arXiv:1305.2603v1 [hep-ph] 12 May 2013

The lightest scalar meson in a simple approach

T. Wolkanowski and F. Giacosa Institut für Theoretische Physik, Goethe-Universität Frankfurt am Main, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany

May 14, 2013

Abstract

We study basic properties of scalar hadronic resonances within a quantum field theoretical toy model. In particular, we focus on the spectral function, the mass and the decay width of the resonance f0(500). In this work, this meson is understood as a seed state in an effective Lagrangian which couples to pions. With such a setup we use the position of the pole on the second Riemann sheet in order to obtain its spectral function. We confirm that f0(500) cannot be described by an ordinary Breit–Wigner function, and that a more complicated structure is needed.

1 Introduction

The issue of scalar mesons has been the subject of vivid debate among the physical community for a long time because their identification and explanation in terms of quarks and gluons is difficult, see e.g. Refs. [1–4] and refs. therein. Especially some of those particles possess large decay widths, several decay channels and a huge background [5]. During the past decades a large number of theoretical approaches were invented to handle these problems and to extract particle information from experimental data, in particular with the aim of understanding the lightest scalar state, the resonance f_0(500). Note, this resonance was identified with the scalar σ-field of first σ-model introduced by Gell-Mann and Lévy [6], in which they referred to a field corresponding to a spinless meson that was introduced by Schwinger [7]. Nowadays, modern versions of the σ-model [3, 4] identify the σ-field (that is, the chiral partner of the pion) with the scalar resonance f_0(1370). Conversely, the state f_0(500) is now often interpreted as a molecular state or a so-called tetraquark state [8–10], a hypothetical mesonic structure first suggested by Jaffe [11].

New theoretical efforts were made by Törnqvist and Roos [12] by locating the pole position of f_0(500) when fitting the whole light scalar nonet to scattering data. It is also possible to determine the σ-pole by using Roy equations with crossing symmetry, analyticity and unitarity – many works going in this direction were published in the last years and each has found comparable results. For instance, Caprini et al. have stated in Ref. [13] that the ππ-scattering amplitude contains a pole with the quantum numbers of f_0(500) and calculated its mass and decay width within small uncertainties: √s_{pole} = (441^{+16}_{−8} − i272^{+9}_{−12.5}) MeV. Dispersive analysis of Kamiński et al. in Ref. [14] shows a similar result: √s_{pole} = (457^{+14}_{−13} −i279^{+11}_{−7} ) MeV. Both specifications should make clear that the f_0(500) state is a very broad resonance with a decay width Γ ∼ M, hence it cannot be parameterized by ordinary methods, for example by using a simple Breit–Wigner distribution function.

In this paper, which is based on the findings of Ref. [15], we concentrate on a simple quantum field theoretical toy model: a scalar state can decay into two (pseudo-)scalar ones (alias the pions). All but one of the free parameters inside the model are fixed by applying the resonance pole from either of the two references mentioned above as the propagator pole on the second Riemann sheet. Since the position of the pole is influenced by hadronic loop contributions of the two (pseudo- )scalar particles, a function of the cutoff scale Λ, we vary this parameter and obtain the spectral functions.

2 The model

Our model consists of two scalar fields, S and ϕ, described by a Lagrangian of the form L = 1 2 (∂_μS)^2 + 1 2 (∂_μϕ)^2 − 1 2 M^2_0 S^2 − 1 2 m^2ϕ^2 + gSϕ^2 . (1)

The same model was already studied by Veltman [16] as well as by Giacosa and Pagliara [17] regarding its spectral function: it contains an interaction term for a one-channel decay process S → ϕϕ. In the one-loop approximation, the hadronic loop contributions from the ϕ-fields appear in the inverse expression of the full interacting propagator of the scalar field S after Dyson resummation,

Δ^{−1}_S (p^2) = p^2 − M^2_0 + ( √ 2g)^2Σ(p^2) , (2)

where the emerging self-energy function Σ(p^2) represents the two ϕ-particles inside a mesonic loop (incoming and outgoing momentum is denoted by p):

Σ(p^2) = −i ∫ d^4q (2π)^4 f^2_Λ(q) (_p 2 + q

)_2

− m^2 + iϵ 1 (_p 2 − q )_2 − m^2 + iϵ

. (3)

The regularization function f_Λ(q), which depends on a UV cutoff scale Λ, was introduced to make the otherwise logarithmic divergent integral finite (it can be included at the Lagrangian level by rendering it nonlocal, e.g. Ref. [18]). Since we deal with an effective Lagrangian in the low-energy regime to study light mesons, the mass scale of our model is determined: it is reasonable to set Λ between 1 and 2 GeV. The integral (3) is then evaluated by assuming the regularization function to depend only on the magnitude of the three-momentum; we adopt the choice f_Λ(q) ≡ f_Λ(q^2) = (1 + q^2/Λ^2)^{−1}, yielding an exponentially decreasing interaction strength between the two ϕ-particles for increasing distance.

