arXiv:1306.2780v2 [hep-ph] 18 Jun 2013

Possible interpretations of X(3940)

W. Sreethawong, K. Xu, Y. Yan School of Physics, Suranaree University of Technology, 111 University Avenue, Nakhon Ratchasima 30000, Thailand

Partial decay widths of the X(3940) are evaluated in the^3P0 quark model with all model parameters predetermined. The work reveals that the interpretation of the X(3940) as a 2^1P1 cc̄ meson is strongly favored by experimental data while the 2^3P1 state is not ruled out. The X(3940) is unlikely to be a 3^1S0 charmonium.

PACS numbers: 14.40.Pq, 12.39.Jh

The X(3940) was first observed at a mass of 3.943 ± 0.006 ± 0.006 GeV by the Belle Collaboration in the process e^+e^− → J/ψ X via the X(3940) → D^∗D̄ decay mode [1]. The decay width of the state is determined to be less than 52 MeV at the 90% C.L. A new measurement of the X(3940) was performed in the processes e^+e^− → J/ψ D^{(∗)}D̄^{(∗)} later by the same collaboration [2] and the mass and width were reported M = (3942^{+7}_{−6} ±6) MeV and Γ = (37^{+26}_{−15} ± 8) MeV. The X(3940) has been observed in the D^∗D̄ channel but not in the DD̄ or the ωJ/ψ decay mode. Since all lower-mass states observed in the process e^+e^− → J/ψ X recoiling against J/ψ have J = 0 (the η_c(1S), χ_{c0} and η^′_c(2S) as shown in Fig. 1 of Ref. [1]), it is natural to propose the X(3940) to be η_c(3S) [3]. The reaction e^+e^− → J/ψ X(3940) is studied in the framework of light cone formalism [4], supposing that the X(3940) is a 3^1S_0 state or one of the 2^3P states. It is suggested in Ref. [4] that the X(3940) is a 3^1S_0 charmonium. In this work we study the decay reactions X(3940) → D^{(∗)}D̄^{(∗)}, assuming that the X(3940) is a c̄c meson. It is found that the experimental results [1, 2] strongly favor the interpretation that the X(3940) is a 2^1P_1 meson.

We work in the nonperturbative^3P_0 quark dynamics in which a q̄q pair is created from or destroyed into vacuum. The model, originally introduced by Micu [5], has made considerable successes in understanding lowenergies hadron physics. At least for meson decay, this approximation has been given a rigorous basis in strongcoupling QCD. The^3P_0 model was first applied to evaluate strong decay partial widths of the three c̄c states ψ(3770), ψ(4040), and ψ(4415) in 1970’s [6, 7]. Barnes et al. calculated recently in the^3P_0 model all open-charm strong decay widths of 40 c̄c states up to 4.4 GeV, where a universal coupling strength is employed for the^3P_0 vertex and all mesons take spherical harmonic oscillator wave functions with a single length parameter [8].

We intend to evaluate the open-charm partial decay widths of the X(3940) in the^3P_0 model with all model parameters well predetermined, assuming a 3S, 2P or 2D c̄c state to the X(3940). The effective vertex of the^3P_0 model takes the form as in Refs. [9, 10], V_{ij} = λ ⃗σ_{ij} · (⃗p_i − ⃗p_j )F̂_{ij}Ĉ_{ij} δ(⃗p_i + ⃗p_j ) = λ ∑ μ √ 4π 3 (−1)^μσ^μ_{ij} Y_{1μ}(⃗p_i − ⃗p_j )F̂_{ij}Ĉ_{ij} δ(⃗p_i + ⃗p_j ). (1) The wave functions of all mesons are approximated with the Gaussian form, Ψ_{nlm}(⃗p) = N_{nl}e^{−a2p2 /2} L^{l+1/2}_n (a p) Y_{lm}(θ, ϕ) (2) where L^{l+1/2}_n (x) are the generalized Laguerre polynomial, ⃗p is the relative momentum between the quark and antiquark in a meson, and a is the length parameter of the Guassian-type wave function.

There are three model parameters, the size parameters of the radial wave functions of the D(D^∗) and X(3940) mesons and the effective coupling strength λ of the^3P_0 vertex, which must be nailed down before the X(3940) is studied. One may determine the size parameters with meson decay processes, for example, the reactions D^+ → μ^+ν_μ and ψ(3770) → e^−e^+. The D(D^∗) size parameter is derived in the work to be 2.28 GeV^{−1} from the decay process D^+ → μ^+ν_μ. It is noted that this size parameter is rather larger than the one employed in [8], 2.0 GeV^{−1}.

The investigation of the reactions ψ(2S) → e^−e^+ and ψ(3770) → e^−e^+ reveals that the ψ(2S) possess a small D-wave component but the X(3770) is mainly a 1D state with some S-wave component. These two mesons may couple as ψ(2S) = cos θ |2S⟩ − sin θ |1D⟩ ψ(3770) = sin θ |2S⟩ + cos θ |1D⟩ (3)

where θ is the mixing angle between the 2S and 1D states. The partial decay widths of the reactions ψ(2S) → e^−e^+ and ψ(3770) → e^−e^+ can be evaluated easily in the standard method of quantum field theory. By fitting the theoretical decay widths to the experimental values [11] of Γ_{ψ(2S)→e}−_e+ = 2.35 keV and Γ_{ψ(3770)→e}−_e+ = 0.26 keV, we derive in the present work 1.95 GeV^{−1} for the ψ(2S)/ψ(3770) size parameter and 10.7^o or −27.6^o for the mixing angle θ. The mixing angle derived here is close to the results from other works [12, 13].

