arXiv:hep-ph/0411233 v1 17 Nov 2004

QCD sum rule approach for the scalar mesons as four-quark states

Thiago V. Brito, Fernando S. Navarra, Marina Nielsen Instituto de Física, Universidade de São Paulo, C.P. 66318, 05389-970 São Paulo, SP, Brazil.

Mirian E. Bracco Instituto de Física, Universidade do Estado do Rio de Janeiro, Rua São Francisco Xavier 524, 20550-900 Rio de Janeiro, RJ, Brazil

We study the two point-function for the scalar mesons σ, κ, f0(980) and a0(980) as diquakantidiquark states. We also study the decays of these mesons into ππ, Kπ and KK̄. We found that the couplings are consistent with existing experimental data, pointing in favor of the four-quark structure for the light scalar mesons.

PACS numbers: 11.55.Hx, 12.38.Lg , 13.25.-k

It is known that the identification of scalar mesons is difficult experimentally, and that the underlying structure of them is not well stablished theoretically, due to the complications of the nonperturbative strong interactions. Actually, the observed light scalar states below 1.5 GeV are too numerous [1] to be accommodated in a single qq̄ multiplet.

The experimental proliferation of light scalar mesons is consistent with two nonets, one below 1 GeV region and another one near 1.5 GeV. If the light scalars (the isoscalars σ(500), f_0(980), the isodoublet κ and the isovector a_0(980)) form an SU(3) flavor nonet, in the naive quark model the flavor structure of these scalars would be: σ = 1 √ 2 (uū + dd̄), f_0 = ss̄, a^0 = 1 √ 2 (uū − dd̄), a^+_0 = ud̄, a^−_0 = dū,

κ^+ = us̄, κ^0 = ds̄, κ̄^0 = sd̄, κ^− = sū. (1)

Although with this model it is difficult to understand the mass degeneracy of f_0(980) and a_0(980), and it is hard to explain why σ and κ are broader than f_0(980) and a_0(980), its use is not yet discarded [2, 3, 4, 5, 6]. Some alternative models allow a mixing between the isoscalars. However, different experimental data lead to different mixing angle [7, 8, 9].

By the other hand, the scalar mesons in the 1.3 − 1.7 GeV mass region (the isoscalars f_0(1370)), f_0(1500), the isodoublet K^∗_0 (1430) and the isovector a_0(1450)) may be easily accommodated in an SU(3) flavor nonet. Therefore, theory and data are now converging that QCD forces are at work but with different dynamics dominating below and above 1 GeV mass. Below 1 GeV the phenomena point clearly towards an S−wave attraction among two quarks and two anti-quarks, while above 1 GeV it is the P −wave qq̄ that is manifested. [10].

Below 1 GeV the inverted structure of the four-quark dynamics in S-wave is revealed with f_0(980), a_0(980), κ and σ symbolically given by [11] σ = udūd̄, f_0 = 1 √ 2 (usūs̄ + dsd̄s̄), a^−_0 = dsūs̄, a^0 = 1 √ 2 (usūs̄ − dsd̄s̄), a^+_0 = usd̄s̄, κ^+ = udd̄s̄, κ^0 = udūs̄, κ̄^0 = usūd̄, κ^− = dsūd̄. (2) This is supported by a recent lattice calculation [12]. In this four-quark scenario for the light scalars, the mass degeneracy of f_0(980) and a_0(980) is natural, and the mass hierarchy pattern of the nonet is understandable. Besides, it is easy to explain why σ and κ are broader than f_0 and a_0. The decays σ → ππ, κ → Kπ and f_0, a_0 → KK are OZI superallowed without the need of any gluon exchange, while f_0 → ππ and a_0 → ηπ are OZI allowed as it is mediated by one gluon exchange. Since f_0(980) and a_0(980) are very close to the K̄K threshold, the f_0(980) is dominated by the ππ state and a_0(980) is governed by the ηπ state. Consequently, their widths are narrower than σ and κ.

In the four-quark scenario it is also easier to understand why, in some three-body decays of charmed mesons, the intermediate light scalar meson accounts for the main contribution to the total decay rate. For example, about half of the total decay rate of D^+ → π^−π^+π^+, D^+ → K^−π^+π^+ and D^+_s → π^−π^+π^+ comes from D^+ → σπ^+, D^+ → κπ^+ and D^+_s → f_0(980)π^+ repectively [13], while the light scalar mesons are hardly seen in the semileptonic decays D^+ → π^−π^+ℓ^+ν_ℓ, D^+ → K^−π^+ℓ^+ν_ℓ and D^+_s → π^−π^+ℓ^+ν_ℓ [14].

