arXiv:1103.3902v1 [hep-ph] 20 Mar 2011

Multiquark Correlations in Light Mesons and Baryons from Holographic QCD

Hilmar Forkel

Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany

Abstract. A hadron’s multiquark content reflects itself in the quark composition of the interpolator with which it has maximal overlap. The AdS/CFT dictionary translates the anomalous dimension of this interpolator into a mass correction for the corresponding dual mode. Hence such bulk-mass corrections can carry holographic information on multiquark correlations. Two prominent examples are studied by implementing this robust and universal mechanism into AdS/QCD gravity duals. In the baryon sector bulk-mass corrections are used to describe systematic good (i.e. maximally attractive) diquark effects. The baryon sizes are predicted to decrease with increasing good-diquark content, and the masses of all 48 observed light-quark baryon states are reproduced with unprecedented accuracy. Our approach further provides the first holographic description of a dominant tetraquark component in the lowest-lying scalar mesons. The tetraquark ground state emerges naturally as the lightest scalar nonet whereas higher excitations become heavier than their quark–antiquark counterparts and are thus likely to dissolve into the multiparticle continuum.

Keywords: Gauge/string correspondence, baryons, light scalar mesons, diquarks, tetraquarks PACS: 11.25.Tq, 11.25.Wx, 14.20.Gk, 14.40.Cs, 12.40.Yx, 12.38.Lg, 11.15.Tk

INTRODUCTION

The main objective of the AdS/QCD program [1, 2] is to describe strong-interaction and especially vacuum and hadron physics holographically by means of a gravitational dual dynamics in 5D spacetime (the “bulk”). The latter has an IR deformed AdS_5 geometry

ds^2 = g_{MN}dx^Mdx^N = e^{2A(z)}

R^2 z^2 ( η_{μν} dx^μ dx^ν − dz^2 ) (1) (R is the AdS_5 curvature radius, z parametrizes the fifth dimension, A(z)^{z→0}−→ 0) and generally contains other fields (e.g. dilatons) as well. Essential long-term goals of this “bottom-up” approach are to construct an at least reasonably close approximation to the QCD dual and to supply top-down string theory approaches with specific ideas for the relevant dynamics. Over the last years, this program has made significant progress [3].

In the present talk we discuss multiquark correlations in mesons and baryons from a holographic perspective. In particular, we review a systematic and universal extension of the AdS/QCD framework which describes such correlations holographically. To motivate our approach, we recall that the bulk mode φ dual to a given hadron is associated with the gauge-theory interpolater with which it has maximal overlap. The scaling (or twist) dimension Δ of this interpolator sets the UV boundary condition [4]

φ (x;z)^{z→0}−→ φ^{(0)} (x)z^{f (Δ(m5R))} (2) where f is a known, hadron-dependent function. The condition (2) is imposed on the (at small z leading) solutions of the bulk field equations by adjusting the mass term. As a result, the scaling dimension Δ(m_5R) becomes a function of the 5D bulk mass m_5.

In general, there exist several gauge invariant interpolators η_i with equal quantum numbers and the same classical dimension Δ_{cl}. Those combine the fundamental fields in different ways but can couple to the same hadron state |h⟩. Hence the overlaps ⟨0|η_i|h⟩ contain subtle infomation on the hadron’s structure. In particular, the field composition of the interpolator with maximal overlap is expected to most closely represent the coupling among the valence partons of the hadron. In our context it is crucial to note that such structural differences manifest themselves also in different anomalous dimensions^1 γ_i (μ) of the η_i. The boundary condition (2) then translates the γ (μ) of a given interpolator η into a bulk mass correction Δm_5 (z) for the corresponding dual modes. (The z dependence is inherited from the scale dependence of γ (μ) since μ ∼ 1/z.) Hence such corrections can encode multiquark correlation effects [6, 7] inside hadrons^2.

