arXiv:hep-ph/0610245v3 20 Dec 2007

Charmonium possibility of X(3872)

Yan-Mei Kong^∗ and Ailin Zhang^† Department of Physics, Shanghai University, Shanghai, 200444, China

Properties of Regge trajectories for charmonium are studied. Possible interpretations and their implications to newly observed X(3872) are examined. It is found that the mass of X(3872) is consistent with the 1^{++} 2^3P1 and the 2^{−+} 1^1D2 charmonium states.

PACS numbers: 11.55.Jy, 12.39.-x, 12.39.Pn, 14.40.Gx, 14.40.Nn

I. INTRODUCTION

Recently some new charmonium or charmonium-like states, such as X(3872) [1, 2, 3, 4, 5], Y (3940) [6], X(3940) [7], Y (4260) [8, 9] and Z(3930) [10] were observed. Z(3930) was pinned down as the χ_{c2}(2p) in 2006 PDG [11], while others have not been identified. Among these new states, X(3872) has drawn people’s great interest for its peculiar decay properties. X(3872) was first observed by Belle [1] in exclusive B decays,

B^± → K^±X(3872), X(3872) → π^+π^−J/ψ. (1)

Subsequently it was confirmed by CDF [2, 3], D0 [4] and BaBar [5]. The mass of this state is M = 3871.2 ± 0.5 MeV and the width Γ < 2.3 MeV(0.9 C.L.). The mass is within errors at the D^0D̄^{⋆0} threshold, but the width is small.

To accommodate X(3872) in hadron spectroscopy, considerable speculations and plenty of interpretations were proposed. There are conventional cc̄ charmonium assignments [12, 13, 14, 15, 16, 17, 18, 19, 20, 21], molecule state interpretations [12, 22, 23, 24, 25], tetraquark state interpretations [26], hybrid interpretations [12, 27] or mixing states interpretations among them [24, 28, 29].

Features of hadron were mainly exhibited through its production and decay properties. Four decay modes of X(3872) have already been observed. X(3872) → J/ψρ [1] and X(3872) → J/ψω [30, 31] were observed by Belle, X(3872) → γJ/ψ was observed by Belle [31] and BaBar [32]. Recently, B → D^0D̄^0π^0K was observed by Belle [33].

Possible J^{P C} of X(3872) have been suggested through these decay modes. The observation of X(3872) → γJ/ψ indicates that its C = +. Analysis of angular distribution in X(3872) → J/ψρ favors its J^{P C} = 1^{++} [34]. This assignment is also supported by the observation B → D^0D̄^0π^0K [33]. However, some analyses suggest that both 1^{++} and 2^{−+} are possible [3, 35].

As for the nature of X(3872), none of the speculations is favored. In the discovery mode observed by Belle [1], X(3872) was naturally expected to be the 1^{++} 2^3P_1 or

∗kongyanmei@graduate.shu.edu.cn †Corresponding author: zhangal@staff.shu.edu.cn

the 2^{−+} 1^1D_2 charmonium state due to its decay final states. However, there are difficulties in the charmonium explanations. X(3872) seems not match any predicted charmonium state for its lower mass, narrower width and puzzling decay properties. The upper limit for the radiative transition X(3872) → γχ_{c1} set by Belle [1] makes it difficult to identify X(3872) with any charmonium state. The simultaneous decay of X(3872) to J/ψρ [1] and J/ψω [30, 31] with roughly equal branching ratios is a strong implication of the ”molecule” state assignment for X(3872) [24, 25].

If X(3872) is a ”molecule” or tetraquark state, there are also difficulties. The observed branching fraction of X(3872) → γJ/ψ [31, 32] is much larger than theoretically predicted one for molecule states [24]. In particular, if the near-threshold enhancement in B → D^0D̄^0π^0K [33] is due to X(3872), this mode has a branching ratio 9.4^{+3.6}_{−4.3} times larger than B(B^+ → X(3872)K^+) × B(X(3872) → J/ψπ^+π^−). This mode appears to be dominant and the branching ratio is much larger than the predicted one in the molecule model.