FIG. 1: The D^+ → κ̄^0 transition where κ̄^0 is described as a sd̄ state. a) and b) nonleptonic decay; c) semileptonic decay.

Consider, for example, the decays D^+ → κ̄^0π^+ → K^−π^+π^+ and D^+ → κ̄^0ℓ^+ν_ℓ → K^−π^+ℓ^+ν_ℓ. If κ̄^0 is a quark anti-quark state (κ̄^0 = sd̄) the above mentioned decays can procced through the diagrams in Fig. 1, from where we see that one has two possible diagrams for the nonleptonic decay (Figs. 1a and 1b), and only one diagram for the semileptonic decay (Fig. 1c). However, if κ̄^0 is a four-quark state (κ̄^0 = usūd̄), from Fig. 2 we see that there are four possible diagrams for the nonleptonic decay, while there is still only one diagram for the semileptonic decay. Therefore, in the four-quark scenario the probability to form a scalar meson from the decay of charmed mesons, is much bigger for the nonleptonic decay as compared with the semileptonic decay. A trend that seems be followed by the experimental data [14].

FIG. 2: The D^+ → κ̄^0 transition where κ̄^0 is described as a usūd̄ state. a), b), c) and d) nonleptonic decay; e) semileptonic decay.

In this work we use the method of QCD sum rules (QCDSR) [15] to study the two-point function and the three-point function, associated with the meson decay constant and hadronic coupling contants of the scalar mesons, considered as four-quark states. The first evaluation of the f_0(980) as a four-quark state in the QCDSR formalism was done in [16] for the meson-vaccum decay constant, and in [17] for the hadronic coupling contants (for a review see [18]). We extend these works by considering all the scalar mesons in the nonet and by considering different currents.

We follow ref. [19] and consider that the lowest lying scalar mesons are S-wave bound states of a diquark-antidiquark pair. As suggested in ref. [20] the diquark is taken to be a spin zero colour anti-triplet, flavour anti-triplet. Therefore, the (q)^2(q̄)^2 states make a flavour SU (3) nonet. The corresponding interpolating fields are:

j_σ = ϵ_{abc}ϵ_{dec}(u^T_a Cγ_5d_b)(ū_dγ_5Cd̄^T_e ),

j_{f0} = ϵ_{abc}ϵ_{dec} √ 2 [ (u^T_a Cγ_5s_b)(ū_dγ_5Cs̄^T_e ) + u ↔ d ] , j_{a0} = ϵ_{abc}ϵ_{dec} √ 2 [ (u^T_a Cγ_5s_b)(ū_dγ_5Cs̄^T_e ) − u ↔ d ] , j_κ = ϵ_{abc}ϵ_{dec}(u^T_a Cγ_5d_b)(q̄_dγ_5Cs̄^T_e ), q̄ = ū, d̄, (3)

where a, b, c, ... are colour indices and C is the charge conjugation matrix. The other members of the nonet are easily constructed.

The coupling of the scalar meson S, to the scalar current j_S , can be parametrized in terms of the meson decay constant f_S as [16]: ⟨0|j_S|S⟩ = √ 2f_S m^4_S . (4)

In order to compute this parameter by QCDSR, we consider the two-point correlation function

Π(q) = i ∫ d^4x e^{iq.x}⟨0|T [j_S(x)j^†_S (0)]|0⟩. (5) In the QCD side we work at leading order and consider condensates up to dimension six. We deal with the strange quark as a light one and consider the diagrams up to order m_s. In the phenomenological side we consider the usual pole plus continuum contribution. Therefore, we introduce the continuum threshold parameter s_0 [21]. In the SU (2) limit the f_0 and a_0 states are, of course, mass degenerate, and we get the same decay constant for them. After doing a Borel tranform the two-point sum rules are given by:

2f^2_σ m^8_σ e^{−m2σ /M 2} =

M^{10}E_4 2^95π^6 + ⟨g^2G^2⟩M^6E_2

2^{10}3π^6 + ⟨q̄q⟩^2M^4E_1 12π^2 , 2f^2_κ m^8_κe^{−m2κ /M 2} =

M^{10}E_4 2^95π^6 − m_s(2⟨q̄q⟩ − ⟨s̄s⟩) 2^63π^4

M^6E_2 +

⟨g^2G^2⟩M^6E_2 2^{10}3π^6 + (⟨q̄q⟩^2 + ⟨q̄q⟩⟨s̄s⟩) 24π^2

M^4E_1 + m_s⟨s̄gσ.Gs⟩ 2^83π^4

M^4E_1 + m_s⟨q̄gσ.Gq⟩ 2^7π^4 ( 3 2 − ln(M^2/Λ^2) ) M^4E_1,

2f^2_{f0} m^8_{f0} e^{−m2f0 /M 2} =

M^{10}E_4 2^95π^6 − m_s(2⟨q̄q⟩ − ⟨s̄s⟩) 2^53π^4

M^6E_2 +

⟨g^2G^2⟩M^6E_2 2^{10}3π^6 + ⟨q̄q⟩⟨s̄s⟩ 12π^2

M^4E_1 + m_s⟨s̄gσ.Gs⟩ 2^73π^4

M^4E_1 + m_s⟨q̄gσ.Gq⟩ 2^6π^4 ( 3 2 − ln(M^2/Λ^2) ) M^4E_1, (6)

where E_n ≡ 1 − e^{−s0/M 2} n∑ k=0 ( s_0 M^2

)_k 1 k! , (7)

which accounts for the continuum contribution.

FIG. 3: The scalar meson decay constants as a function of the Borel mass. Solid: ff_0 = fa_0 ; dashed: fκ; dots: fσ .

In the numerical analysis of the sum rules, the values used for the strange quark mass and condensates are: m_s = 0.13 GeV, ⟨q̄q⟩ = −(0.23)^3 GeV^3, ⟨ss⟩ = 0.8⟨q̄q⟩, ⟨q̄gσ.Gq⟩ = m^2_0⟨q̄q⟩ with m^2_0 = 0.8 GeV^2 and ⟨g^2G^2⟩ = 0.5 GeV^4. We estimate the decay constants by using the experimental values for the smalar meson masses [13]: m_σ = 0.5 GeV, m_κ = 0.8 GeV, m_{f0} = 0.98 GeV. For the continuum thresholds we use s^σ_0 = 1.0 GeV^2, s^κ_0 = 1.2 GeV^2, s^{f0}_0 = 1.5 GeV^2.

From Fig. 1 we see that we get a very stable result, as a function of the Borel mass, for f_{f0} and f_κ. In the case of f_σ the stability is not so good, but it is still acceptable. The problem with these sum rules, as already noticed in ref. [16], is that the continuum contribution is only smaller than the pole contibution for small values of the Borel mass (M^2 ≤ 0.6 GeV^2 for σ and κ and M^2 ≤ 0.8 GeV^2 for f_0 and a_0). However, for these values of the Borel mass the perturbative contribution is smaller than the four-quark condensate contribution. The perturbative contribution will get bigger than the four-quark condensate contribution only for M^2 ∼ 1.5 GeV^2 for σ and κ, and M^2 ∼ 2. GeV^2 for f_0 and a_0. Therefore, the Borel windows used is a compromise between these two restrictions. Allowing a variation of 0.2 GeV^2 in the continuum thresholds we arrive at the following values for the decay constants:

f_σ = (7.5 ± 1.0) MeV, f_κ = (1.6 ± 0.3) MeV, f_{f0} = (1.1 ± 0.1) MeV. (8)

In order to study the scalar-pseudoscalar-pseudoscalar vertex associated with the σ → π^+π^−, κ → K^+π^−, f_0(a_0) → K^+K^− and f_0 → π^+π^− decays, we consider the three-point function T_{μν} (p, p^′, q) = ∫ d^4x d^4y e^{i.p′.x} e^{iq.y}⟨0|T {j^{P1}_{5μ} (x)j^{P2}_{5ν} (y)j^†_S (0)}|0⟩, (9) where p = p^′ + q, S denotes the scalar meson and P_1, P_2 are the two pseudoscalar mesons in the vertex, for which we use the axial currents:

j^{π+}_{5μ} = d̄_aγ_μγ_5u_a, j^{π−}_{5μ} = ū_aγ_μγ_5d_a, j^{K+}_{5μ} = s̄_aγ_μγ_5u_a, j^{K−}_{5μ} = ū_aγ_μγ_5s_a. (10)

In order to evaluate the phenomenological side we insert intermediate states for P_1, P_2 and S, and we use the definitions in Eqs. (4) and (11) bellow: ⟨0|j^{Pi}_{5μ}|P_i(p)⟩ = ip_μF_{Pi} . (11) We obtain the following relation T^{phen}_{μν} (p, p^′, q) = √ 2F_{P1} F_{P2} m^4_S f_S (m^2_S − p^2)(m^2_{P1} − p^{′2})(m^2_{P2} − q^2) g_{SP1P2} p^′_μq_ν + contributions of higher resonances , (12)

where the coupling constant g_{SP1P2} is defined by the matrix element

⟨P_1(p^′)P_2(q)|S(p)⟩ = g_{SP1 P2} . (13)