The practical implementation of the above corrections into bottom-up duals is not without challenges, however. For example, it is not a priori obvious how to assign unique hadron states to the interpolators. QCD information on anomalous dimensions of hadronic interpolators in the infrared is still scarce, furthermore. A particular challenge is the necessarily naive AdS/QCD extrapolation of the multiquark physics with its pronounced N_c dependence from large N_c to N_c = 3 (cf. Ref. [6]). Major benefits, on the other hand, are that the outlined mechanism will work in any of the current AdS/QCD duals, both non-dynamical and dynamical (i.e. backreacted), and that the results will be rather independent of the chosen dual. In the following we invoke this mechanism to describe diquark effects in the light-quark baryon spectrum [7] and tetraquark correlations inside the lightest scalar mesons [6].

DIQUARK CORRELATIONS IN LIGHT-QUARK BARYONS

The arguably most prominent pattern in measured hadron spectra consists of (approximately) linear trajectories with universal slopes on which the square masses M^2 of excited states organize themselves as a function of both angular momentum L (or alternatively total spin J) and radial excitation level n. A rather minimal “metric soft-wall” (ms) gravity dual [9] generates such trajectories in the light-quark meson and baryon spectra. In the baryon sector, in particular, it predicts

M^{(ms)2}_{n,L} = 4λ^2 ( n + L + 3 2 ) . (3)

While Eq. (3) describes all experimental data for the delta resonance masses within errors [10], systematic deviations remain noticeable in the nucleon sector. In Ref. [7] the latter were related to the fraction κ of “good” (i.e. maximally attractive) diquarks in

1 This is borne out in perturbative-QCD calculations of γ, e.g. for diquark operators [5]. 2 To a reasonable approximation those are probably negligible in quite a few hadrons, but not in all [6]. Anomalous-dimension induced corrections in a different context were explored in Ref. [8].

the baryons’ quark-model wave function (for recent related work see e.g. [11]). These diquark correlations are expected to generate the mass correction

ΔM^2_κ = −2 ( M^2_Δ − M^2_N ) κ (4)

which solely depends on the resonances’ diquark content (κ = 0 for deltas). In Ref. [7] we have analyzed whether the anomalous-dimension-based implementation of multiquark effects is able to generate such corrections in the metric soft-wall dual. We start from the two independent leading-twist nucleon interpolators

η_{pd} = ε_{abc} ( u^T_a Cd_b ) γ^5u_c, η_{sd} = ε_{abc} ( u^T_a Cγ^5d_b ) u_c (5)

of QCD with Δ = 9/2 which contain in η_{pd} a pseudoscalar and in η_{sd} a “good” scalar diquark (and for L > 0 additional covariant derivatives). The interpolators (5) are expected to have enhanced overlap with nucleon states of equivalent diquark content. Hence we introduce three bulk spinor fields Ψ^{(κ)} dual to the linear combinations of the interpolators (5) with κ = 0, 1/4 and 1/2, and thus to nucleons with the same diquark substructure. Following our above reasoning, the Ψ^{(κ)} are solutions of the bulk Dirac equation [ ie^M_A Γ^A ( ∂_M + 2∂_MA^{(ms)} ) − m^{(κ)}_5 ] Ψ(x,z) = 0 (6)

(where Γ^A are 5D Dirac matrices and e^A_M = δ^A_M expA^{(ms)} fünfbeins) in the geometry (1) with the warp factor A^{(ms)} (z) = ln [ (R/z) ( 1 + λ^2z^2/m^{(ms)}_5 /R )] [9]. The bulk masses

m^{(κ)}_5 = m^{(ms)}_5 + Δm^{(κ)}_5 =

L + Δm^{(κ)}_5 R + 1 R , κ ∈ {0,1/4,1/2} (7) originate from m^{(ms)}_5 = (L + 1) /R [9], which accounts for the classical twist dimension τ̄ = L + 3 of the baryon interpolators (5), and from their anomalous dimensions γ_κ = Δm^{(κ)}_5 . Equation (7) ensures that the chirally-odd components of Ψ^{(κ)} satisfy the AdS/CFT boundary condition (2). Although no QCD information on the nonperturbative γ (μ) is currently available in the IR (for μ < 2 GeV [12]) one can check whether the phenomenologically successful modification (4) may be obtained from a judiciously chosen bulk-mass correction Δm^{(κ)}_5 . This indeed turns out to be the case [7]. In fact, with

