arXiv:1110.2113v2 [hep-ph] 3 Jan 2012

Exotic 1^{−−} States in QCD Sum Rules

Raphael M. Albuquerque^∗ and Marina Nielsen^† Instituto de Física, Universidade de São Paulo, C.P. 66318, 05315-970 São Paulo, SP, Brazil

Rômulo Rodrigues da Silva^‡ UAF, Universidade Federal de Campina Grande 58.051-970 Campina Grande, PB, Brazil

Using the QCD sum rules we test if the charmonium-like structure Y (4260), observed in the J/ψππ invariant mass spectrum, can be described as a exotic state, with a J/ψ f0(980) molecular current with J^{P C} = 1^{−−}. By exotic we mean a more complex structure than the simple quark-antiquark state and not exotic J^{P C} quantum numbers. We consider the contributions of condensates up to dimension six and we work at leading order in αs. We keep terms which are linear in the strange quark mass ms. The mass obtained for such state is mY = (4.67 ± 0.09) GeV, when the vector and scalar mesons are in color singlet configurations. We conclude that the proposed current can better describe the Y (4660) state that could be interpreted as a Ψ(2S) f0(980) molecular state. We also use different J^{P C} = 1^{−−} currents to study the recently observed Y_b(10890) state. Our findings indicate that the Y_b(10890) can be well described by a scalar-vector tetraquark current.

PACS numbers: 11.55.Hx, 12.38.Lg , 12.39.-x

I. INTRODUCTION

Most of the states recently observed at the B factories and the Tevatron, the X, Y and Z states, do not fit the quarkonia interpretation. Their production mechanism, masses, decay widths, spin-parity assignments and decay modes have been discussed in some reviews [1–3]. Particularly interesting are the 1^{−−} states, observed in e^+e^− annihilation. The first state in the 1^{−−} family discovered in the e^+e^− annihilation through initial state radiation was the Y (4260) [4]. Repeating the same kind of analysis leading to the observation of the Y (4260) state, in the channel e^+e^− → γ_{ISR}Ψ(2S)π^+π^−, BaBar [5] has identified another broad peak at a mass around 4.32 GeV, which was confirmed by Belle [6]. Belle found that the ψ^′π^+π^− enhancement observed by BaBar was, in fact, produced by two distinct peaks the Y (4360) and the Y (4660). In the bottom sector, the Belle’s observation of an anomalously large Υ(nS)π^+π^−, n = 1, 2, 3 production around the Υ(5S) lead to the proposal of the existence of a new resonance. A Breit-Wigner resonance shape fit yields a peak mass of (10888.4^{+2.7}_{−2.6} ± 1.2) MeV/c^2, which is called Y_b(10890) [7].

There are many theoretical interpretations for these states [1–3]. In the case of Y (4260), although it seems not to fit the charmonium spectrum [8], a proposal to accommodate it as a 4S state has been made in [9]. There are many other

∗Electronic address: rma@if.usp.br †Electronic address: mnielsen@if.usp.br ‡Electronic address: romulo@df.ufcg.edu.br

interpretations for this state: tetraquark state [10], hadronic molecule of D_1D, D_0D^∗ [11, 12], χ_{c1}ω [13], χ_{c1}ρ [14], J/ψf_0(980) [15], a hybrid charmonium [16], a charm baryonium [17], a cusp [18–20], etc. Within the available experimental information, none of these suggestions can be completely ruled out. For the Y_b(10890) it has been interpreted as a tetraquark state, in a P -wave scalardiquark scalar-antidiquark configuration [21, 22]. An alternative scenario is that the anomalously large Υ(nS)π^+π^−, n = 1, 2, 3 production observed by the Belle Collaboration does not come from a new resonance but via sub-process Υ(5S) → B^{(∗)}B^{(∗)} → Υ(1S, 2S)π^+π^− [23, 24].

In this work we use the QCD sum rule approach (QCDSR) [25–27] to check if the proposed J/ψf_0(980) assignment for the Y (4260) [15] is supported by a direct QCDSR calculation. We also study if a similar Υf_0(980) current, and a tetraquark current (in a scalar-vector diquark configuration) could describe the Y_b(10890) state.

II. QCD SUM RULES

The QCDSR approach is based on the two-point correlation function

Π_{μν} (q) = i ∫ d^4x e^{iq.x}⟨0|T [j_μ(x)j^†_ν (0)]|0⟩, (1) where the current j_μ(x) contains all the information about the hadron of interest, like quantum numbers, quarks contents and so on.

We can write the correlation function in Eq. (1) in terms of two independent Lorentz structures:

Π_{μν} (q) = −Π_1(q^2)(g_{μν} − q_μq_ν q^2

)+Π_0(q^2) q_μq_ν q^2

. (2)

The two invariant functions, Π_1 and Π_0, appearing in Eq. (2), have respectively the quantum numbers of the spin 1 and 0 mesons. Therefore, we choose to work with the Lorentz structure g_{μν} , since it gets contributions only from the vector state.