Here we follow refs. [17, 18] and work at the pion pole, as suggested in [22] for the nucleon-pion coupling constant. This method was also applied to the nucleon-kaon-hyperon coupling [23, 24], to the D^∗ − D − π coupling [25] and to the J/ψ − π cross section [26]. It consists in neglecting the pion mass in the denominator of Eq. (12) and working at q^2 = 0. In the QCD side one singles out the leading terms in the operator product expansion of Eq.(9) that mach the 1/q^2 term. Up to dimension six only the diagrams proportional to the quark condensate times m_s and the four-quark condensate contribute. Making a single Borel tranform to both −p^2 = −p^{′2} → M^2 we get: g_{σπ}+_π− √ 2F^2_π f_σm^4_σ m^2_σ − m^2_π (e^{−m2π /M 2} − e^{−m2σ /M 2} ) = 2 3 ⟨q̄q⟩^2, g_{κK}+_π− √ 2F_πF_K f_κm^4_κ m^2_κ − m^2_K (e^{−m2K /M 2} − e^{−m2κ /M 2} ) = ⟨q̄q⟩ 3 (⟨q̄q⟩ + ⟨s̄s⟩) − m_s 8π^2 ⟨q̄q⟩M^2 ( 1 − e^{−sκ0 /M 2} ) , g_{f0 K}+_K− √ 2F^2_K f_{f0} m^4_{f0} m^2_{f0} − m^2_K (e^{−m2K /M 2} − e^{−m2f0 /M 2} ) = 1 6 √ 2 (⟨q̄q⟩^2 + ⟨s̄s⟩^2 + ⟨q̄q⟩⟨s̄s⟩) + − m_s 16 √ 2π^2 ( ⟨q̄q⟩ + 2 3 ⟨s̄s⟩ ) M^2 ( 1 − e^{−sκ0 /M 2} ) . (14)

As said in the introduction, the f_0 → π^+π^− decay is mediated by one gluon exchange. Therefore, the first diagram proportional to 1/q^2 (at leading order) is the eight dimension condensate proportional to the mixed condensate times the quark condensate. Therefore, working up to dimension eight in this case we get

g_{f0 π}+_π− √ 2F^2_π f_{f0} m^4_{f0} m^2_{f0} − m^2_π (e^{−m2π /M 2} − e^{−m2f0 /M 2} ) = m^2_0⟨q̄q⟩⟨s̄s⟩ 12 √ 2M^2

. (15)

The problem of doing a single Borel transformation is the fact that terms associated with the pole-continuum transitions are not suppressed [27]. In ref. [27] it was explicitly shown that the pole-continuum transitions have a

FIG. 4: The QCDSR results for the hadronic coupling constants g_{σπ}+_π− (squares), g_{κK}+_π− (triangles up), g_{f0 K}+_K− (triangles down) and g_{f0π}+_π− (circles). The solid, dashed, dot-dashed and dotted lines give the linear fit to the QCDSR results respectively.

different behaviour, as a function of the Borel mass, as compared with the double pole contribution: it grows with M^2. Therefore, the pole-continuum contribution can be taken into account through the introduction of a parameter A in the phenomenological side of the sum rules in Eqs. (14), (15), by making the substitution g_{SP1P2} → g_{SP1P2} + AM^2 [24, 25, 26].

Using F_π = √ 2 93 MeV, F_K = 160 MeV, m_π = 137 MeV, m_K = 490 MeV and the scalar decay constant given by the sum rules in Eq. (6) we show, in Fig. 4 the QCDSR results for the hadronic coupling constants. We see that, in the Borel range used for the two-point functions, the QCDSR results do have a linear behaviour as a function of the Borel mass. Fitting the QCDSR results by a linear form: g_{SP1P2} + AM^2 (which is also shown in Fig. 4), the hadronic couplings can be obtained by extrapolating the fit to M^2 = 0. In the limits of the continuum thresholds discussed above we obtain:

g_{σπ}+_π− = (3.1 ± 0.5) GeV, g_{κK}+_π− = (3.6 ± 0.3) GeV, g_{f0 K}+_K− = g_{a0K}+_K− = (1.6 ± 0.1) GeV, g_{f0 π}+_π− = (0.47 ± 0.05) GeV. (16)

The decay width of S → P_1P_2 is given in terms of the hadronic coupling g_{SP1P2} as:

Γ(S → P_1P_2) = 1 16πm^3_S g^2_{SP1P2} √ λ(m^2_S , m^2_{P1} , m^2_{P2} ), (17)

where λ(m^2_S , m^2_{P1} , m^2_{P2} ) = m^4_S + m^4_{P1} + m^4_{P2} − 2m^2_S m^2_{P1} − 2m^2_S m^2_{P2} − 2m^2_{P1} m^2_{P2} .

