ex/0104050].

[26] L. Roca, J. E. Palomar, E. Oset, H. C. Chiang, Nucl. Phys. A744 (2004) 127.