The QCD sum rule is obtained by evaluating the correlation function in Eq. (1) in two ways: in the OPE side, we calculate the correlation function at the quark level in terms of quark and gluon fields. We work at leading order in α_s in the operators, we consider the contributions from condensates up to dimension six and we keep terms which are linear in the strange quark mass m_s. In the phenomenological side, the correlation function is calculated by inserting intermediate states for the hadronic state, H, and parametrizing the coupling of these states to the current j_μ(x), in terms of a generic coupling parameter λ, so that: ⟨0|j_μ|Y ⟩ = λ ε_μ, (3) where ε_μ is the polarization vector.

The phenomenological side of Eq. (1), in the g_{μν} structure, can be written as

Π^{phen}_1 (q^2) = λ^2 M^2_H − q^2 + ∞∫ 0 ds ρ^{cont}(s) s − q^2 , (4)

where M_H is the hadron mass and the second term in the RHS of Eq.(4) denotes higher resonance contributions. The correlation function in the OPE side can be written as a dispersion relation:

Π^{ope}_1 (q^2) = ∞∫ 4m^2_Q ds ρ^{ope}(s) s − q^2 , (5)

where m_Q is the heavy quark mass and ρ^{ope}(s) is given by the imaginary part of the correlation function: πρ^{ope}(s) = Im[Π^{ope}_1 (s)].

As usual in the QCD sum rules method, it is assumed that the continuum contribution to the spectral density, ρ^{cont}(s) in Eq. (4), vanishes bellow a certain continuum threshold s_0. Above this threshold, it is given by the result obtained with the OPE. Therefore, one uses the ansatz [28] ρ^{cont}(s) = ρ^{ope}(s)Θ(s − s_0) . (6) In general, the continuum threshold s_0 is a parameter of the calculation which is connected to the mass of the studied state, H, by the relation s_0 ∼ (M_H + 0.5 GeV)^2.

To improve the matching between the two sides of the sum rule, we perfom a Borel transformation, which introduces the Borel parameter τ = 1/M^2, where M is the Borel mass. After transferring the continuum contribution to the OPE side the sum rule, in the g_{μν} structure, can be written as

λ^2e^{−M 2}H^τ =

s_0∫

4m^2_Q ds e^{−s τ} ρ^{ope}(s) . (7)

To extract M_H we take the derivative of Eq. (7) with respect to Borel parameter τ and divide the result by Eq. (7), so that:

M^2_H =

s_0∫

4m^2_Q ds s e^{−s τ} ρ^{ope}(s) s_0∫

4m^2_Q ds e^{−s τ} ρ^{ope}(s) . (8)

III. J/ψ f0(980) MOLECULAR STATE

A possible current that couples with a J/ψ f_0(980) molecular state, with the quantum numbers J^{P C} = 1^{−−}, is given by:

j_μ = (c̄_i γ_μ c_i) (s̄_j s_j ) (9)

where i, j are color indices and c_i, s_j are the charm and strange quark fields respectively. Although there are conjectures that the f_0(980) itself could be a tetraquark state [29], in ref. [30] it was shown that it is difficult to explain the light scalars as tetraquark states from a QCDSR calculation. Therefore, here we use a simple quark-antiquark current to describe the f_0(980).

Another possibility for the current is considering the vector and scalar parts in a color octet configuration:

j^λ_μ = ( c̄_i λ^A_{ij} γ_μ c_j ) (s̄_l λ^A_{lk} s_k) , (10)

where λ^A are the Gell-Mann matrices. The two currents can be related by the change: j^λ_μ → j_μ with λ^A_{ij} → δ_{ij} . Although the current in Eq. (10) can not be interpreted as a meson-meson current, since the vector and scalar parts carry colour, for simplicity we still call it a molecular current. Since the currents in Eqs. (9) and (10) have the lowest dimension for a four-quark current with the 1^{−−} quantum numbers, from the theory of compositeoperator renormalization [31] we expect these currents to be multiplicatively renormalizable.

The spectral density ρ^{ope}(s), for the J^{P C} = 1^{−−} exotic state described by a J/ψ f_0(980) molecular current, up to dimension-six condensates, can be written as:

TABLE I: QCD input parameters.

Parameters Values m_b(m_b) (4.24 ± 0.05) GeV mc(mc) (1.23 ± 0.05) GeV ms (0.13 ± 0.03) GeV ⟨q̄q⟩ −(0.23 ± 0.01)^3 GeV^3 ⟨g^2_s G^2⟩ 0.88 GeV^4 κ ≡ ⟨s̄s⟩/⟨q̄q⟩ (0.74 ± 0.03) m^2_0 ≡ ⟨s̄Gs⟩/⟨s̄s⟩ 0.8 GeV^2

ρ^{ope}(s) = ρ^{pert}(s) + ρ^{⟨q̄q⟩}(s) + ρ^{⟨G2⟩}(s) +ρ^{⟨q̄Gq⟩}(s) + ρ^{⟨q̄q⟩2} (s). (11) The expressions for ρ^{ope}(s) for the currents in Eqs. (9) and (10), using factorization hypothesis, are given in appendix A.

