arXiv:1207.2330v1 [hep-ph] 10 Jul 2012

Enhanced non-quark-antiquark and non-gluebal N_c behavior of light scalar mesons

Guillermo Rios^∗ Departamento de Física Teórica II, Universidad Complutense de Madrid; Departamento de Física, Universidad de Murcia E-mail: griosmar@fis.ucm.es

Jenifer Nebreda Departamento de Física Teórica II, Universidad Complutense de Madrid; Helmholtz-Institut für Strahlen- und Kernphysik (Theorie), Universität Bonn E-mail: jenifer.nebreda@fis.ucm.es

Jose R. Pelaez Departamento de Física Teórica II, Universidad Complutense de Madrid E-mail: jrpelaez@fis.ucm.es

We report our results on the nature of the lightest scalar resonances, where we show that a q̄q or glueball interpretation of the scalars f_0(600) and K^∗_0 (800) requires a very unnatural fine tuning to satisfy 1/N_c–expansion predictions for q̄q or glueball states, which is not needed in the case of the lightest vector mesons ρ(770) and K^∗(892). For this we consider scattering observables whose value is fixed to 1 for q̄q and glueball states up to corrections suppressed by more than one power of 1/N_c, thus enhancing contributions of other nature. This allows us to evaluate these observables and check the 1/N_c predictions at N_c = 3 without the need to extrapolate to unphysical N_c values. This is done using recent and very precise dispersive ππ and πK scattering data analyses.

Sixth International Conference on Quarks and Nuclear Physics April 16-20, 2012 Ecole Polytechnique, Palaiseau, Paris

∗Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

Light scalar mesons are an object of great interest in hadron and nuclear physics. They are largely responsible for the attractive part [1] of the nucleon–nucleon interaction; some have the quantum numbers of the lightest glueball, which is interesting for the non–abelian nature of Quantum Chromodynamics (QCD); also, some have the quantum numbers of the vacuum, so they should play a relevant role in the spontaneous Chiral Symmetry breaking of QCD. However, the precise properties of the light scalar mesons, as their nature, spectroscopic classification, and even their existence —as in the case of the K^∗_0 (800)— are still the subject of an intense debate. Regarding their spectroscopic nature, several models [4] suggest that they might not be of ordinary q̄q nature, but of other kind of spectroscopic classification, such as tetraquarks, meson–meson molecules, glueballs, or a complicated mixture of all these.

A powerful tool to study the spectroscopic nature of mesons is the QCD 1/N_c expansion [5]. It is valid in the entire energy range and gives a clear definition of different spectroscopic components in terms of their mass and width 1/N_c scaling, which is well known for q̄q and glueball states. By combining the 1/N_c expansion with Chiral Perturbation Theory (ChPT) [3] unitarized with the Inverse Amplitude Method [14], some of us studied [6, 7] the 1/N_c behavior of light resonances. It was found that whereas the ρ(770) and K^∗(892) vectors behave predominantly as expected for q̄q states, the scalars f_0(600) and K^∗_0 (800) do not [6]. However, the two–loop analysis [7] showed that a possible subdominant q̄q component for the f_0(600) may exist, but with a mass around 1 GeV or more.

In [6, 7] unitarized ChPT was used to change N_c and study the 1/N_c scaling of the mass and width of the light resonances generated. However, the 1/N_c leading q̄q scaling, M = O(1), Γ = O(1/N_c) receives subleading corrections suppressed by 1/N_c, and for physical N_c = 3 this may not seem a large suppression. Thus, we report here our results [8] using adimensional observables with corrections suppressed further than 1/N_c, that allow us to obtain conclusions directly from real data at N_c = 3, without the need to extrapolate to larger N_c using unitarized ChPT.

The observables mentioned above are related to the three different criteria commonly used to identify resonances in elastic two–body scattering, which are equivalent for large N_c. One of these criteria is the position of the pole associated to the resonance in the unphysical sheet, s_R, which gives a definition of the resonance mass and width, s_R = m^2_R − im_RΓ_R. A second possibility is to define the mass as the energy at which the phase shift reaches π/2, which for both ππ and πK scalar scattering phase shifts occur relatively far from the pole position. Third, the resonance mass can also be identified with the point where the phase derivative is maximum. The relation between the first two criteria, which are equivalent up to O(1/N^2_c ) corrections for q̄q states [9], was studied in [9] for the f_0(600) with a relatively inconclusive result about its assumed q̄q nature. A more reliable parametrization and better data were called for and we will use it here with more conclusive results.