So far, there is no compelling evidence to confirm one interpretation or to exclude one interpretation, more decay modes have to be searched and studied. Recently, the radiative X → DD̄γ decay mode was suggested [36, 37].

In the charmonium explanation of X(3872), one difficulty is its lower mass. In quark models, 1^{++} 2^3P_1 was expected to have mass ∼ 3953 MeV in Ref. [38] and ∼ 3929 MeV in Ref. [39]. In general, features of charmonium are described well by quark models (where the quark dynamics was assumed) [40]. In lattice, the spectrum of charmonium was computed also [41]. However, the exact quark dynamics in hadron is not very clear, and lattice results may be improved. Whether X(3872) really has the lower mass difficulty requires more phenomenological examinations.

Recently, charmonium spectrum were analyzed in terms of Regge trajectory theory [42, 43]. However, the analyses were not complete for limited experimental information at that time. With more experimental information in hand (the J^{P C} of X(3872) is believed to be 1^{++} or 2^{−+} at present time), we can continue a further exploration of the charmonium possibility of X(3872) and its implication through its mass relations with other charmonium states in this Letter.

II. REGGE TRAJECTORY AND HYPERFINE SPLITTING OF CHARMONIUM

Reggge trajectory [44, 45] is an important phenomenological way to describe the masses relations among different hadrons. There is resurgent interest in Regge theory for much more accumulated experimental data. Furthermore, some quark models need more complete experimental fits for testing [46]. Regge trajectories are some graphs of the total quantum numbers J versus mass squared M^2 over a set of particles which have fixed principle quantum number n, isospin I, dimensionality of the symmetry group D and flavors. A Chew-Frautschi Regge trajectory is a line:

J(M^2) = α(0) + α^′M^2, (2)

where intercept α(0) and slope α^′ depend weakly on the flavor content of the states lying on corresponding trajectory. For light quark mesons, α^′ ≈ 0.9 GeV^{−2}. Different Regge trajectories are approximately parallel.

It is found that the linearity and parallelism of Regge trajectories with neighborhood mesons stepped by 1 in J with opposite P C holds not well [47, 48, 49]. The intrinsic quark-gluon dynamics may result in large nonlinearity and non-parallelism of such Regge trajectories. However, The linearity and parallelism of Regge trajectories with neighborhood mesons stepped by 2 in J with the same P C is found to hold well [50].

In addition to these properties of the Regge trajectories with the same principle quantum number n, another relation for Regge trajectories with different n was assumed. It was argued that the parallelism of Regge trajectories with different n (others are identical) may hold because of the similar dynamics in hadron [46]. Whether this parallelism of Regge trajectory holds has not been tested for the lack of data.

For radial excited light qq̄ mesons, there exist relations between their masses and principle quantum numbers n. These mesons consist of another kind of trajectory on (n, M^2)-plots [50]

M^2 = M^2_0 + (n − 1)μ^2, (3)

where μ^2 is the slope parameter(approximately the same for all trajectories).

Hyperfine (spin-triplet and spin-singlet) splitting relation is another important mass relation among hadrons. In many potential models [51, 52, 53], the Swave hyperfine (spin-triplet and spin-singlet) splitting, ΔM_{hf} (nS) = M(n^3S_1) − M(n^1S_0), is predicted to be finite, while other hyperfine splitting of P-wave or higher L-state is expected to be zero:

ΔM_{hf} (1P ) =< M(1^3P_J ) > −M(1^1P_1) ≈ 0, (4) ΔM_{hf} (1D) =< M(1^3D_J ) > −M(1^1D_2) ≈ 0,

where the deviation from zero is no more than a few MeV. Though these predictions are model dependent, the masses relation of the 1P charmonium multiplet has been proved to hold in a high degree accuracy [11]. These hyperfine splitting relations of the 1P , 1D and 2D multiplets will be used as facts (or assumptions).

These mass relations will be studied or used to explore the charmonium spectrum. The paper is organized as follows. In the third section, in terms of the experimental data, all the properties of possible Regge trajectories for the charmonium are studied, and an updated phenomenological analysis is made to the new states. Subsequently, the linearity and parallelism of Regge trajectories with neighborhood mesons stepped by 2 in J is combined with the hyperfine splitting relations of Dwave multiplets to examine some possible charmonium arrangements to X(3872). Then we analyze X(3872) through the observed trajectory property on (n, M^2)- plots. Some conclusions and discussions are given in the last section.