To extract reliable results form the sum rule is necessary to stablish the Borel window. A valid sum rule exist when one can find a Borel window where there is a OPE convergence, a τ-stability and where there is a dominance of the ground state contribution. The maximum value of τ parameter is determined by imposing that the contribution of the higher dimension condensate is smaller than 20% of the total contribution: τ_{max} is such that | | | OPE summed up dim n-1 (τ^{max})

total contribution (τ_{max}) | | | = 0.8. (12)

Since the continuum contribution decreases with τ, due to the dominance of the perturbative contribution, the minimum value of τ is determined by imposing that the ground state contribution is equal to the continuum contribution. To guarantee a reliable result extracted from sum rules it is important that there is a τ stability inside the Borel window.

For a consistent comparison with the results obtained for the other molecular states using the QCDSR approach, we have considered here the same values used for the quark masses and condensates as in refs. [12, 32–38], listed in Table I.

We start with the current in Eq. (9). As mentioned above, the continuum threshold is a physical parameter that should be determined from the spectrum of the mesons. The value of the continuum threshold in the QCDSR approach is, in general, given as the value of the mass of the first excited state squared. In some known cases, like the ρ and J/ψ, the first excitated state has a mass approximately 0.5 GeV above the ground state mass. In the cases that one does not know the spectrum, one expects the continuum threshold to be a)

b)

c)

FIG. 1: J/ψ f_0(980) current in a color singlet configuration. a) OPE convergence in the region 0.10 ≤ τ ≤ 0.40 GeV^{−2} for √ s_0 = 5.10 GeV. We plot the relative contributions starting with the perturbative contribution (dot-dashed line), and each other line represents the relative contribution after adding of one extra condensate in the expansion: + ⟨s̄s⟩ (solid line), + ⟨G^2⟩ (long-dashed line), + ⟨s̄Gs⟩ (dotted line) and + ⟨s̄s⟩^2 (dashed line). b) The pole (solid line) and continuum (dotted line) contributions for √ s_0 = 5.10 GeV. c) The mass as a function of the sum rule parameter τ for √ s_0 = 5.00 GeV (dotted line), √ s_0 = 5.10 GeV (solid line) and √ s_0 = 5.20 GeV (dotdashed line). The crosses indicate the valid Borel window.

approximately the square of the mass of the state plus 0.5 GeV: s_0 = (M_H + 0.5 GeV)^2. Therefore, to fix the continuum threshold range we extract the mass from the sum rule, for a given s_0, and accept such value of s_0 if the obtained mass is in the range 0.4 GeV to 0.6 GeV smaller than √ s_0. Using this criterion, we obtain s_0 in the range 5.0 ≤ √ s_0 ≤ 5.2 GeV.

In Fig. 1a) we show the relative contribution of the terms in the OPE side of the sum rule, for √ s_0 = 5.10 GeV. From this figure we see that the contribution of the dimension-6 condensate is smaller than 20% of the total contribution for values of τ ≤ 0.33 GeV^{−2}, which indicates a good OPE convergence. From Fig. 1b), we also see that the pole contribution is bigger than the continuum contribution only for τ ≥ 0.28 GeV^{−2}. Therefore, we fix the Borel window as: (0.28 ≤ τ ≤ 0.33) GeV^{−2}. From Eq. (8), we can calculate the ground state mass, which is show, as a function of τ , in the Fig. 1c). From this figure we see that there is a very good τ stability in the determined Borel window, which is shown, through the crosses, in Fig. 1c).

Varying the value of the continuum threshold in the range √ s_0 = 5.10 ± 0.10 GeV, and the other parameters as indicated in Table I we get:

M_Y = (4.67 ± 0.09) GeV . (13)

This mass is not compatible with the proposition in [15], which describes the Y (4260) state as the J/ψ f_0(980) molecular state. By the other hand, this result is in an excellent agreement with the mass of the Y (4660) state. The obtained mass is largely above the J/ψ f_0(980) threshold and, therefore, such molecular state would not be bound. One has to remember, however, that the current in Eq (9) is written in terms of the currents that couples with the J/ψ and f_0(980) mesons, but it also couples with all excited states with the J/ψ and f_0(980) quantum numbers. From the QCDSR analysis presented here we can only warranty that the mass in Eq. (13) is the mass of the ground state of all states described by the current in Eq (9), but not that its constituents, described by the c̄_iγ_μc_i and s̄_j s_j currents, are the ground states of these currents: the J/ψ and f_0(980) mesons. Therefore, it is possible that the mass obtained in Eq (13) describes a ψ^′ f_0(980) molecular state, since the ψ^′ f_0(980) threshold is at 4.66 GeV, compatible with a loosely bound state. The interpretation of the Y (4660) as a ψ^′ f_0(980) molecular state was first proposed in ref. [39] and is also in agreement with the Y (4660) main decay channel: Y (4660) → Ψ(2S) π^+π^−. It is also important to mention that our result indicates that, from a QCDSR point of view, there is no J/ψ f_0(980) bound state.