According to the Källén–Lehmann spectral representation, the spectral function d_S is known to be the negative imaginary part of the propagator taken slightly above the real axis of the complex p^2-plane. In our case it is more practical to consider the propagator in the complex x-plane, where x = √ p^2 is a running mass variable:

d_S (x = √ p^2) = − 2x π Im Δ_S (x^2 + iε) . (4)

We now continue the propagator into the second Riemann sheet by exploiting the idea of a Riemann surface and insert each one of the above poles to determine the coupling constant g and the bare mass parameter M_0. The latter corresponds to the mass of the free seed state as obtained from the Lagrangian (1) in the case of g = 0.

When the coupling constant is large, the mass and width of the resonance can be successfully determined by the position of the complex pole of the full interacting propagator [19–23]. Indeed, large values of the coupling constant to intermediate hadronic states is one of the reasons why the scalar sector is not easily described by the naive quark model [24].

3 Results and discussions

The spectral function is determined for the poles of Ref. [13] and [14], and for two different values of the cutoff parameter: Λ = 1 GeV and Λ = 2 GeV. The mass of the ϕ-fields (alias the pions) is set to m = m_π = 135 MeV. We list the outcome of the numerical analysis in Table 1.

For a fixed cutoff we obtain very similar values for M_0 and g for both poles: this is expected, since the two poles differ only marginally. When comparing the values between two different cutoffs, we note that, while the coupling constant hardly changes, the bare mass increases sizably for a larger cutoff. From a phenomenological point of view it is natural to think of M_0 as being highly influenced by the strong coupling to intermediate hadronic states and the creation of a mesonic cloud, respectively. Such kind of mechanism usually causes the physical mass (as the real part of the propagator pole) to be smaller than M_0, especially when increasing the coupling. A greater value for the cutoff enhances this influence.

Λ = 1 GeV Λ = 2 GeV

Used pole M_0 [GeV] g [GeV] M_0 [GeV] g [GeV]

Caprini et al. [13] 0.468 2.013 0.561 2.034 Kamiński et al. [14] 0.478 2.086 0.576 2.103

Table 1: Numerical results for the bare mass parameter M_0 and the coupling constant g in dependence of the cutoff Λ.

We show in Fig. 1 the spectral function above threshold, denoted as d_{a.t}, for the resonance pole of Kamiński et al. and the parameters obtained above (the higher cutoff corresponds to the dashed curve). In both cases the typical Breit–Wigner shape for an ordinary resonance is clearly absent: the peak is strongly shifted to the left and the whole structure is asymmetric. Besides that, the spectral function is not normalized to one because a simple pole emerges on the first Riemann sheet below threshold, see also Ref. [15] for further details about this pole and its possible, albeit speculative, physical meaning. Increasing the cutoff reduces the lack of normalization. In summary, a detailed study of the cutoff dependence in our model is desirable and a possible outlook for future work.

Figure 1: Continuous part of the spectral function for the case Λ = 1 GeV (solid line) and Λ = 2 GeV (dashed line) for the pole of Kamiński et al.

In conclusion, we have studied the spectral function of the lightest scalar meson f_0(500) within a simple quantum field theoretical model. In the future, one should also include the constrains of chiral symmetry and the rich hadron phenomenology by using the model developed in Refs. [3, 4].

Acknowledgments: The authors thank G. Pagliara, D. H. Rischke and J. R. Pelaez for useful discussions.

References

[1] C. Amsler and N. A. Törnqvist, Phys. Rep. 389, 61-117 (2004). E. Klempt and A. Zaitsev, Phys. Rep. 454, 1-202 (2007) [arXiv:0708.4016 [hep-ph]]. F. Giacosa, Phys. Rev. D80, 074028 (2009) [arXiv:0903.4481 [hep-ph]].