III. cc̄ POSSIBILITY OF X(3872)

In constituent quark model, qq̄ mesons could be marked by their quantum numbers, n^{2S+1}L_J , and the quantum numbers P C of quarkonia are determined by P = (−1)^{L+1} and C = (−1)^{L+S}. With the most new data for charmonium mesons [11], we get table I. In this table, the observed states are listed in the first volume, experimentally confirmed or favorable theoretical assignment of J^{P C} , n^{2S+1}L_J and masses to these states are put in the sequential three volumes. Entries in the last volume are information from PDG, and the states marked with a ”?” are those not confirmed or omitted from the summary table.

With this table in hand, we can construct different possible Regge trajectories, study their properties, and proceed with our analysis of X(3872).

As we know, confirmed states in each group below construct a trajectory

0^{−+}(1^1S_0), 1^{+−}(1^1P_1) 0^{++}(1^3P_0), 1^{−−}(1^3D_1),

respectively.

This two trajectories is shown in Fig.1. In the figure, the slope of line 1 is 2.558 GeV^2, the slope of line 2 is 3.552 GeV^2. It’s obvious that the two trajectories are not parallel. Once the parallelism of this two trajectories is assumed, a large deviation (e.g., ψ(3770) has 0.130 GeV deviation from the ”ideal” 1^{+−}(1^1P_1) state) would appear.

Another two trajectories with different n are constructed by J/ψ(1S), χ_{c2}(1P ) and radial excited ψ(2S), χ_{c2}(2P ), respectively,

1^{−−} 1^3S_1, 2^{++} 1^3P_2 1^{−−} 2^3S_1, 2^{++} 2^3P_2.

This two trajectories is shown in Fig.2. In Fig.2, the

States J^{P C} n^{2S+1}LJ Mass(MeV) Note ηc(1S) 0^{−+} 1^1S0 2980.4 PDG ηc(2S) 0^{−+} 2^1S0 3638 ± 4 QN are predictions ηc(3S) 0^{−+} 3^1S0 ? ? J/ψ(1S) 1^{−−} 1^3S1 3096.9 PDG ψ(2S) 1^{−−} 2^3S1 3686.1 PDG ψ(4040) 1^{−−} 3^3S1 4039 ± 1 PDG ψ(4415) 1^{−−} 4^3S1 4421 ± 4 PDG χc0(1P ) 0^{++} 1^3P0 3414.8 PDG χc0(2P ) 0^{++} 2^3P0 ? ? χc1(1P ) 1^{++} 1^3P1 3510.7 PDG χc1(2P ) 1^{++} 2^3P1 ? ?

hc(1P ) 1^{+−} 1^1P1 3525.9 PDG (?, J^{P C} =?^{??}) hc(2P ) 1^{+−} 2^1P1 ? ? χc2(1P ) 2^{++} 1^3P2 3556.2 PDG χc2(2P ) 2^{++} 2^3P2 3929 ± 5 ± 2 PDG ψ(3770) 1^{−−} 1^3D1 3771.1 PDG ψ(4160) 1^{−−} 2^3D1 4153 ± 3 PDG ? 1^{−−} 3^3D1 ? ? ? 2^{−−} 1^3D2 ? ? ? 2^{−−} 2^3D2 ? ? ? 2^{−+} 1^1D2 ? ? ? 2^{−+} 2^1D2 ? ? ? 3^{−−} 1^3D3 ? ? ? 3^{−−} 2^3D3 ? ? X(3872) ?^{?+} ? 3871.2 PDG Y (3940) ?^{??} ? 3943 ± 11 ± 13 PDG (?) Y (4260) 1^{−−} ? 4259 ± 8^{+2}_{−6} PDG (?)

TABLE I: Spectrum of charmonium.

FIG. 1: Existed trajectories of charmonium singlet and triplet with n = 1.