In the case of the current in Eq. (10) we obtain s_0 in the range 5.4 ≤ √ s_0 ≤ 5.6 GeV. The results for this current are shown in Fig. 2, from where we can see that, for √ s_0 = 5.50 GeV, the Borel window is fixed as: (0.23 ≤ τ ≤ 0.33) GeV^{−2}. Varying the continuum threshold in the range √ s_0 = 5.50 ± 0.10 GeV, and the other parameters as indicated in Table I we get:

M_{Yλ} = (5.00 ± 0.10) GeV . (14) a)

b)

c)

FIG. 2: J/ψ f_0(980) molecule in a color octet configuration. a) OPE convergence in the region 0.13 ≤ τ ≤ 0.37 GeV^{−2} for √ s_0 = 5.50 GeV. We plot the relative contributions starting with the perturbative contribution (dot-dashed line), and each other line represents the relative contribution after adding of one extra condensate in the expansion: + ⟨s̄s⟩ (solid line), + ⟨G^2⟩ (long-dashed line), + ⟨s̄Gs⟩ (dotted line) and + ⟨s̄s⟩^2 (dashed line). b) The pole (solid line) and continuum (dotted line) contributions for √ s_0 = 5.50 GeV. c) The mass as a function of the sum rule parameter τ for √ s_0 = 5.40 GeV (dotted line), √ s_0 = 5.50 GeV (solid line) and √ s_0 = 5.60 GeV (dotdashed line). The crosses indicate the valid Borel window.

This value for the mass is not compatible with any observed charmonia state. Besides, comparing the results in Eqs. (13) and (14), we conclude that a molecular state with c̄γ_μc and s̄s in color octet configurations has a bigger mass than the similar state when c̄γ_μc and s̄s are in a color singlet configuration. This result is the opposite than the result obtained in ref. [40] for a J/ψπ current. However, in ref. [40] the same range of the continuum threshold was used for both currents. In the present case we see that if we use √ s_0 = 5.10±0.10 GeV for the current in Eq. (10) we do not find a Borel window. This is the reason why we had to work with bigger values of s_0 for the current in Eq. (10).

IV. J/ψσ(600) MOLECULAR STATE

It is straightforward to extend the study presented in the above section for the non-strange case. To do that one only has to use ⟨s̄s⟩ = ⟨q̄q⟩ and m_s = 0 in the spectral density expressions given in appendix A. In this case, to obtain a Borel window we need to release the condition in Eq. (12) and allow τ_{max} to be determine by imposing that the dimension-6 condensate could be 25% of the total contribution. This indicates that the OPE convergence is worse in this case as compared with the J/ψf_0(980) case. This is due to the fact that the dimension-3 and dimension-5 condensates do not contribute in this case. In Table II we present the result obtained for the mass with the two currents, together with the used continuum threshold range.

TABLE II: Results for the J/ψ σ currents.

current in Eq. MH ( GeV) √ s0( GeV) (9) 4.63 ± 0.10 5.1 ± 0.1 (10) 4.97 ± 0.08 5.5 ± 0.1

As one can see from Table II, the results obtained with the J/ψ σ(600) molecular current are in agreement with the results obtained with the J/ψ f_0(980) current, which is not what one would naively expect. However, this kind of findings is not uncommon in QCDSR calculations for multiquark states [32]. Again, since the masses obtained are largely above the J/ψ σ(600) threshold, we conclude that there is no J/ψ σ(600) bound state. In this case, since the mass obtained is also above the ψ^′ σ(600) threshold we can not interpret the Y (4660) as a ψ^′ σ(600) molecular state, despite the fact that the obtained mass is in agreement with the Y (4660) mass.

V. Υf0(980) AND Υσ(600) MOLECULAR STATES

It is also straightforward to extend the previous study to the b-sector. To do that one only has to make the change m_c → m_b and for the non-strange case use m_s = 0 in the spectral density expressions given in the appendix A. This allow us to study the molecular currents: Υf_0(980) and Υσ(600), in both, color singlet and color octet configuration, as given in Eqs. (9) and (10). We obtain similar OPE convergence and pole dominance as in the charm sector.

TABLE III: Results for the Υ f0 and Υ σ currents.

States MH Borel Window √ s0 ( GeV) ( GeV^{−2}) ( GeV)

Color Singlet

Υ f0(980) 10.75 ± 0.12 0.11 ≤ τ ≤ 0.15 11.3 ± 0.1 Υ σ(600) 10.74 ± 0.09 0.11 ≤ τ ≤ 0.13 11.3 ± 0.1

Color Octet

Υ f0(980) 11.08 ± 0.11 0.11 ≤ τ ≤ 0.14 11.7 ± 0.1 Υ σ(600) 11.09 ± 0.10 0.10 ≤ τ ≤ 0.13 11.7 ± 0.1

In Table III we present the results obtained for the masses of the states described by Υf_0(980) and Υ σ(600) currents, together with their respective continuum threshold range and valid Borel window.

