arXiv:0907.1349v2 [hep-ph] 20 Jul 2009

The line shape of the radiative open-charm decay of Y (4140) and Y (3930)

Xiang Liu^{∗†} School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China

Hong-Wei Ke^{∗‡} Physical Department, School of Science, Tianjin University, Tianjin 300072, China (Dated: July 21, 2009)

In this work, we study the radiative open-charm decays Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ under the assignments of D^∗_s D̄^∗_s and D^∗D̄^∗ as molecular states for Y (4140) and Y (3930) respectively. Based on our numerical result, we propose the experimental measurement of the photon spectrum of Y (4140) → D^{∗+}_s D^−_s γ, D^+_s D^{∗−}_s γ and Y (3930) → D^{∗0}D̄^0 γ, D^0D̄^{∗0}γ, D^{∗+}D^−γ, D^+D^{∗−}γ can further test the molecular assignment for Y (4140) and Y (3930).

PACS numbers: 12.39.-x, 13.75.Lb, 13.20.Jf

In the past six years, experiments have announced a series of charmonium-like states X(3872), X(3930)/Y (3930)/Z(3930), Y (4260), Z^+(4430) etc.. Recently the CDF Collaboration reported the observation of Y (4140) by studying the invariant mass spectrum of J/ψϕ in B^+ → K^+J/ψϕ. Its mass and width are m = 4143.0 ± 2.9(stat.) ± 1.2(syst.) MeV and Γ = 11.7^{+8.3}_{−5.0}(stat.) ± 3.7(syst.) MeV, respectively [1]. Y (4140) not only makes the spectroscopy of the charmonium-like state abundant, but also provides a good chance to further understand the property of the observed charmonium-like states.

In the observed charmonium-like states, Y (3930) is a near-threshold ωJ/ψ mass enhancement in the exclusive B → KωJ/ψ decays, which was firstly observed by the Belle Collaboration [2] and confirmed by the Babar Collaboration [3]. Since both Y (4140) and Y (3930) were observed in the mass spectrum of J/ψ + V of B → KJ/ψV channel (V denotes light vector meson), Y (4140) is similar to Y (3930).

The authors of Ref. [4] discussed the various possible interpretations of the Y (4140), and further proposed that Y (4140) is probably a D^∗_s D̄^∗_s molecular state with J^{P C} = 0^{++} or J^{P C} = 2^{++} while Y (3930) is its D^∗D̄^∗ molecular partner. Relevant dynamics calculation of D^∗_sD̄^∗_s and D^∗D̄^∗ was performed in the potential model [5]. Later N. Mahajan argued Y (4140) to be a D^∗_sD̄^∗_s molecular state or an exotic (J^{P C} = 1^{−+}) hybrid charmonium [6].

Besides using the potential model to dynamically study D^∗_sD̄^∗_s system, QCD sum rule (QSR) is applied to calculate the mass spectrum of D^∗_sD̄^∗_s system [7, 8, 9]. The mass of D^∗_sD̄^∗_s system from the QSR calculation in Ref. [7] is not consistent with the experimental value of Y (4140). The authors in Ref. [8, 9] also used QSR to calculate the mass of D^∗_sD̄^∗_s system. Their numerical results

∗Corresponding author †Electronic address: xiangliu@lzu.edu.cn ‡Electronic address: khw020056@hotmail.com

indicate the existence of a D^∗_sD̄^∗_s bound state, which is consistent with CDF experimental observation and does not support the result in Ref. [7].

By using one boson exchange model, Ding obtained the effective potential of D^∗_sD̄^∗_s system [10]. The result supports to explain Y (4140) as a D^∗_sD̄^∗_s molecular state with the quantum number J^{P C} = 0^{++}. Meanwhile, searching the 1^{+−} and 1^{−−} partners of Y (4140) in J/ψη and J/ψη^′ were suggested [10].

As indicated in Ref. [4], tetraquark Y (4140) falls apart into a pair of charmed mesons very easily under the assignment of tetraquark. In general, the width of the tetraquark would be broad, which does not consist with the experimental value Γ = 12 MeV. Recently Stancu calculated the spectrum of cc̄ss̄ by a quark model with chromomagnetic interaction [11], by considering a tetraquarks assignment (cc̄ss̄) for Y (4140), which favors J^{P C} = 1^{++}. In this assignment, the coupling constant of Y (4140) with V V channel is small, which can alleviate the contradiction between the small experimental width and the large width resulted from the fall apart mechanism.