Using as an input θ = 10.7^o or θ = −27.6^o, 1.95 GeV^{−1} and 2.28 GeV^{−1} for the size parameters of the radial wave functions of the X(3940) and D(D^∗) mesons and the experimental value of Γ_{ψ(3770)→}¯_{DD} = 25.3 keV [11], we get the effective coupling strength λ = 0.7 or λ = 4.5. However, the lineshape of the ψ(3770) meson in the e^+e^− → D̄D cross section strongly favors λ = 0.7 since λ = 4.5 leads to a ψ(3770) peak much higher than the experimental values [14, 15].

We evaluate the partial decay widths of the X(3940) meson in the^3P_0 quark model with all model parameters predetermined, where the size parameters of the radial wave functions of the D(D^∗) and X(3940) mesons are respectively 2.28 GeV^{−1} and 1.95 GeV^{−1} and the effective coupling strength of the^3P_0 vertex λ = 0.7. The masses of the X(3940) and D(D^∗) mesons are taken from the Particle Data Group [11]. Listed in Table I are the theoretical results compared with the Belle data [2]. We consider the X(3940) as either a 3S, 2P or 2D cc̄ meson since potential models predict a mass around 4 GeV for a

TABLE I: Partial decay widths of the processes X(3940) → D^{(∗)}D̄^{(∗)}, where X(3940) is assumed to be a 3S, 2P or 2D cc̄ state. The Belle data [2] shown in the last row.

States Γ_D¯_D (MeV) Γ_D∗¯_D (MeV)

3^1S0 - 104

3^3S1 28.2 23.2

2^1P1 - 38.5

2^3P0 103 -

2^3P1 - 72.7

2^3P2 13.3 1.5

2^1D2 - 3.0

2^3D1 19.3 4.1

2^3D2 - 4.4

X(3940) - 37^{+26}_{−15} ± 8

cc̄ meson in the 3S, 2P and 2D states. The partial decay widths listed in Table I are rather different from the ones derived in [8] since rather different model parameters are employed.

Since the X(3940) has been observed in the D^∗D̄ channel but not in the DD̄ decay mode, the states 3^3S_1, 2^3P_0, 2^3P_2 and 2^3D_1 are clearly ruled out. The small decay widths of the 2^1D_2 and 2^3D_2 states indicate that these two states cannot be assigned to the X(3940) either. One sees in Table I that three states 3^1S_0, 2^1P_1 and 2^3P_1 decay via the D^∗D̄ (D̄^∗D) channel but not the DD̄ mode. However, it is rather difficult to assign the 3^1S_0 state to the X(3940) as the decay width is much larger than the experimental data. The Belle data strongly favor the 2^1P_1 state to be assigned to the X(3940), assuming it is a cc̄ meson. The 2^3P_1 state is not ruled out as the theoretical decay width is just as large as the experimental upper limit.

In addition to the X(3940), Belle [14] and BaBar [15] collaborations have consistently reported a broad enhancement around 3.9 GeV in the D̄D mass spectrum in the exclusive reaction e^+e^− → D̄D near threshold. The X(3900) is unlikely to be a c̄c 3S or 2D meson as potential models (see Ref. [16] for a recent review) predict a mass above 4.0 GeV for such states. However, assigning a 2P state to the X(3900) is in line with potential model predictions. Using as an input M_X = 3900 MeV instead of M_X = 3940 MeV we derive Γ_{X(3900)→D}¯_D = 168 MeV for the 2^3P_0 c̄c state. It is too early to say that the

X(3900) may be the c̄c(2^3P_0) meson, but the theoretical decay width derived in this work and the masses given in potential models are in line with the Belle and BaBar observations.

ACKNOWLEDGEMENTS

This work is supported by the Higher Education Research Promotion and National Research University Project of Thailand, Office of the Higher Education Commission.

[1] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 98, 082001 (2007).

[2] P. Pakhlov et al. (Belle Collaboration), Phys. Rev. Lett.

100, 202001 (2008).

[3] J. L. Rosner, arXiv:hep-ph/0508155.

[4] V. V. Braguta, A. K. Likhoded, A. V. Luchinsky, Phys.

Rev. D 74, 094004 (2006).

[5] L. Micu, Nucl. Phys. B 10, 521 (1969).

[6] A. Le Yaouanc, L. Oliver, O. Pe‘ne, and J.-C. Raynal, Phys. Lett. B 71, 397 (1977).

[7] A. Le Yaouanc, L. Oliver, O. Pe‘ne, and J.-C. Raynal, Phys. Lett. B 72, 57 (1977).

[8] T. Barnes, S. Godfrey, E. S. Swanson, Phys. Rev. D 72, 054026 (2005).

[9] Y. Yan, C. Kobdaj, P. Suebka, Y. M. Zheng, Amand

Faessler, Th. Gutsche, and V. E. Lyubovitskij, Phys. Rev. D 71, 025204 (2005).

[10] K. Kittimanapun, K. Khosonthongkee, C. Kobdaj, P.

Suebka, Y. Yan, Phys. Rev. C 79, 025201 (2009). [11] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).

[12] Y. P. Kuang, T. M. Yan, Phys. Rev. D 41, 155 (1990). [13] J. L. Rosner, Phys. Rev. D 64, 094002 (2001). [14] G. Pakhlova et al. [Belle Collaboration], Phys. Rev. D77, 011103 (2008).

[15] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D76, 111105 (2007).

[16] E. Eichten, S. Godfrey, H. Mahlke and J. L. Rosner, Rev.

Mod. Phys. 80, 1161 (2008).