From this Table we see that, as in the charm sector, the masses obtained with the Υ f_0 and Υ σ currents are very similar and that the relative differences with the singlet and octet currents are smaller than in the charm sector. This is also consistent with the findings in ref. [41], where different 1^{−−} tetraquark currents where used, in a QCDSR calculation, with similar results for the different currents and also for non-strange and strange sectors. Considering the errors, all the masses obtained with these currents are compatible with the mass of the recently oserved Y_b(10890) state. However, since the Υ(1S) f_0 and Υ(2S) f_0 thresholds are at 10.44 GeV and 11.00 GeV respectively, and that the thresholds with σ are around 380 MeV below these numbers, the only possible molecular interpretation for the Y_b(10890) is that it could be a Υ(2S) f_0 molecular state.

VI. TETRAQUARK CURRENT FOR THE Yb(10890)

In ref. [21] the Y (10890) was interpreted as a bound tetraquark state [bq][b̄q̄] = QQ̄ with the spin and angular momentum quantum numbers: S_Q = 0, S¯_Q = 0, S_Q¯_Q = 0, L_Q¯_Q = 1. This same configuration was used in a QCDSR calculation [22] and the obtained mass was 10.88 ± 0.13 GeV, in a very good agreement with the Y (10890) mass. In this section we want to check if the tetraquark current a)

b)

c)

FIG. 3: [bq][b̄q̄] tetraquark state. a) OPE convergence in the region 0.07 ≤ τ ≤ 0.16 GeV^{−2} for √ s_0 = 11.50 GeV.

We plot the relative contributions starting with the perturbative contribution (dot-dashed line), and each other line represents the relative contributions after adding of one extra condensate in the expansion: + ⟨G^2⟩ (long-dashed line), + ⟨q̄Gq⟩ (solid line) and + ⟨q̄q⟩^2 (dashed line). b) The pole (solid line) and continuum (dotted line) contributions for √ s_0 = 11.50 GeV. c) The mass as a function of the sum rule parameter τ for √ s_0 = 11.40 GeV (dotted line), √ s_0 = 11.50 GeV (solid line) and √ s_0 = 11.60 GeV (dotdashed line). The crosses indicate the valid Borel window.

constructed with scalar and vector diquarks: j^{Yb}μ = ϵ_{ijk} ϵ_{lmk} √ 2 [ (q^T_i Cγ_5b_j )(q̄_lγ_μγ_5Cc̄^T_m)

+(q^T_i Cγ_5γ_μb_j )(q̄_lγ_5Cc̄^T_m) ] (15)

can also be used to describe the Y (10890). In Eq. (15) i, j, k, . . . are color indices, C is the charge conjugation matrix, q = u, d, s is the light quark field and b is the quark bottom field. Notice that the main decay channel: Y_b → Υ(1S)π^+π^−, a)

b)

c)

FIG. 4: [bs][b̄s̄] tetraquark state. a) OPE convergence in the region 0.07 ≤ τ ≤ 0.16 GeV^{−2} for √ s_0 = 11.60 GeV.

We plot the relative contributions starting with the perturbative contribution (dot-dashed line), and each term other line represents the relative contributions after adding of one extra condensate in the expansion: + ⟨s̄s⟩ (dotted line), + ⟨G^2⟩ (long-dashed line), ⟨s̄Gs⟩ (solid line) and ⟨s̄s⟩^2 (dashed line). b) The pole (solid line) and continuum (dotted line) contributions for √ s_0 = 11.60 GeV. c) The mass as a function of the sum rule parameter τ for √ s_0 = 11.50 GeV (dotted line), √ s_0 = 11.60 GeV (solid line) and √ s_0 = 11.70 GeV (dot-dashed line). The crosses indicate the valid Borel window.

does not necessary indicate that Y_b has only lightquarks in its composition, if it is interpreted as a four-quark state. In fact, it is very interesting to investigate any possiblity to the quark content for this tetraquark state. The expressions for ρ^{ope}(s) for the current in Eq. (15) are given in appendix A. We consider first the [bq][b̄q̄] tetraquark state and the results are shown in Fig. 3. As explained above, we extract the mass from the sum rule, for a given s_0, and accept such value if the obtained mass is around √ s_0 − 0.5 GeV. Using this criteria we got 11.4 GeV ≤ √ s_0 ≤ 11.6 GeV.

Varying the value of the continuum threshold in the range: √ s_0 = 11.50±0.10 GeV, and taking into account the uncertainties as indicated in Table I we get:

M_{Yb} = (10.91 ± 0.07) GeV , (16)

which is in an excellent agreement with the observed mass for Y_b(10890). Therefore, we conclude that this state could also be described as a [bq][b̄q̄] tetraquark state, in a scalar-vector configuration.