Thus in section 2 we define and obtain the 1/N_c scaling of the observables used to test the 1/N_c predictions suppressed by more than one power of 1/N_c. These are related to the phase shift and its derivative evaluated at the resonance “pole” mass m^2_R = Re(s_R). In section 3 we discuss the results obtained, where we see that the coefficients needed for considering the f_0(600) and K^∗_0 (800) as q̄q or glueball states are unnaturally large by two orders of magnitude.

2. Highly suppressed 1/N_c observables

Consider the elastic scattering of two mesons with a resonance associated to a pair of conjugate poles on the unphysical sheet of the scattering amplitude, located at s_R = m^2_R ± im_RΓ_R, where m_R and Γ_R are the resonance mass and width. It was found in [9] that if the resonance behaves as a q̄q state, i. e., m_R = O(1), Γ_R = O(1/N_c), then the phase shift satisfies

δ (m^2_R) = π 2 − Ret^{−1} σ | | m^2_R

O(N^{−1}_c )

+O(N^{−3}_c ), δ^′(m^2_R) = −

(Ret^{−1})^′ σ | | m^2_R

O(N_c)

+O(N^{−2}_c ), (2.1)

where t(s) is the scattering partial wave, σ = 2k/ √ s, k is the center of mass momentum of one of the mesons and s is the usual Mandelstam variable. The prime denotes derivatives with respect to s. Note that the subleading 1/N_c corrections are suppressed by two powers of 1/N_c. This particular 1/N_c counting, as shown in [9], comes from the expansion of the real and imaginary parts of the pole equation, as we detail next.

The inverse of the partial wave, which generically scales as N_c, can be written as t^{−1} = R + iI, where R and I are analytic functions that coincide with the real and imaginary parts of t^{−1} over the right cut, i. e., R(s) = Ret^{−1}(s) and I(s) = Imt^{−1}(s) = −σ(s) for s > s_{th}. Then, the inverse partial wave on the second sheet is given by t^{−1}_{II} = R − iI, and the equation for the resonance pole position, t^{−1}_{II} (s_R) = 0, can be written as R(s_R) = iI(s_R). If the resonance is a q̄q state, m_R = O(1) and Γ_R = O(N^{−1}_c ), and we take the real and imaginary parts of the expansion of the pole equation around m^2_R, we arrive at

Ret^{−1}(m^2_R) = m_RΓ_R [ m_RΓ_R 2 (Ret^{−1})^{′′}_{s=m}2_R − σ^′(m^2_R) ]

O(N^{−1}_c )

+O(N^{−3}_c ),

(Ret^{−1})^′_{s=m2R} = σ(m^2_R) m_RΓ_R

O(N_c)

+O(N^{−1}_c ).

(2.2)

Since the expansion parameter im_RΓ_R ∼ 1/N_c is purely imaginary, the different orders in the expansion, which are suppressed by the corresponding 1/N_c factors, are real or purely imaginary alternatively. Then, when taking the real and imaginary parts of the equation, the different orders are suppressed by two powers of 1/N_c, as shown in Eqs. (2.2), from where we also see that the inverse amplitude scales as 1/N_c instead of as the generic N_c when evaluated at m^2_R. Then, Eqs. (2.1) are obtained noting that the phase shift δ (s) satisfies δ − π/2 = −arctan(Ret^{−1}/σ), and using Eqs. (2.2) to expand the arctan function in 1/N_c powers.

We can now define from Eqs. (2.1) the following adimensional observables, π 2 − Ret^{−1}/σ δ | |_{m2R} ≡ Δ1 = 1 + a N^3_c , − [Ret^{−1}]^′ δ^′σ | |_{m2R} ≡ Δ2 = 1 + b N^2_c

, (2.3)

whose value should be one for predominantly q̄q resonances up to O(1/N^3_c ) and O(1/N^2_c ) corrections, respectively. We have written explicitly the corresponding 1/N_c powers in the subleading terms, so the coefficients a and b should naturally be O(1) or less. Note that it is relatively simple to make a and b much smaller than one by taking into account higher order contributions of natural size, but very unnatural to make them much larger. In the case of a glueball nature of the resonance, whose mass and width scale as m_R = O(1) and Γ_R = O(1/N^2_c ), the above derivations can be repeated, but now the subleading corrections are even more suppressed since the width scales as 1/N^2_c instead of only 1/N_c. Then, for a glueball resonance, the observables Δ_1 and Δ_2 satisfy

Δ_1 = 1 + a^′ N^6_c

, Δ_2 = 1 + b^′ N^4_c

, (2.4)

where a^′ and b^′ should of natural O(1) size.

In the following section we will calculate these observables to see how well the above predictions for Δ_1 and Δ_2 are fulfilled assuming a q̄q nature (or also glueball for the f_0(600)) for the resonances found in elastic of ππ and πK scattering.