There exist different understandings from the exotic explanation to the source of Y (4140). In recent work [12], van Beveren and Rupp proposed that the Y (4140) enhancement resulted from the opening of the J/ψϕ channel and that probably does not represent a resonance.

As an important and interesting topic, studying the decay of Y (4140) can be helpful to reveal its underlying structure. By using an effective Lagrangian approach, Branz, Gutsche and Lyubovitskij [13] calculated Y (3930) → J/ψω and Y (4140) → J/ψϕ strong decays and Y (3930)/Y (3940) → γγ decays, which are induced by the hadronic loop effect. Furthermore, the molecular explanation for Y (3930) and Y (4140) is supported by the result of J/ψV (V = ω, ϕ) mode of Y (3930) and Y (4140) [13].

In Ref. [14], one of the authors of this work calculated the hidden charm decay of Y (4140) in the assumption of the second radial excitation of the P-wave charmonium χ^{′′}_{cJ} (J = 0, 1). Since the branching ratio of the hidden charm decay Y (4140) → J/ψϕ is of the order of 10^{−4} ∼ 10^{−3} under the χ^{′′}_{cJ} assignment for Y (4140), which disfavors the large hidden charm decay pattern indicated by the CDF experiment, the pure second radial excitation of the P-wave charmonium χ^{′′}_{cJ} (J = 0, 1) is problematic [14].

Besides investigating the hidden charm decay, the open charm decay and the double gamma decay of Y (4140)/Y (3930), the radiative decay of Y (4140)/Y (3930) can provide the useful information to distinguish the molecular explanation of Y (4140)/Y (3930) from other assignments, which was indicated in Ref. [4]. The typical radiative decay modes are D̄^∗Dγ, D̄γDγ, D̄πDγ for Y (3930), and D̄^∗_s D_sγ, D̄_sγD_sπ0, D̄_sγD_sγ for Y (4140).

Due to the suppressions from the phase space and the α = 1/137 of the electromagnetic vertex, the width of the four-body radiative decay of Y (4140)/Y (3930) is far less than that of the three-body radiative decay of Y (4140)/Y (3930). Thus, in this work we will be dedicated to the study of the three-body radiative decays Y (3930) → D̄^∗Dγ and Y (4140) → D̄^∗_s D_sγ, which are named as the radiative open-charm decay. The radiative open-charm decays of Y (4140) are D^{∗+}_s D^−_s γ and D^+_s D^{∗−}_s γ. For Y (3930), its radiative open-charm decays include D^{∗0}D̄^0γ, D^0D̄^{∗0}γ, D^{∗+}D^−γ and D^+D^{∗−}γ. In the following, we will illustrate the radiative opencharm decays of Y (4140) and Y (3930) with Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ as the example.

(a) (b)

(c) FIG. 1: The diagrams depicting the radiative open-charm decay of Y (4140) and Y (3930) in the quark level.

The radiative open-charm decay of Y (4140) and Y (3930) occurs via the two different mechanisms, which are depicted by Fig. 1 in the quark level:

• Mechanism A The q and q̄ respectively in the molecular components D^{∗−}_{(s)} and D^{∗+}_{(s)} annihilate into a photon γ. Then the rest c and c̄ respectively combine with q̄ and q created from vacuum by Quark Pair Creation (QPC) mechanism [16, 17] to form D^{∗+}_s and D^−_s , which is depicted by Fig. 1 (a).

• Mechanism B By emitting a photon γ from q or c̄, the molecular state collapses into D^{∗+}_s and D^−_s , which are described in Fig. 1 (b) and (c). In fact, the decay mechanism depicted in Fig. 1 (b) and (c) could be as well used in a tetraquark interpretation. Due to the difference of the wave functions describing Y (4140) under the molecular structure assignment and the tetraquark assignment [4, 11], we can distinguish the radiative decay under molecular state and tetraquark assignments. For the molecular state explanation, we will use an Swave wave function to represent the interaction between D^{∗−}_{(s)} and D^{∗+}_{(s)} . In the following, we will illustrate it more explicitly.

Since there exists an extra quark pair creation for the process resulted from Mechanism A, the rate of the process depicted by Mechanism A is relatively suppressed comparing with that described by Mechanism B [16, 17]. Thus Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ are dominantly controlled through Mechanism B.