The experimental total decay width is related with a particular decay mode through: Γ(S → ππ) = 3 2 Γ(S → π^+π^−), for S = σ or f_0, Γ(κ → Kπ) = 3 2 Γ(κ → K^+π^−). (18)

Therefore, using the experimental results: Γ(f_0 → ππ) = 40 − 100 MeV [1], Γ(σ → ππ) = (338 ± 48) MeV [13] and Γ(κ → Kπ) = (410 ± 58) MeV [13] in Eqs. (17) and (18) above we get

g^{exp}_{σπ+ π−} = (2.6 ± 0.2) GeV, g^{exp}_{κK+ π−} = (4.5 ± 0.4) GeV, g^{exp}_{f0π+ π−} = (1.6 ± 0.8) GeV. (19)

Comparing Eqs. (16) and (19) we see that, although not exactly in between the experimental error bars, the hadronic couplings determined from the QCDSR calculation are consistent with existing experimental data. The biggest discrepancy is for g_{f0π}+_π− and this can be understood since, probably in this case, α_s corrections could play an important role. In the case of the decay f_0(a_0) → K^+K^−, the coupling can not be experimentally measured due to the unavailable phase space.

We have presented a QCD sum rule study of the scalar mesons considered as diquark-antidiquark states. We have evaluated the mesons decay contants and the hadronic couplings associated with the σ → π^+π^−, κ → K^+π^−, f_0(a_0) → K^+K^− and f_0 → π^+π^− decays, using two-point and thre-point functions respectivelly. We found that the couplings are consistent with existing experimental data. Therefore, we consider this result as one more point in favor of the four-quark structure for the light scalar mesons.

Acknowledgements: We would like to thank I. Bediaga for fruitful discussions. This work has been supported by CNPq and FAPESP.

[1] Particle Data Group, S. Eidelman et al., Phys. Lett. B592, 1 (2004). [2] N.A. Törnqvist, Phys. Rev. Lett. 49, 624 (1982); Z. Phys. C68, 647 (1995). [3] E. van Beveren, G. Rupp and M.D. Scadron, Phys. Lett. B495, 300 (2000). [4] H.G. Dosch, E.M. Ferreira, F.S. Navarra and M. Nielsen, Phys. Rev., D65, 114002 (2002). [5] F. de Fazio and M.R. Pennington, Phys. Lett. B521, 15 (2001). [6] I. Bediaga and M. Nielsen, Phys. Rev. D68, 036001 (2003). [7] I. Bediaga, F.S. Navarra, M. Nielsen, Phys. Lett. B579, 59 (2004). [8] A. Gokalp, Y. Sarac, O. Yilmaz, hep-ph/0410380. [9] H.-Y. Cheng, Phys. Rev. D67, 034024 (2003). [10] F.E. Close and N.A. Törnqvist, J. Phys. G28, R249 (2002). [11] R.L. Jaffe, Phys. Rev. D15, 267, 281 (1977); D17, 1444 (1978). [12] M. Alford and R.L. Jaffe, Nucl. Phys. B578, 367 (2000).

[13] E791 Collaboration, E.M. Aitala et al. Phys. Rev. Lett. 86, 765 (2001); ibid. 86, 770 (2001); ibid. 89, 121801 (2002). [14] I. Bediaga, private communication.

[15] M.A. Shifman, A.I. and Vainshtein and V.I. Zakharov, Nucl. Phys., B147, 385 (1979). [16] J.I. Latorre and P. Pascual, Jour. Phys. G11, L231 (1985). [17] S. Narison, Phys. Lett. B175, 88 (1986).

[18] S. Narison, Spectral Sum Rules, World Scientific Lecture Notes in Physics 26. [19] L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, hep-ph/0407017. [20] R.L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003). [21] B. L. Ioffe, Nucl. Phys. B188, 317 (1981); B191, 591(E) (1981). [22] L.J. Reinders, H. Rubinstein and S. Yazaky, Phys. Rep. 127, 1 (1985). [23] S. Choe, M.K. Cheoun, S.H. Lee, Phys. Rev. C57, 2061 (1998). [24] M.E. Bracco, F.S. Navarra, M. Nielsen, Phys. Lett. B454, 346 (1999). [25] F.S. Navarra et al. Phys. Lett. B489, 319 (2000). [26] F.S. Navarra et al., Phys. Lett. B529, 87 (2002). [27] B. L. Ioffe and A.V. Smilga, Nucl. Phys. B232, 109 (1984).