3. Results

In Table 1 we show the values of the a and b parameters for the lightest resonances found in ππ and πK scattering, which have been calculated from the data analyses that we detail below. Let us first note that for the ρ(770) and K^∗(892) vector resonances all parameters are of order one or less, as expected for q̄q states. In contrast, for the f_0(600) and K^∗_0 (800) scalar resonances we find that all parameters are larger, by two orders of magnitude, than expected for q̄q states. This is one of our main results and make the q̄q interpretation of both scalars extremely unnatural.

The data analyses that we have used in each case are the following. For the ππ scattering phase shifts we use the very precise and reliable output of the data analysis in [10] constrained to satisfy Roy equations, once subtracted Roy–like equations (GKPY equations) and forward dispersion relations, which is therefore model independent and specially suited to obtain the f_0(600) pole [11]. This analysis is also in good agreement with previous dispersive result based on Roy equations [12]. For the case of isospin 1/2 scalar channel of πK scattering, where we find the K^∗_0 (800), we have also used the rigorous dispersive calculation in [13] that uses Roy-Steiner equations, although in this case we can only provide a central value. For the isospin 1/2 vector channel of πK scattering, where we find the K^∗(892), there are no very precise purely dispersive descriptions of data, so we use unitarized ChPT in the form of the elastic IAM [14]. We have checked that using the IAM for the ρ(770) we obtain results within 50% of the results using the GKPY dispersive representation. Since the K^∗(892) is narrower than the ρ(770), the IAM is likely to provide a better approximation than in the ρ(770) case, but even with that 50% uncertainty we can check that the a and b parameters are smaller than one.

ρ(770) K^∗(892) f_0(600) K^∗_0 (800) a −0.06 ± 0.01 0.02 −252^{+119}_{−156} -2527 b 0.37^{+0.04}_{−0.05} 0.16 77^{+28}_{−24} 162

Table 1: Normalized coefficients of the 1/N_c expansion for different resonances. For q̄q resonances, all them are expected to be of order one or less.

One might argue that, since the first of Eqs. (2.1) comes from the expansion of arctan(x) = x − x^3/3 + ..., the correction a/N^3_c to Δ_1 = 1 is really the cube of a O(N^{−1}_c ) quantity, (ã/N_c)^3, where now the coefficient that should be natural is ã instead of a. That explains the very small values obtained for the ρ(770) and the K^∗(892), that come from a = ã^3/3, with ã = 0.56 ± 0.03 and ã = −0.4 for the ρ(770) and K^∗(892) respectively, which are quite natural values. For the f_0(600) and the K^∗_0 (800) we obtain ã = 9.1^{+1.3}_{−2.5} and −19.6, still rather unnatural values. In the case of Δ_2, where the corrections are only suppressed by 1/N^2_c instead of 1/N^3_c , we do not find this issue, because the b/N^2_c term is not the square of a natural 1/N_c quantity, b N^2_c = Ret^{−1} σ [ σ ′ (Ret^{−1})^′ − Ret^{−1} σ ] + O(N^{−4}_c ). (3.1)

Despite containing a cancellation between two 1/N_c terms, its value for the ρ(770) and K^∗(892) is rather natural. However, the value for the scalars is almost two orders of magnitude larger than expected for predominantly q̄q states.

In the case of a glueball interpretation of the f_0(600), the coefficients a^′ and b^′ from Eqs. (2.4) are even more unnatural, this time too large by three or four orders of magnitude, a^′ = −6800^{+3200}_{−4200} and b^′ = 2080^{+760}_{−650}. In other words, a very dominant or pure glueball nature for the f_0(600) is very disfavored by the 1/N_c expansion. Of course, as in the q̄q case we could worry about the fact that, due to the arctan(x) = x − x^3/3 + ... expansion, the a^′ should be interpreted as a^′ = ã^′/3. However, even with that interpretation we would still find ã^′ = 27^{+5}_{−7}, again rather unnatural. Once more, in the case of b^′, its value is genuinely unnatural, disfavoring the glueball interpretation.

Finally, in [8] we also showed that what really happens for the scalars is that they do not even follow the 1/N_c expansion of q̄q or glueball states given in Eqs. (2.3) and (2.4). This was done by calculating the 1/N_c scaling of the quantities Δ_i − 1 for the different resonances using the Inverse Amplitude Method, where the 1/N_c expansion can be implemented through the ChPT low energy constants. We refer however the reader to our original work [8] for further details.