Δm^{(κ)}_5 =

ΔM^2_κ 4λ^2R (8) the normalizable solutions of Eq. (6) generate the desired eigenvalue spectrum

M^2_{n,L} = 4λ^2 ( n + L + 3 2 ) − 2 ( M^2_Δ − M^2_N ) κ. (9) (Resolution-dependent bulk-mass corrections which reproduce Eq. (9) can be constructed as well [7].) Equation (9) is in excellent agreement with all existing data. The eigenmode solutions can be obtained analytically and reveal that modes corresponding to larger κ (with identical n, L) extend less into the fifth dimension. This translates into a smaller size of baryons with increased attraction from the good-diquark channel [7].

LIGHT SCALAR MESONS AS TETRAQUARKS

The lightest scalar meson nonet [13] has long been suggested to contain a dominant tetraquark component [14]. This at present arguably favored interpretation [15] requires an exceptionally strong four-quark binding. The underlying dynamics, able to push the tetraquark ground-state mass below the mass of the lightest scalar q̄q state, must similarly be of exceptional origin. This is reflected in the holographic description of spin-0 mesons. Indeed, a straightforward extension of the conventional approach, based on quark–antiquark interpolators [16], to q̄^2q^2 interpolators would result in four-quark states which are heavier, not lighter than the q̄q ground state. This is because the mass m_5 of the scalar bulk-mode solutions satisfies [4]

m^2_5R^2 = Δ(Δ − 4) (10)

to meet the boundary condition (2). Hence the larger classical dimension Δ of interpolators with a larger quark-field content generates larger bulk-mode and meson masses.

To put these and the following considerations into an explicit dynamical context, we adopt the popular dilaton-soft-wall dual of Ref. [17] (which is based on the AdS_5 metric (1) with A ≡ 0 and a quadratic dilaton Φ(z) = λ^2z^2). The bulk modes dual to scalar mesons in this background solve the radial Klein-Gordon equation [ −∂^2_z +V (z) ] ϕ (q,z) = q^2ϕ (q,z), (11)

which we have cast into Sturm-Liouville form, with the potential

V (z) = ( 15 4 + m^2_5R^2 ) 1 z^2

+ λ^2 ( λ^2z^2 + 2 ) . (12)

For constant m_5 the solutions of this eigenvalue problem can be found analytically [6]. Using Eq. (10), the resulting discrete square-masses M^2_n = q^2_n of the n-th radial meson excitation follow the linear trajectories

M^2_n = 4 ( n + Δ 2 ) λ^2 (13)

with universal slope 4λ^2, which indeed grow with Δ [6]. While the (up to a factor) unique quark-antiquark interpolator J^A_{q̄q} = q̄^at^Aq^a with Δ_{q̄q} = 3 corresponds to ordinary scalar mesons, there exist several four-quark interpolators with Δ_{q̄}2_q2 = 6 [15]. Those do not have an a priori unique assignment to specific meson states with a dominant tetraquark component. In our case, a suggestive choice may be J^A_{q̄2q2} = ε^{abc}ε^{ade}q̄^bCΓ^Aq̄^cq^dCΓ^Aq^e which contains a good diquark and antidiquark. For our purposes it suffices, however, to specify the tetraquark interpolator’s quantum numbers, its scaling dimension and the defining property of maximal overlap with the tetraquark ground state.

As anticipated, Eq. (13) with Δ_{q̄}2_q2 = 6 (i.e. no anomalous dimension) generates a substantially larger square mass M^2_{Δ=6,0} = 2M^2_{qq̄,0} than the Δ_{q̄q} = 3 ground state. Hence it misses the exceptionally strong binding required for a light tetraquark state. In view of our above discussion of the holographic multiquark representation this is not surprising. Indeed, if the exceptional lightness of the tetraquark ground state originates from multiquark correlations (e.g. in the good diquark channel), it should be encoded in the anomalous dimension γ of the tetraquark interpolator which is neglected in Eq. (13).