FIG. 2: Existed trajectories of Charmonium triplets with n = 1 and n = 2.

slope of line 1 is 1.850 GeV^2, the slope of line 2 is 3.054 GeV^2. The discrimination of this two slopes is obvious, two trajectories are not parallel. The deviation of χ_{c2}(2P ) from the ”ideal” 2^{++} 2^3P_2 is about 0.150 GeV . Obviously, the assumption in Ref. [46] that the parallelism of Regge trajectories with different n may hold works not well for charmonium. In fact, even though the dynamics in hadrons with different n is similar, the parallelism cannot be deduced directly.

In short, trajectories of charmonium in (M^2, J)-plots with neighborhood mesons stepped by 1 in J are really not parallel, and they ”fan in” [46]. Therefore, the use of the parallelism of these trajectories to predict new states is not reliable if the deviations are unknown.

There exist other Regge trajectories with neighborhood charmonium stepped by 2 in J. According to Ref. [50], the linearity and parallelism of this kind of Regge trajectories was found to hold well. This feature of Regge trajectories for charmonium has not been tested for the lack of experimental data, it could not give more predictions either if this feature is used separately. However, once it is combined with the hyperfine splitting relation in a multiplet, the 2^{−+} (1^1D_2 or 2^1D_2) charmonium possibility of X(3872) could be examined.

Firstly, let us examine the 2^{−+} 1^1D_2 possibility of X(3872). In theory, states below construct two Regge trajectories

0^{−+} 1^1S_0, 2^{−+} 1^1D_2, 1^{−−} 1^3S_1, 3^{−−} 1^3D_3.

In this two trajectories, the 0^{−+} 1^1S_0 and the 1^{−−} 1^3S_1 are confirmed states, while the 2^{−+} 1^1D_2 and the

3^{−−} 1^3D_3 have not been fixed on. If X(3872) is the 2^{−+} 1^1D_2 state, the mass of the 3^{−−} 1^3D_3 (M) can be derived in terms of the approximate parallelism relation

3.871^2 − 2.980^2 = M^2 − 3.097^2 (5)

with M = 3.962 GeV . In the meantime, the mass of the 2^{−−} 1^3D_2 can be obtained due to zero of hyperfine splitting of the 1D charmonium multiplet. The mass of the 2^{−−} 1^3D_2 (M_2) is determined by

3.871 =

3 × 3.771 + 5M_2 + 7 × 3.962 15 (6) with M_2 = 3.804 GeV , where the spin average is implied.

Therefore, the 1D multiplet is pitched down as follows

1^3D_1 1^3D_2 1^1D_2 1^3D_3 3.771 3.804 3.871 3.962 GeV.

The mass of 1D spin triplets increases with the increase of J, and the whole mass sequence is reasonable. This analysis implies that the 2^{−+} 1^1D_2 charmonium arrangement of X(3872) is compatible with the ordinary mass relation in a multiplet. Furthermore, the analysis indicates that the 1^3D_2 is located around 3.804 GeV and the 1^3D_3 is located around 3.962 GeV .

The 2^{−+} 2^1D_2 assignments of X(3872) could be analyzed in a similar way. In this case, two trajectories are consisted of

0^{−+} 2^1S_0, 2^{−+} 2^1D_2, 1^{−−} 2^3S_1, 3^{−−} 2^3D_3,

respectively. In this two trajectories, the 0^{−+} 2^1S_0 and the 1^{−−} 2^3S_1 are confirmed states, while the 2^{−+} 2^1D_2 and the 3^{−−} 2^3D_3 have not been fixed on. If X(3872) is the 2^{−+} 2^1D_2 state, the mass of 3^{−−} 2^3D_3 (M) is determined by

M^2 − 3.686^2 = 3.871^2 − 3.638^2 (7)

with M = 3.916 GeV. Once the mass of the 3^{−−} 2^3D_3 is known, the mass of the 2^{−−} 2^3D_2 (M_1) is obtained due to zero of hyperfine splitting of the 2D charmonium

3.871 =

3 × 4.153 + 5M_1 + 7 × 3.916 15 (8) with M_1 = 3.639 GeV.

The 2D spectum are therefore determined as follows

2^3D_1, 2^3D_2, 2^1D_2, 2^3D_3 4.153, 3.639, 3.871, 3.916.