Considering the strange quark mass in the current (15) and doing the same analysis as before, we obtain the results shown in Fig. 4 for the [bs][b̄s̄] tetraquark state. The valid Borel window in this case is: (0.10 ≤ τ ≤ 0.15) GeV^{−2}. Varying the continuum threshold in the range: √ s_0 = 11.60 ± 0.10 GeV, and the parameters as indicated in Table I we get:

M_{Ybs} = (10.97 ± 0.10) GeV . (17)

In this case the differences in the masses obtained for the non-strange and strange exotic tetraquark states are larger than is the case of the Υ f_0 and Υ σ molecular currents. Therefore, comparing the results presented in Table III and in Eqs. (16) and (17), we conclude that the Y_b(10890) is better described by a [bq][b̄q̄] tetraquark current, as suggested in ref. [21].

VII. CONCLUSIONS

We have studied the mass of the 1^{−−} exotic states using QCD sum rules. We find that the molecular currents J/ψ f_0(980) and J/ψ σ(600) lead to (almost) the same mass predictions, the difference being only around 30 MeV. The mass obtained for the molecular state is smaller when the vector and scalar mesons are in the color singlet configuration, as compared with the color octet configuration. The masses obtained with the J/ψ f_0(980) and J/ψ σ(600) currents are in agreement with the Y (4660) mass. This result is not compatible with the proposition presented in ref [15], that the Y (4260) state could be a J/ψ f_0(980) molecular state. Since the mass obtained with the J/ψ f_0(980) current is above the J/ψ f_0(980) threshold, we conclude that this current could be describing a ψ(2S) f_0(980) loosely bound molecular state, that could be associated with the Y (4660), as suggested in [39].

We have also studied the Υ f_0(980) and Υ σ(600) molecular currents, in color singlet and color octet configuration for the mesons. Also in this case the masses obtained with the Υ f_0 and Υ σ currents are in agreement with each other, and the mass obtained for the molecular state is smaller when the two constituents mesons are in the color singlet configuration.

Finally we have studied the scalar-vector tetraquark current in the strange and no-strange sectors. We find that the newly observed Y_b(10890) state can be well described by a [bq][b̄q̄] tetraquark current, as suggested in ref. [21]. However, considering the uncertainties, the Υ f_0 and Υ σ molecular currents cannot be discarded. More experimental data on the Y_b(10890) decay channels could be used to discriminate between different assignments.

Acknowledgements

This work has been partly supported by FAPESP and CNPq-Brazil. We would like to thank Prof. S. Narison for bringing our attention to the work in ref. [21] and for discussions at the beginning of this calculation.

Appendix A: Spectral Densities

The spectral densities expressions for J/ψ f_0(980), J/ψ σ(600), Υ f_0(980) and Υ σ(600) molecular currents, were calculated up to dimension-6 condensates, in the g_{μν} structure, at leading order in α_s. We have kept terms which are linear in the strange quark mass m_s. To keep the heavy quark mass finite, we use the momentumspace expression for the heavy quark propagator. We calculate the light quark part of the correlation function in the coordinate-space, and we use the Schwinger parameters to evaluate the heavy quark part of the correlator. To evaluate the d^4x integration in Eq.(1), we use again the Schwinger parameters, after a Wick rotation. Finally we get integrals in the Schwinger parameters that can be performed after scaling these parameters and introducing a delta function in the scale parameter [42]. The result of these integrals are given in terms of logarithmic functions, from where we extract the spectral densities and the limits of the integration. The same technique can be used to evaluate the condensate contributions. For that we have only to use the OPE expansion for the propagators. For the light quark propagator we use [2]:

S_{ab}(x) = ⟨0T [q_a(x)q_b(0)]⟩0 = iδ_{ab} 2π^2x^4 x/ − m_q δ_{ab} 4π^2x^2 − t^A_{ab}gG^A_{μν} 32π^2 ( i x^2 (x/σ^{μν} + σ^{μν} x/) − m_qσ^{μν} ln(−x^2) )

− δ_{ab} 12 ⟨q̄q⟩ + iδ_{ab} 48 m_q⟨q̄q⟩x/ − x^2δ_{ab} 2^6 × 3 ⟨q̄Gq⟩

+ ix^2δ_{ab} 2^7 × 3^2 m_q ⟨q̄Gq⟩x/, (A1) where we have used the fixed-point gauge. For heavy quarks, as explained above, we work in the momentum space and the OPE expansion for the heavy quark propagator is given by: S_{ab}(p) = i p/ + m p^2 − m^2 δ_{ab} + − i 4 t^A_{ab}gG^A_{μν} [σ^{μν} (p/ + m) + (p/ + m)σ^{μν} ] (p^2 − m^2)^2 + iδ_{ab} 12 m⟨g^2_s G^2⟩ p^2 + mp/ (p^2 − m^2)^4

. (A2)

We have considered the compact notation for both color singlet and octet configurations, since the difference between them is only proportional to a color factor. For this we define:

Color Factor Mesons in Mesons in Color Singlet Color Octet N 9/2^5 1 N^∗ −9/2^2 1

where we have normalized the factor to the color octet configuration. Therefore, we obtain the following expressions: ρ^{pert}_M (s) = N 3 · 2^7π^6 αmax∫