An alternative description in the hadron level for Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ depicted by Mechanism B is presented by Fig. 2. In the hadron level, Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ occur via the radiative decays of the intermediate states D^{∗−}_s and D^{∗−} respectively. The general transition ma-

FIG. 2: The hadron level description for Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ under the molecular assumption.

trix element for Y (3930) → D^{∗+}D^−γ and Y (4140) → D^{∗+}_s D^−_s γ processes can be expressed as

M[Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ] = ⟨D^−_{(s)}γ|H_2|D^{∗−}_{(s)} ⟩⟨D^{∗+}_{(s)} D^{∗−}_{(s)} |H_1|Y ⟩, (1) where H_1 describes the collapse of S-wave D^{∗+}_{(s)} D^{∗−}_{(s)} molecular state. H_2 denotes the interaction of D^{∗−}_{(s)} and D^−_{(s)}γ. For describing the decay amplitude, we adopt the same method as that in Refs. [18, 19] to study the radiative open-charm decays of Y (4140) and Y (3930). In Refs. [18, 19], Voloshin once assumed X(3872) is a DD̄^∗ + h.c. molecular state and explored the radiative decay X(3872) → DD̄γ.

The matrix element ⟨D^{∗+}_{(s)} D^{∗−}_{(s)} |H_1|Y ⟩, describing the collapse of Y (4140) into D^{∗+}_{(s)} and D^{∗−}_{(s)} , can be represented as ⟨D^{∗+}_{(s)} D^{∗−}_{(s)} |H_1|Y ⟩ = αCΨ(⃗q), (2) where α is the weight of the corresponding component |D^{∗+}_{(s)} D^{∗−}_{(s)} ⟩ in the molecular wave function of Y (4140)/Y (3930) [4]

|Y (4140)⟩ = |D^{∗+}_s D^{∗−}_s ⟩, (3)

|Y (3930)⟩ = 1 √ 2 [ |D^{∗0}D̄^{∗0}⟩ + |D^{∗+}D^{∗−}⟩ ] , (4)

respectively. Ψ(⃗q) is the wave function describing S-wave D^{∗+}_{(s)} D^{∗−}_{(s)} molecular state, which is of the form [18, 19]

Ψ(⃗q) = √ 8πκ ( 1 q^2 + κ^2 ) (5) with κ = √ 2m_τ E. Here E and m_τ are the binding energy and the reduced mass of D^{∗+}_{(s)} D^{∗−}_{(s)} molecular system respectively. ⃗q is the relative momentum between D^{∗−}_{(s)} and D^{∗+}_{(s)} in the molecular system. Factor C represents the polarization effect from Y (3930)(Y (4140)) and D^{∗±}_{(s)} .

The amplitude describing D^∗_{(s)} → D_{(s)}γ reads as

A[D^{∗−}_{(s)} → D^−_{(s)}γ] = g ϵ_{ijℓ}ε_{1i}k_j ε_{2ℓ}, (6)

where g is the effective coupling constant. ⃗k and ⃗ε_1 are the three momentum and the polarization vector of photon, respectively. ⃗ε_2 denotes the polarization vector of D^∗_{(s)}.

Thus the amplitude of decay Y (4140) → D^{∗+}_s D^−_s γ or Y (3930) → D^{∗+}D^−γ can be written as

M[Y (3930)(Y (4140)) → D^{+∗}_{(s)} D^−_{(s)}γ] = g α ϵ_{ijℓ}ε_{1i}k_j ε_{2ℓ} C Ψ(⃗q), (7) where α = 1 and α = 1/ √ 2 correspond to Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ processes, respectively.

Finally one obtains the decay rate of Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ

dΓ[Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ] = 2g^2k^2 α^2 C^2

3(2π)^5

Ψ(⃗q)^2δ(E_1 + E_2 + ω_0 − M)

×δ( ⃗p_1 + ⃗p_2 + ⃗k)d^3p_1d^3p_2 d^3k (2k)

. (8)

After integration we obtain the differential decay rate in terms of the radiative width of D^{∗−}_{(s)}

dΓ[Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ] = g^2ω^3α^2 C^2 3π [ ϕ(⃗k + 2⃗p) ]_2 d3p