Obviously, the spectrum is exotic (M(2^3D_1) > M(2^3D_3)). That’s to say, the 2^{−+} 2^1D_2 charmonium arrangement of X(3872) seems impossible.

FIG. 3: Existed trajectories on (M^2, n)-plots for^3S1,^3P2 and 3D1 charmonium.

Now, let us study the parallelism of charmonium on (M^2, n)-plots. From table.I, states in each group below construct a trajectory on (M^2, n)-plots,

1^3S_1, 2^3S_1, 3^3S_1, 4^3S_1, 1^3P_2, 2^3P_2, 1^3D_1, 2^3D_1,

respectively.

This three Regge trajectories on (M^2, n)-plots is displayed in Fig.3. In the figure, the slope of line 1 is 3.259 GeV^2, the slope of line 2 is 2.792 GeV^2 and the slope of line 3 is 3.027 GeV^2. It’s clear that the difference of the slopes to this three trajectories is small. These trajectories are approximately parallel. In terms of this approximate parallelism of Regge trajectories on (M^2, n)-plots, some charmonium assignments to newly observed states could be examined.

As mentioned in the introduction, X(3872) may be the 1^{++} 2^3P_1 candidate. Y (3940) may be the 2^3P_0 [42] or the 3^1S_0 [15] candidate. If X(3872) is the 1^{++} 2^3P_1 and Y (3940) is the 0^{++} 2^3P_0 [42], states in each group below will construct a trajectory on (M^2, n)-plots:

1^3S_1, 2^3S_1, 3^3S_1, 4^3S_1, 1^3P_2, 2^3P_2, 1^3D_1, 2^3D_1, 1^3P_1, 2^3P_1, 1^3P_0, 2^3P_0.

This five trajectories is plotted in Fig.4. If the assignments to these states are correct, five Regge trajectories

FIG. 4: Possible trajectories on (M^2, n)-plots for the^3S1, 3P2,^3D1,^3P0 and^3P1 charmonium.

should be approximately parallel due to previous arguments.

The slope of line 1 is 3.259 GeV^2, the slope of line 2 is 2.792 GeV^2, the slope of line 3 is 3.027 GeV^2, the slope of line 4 is 2.665 GeV^2, and the slope of line 5 is 3.861 GeV^2. In this figure, it is easy to observe that the trajectory 5 (with Y (3940) involved) intersects with trajectories 2 and 4, while the trajectory 4 (with X(3872) involved) approximately parallels trajectories 1, 2 and 3. From these observations, it is reasonable to conclude that the 1^{++} 2^3P_1 charmonium suggestion for X(3872) does not contradict with possible mass relations in charmonium. As a byproduct, the 2^3P_0 charmonium assignment of Y (3940) seems impossible.

X(3872) may be a four-quark state ([cq][c̄q̄] tetraquark state or molecule state) [12, 22, 23, 24, 25, 26], but the four-quark state possibility of X(3872) will not be studied here. Four-quark states have been extensively studied for a long time [26, 26, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65], unfortunately, their properties especially their dynamics and decay properties are still unfamiliar. So far, many states such as f_0(600) (or σ), f_0(980), a_0(980), the unconfirmed κ(800), D^∗_{SJ} (2317)^±, X(3872), Y (4260), X(1835) and X(1812) [11, 66, 67] have once been interpreted as four-quark state, but no one has been confirmed.

IV. CONCLUSIONS AND DISCUSSIONS

The nature of X(3872) is still unclear. In addition to its J^{P C} (1^{++} or 2^{−+}), whether it is a charmonium state or an exotic state is still uncertain. Instead of the production and decay properties, some mass relations of X(3872) are studied in the charmonium assignments. Through these relations and some phenomenological analyses, some assignments of X(3872) are examined.

If X(3872) is a 2^{−+} state, it may be the 2^{−+} 1^1D_2 charmonium state while is unlikely to be the 2^{−+} 2^1D_2 charmonium state. If it is really the 2^{−+} 1^1D_2 charmonium state, the whole 1D multiplet is pitched down with the 1^3D_2 located around 3.804 GeV and the 1^3D_3 located around 3.962 GeV .