4. Summary

We have reviewed our results in [8] where we study the 1/N_c expansion of elastic meson– meson scattering phase shifts around the pole mass of a q̄q or glueball resonance. In particular, we have defined the observables (2.3) and (2.4), whose value is fixed to one up to corrections suppressed by more than one power of 1/N_c for q̄q or glueball states. Using very precise dispersive analyses of ππ and πK scattering data we have shown that a q̄q or glueball interpretation for the f_0(600) or K^∗_0 (800) needs unnaturally large coefficients in the expansion. Thus, a predominant q̄q or glueball nature for these resonances is heavily disfavored by the 1/N_c expansion, and this has been shown without extrapolating beyond N_c = 3. However, when extrapolating to larger N_c using the IAM, we checked in [8] that the scalars do not follow the pattern of the 1/N_c expansion expected for q̄q or glueball states.

This work is partially supported by the FPA2011-27853-C02-02 Spanish grant.

References

[1] M. H. Johnson and E. Teller, Phys. Rev. 98, 783 (1955).

[2] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. Phys. B 321, 311 (1989); J. F. Donoghue, C. Ramirez and G. Valencia, Phys. Rev. D 39, 1947 (1989).

[3] S. Weinberg, Physica A96 (1979) 327.

J. Gasser and H. Leutwyler, Annals Phys. 158 (1984) 142; Nucl. Phys. B 250 (1985) 465.

[4] R. L. Jaffe, Phys. Rev. D 15, 267 (1977); AIP Conf. Proc. 964, 1 (2007) [Prog. Theor. Phys. Suppl.

168, 127 (2007)]. R. L. Jaffe and F. E. Low, Phys. Rev. D 19, 2105 (1979). J. D. Weinstein and N. Isgur, Phys. Rev. Lett. 48, 659 (1982); Phys. Rev. D 27, 588 (1983); Phys. Rev. D 41, 2236 (1990). G. Janssen, B. C. Pearce, K. Holinde and J. Speth, Phys. Rev. D 52, 2690 (1995). N. N. Achasov and V. V. Gubin, Phys. Rev. D 56 (1997) 4084 Phys. Atom. Nucl. 65, 1528 (2002) [Yad. Fiz. 65, 1566 (2002 PHRVA,D63,094007.2001)]. P. Minkowski and W. Ochs, Eur. Phys. J. C 9, 283 (1999). J. A. Oller and E. Oset, Nucl. Phys. A 620, 438 (1997) [Erratum-ibid. A 652, 407 (1999)]. E. van Beveren and G. Rupp, Eur. Phys. J. C 22, 493 (2001). J. Vijande, A. Valcarce, F. Fernandez and B. Silvestre-Brac, Phys. Rev. D 72 (2005) 034025. T. Hyodo, D. Jido and T. Kunihiro, Nucl. Phys. A 848 (2010) 341 R. Kaminski, G. Mennessier, S. Narison, Phys. Lett. B680, 148-153 (2009). H. Forkel, Phys. Lett. B694, 252-257 (2010).

[5] G. ’t Hooft, Nucl. Phys. B 72 (1974) 461; E. Witten, Annals Phys. 128 (1980) 363.

[6] J. R. Pelaez, Phys. Rev. Lett. 92, 102001 (2004).

[7] J. R. Pelaez and G. Rios, Phys. Rev. Lett. 97, 242002 (2006).

[8] J. Nebreda, J. R. Pelaez and G. Rios, Phys. Rev. D 84, 074003 (2011) [arXiv:1107.4200 [hep-ph]].

[9] J. Nieves and E. Ruiz Arriola, Phys. Lett. B 679, 449 (2009).

[10] R. Garcia-Martin, R. Kaminski, J. R. Pelaez, J. Ruiz de Elvira and F. J. Yndurain, Phys. Rev. D 83 (2011) 074004

[11] R. Garcia-Martin, R. Kaminski, J. R. Pelaez, J. Ruiz de Elvira, Phys. Rev. Lett. 107, 072001 (2011).

[12] G. Colangelo, J. Gasser, H. Leutwyler, Nucl. Phys. B603, 125-179 (2001). B. Ananthanarayan, G. Colangelo, J. Gasser, H. Leutwyler, Phys. Rept. 353, 207-279 (2001).

[13] S. Descotes-Genon, B. Moussallam, Eur. Phys. J. C48, 553 (2006).

[14] T. N. Truong, Phys. Rev. Lett. 61 (1988) 2526. Phys. Rev. Lett. 67, (1991) 2260; A. Dobado et al., Phys. Lett. B235 (1990) 134. A. Dobado and J. R. Peláez, Phys. Rev. D 47 (1993) 4883; Phys. Rev. D 56 (1997) 3057.