Inclusion of this anomalous dimension generalizes Eq. (10) to the bulk mass term

m^2_5 (z)R^2 = [6 + γ (z)][2 + γ (z)] (14)

for the modes dual to the Δ_{q̄}2_q2 = 6 interpolator. This adds the correction

ΔV (z) = γ (z)[γ (z) + 8] 1 z^2

(15)

to the potential (12) with m^2_5R^2 = 12. Due to the absence of QCD information on γ, a physically reasonable ansatz γ (z) = −az^η +bz^κ is then adopted^3 and tightly constrained by consistency, stability and physics requirements. This strategy provides a range of qualitative as well as quantitative insights [6] which we summarize in the following.

To begin with, the correction (15) is bounded by ΔV (z) ≥ −16/z^2 (for any γ) which prevents the collapse of the eigensolutions into the AdS_5 boundary. The bound is saturated by γ ≡ −4 and yields the lower bound

M_{q̄}2_q2_{,0} ≥ M_{Δ=2,0} = 2λ (16)

on the lightest tetraquark mass which Eq. (14) can generate. Moreover, for constant γ in the range −4 < γ < −3 one has M_{q̄}2_q2_{,0} < M_{q̄q,0}. Tetraquark excitations with masses M_{q̄}2_q2_{,n} at or beyond the M_{q̄q,n} (for n > 0) require a suitably running γ (z), however, as introduced with the above ansatz. The latter encodes an exceptionally large binding energy which drives M_{q̄}2_q2_{,0} from ∼ 40% above down to ∼ 20% below^4 the q̄q groundstate mass M_{qq̄,0} = √ 6λ . Around n ≳ 2, on the other hand, the tetraquark masses M_{q̄}2_q2_{,n} start to exceed the corresponding M_{q̄q,n}. Hence these excitations should become broad enough to prevent supernumeral scalar states. The above binding mechanism will work similarly in other AdS/QCD duals, furthermore, since γ enters the bulk dynamics exclusively through the mass term (14) which is model-independently fixed by the AdS/CFT dictionary and generates the universal correction (15) in any AdS/QCD dual.

SUMMARY AND CONCLUSIONS

We have analyzed the holographic representation of multiquark correlations in hadrons. Our approach is rooted in the observation that the multiquark content of a given hadron reflects itself in the quark composition of the QCD interpolator with which it has maximal overlap. Information on this substructure is encoded in a gauge-invariant and

3 Anomalous dimensions of a qualitatively similar z dependence (in the region of interest) emerge in dual backgrounds of holographic RG-flow type [18].

4 Hence the phenomenological ratio m_{q̄}2_q2_{,0}/m_{q̄q,0} ∼ 0.8/1.5 is not quantitatively reproduced, perhaps due to the neglect of the anomalous dimension of the q̄q interpolator or couplings to additional bulk fields.

therefore holographically active way in the interpolator’s anomalous dimension which the AdS/CFT dictionary translates into a multiquark-content-dependent mass correction for the dual bulk modes. The typically gauge-dependent multiquark correlations thereby leave a gauge-invariant imprint on the holographic description.

The implementation of this robust and generic mechanism into two AdS/QCD duals has yielded the first holographic evidence for important multiquark correlations in hadrons. To start with, it reveals a strikingly systematic role of the good-diquark fraction κ in baryon spectroscopy and predicts that the size of light-quark baryons decreases with growing κ. Moreover, it reproduces the masses of all 48 observed nucleon and Δ resonances with just one scale parameter and better accuracy than e.g. any quark model. In the light scalar meson sector, furthermore, we find holographic evidence for an exceptionally large four-quark binding energy and thus for the lightest scalar mesons to consist (mostly) of tetraquarks. Higher tetraquark excitations can become heavy enough, on the other hand, to prevent more low-lying scalar resonances than experimentally seen.