If X(3872) is a 1^{++} state, it may be the 1^{++} 2^3P_1 charmonium. As a byproduct, it is found that Y (3940) is unlikely to be the 0^{++} 2^3P_0 charmonium.

So far, the study of four-quark state and the study of meson near thresholds are not satisfactory. Four-quark state is usually invoked to explain the special decay properties of newly observed states, which in fact may be explained also without four-quark state [68]. Only when the properties of four-quark state are definitely clear, the four-quark state explanation of newly observed state will be satisfactory.

Of course, some properties in our analyses may not have firm foundation. The linearity and parallelism of Regge trajectories with neighborhood mesons stepped by 2 in J may be questionable (the deviations may be relevant to the spin-dependent interactions in quark models), however, the analyses here provide a complementary study of X(3872). These properties could be tested by more forthcoming experimental data and may give hints to the quark dynamics in hadron.

Acknowledgment: This work is supported in part by Shanghai Leading Academic Discipline Project with project number: T0104.

[1] S.K. Choi, et al., Belle collaboration, Phys. Rev. Lett.

91, 262001 (2003).

[2] D. Acosta, et al., CDF II collaboration, Phys. Rev. Lett.

93, 072001(2004).

[3] A. Abulencia, et al., CDF collaboration, Phys. Rev. Lett.

96, 102002 (2006).

[4] V.M. Abazov, et al., D0 collaboration, Phys. Rev. Lett.

93, 162002 (2004).

[5] B. Aubert, et al., BaBar collaboration, Phys. Rev. D71,

071103 (2005).

[6] K. Abe, et al., Belle collaboration, Phys. Rev. Lett. 94, 182002 (2005).

[7] K. Abe, et al., Belle collaboration, hep-ex/0507019. [8] B. Aubert, et al., BaBar collaboration, Phys. Rev. Lett.

95, 142001 (2005).

[9] T.E. Coan, et al., CLEO collaboration, Phys. Rev. Lett.

96, 162003 (2006).

[10] S. Uehara, et al., Belle collaboration, Phys. Rev. Lett.

96, 082003 (2006).

[11] W.-M. Yao, et al., (Particle Data Group), J. Phys. G33, 1 (2006).

[12] F.E. Close and P.R. Page, Phys. Lett. B578, 119 (2004). [13] C.Z. Yuan, X.H. Mo and P. Wang, Phys. Lett. B579, 74 (2004).

[14] T. Barnes and S. Godfrey, Phys. Rev. D69, 054008 (2004).

[15] E.J. Eichten, K. Lane and C. Quigg, Phys. Rev. D69 094019 (2004).

[16] T. Barnes, S. Godfrey and E.S. Swanson, Phys. Rev.

D72,054026 (2005).

[17] Y.S. Kalashnikova, Phys. Rev. D72,034010 (2005). [18] M. Suzuki, Phys. Rev. D72,114013 (2005). [19] E.J. Eichten, K. Lane, C. Quigg, Phys. Rev. D73, 014014(2006).

[20] E.S. Swanson, Phys. Rept. 429, 243 (2006). [21] S. Godfrey, hep-ph/0605152.

[22] M.B. Voloshin, Phys. Lett. B579, 316 (2004). [23] C.Y. Wong, Phys. Rev. C69, 055202 (2004). [24] E.S. Swanson, Phys. Lett. B588, 189 (2004). [25] N.A. Tornqvist, Phys. Lett. B590, 209 (2004). [26] L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, Phys.

Rev. D71, 014028 (2005).

[27] Bing An Li, Phys. Lett. B605, 306 (2005). [28] K.K. Sath, Phys. Lett. B612, 1 (2005).

[29] Ce Meng, Ying-Jia Gao and Kuang-Ta Chao, hep-ph/0506222.

[30] K. Abe, et al., Belle collaboration, hep-ex/0408116. [31] K. Abe et al., Belle collaboration, hep-ex/0505037. [32] B. Aubert, et al., BaBar collaboration, Phys. Rev. D74, 071101 (2006).

[33] G. Gokhroo, et al., Belle collaboration, Phys. Rev. Lett.