[2] C. Amsler and F. E. Close, Phys. Rev. D53, 295-311 (1996) [arXiv:hep-ph/9507326]. W. Lee and D. Weingarten, Phys. Rev. D61, 014015 (1999) [arXiv:hep-lat/9910008]. F. E. Close and A. Kirk, Eur. Phys. J. C21, 531-543 (2001) [arXiv:hep-ph/0103173]. F. Giacosa, Th. Gutsche,

V. E. Lyubovitskij and A. Faessler, Phys. Rev. D72, 094006 (2005) [arXiv:hep-ph/0509247]; Phys. Lett. B622, 277-285 (2005) [arXiv:hep-ph/0504033]. H.-Y. Cheng, C.-K. Chua and K.- F. Liu, Phys. Rev. D74, 094005 (2006) [arXiv:hep-ph/0607206]. V. Mathieu, N. Kochelev and V. Vento, Int. J. Mod. Phys. E18, 1 (2009) [arXiv:0810.4453 [hep-ph]]. F. Giacosa, Phys. Rev. D75, 054007 (2007) [arXiv:hep-ph/0611388]. A. H. Fariborz, R. Jora and J. Schechter, Phys. Rev. D72, 034001 (2005) [arXiv:hep-ph/0506170]. A. H. Fariborz, Int. J. Mod. Phys. A19, 2095 (2004) [arXiv:hep-ph/0302133]. M. Napsuciale and S. Rodriguez, Phys. Rev. D70, 094043 (2004) [arXiv:hep-ph/0407037].

[3] D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D82, 054024 (2010) [arXiv:1003.4934 [hep-ph]]. S. Janowski, D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D84, 054007 (2011) [arXiv:1103.3238 [hep-ph]]. S. Gallas, F. Giacosa and D. H. Rischke, Phys. Rev. D82, 014004 (2010) [arXiv:0907.5084 [hep-ph]].

[4] D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, Phys. Rev. D87, 014011 (2013) [arXiv:1208.0585 [hep-ph]].

[5] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).

[6] M. Gell-Mann and M. Lévy, Nuovo. Cim. 16, 705-726 (1960).

[7] J. Schwinger, Annals Phys. 2, 407-434 (1957).

[8] L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer, Phys. Rev. Lett. 93, 212002 (2004) [arXiv:hep-ph/0407017].

[9] G. ’t Hooft, G. Isidori, L. Maiani, A. D. Polosa and V. Riquer, Phys. Lett. B662, 424-430 (2008) [arXiv:0801.2288 [hep-ph]].

[10] F. Giacosa, Phys. Rev. D74, 014028 (2006) [arXiv:hep-ph/0605191].

[11] R. J. Jaffe, Phys. Rev. D15, 267-280 (1977).

[12] N. A. Törnqvist and M Roos, Phys. Rev. Lett. 76, 1575-1578 (1996) [arXiv:hep-ph/9511210v1].

[13] I. Caprini, G. Colangelo and H. Leutwyler, Phys. Rev. Lett. 96, 132001 (2006) [arXiv:hep-ph/0512364].

[14] R. Kamiński, R. Garcia-Martin, J. R. Pelaez and J. Ruiz de Elvira, Nucl. Phys. Proc. Suppl.

B234, 253-256 (2012) [arXiv:1211.2617 [hep-ph]].

[15] F. Giacosa and T. Wolkanowski, Mod. Phys. Lett. A27, 1250229 (2012) [arXiv:1209.2332 [hep-ph]].

[16] M. Veltman, Physica 29, 186-207 (1963).

[17] F. Giacosa and G. Pagliara, Phys. Rev. C76, 065204 (2007) [arXiv:0707.3594 [hep-ph]]. F.

Giacosa and G. Pagliara, Mod. Phys. Lett. A26, 2247 (2011) [arXiv:1005.4817 [hep-ph]]. F. Giacosa and G. Pagliara, Nucl. Phys. A812, 125-139 (2008) [arXiv:0804.1572 [hep-ph]].

[18] J. Terning, Phys. Rev. D44, 887-897 (1991). G. V. Efimov and M. A. Ivanov, The Quark confinement model of hadrons, IOP Bristol (1993). Y. V. Burdanov, G. V. Efimov, S. N. Nedelko and S. A. Solunin, Phys. Rev. D54, 4483-4498 (1996) [arXiv:hep-ph/9601344]. A. Faessler, Th. Gutsche, M. A. Ivanov, V. E. Lyubovitskij and P. Wang, Phys. Rev. D68, 014011 (2003) [arXiv:hep-ph/0304031]. F. Giacosa, T. Gutsche and A. Faessler, Phys. Rev. C71, 025202 (2005) [arXiv:hep-ph/0408085].

[19] R. E. Peierls, Proceedings of the Glasgow Conference on Nuclear and Meson Physics, Pergamon Press London (1954).

[20] G. Höhler, Zeits. f. Phys. 152, 546-565 (1958)

[21] M. Lévy, Nuovo Cim. 13, 115-143 (1959)

[22] S. Aramaki and T. Osawa, Prog. Theor. Phys. 29, 451-460 (1963). [23] P. V. Landshoff, Nuovo Cim. 28, 123-131 (1962).

[24] M. Boglione and M. R. Pennington, Phys. Rev.D65, 114010 (2002) [arXiv:hep-ph/0203149].