ACKNOWLEDGMENTS

It is a pleasure to thank the organizers for a very informative conference and Eberhard Klempt for the enjoyable collaboration on diquark effects in the baryon spectrum. Financial support from the Deutsche Forschungsgemeinschaft (DFG) is also acknowledged.

REFERENCES

1. J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88 (2002) 031601; G. F. de Téramond and S. J.

Brodsky, Phys. Rev. Lett. 94 (2005) 0201601; Phys. Rev. Lett. 96, 0201601 (2006); H. Boschi, N. Braga and H. Carrion, Eur. Phys. J. C 32 (2004) 529; Phys. Rev. D 73 (2006) 047901; J. Erlich et al., Phys. Rev. Lett. 95 (2005) 261602; L. Da Rold and A. Pomarol, Nucl. Phys. B 721 (2005) 79.

2. K. Peeters and M. Zamaklar, Eur. Phys. J. Special Topics 152, 113 (2007); S.J. Brodsky and G.F. de Téramond, arXiv:0802.0514; J. Erdmenger et al., Eur. Phys. J. A 35, 81 (2008); E. Kiritsis, Fortschr. Phys. 57, 396 (2009); S.S. Gubser and A. Karch, Annu. Rev. Nucl. Part. Sci. 59, 145 (2009).

3. For a selection of recent work see e.g. T.M. Kelley, S.P. Bartz and J.I. Kapusta, Phys. Rev. D 83, 016002 (2011); S.S. Afonin, arXiv:1102.0156; F. Bigazzi and A.L. Cotrone, arXiv:1006.4634; A. Gorsky, P.N. Kopnin and A.V. Zayakin, Phys. Rev. D 83, 014023 (2011); J.I. Kapusta and T. Springer, Phys. Rev. D 81, 086009 (2010); A. Stoffers and I. Zahed, arXiv:1009.4428; K.-Y. Kim, B. Sahoo and H.-U. Yee, JHEP 10, 005 (2010); S.J. Brodsky, G.F. de Téramond and A. Deur, Phys. Rev. D 81, 096010 (2010); arXiv:1002:4660; F. Zuo, Phys. Rev. D 82, 086011 (2010); Y.-Q. Sui, Y.L. Wu, Z.-F. Xie and Y.-B. Yang, Phys. Rev. D 81, 014024 (2010); arXiv:1012.3518; T. Springer, C. Gale, S. Jeon, Phys. Rev. D 82, 126011 (2010); B. Galow, E. Megias, J. Nian and H.J. Pirner, Nucl. Phys. B 834, 330 (2010); T. Imoto, T. Sakai and S. Sugimoto, Prog. Theor. Phys. 124, 263 (2010); F. Zuo, Y. Jia and T. Huang, Eur. Phys. J. C 67, 253 (2010); D. Becciolini, M. Redi and A. Wulzer, JHEP 01, 074 (2010); I. Iatrakis, E. Kiritsis and A. Paredes, Phys. Rev. D 81, 115004 (2010); H. Jin and G. Liu, JHEP 11, 147 (2010); P. Zhang, Phys. Rev. D 82, 094013 (2010); Phys. Rev. D 81, 114029 (2010); JHEP 05, 039 (2010); T. Branz, T. Gutsche, V.E. Lyubovitskij, I. Schmidt and A. Vega, Phys. Rev. D 82, 074022 (2010); F. Jugeau, Ann. Phys. 325, 1739 (2010); G.F. de Teramond and S.J. Brodsky, Nucl. Phys. Proc. Suppl. 199, 89 (2010); Phys. Rev. D 77 (2008) 056007; C. Marquet, C. Roiesnel, S. Wallon, JHEP 04, 051 (2010); C.A. Ballon Bayona, H. Boschi-Filho and N.R.F. Braga, Phys. Rev. D 81, 086003 (2010); K. Hashimoto, T. Hirayama and D.K. Hong, Phys. Rev. D 81, 045016 (2010); P. Colangelo, F. Giannuzzi and S. Nicotri, arXiv:1008.3116; Phys. Rev. D 80, 094019 (2009); T. Gherghetta, J.I. Kapusta and T.M Kelley, Phys. Rev. D 79, 076003 (2009); A. Vega, I. Schmidt, T.