αmin dα α^3 1−α∫ βmin dβ β^3 (1 − α − β)F^3_Q(α, β)

× [_{(1 + α + β)FQ(α, β) − 4m2Q(1 − α − β)}]_,

ρ^{⟨s̄s⟩}_M (s) = N m_s⟨s̄s⟩ 4π^4 [_{αmax}∫ αmin dα H^2_Q(α) α(1 − α) − αmax∫

αmin dα α 1−α∫ βmin dβ β

×F_Q(α, β) (_{FQ(α, β) + 2m2Q}) ] ,

ρ^{⟨G2 ⟩}_M (s) = − ⟨g^2_s G^2⟩ 3^2 · 2^{11} π^6 { 6N^∗ αmax∫

αmin dα H^2_Q(α) α(1 − α) + 32N m^2_Q

× αmax∫

αmin dα α^3 1−α∫ βmin dβ β (1 − α − β) [ (1 − α − β)

×(3F_Q(α, β) + m^2_Qβ) − β(1+α+β)F_Q(α, β) ]

−N^∗ αmax∫

αmin dα α^2 1−α∫ βmin dβ β^2 F_Q(α, β) [ (1−α−β)F_Q(α, β)

×(3−α−β) + 6m^2_Q(2+α+β)αβ − 6α^2 β^2s ] , ρ^{⟨s̄Gs⟩} M (s) = − m_s⟨s̄Gs⟩ 3^2 · 2^4π^4

(32N + 3N^∗) αmax∫

αmin dα α(1 − α)s,

ρ^{⟨s̄s⟩2} M (s) = − 4N ⟨s̄s⟩^2 9π^2 αmax∫

αmin dα α(1 − α)s

The spectral densities expressions for [bq][b̄q̄] and [bs][b̄s̄] tetraquark states with the current defined in Eq.(15) are given by:

ρ^{pert}_T (s) = − 1 3 · 2^{10} π^6 αmax∫

αmin dα α^3 1−α∫ βmin dβ β^3

(1 − α − β)F^3_b (α, β)

× [ 2m^2_b (1 − α − β)^2 − 3(1 + α + β)F_b(α, β) ]

ρ^{⟨q̄q⟩}_T (s) = m_q ⟨q̄q⟩ 2^5 π^4 {_{αmax}∫ αmin dα α(1 − α) [_{m2b − α(1 − α)s}]_2

− αmax∫

αmin dα α 1−α∫ βmin dβ β F_b(α, β) [ m^2_b (5−α−β) + 2F_b(α, β) ]}

ρ^{⟨G2 ⟩}_T (s) = − ⟨g^2_s G^2⟩ 3^2 · 2^{11} π^6 αmax∫

αmin dα α 1−α∫ βmin dβ β^3 { 2m^4_b α(1−α−β)^3

+3m^2_b (1−α−β) [ 2−2α(4+α+β)−β(1+α+β) ]

×F_b(α, β) + 6β (1 − 2α − 2β) F^2_b (α, β) }

ρ^{⟨q̄Gq⟩} T (s) = − ⟨q̄Gq⟩ 3 · 2^7 π^4 { 2m_q αmax∫

αmin dα α [ 8m^2_b α + (1−α)H_b(α) ]

−3m_b αmax∫

αmin dα α 1−α∫ βmin dβ β^2 [ (1−α−β) + 2α(α+β) ]

×F_b(α, β) − m_q αmax∫

αmin dα 1−α∫ βmin dβ β

× [ m^2_b (9−3α−5β) + 7F_b(α, β) ]}

ρ^{⟨q̄q⟩2} T (s) = − ⟨q̄q⟩^2 3 · 2^3 π^2 αmax∫

αmin dα [_{3m2b − α(1 − α)s}]_.

In all expressions we have used the following definitions:

F_Q(α, β) = m^2_Q(α + β) − αβs, (A3) H_Q(α) = m^2_Q − α(1 − α)s (A4) and the integration limits are given by: α_{min} = (1 − √ 1 − 4m^2_Q/s)/2 , (A5)

α_{max} = (1 + √ 1 − 4m^2_Q/s)/2 , (A6)

β_{min} = αm^2_Q/(sα − m^2_Q) . (A7)

The index Q = c or b indicates the heavy quark content in the current. We have neglected the contribution of the dimension-six condensate ⟨g^3_s G^3⟩, since it is assumed to be suppressed by the loop factor 1/16π^2.

[1] N. Brambilla, et al., Eur. Phys. J. C71, 1534 (2011) [arXiv:1010.5827].

[2] M. Nielsen, F. S. Navarra, S. H. Lee, Phys. Rept.

497, 41-83 (2010) [arXiv:0911.1958].

[3] S. L. Olsen, Nucl. Phys. A827, 53C-60C (2009) [arXiv:0901.2371].

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

Lett. 95, 142001 (2005).