(2π)^3

, (9) where ⃗p is the momentum of D^−_{(s)} in the c.m. frame of the D^−_{(s)}D^{∗+}_{(s)} system. ⃗k denotes the momentum of the photon in the c.m. frame of Y (4140)/Y (3930). ⃗q_1( ⃗q_2) and E_1(E_2) are the momentum and energy of the final meson D^−_{(s)}(D^{∗+}_{(s)} ). The photon energy ω and the momentum ⃗p are related by |⃗p| = √ [m^2_{12} − (m_D−_{(s)} + m_D∗−_{(s)} )^2][m^2_{12} − (m_D−_{(s)} − m_D∗−_{(s)} )^2] 2 √ M^2 − 2Mω (10) with the relation m_{12} = M^2 − 2Mω, where M denotes the mass of inial state Y (4140)/Y (3930). By using the above relation, we can replace dp with dω in eq. 9. Further we get the expression of dΓ[Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ]/dω. By this expression, we carry out the study of the line shape of the photon spectrum of Y (3930) → D^{∗+}D^−γ and Y (4140) → D^{∗+}_s D^−_s γ under the assumption of the D^∗_sD̄^∗_s /D^∗D̄^∗ molecular state for Y (4140)/Y (3930).

FIG. 3: Photon spectrum in Y (4140) → D^{∗+}_s D^−_s γ. Here the maximums of dΓ/dω is normalized to one.

FIG. 4: Photon spectrum in Y (3930) → D^{∗+}D^−γ. Here the maximums of dΓ/dω is normalized to one.

In Figs. 3 and 4, the line shape of dΓ[Y (3930)(Y (4140)) → D^{∗+}_{(s)} D^−_{(s)}γ]/dω as a function of the photon energy ω are presented. The line shape of the photon spectrum Y (4140) → D^{∗+}_s D^−_s γ is similar to that of Y (3930) → D^{∗+}D^−γ. There exits a sharp peak near the large end-point of photon energy in Figs. 3 and 4. On the left side of the peak, the photon spectrum changes smoothly with the variation of the photon energy ω while on the right side of the peak the line shape of the photon spectrum goes down very rapidly with the increasing ω. These features shown in our results can provide useful information for testing the molecular state structure assignment for Y (4140) and Y (3930).

In summary, as indicated in Ref. [4], the line shapes of the photon spectrum of Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ are crucial to test the molecular state assignment for Y (4140) and Y (3930). In this work, we study the photon spectrum of the radiative open-charm decays of Y (4140) and Y (3930) under the structure of the molecular state. Due to the peculiar characters of the line shape of the photon spectrum Y (4140) → D^{∗+}_s D^−_s γ and Y (3930) → D^{∗+}D^−γ shown in our numerical result, we suggest the experimentalist to carry out the measurement of the photon spectrum of the radiative open-charm decay of Y (4140) and Y (3930) in future experiment.

Acknowledgement We thank Prof. Shi-Lin Zhu for useful suggestions. We acknowledge National Natural Science Foundation of China under Grants 10705001 and A Foundation for the Author of National Excellent Doctoral Dissertation of P.R. China (FANEDD).

[1] T. Aaltonen et al. [CDF Collaboration], arXiv:0903.2229 [hep-ex].

[2] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 94, 182002 (2005) [arXiv:hep-ex/0408126].

[3] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.

101, 082001 (2008) [arXiv:0711.2047 [hep-ex]]. [4] X. Liu and S. L. Zhu, arXiv:0903.2529 [hep-ph]. Accepted by Phys. Rev. D.

[5] X. Liu, Z. G. Luo, Y. R. Liu and S. L. Zhu, Eur. Phys.

J. C 61, 411-428 (2009) [arXiv:0808.0073 [hep-ph]]. [6] N. Mahajan, arXiv:0903.3107 [hep-ph]. [7] Z. G. Wang, arXiv:0903.5200 [hep-ph].

[8] R. M. Albuquerque, M. E. Bracco and M. Nielsen, arXiv:0903.5540 [hep-ph].

[9] J. R. Zhang and M. Q. Huang, arXiv:0905.4178 [hep-ph]. [10] G. J. Ding, arXiv:0904.1782 [hep-ph].

[11] F. Stancu, arXiv:0906.2485 [hep-ph].

[12] E. van Beveren and G. Rupp, arXiv:0906.2278 [hep-ph]. [13] T. Branz, T. Gutsche and V. E. Lyubovitskij, arXiv:0903.5424 [hep-ph].

[14] X. Liu, arXiv:0904.0136 [hep-ph].

[15] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).

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

[17] A. Le Yaouanc, L. Oliver, O. Pene and J. C. Raynal, Phys. Rev. D 8, 2223 (1973).

[18] M. B. Voloshin, Phys. Lett. B 579, 316 (2004) [arXiv:hep-ph/0309307].

[19] M. B. Voloshin, Int. J. Mod. Phys. A 21, 1239 (2006) [arXiv:hep-ph/0509192].