Branz, T. Gutsche, V.E. Lyubovitskij, Phys. Rev. D 80, 055014 (2009); A. Vega, I. Schmidt, Phys. Rev. D 79, 055003 (2009); N. Maru and M. Tachibana, Eur. Phys. J. C63, 123 (2009); H.-C. Kim, Y. Kim, U. Yakhshiev, JHEP 11, 034 (2009); S.S. Afonin, Phys. Lett. B 678, 477 (2009); Phys. Lett. B 675, 54 (2009); A. Miranda, C.A. Ballon Bayona, H. Boschi-Filho and N.R.F. Braga, JHEP 11, 119 (2009); W. de Paula, T. Frederico, H. Forkel and M. Beyer, Phys. Rev. D 79, 075019 (2009); Proc. Sci., LC2008, 046 (2008); A. Cherman, T.D. Cohen and M. Nielsen, Phys. Rev. Lett. 103, 022001 (2009); O. Domenech, G. Panico and A. Wulzer, arXiv:1009.0711; Z. Abidin and C.E. Carlson, Phys. Rev. D 80, 115010 (2009); J. Erlich and C. Westenberger, Phys. Rev. D 79, 055003 (2009); S.K. Domokos, J.A. Harvey and N. Mann, Phys. Rev. D 80, 126015 (2009); H.C. Ahn, D.K. Hong, C. Park and S. Siwach, Phys. Rev. D 80, 054001 (2009); M. Fujita, K. Fukushima, T. Misumi and M. Murata, Phys. Rev. D 80, 035001 (2009); T. Springer, Phys. Rev. D 79, 086003 (2009); H. Forkel, Phys. Rev. D 78, 025001 (2008); Proc. Sci., CONFINEMENT 8, 184 (2008); arXiv:0808.0304; H.J. Kwee and R.F. Lebed, Phys. Rev. D. 77, 115007 (2008); JHEP 01, 027 (2008); P. Colangelo, F. De Fazio, F. Jugeau, and S. Nicotri, Phys. Lett. B 652, 73 (2007).

4. O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri and Y. Oz, Phys. Rep. 323, 183 (2000). 5. R.T. Kleiv and T.G. Steele, J. Phys. G 38, 025001 (2011). 6. H. Forkel, Phys. Lett. B 694, 252 (2010). 7. H. Forkel and E. Klempt, Phys. Lett. B 679, 77 (2009). 8. A. Vega and I. Schmidt, Phys. Rev. D 82, 115023 (2010).

9. H. Forkel, M. Beyer and T. Frederico, JHEP 07, 077 (2007); Intl. J. Mod. Phys. E 16, 2794 (2007);

H. Forkel, Proc. Sci., QCD-TNT09 (2009) 014. 10. E. Klempt, Eur. Phys. J. A 38, 187 (2008).

11. K. Kim, D. Jido and S.H. Lee, arXiv:1103.0826; J. Green, M. Engelhardt, J. Negele and P. Varilly, PoS (Lattice2010) 140; J.-M. Richard, arXiv:1001.5390; T. DeGrand, Z. Liu and S. Schaefer, Phys. Rev. D 77, 034505 (2008); R. Babich et al., Phys. Rev. D 76, 074021 (2007); C.E. Carlson, C.D. Carone and H.J. Kwee, Phys. Lett. B 635, 100 (2006); C. Alexandrou, Ph. de Forcrand and B. Lucini, Phys. Rev. Lett. 97, 222002 (2006); M. Shifman and A. Vainshtein, Phys. Rev. D 71, 074010 (2005); M. Cristoforetti, P. Faccioli, G. Ripka and M. Traini, Phys. Rev. D 71, 114010 (2005).