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

Lett. 98, 212001 (2007).

[6] X.L. Wang et al. [Belle Collaboration], Phys. Rev.

Lett. 99, 142002 (2007).

[7] K. -F. Chen et al. [ Belle Collaboration ], Phys.

Rev. D82, 091106 (2010) [arXiv:0810.3829]. [8] K. Nakamura et al. (Particle Data Group), J.

Phys. G37, 075021 (2010).

[9] F. J. Llanes-Estrada, Phys. Rev. D72, 031503 (2005).

[10] L. Maiani, V. Riquer, F. Piccinini and A. D. Polosa, Phys. Rev. D72, 031502 (2005).

[11] G. J. Ding, Phys. Rev. D79, 014001 (2009). [12] R. M. Albuquerque and M. Nielsen, Nucl. Phys.

A815, 53 (2009); Erratum: Nucl. Phys. A857, 48 (2011).

[13] C. Z. Yuan, P. Wang and X. H. Mo, Phys. Lett.

B634, 399 (2006).

[14] X. Liu, X. Q. Zeng and X. Q. Li, Phys. Rev. D72, 054023 (2005).

[15] A. Martinez Torres, K. P. Khemchandani, D. Gamermann, E. Oset, Phys. Rev. D80, 094012 (2009) [arXiv:0906.5333].

[16] S. L. Zhu, Phys. Lett. B625, 212 (2005). [17] C. F. Qiao, Phys. Lett. B639, 263 (2006). [18] E. van Beveren and G. Rupp, arXiv:hep-ph/0605317.

[19] E. van Beveren and G. Rupp, arXiv:0904.4351. [20] E. van Beveren and G. Rupp, Phys. Rev. D79, 111501 (2009).

[21] A. Ali, C. Hambrock, M. J. Aslam, Phys. Rev.

Lett. 104, 162001 (2010).

[22] J. -R. Zhang, M. -Q. Huang, JHEP 1011, 057 (2010).

[23] C. Meng, K. -T. Chao, Phys. Rev. D77, 074003 (2008); Phys. Rev. D78, 034022 (2008).

[24] Y. .A. Simonov, A. I. Veselov, Phys. Lett. B671, 55 (2009).

[25] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Nucl. Phys. B147, 385 (1979).

[26] L.J. Reinders, H. Rubinstein and S. Yazaki, Phys.

Rept. 127, 1 (1985).

[27] S. Narison, QCD as a theory of hadrons, Cambridge Monogr. Part. Phys. Nucl. Phys. Cosmol. 17, 1 (2002); QCD spectral sum rules , World Sci. Lect. Notes Phys. 26, 1 (1989); Phys. Rept. 84, 263 (1982).

[28] B. L. Ioffe, Nucl. Phys. B188, 317 (1981); B191, 591(E) (1981).

[29] R.L. Jaffe, Phys. Rev. D15, 267, 281 (1977);

D17, 1444 (1978).

[30] R.D. Matheus, F.S. Navarra, M. Nielsen and R. Rodrigues da Silva, Phys. Rev. D76, 056005 (2007) [arXiv:0705.1357].

[31] J.A. Dixon and J.C. Taylor, Nucl. Phys. B78, 552 (1974); H. Kluberg-Stern and J.B. Zuber, Phys. Rev. D12, 467 (1975).

[32] R.D. Matheus et al., Phys. Rev. D75, 014005 (2007) [hep-ph/0608297].

[33] S.H. Lee, M. Nielsen, U. Wiedner, Jour. Korean Phys. Soc. 55, 424 (2009) [arXiv:0803.1168].

[34] S.H. Lee, A. Mihara, F.S. Navarra and M. Nielsen, Phys. Lett. B661, 28 (2008) [arXiv:0710.1029].

[35] M.E. Bracco, S.H. Lee, M. Nielsen, R. Rodrigues da Silva, Phys. Lett. B671, 240 (2009) [arXiv:0807.3275].

[36] S.H. Lee, K. Morita and M. Nielsen, Nucl. Phys.

A815, 29 (2009) [arXiv:0808.0690].

[37] S.H. Lee, K. Morita and M. Nielsen, Phys. Rev.

D78, 076001 (2008) [arXiv:0808.3168].

[38] S. Narison, Phys. Lett. B466, 345 (1999); S. Narison, Phys. Lett. B361, 121 (1995); S. Narison, Phys. Lett. B387, 162 (1996); S. Narison, Phys. Lett. B624, 223 (2005).

[39] F. -K. Guo, C. Hanhart, U. -G. Meissner, Phys.

Lett. B665, 26 (2008) [arXiv:0803.1392]. [40] S. Narison, F.S. Navarra, M. Nielsen, Phys. Rev.

D83, 016004 (2011) [arXiv:1006.4802].

[41] W. Chen, S. -L. Zhu, Phys. Rev. D83, 034010 (2011) [arXiv:1010.3397].

[42] C. Itzykson and J.-B. Zuber, Quantum Field Theory, McGraw Hill Book Company, 339 (1986).