97, 162002 (2006).

[34] K. Abe , et al., Belle collaboration, hep-ex/0505038. [35] A. Abulencia, et al., CDF collaboration, Phys. Rev. Lett.

98, 132002 (2007).

[36] M.B. Voloshin, Int. J. Mod. Phys. A21, 1239 (2006). [37] P. Colangelo, F. De Fazio and S. Nicotri, Phys. Lett.

B650, 166 (2007).

[38] S. Godfrey and N. Isgur, Phys. Rev. D32, 189 (1985). [39] D. Ebert, R.N. Faustov and V.O. Galkin, Phys. Rev.

D67, 014027 (2003).

[40] N. Brambilla et al., hep-ph/0412158. [41] Ping Chen, Phys. Rev. D64, 034509 (2001);

M. Okamoto et al., CP-PACS Collaboration, Phys. Rev. D65, 094508 (2002).

[42] S.S. Gershtein, A.K. Likhoded and A.V. Luchinsky, Phys. Rev. D74, 016002 (2006).

[43] Ailin Zhang, Phys. Lett. B647, 140 (2007). [44] T. Regge, Nuovo Cim. 14: 951 (1959).

[45] G. Chew and S. Frautschi, Phys. Rev. Lett. 8, 41 (1962). [46] A. Tang and J.W. Norbury, Phys. Rev. D62, 016006 (2000).

[47] M.M. Brisudova, L. Burakovsky and T. Goldman, Phys.

Rev. D61, 054013(2000).

[48] A. Inopin and G.S. Sharov, Phys. Rev. D63, 054023 (2001); A.M. Badalian and B.L.G. Bakker, Phys. Rev. D66, 034025(2002); Yu.A. Simonov, Phys. Atom. Nucl. 66, 2038 (2003).

[49] Ailin zhang, Phys. Rev. D72, 017902 (2005). [50] A.V. Anisovich, V.V. Anisovich and A.V. Sarantsev, Phys. Rev. D62, 051502(R) (2000); A.M. Badalian, B.L.G. Bakker and Yu.A. Simonov, Phys. Rev. D66, 034026 (2002).

[51] T. Appelquist, R. M. Barnett and K. D. Lane, Ann. Rev.

Nucl. Part. Sci. 28, 387 (1978).

[52] E. J. Eichten and C. Quigg, Phys. Rev. D49, 5845 (1994). [53] S. Godfrey and J. L. Rosner, Phys. Rev. D66, 014012 (2002).

[54] R.L. Jaffe, Phys. Rev. D15, 267 (1977); D15, 281 (1977). [55] Hong-Mo Chan and H. Hogaasen, Phys. Lett. B72, 121 (1977).

[56] J. Weinstein and N. Isgur, Phys.Rev. D27, 588 (1983). [57] T. Barnes, F.E. Close and H.J. Lipkin, Phys. Rev. D68, 054006 (2003).

[58] L.B. Okun and M.B. Voloshin, JETP. Lett. 23, 333 (1976).

[59] M. Bander, G. L. Shaw, P. Thomas and S. Meshkov, Phys. Rev. Lett. 36, 695 (1976).

[60] A.De Rujula, H. Georgi and S.L. Glashow, Phys. Rev.

Lett. 38, 317 (1977).

[61] J. Weinstein and N. Isgur, Phys. Rev. D41, 2236 (1990). [62] R.L. Jaffe, Phys. Rept, 409, 1 (2005).

[63] L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, Phys.

Rev. Lett. 93, 212002 (2004).

[64] D. Ebert, R.N. Faustov and V.O. Galkin, Phys. Lett.

B634 , 214 (2006).

[65] D. Melikhov and B. Stech, Phys. Rev. D74, 034022 (2006).

[66] B. Aubert, et al., BaBar collaboration, Phys. Rev. Lett.

95, 142001 (2005).

[67] M. Ablikim, et al., BES collaboration, Phys. Rev. Lett.

95, 262001 (2005).

[68] D.V. Bugg, Phys. Rev. D71, 016006 (2005); D.V. Bugg, Phys. Lett. B598, 8 (2004).