12. M. Göckeler et al., Nucl. Phys. B 812, 205 (2009).

13. S. Prelovsek et al., arXiv:1002.0193; C. McNeile, Nucl. Phys. B (Proc. Suppl.) 186, 264 (2009); E.

Ruiz Arriola and W. Broniowski, Phys. Rev. D. 81, 054009 (2010); T. Kunihiro et al., Nucl. Phys. B (Proc. Suppl.) 186, 294 (2009); E. Klempt and A. Zaitsev, Phys. Rep. 454, 1 (2007); E. van Beveren et al., Phys. Lett. B 641, 265 (2006); C. Amsler and N.A. Törnqvist, Phys. Rep. 389, 61 (2004); D.V. Bugg, Phys. Rept. 397, 257 (2004); F.E. Close and N.A. Törnqvist, J. Phys. G 28, R249 (2002).

14. R.L. Jaffe, Phys. Rev. D 15, 267, 281 (1977).

15. S. Prelovsek et al., Phys. Rev. D 82, 094507 (2010); F. Giacosa and G. Pagliara, Nucl. Phys. A 833 (2010) 138; H. Chen, A. Hosaka, H. Toki, and S. Zhu, Phys. Rev. D 81, 114034 (2010); N.N. Achasov and A.V. Kiselev, arXiv:1011.4446; P. Bicudo and M. Cardoso, arXiv:1010.0281; Y. Pang and M.L. Yan, Eur. Phys. J. A 42, 195 (2009); J. Vijande and A. Valcarce, Symmetry 1, 155 (2009); D. Ebert, R.N. Faustov and V.O. Galkin, Eur. Phys. J. C 60, 273 (2009); F. Giacosa, Prog. Part. Nucl. Phys. 61, 133 (2008); Phys. Rev. D 75, 054007 (2007); G ’t Hooft, G. Isidori, L. Maiani, A.D. Polosa and V. Riquer, Phys. Lett. B 662, 424 (2008); T. Kojo, D. Jido, Phys. Rev. D 78, 114005 (2008); N. N. Achasov and G. N. Shestakov, Phys. Rev. D 77, 074020 (2008); Phys. Rev. Lett. 99, 072001 (2007); H.-J. Lee and N.I. Kochelev, Phys. Rev. D 78, 076005 (2008); Phys. Lett. B 642, 358 (2006); L. Maiani et al., Eur. Phys. J. C 50, 609 (2007); Phys. Rev. Lett. 93, 212002 (2004); N. Mathur et al., Phys. Rev. D 76, 114505 (2007); E. Santopinto and G. Galata, Phys. Rev. C 75, 045206 (2007); H.X. Chen, A. Hosaka, and S.L. Zhu, Phys. Lett. B 650, 369 (2007); Phys. Rev. D 76, 094025 (2007); A. Zhang, T. Huang and T.G. Steele, Phys. Rev. D 76 (2007) 036004; A. Selem and F. Wilczek, arXiv:hep-ph/0602128; N. N. Achasov and A.V. Kiselev, Phys. Rev. D 73, 054029 (2006); Phys. Rev. D 74, 059902(E) (2006); Q. Zhao and F.E. Close, Phys. Rev. D 74, 094014 (2006); T.V. Brito, F.S. Navarra, M. Nielsen and M.E. Bracco, Phys. Lett. B 608, 69 (2005); R.L. Jaffe, Phys. Rep. 409, 1 (2005); arXiv:hep-ph/0701038; T. Schäfer, Phys. Rev. D 68, 114017 (2003).

16. A. Vega and I. Schmidt, Phys. Rev. D 78, 017703 (2008); P. Colangelo et al., Phys. Rev. D 78, 055009 (2008); W. de Paula and T. Frederico, Phys. Lett. B 693, 287 (2010).

17. A. Karch, E. Katz, D.T. Son and M.A. Stephanov, Phys. Rev. D 74, 015005 (2006). 18. W. Mück, JHEP 08, 085 (2010).