arXiv:hep-ph/0510226 v1 17 Oct 2005

On Scalar Meson Dominance in Semi- and Non-Leptonic Weak Pseudoscalar Meson Decays

Frieder Kleefeld^1

Centro de Física das Interacções Fundamentais (CFIF), Instituto Superior Técnico, Edifício Ciência, Piso 3, Av. Rovisco Pais, P-1049-001 LISBOA, Portugal

Abstract. Aspects of Scalar Meson Dominance in semi- and non-leptonic weak pseudoscalar meson decays are shortly discussed on the basis of the Quark-Level Linear Sigma Model.

Keywords: scalar meson dominance, weak meson decays, linear sigma model, penguins PACS: 13.20.-v, 13.25.-k, 14.40.Aq

Introduction. The theoretical description of leptonic, semi- and non-leptonic weak decays of pseudoscalar mesons has been known to be extremly rewarding since at least 5 decades [1] in particular due to technical and numerical challenges in the description of strong interactions on the basis Quantum Chromodynamics (QCD) [2]. The experimental and theoretical study of non-leptonic K-meson decays has for instance a long tradition [1, 3, 4, 5, 6], yet the theoretical issues concerning these decays are far from settled [7, 8, 9]. To use the words of G. Colangelo [9]: “. . . The calculation of the K → ππ amplitude in the Standard Model still remains one of the most difficult and yet unsolved problems of today’s particle physics, despite many years of efforts and progress in our understanding of various related physics aspects. Indeed we lack yet a satisfactory explanation of the ΔI = 1/2 rule, and do not yet have a calculation of ε^′/ε in the Standard Model which would make a comparison to the measured value somewhat useful — the typical size of the theoretical uncertainties attached to any of the calculations available in the literature is around 50 % . . .. A recurring disussion in the literature on calculations of K → ππ concerns the role of final state interactions (FSI) . . .”. In view of the outlined situation we want to recall that a growing amount of meson production data available from charm/bottom quark factories allows for the first time a direct view [10] to the nature and properties of light scalar mesons which up now were only hardly accessable in elastic meson-meson scattering due to the unfortunate presence of Adler-zeros [11] and were taken into account in QCD-based formalisms to meson weak decays only indirectly as hardly quantifiable non-perturbative effects. The very existence of light scalar mesons draws renewed attention to the strongly neglected Partial Conservation of flavour-changing Vector Current (PCVC) which has coexisted with often celebrated Partial Conservation of Axialvector Current (PCAC) for about 4 decades [12]. We shall here report shortly on first results of a “Scalar Meson Dominance” (SMD) approach to pseudoscalar meson weak decays taking into account PCVC manifestly by including scalar mesons, rather than guessing PCVC non-perturbatively like in QCD.

1 e-mail: kleefeld@cfif.ist.utl.pt, URL: http://cfif.ist.utl.pt/∼kleefeld/

The Linear Sigma Model (LσM) and its dynamical generation. Facing [13, 14] the yet lacking conclusive experimental evidence for the existence of gluons, new developments in mathematical physics and puzzling experimental data we will follow here Ref. [15] and model strong interactions on the basis of an alternative approach to QCD known under the name “Quark-Level Linear Sigma Model” (QLLσM) [16], which makes use of degrees of freedom being found in nature, i.e. mesons and (anti)quarks. In other words we dynamically generate as in Ref. [15] our strong interaction Lagrangean on the basis of the following Yukawa-like interaction Lagrangean relating (anti)quark fields (denoted by q_±(z)) and scalar (S(z)), pseudoscalar (P(z)), vector (V (z)), and axialvector (Y(z)) U(6) × U(6) meson field matrices in flavour space (see also [14]) (The undetermined signs s_s, s_p, s_v, s_y ∈ {−1, +1} are here irrelevant!):

L^{strong} int (z) = = √ 2g q^c_+(z) ( s_s S(z) + s_p i P(z)γ_5 + e^{−iα} 2 ( s_v V̸ (z) + s_y Y̸ (z) γ_5 )) q_−(z) , (1)

with g = |g| exp(iα) being the eventually complex strong interaction coupling constant. The dynamical generation of an effective meson-meson interaction Lagrangean (like e.g. the well known U(3) × U(3) LσM [16, 17]) makes then use — to avoid double counting — of the idea that meson-meson interaction proceeds through quark-loops only and not on the basis of any further extra direct meson-meson interaction terms in the Lagrangean. L^{strong}_{int} (z) is now added — as done by Cabibbo & Maiani [16] — to the Lagrangean describing (in Fermi’s limit) weak interactions among leptons (denoted here as ℓ_±(x)) and (anti)quarks, i.e. (G_F = Fermi’s constant, θ_W = Weinberg’s angle, T_3 = isospin matrix, Q_q, Q_ℓ = charge matrices, V_{CKM} = CKM-matrix, P_L ≡ (1 − γ_5)/2):

L^{weak}_{int} (x) = − 4

G_F √ 2 × × [( ℓ^c_+ (x) γ^μ P_L ( 0_3 1_3 0_3 0_3 ) ℓ_−(x) + q^c_+ (x) γ^μ P_L ( 0_3 V_{CKM} 0_3 0_3 ) q_−(x) ) ( ℓ^c_+ (x) γ_μ P_L ( 0_3 0_3 1_3 0_3 ) ℓ_−(x) + q^c_+ (x) γ_μ P_L ( 0_3 0_3 V_{CKM} 0_3 ) q_−(x) )

+ ( ℓ^c_+ (x) γ^μ (T_3 P_L − Q_ℓ sin^2 θ_W ) ℓ_−(x) + q^c_+ (x) γ^μ (T_3 P_L − Q_q sin^2 θ_W ) q_−(x) ) ( ℓ^c_+ (x) γ_μ (T_3 P_L − Q_ℓ sin^2 θ_W ) ℓ_−(x) + q^c_+ (x) γ_μ (T_3 P_L − Q_q sin^2 θ_W ) q_−(x) )] + h.c. . (2)

Leptonic weak meson decays and pseudoscalar decay constants. As a first step we study leptonic decays of pseudoscalar mesons to extract pseudoscalar decay constants f_P. The relevant part S_{ef f} [Pℓ̄ℓ] of the effective action in the local limit resulting by dynamical generation is given in Ref. [15]. By inspection of this effective action we conclude as in Ref. [15] that the finite decay constant f_{ηq1q̄2} of a pseudoscalar meson η_{q1q̄2} corresponds in the considered formalism to a log.-divergent integral, i.e. [15]^{2 3}:

f_{ηq1q̄2} ←→ − 4 i N_c |g|

∫ d4 p

(2π)^4

(m_{q1} + m_{q̄2})/2 (p^2 − m^2_{q1})(p^2 − m^2_{q̄2})

. (3)

Semi-leptonic weak meson decays and SMD. As a first instructive example we consider in Ref. [15] the semi-leptonic decay K^+ → π^0 e^+ν_e. Ingredient for our calculation has been the dynamical generation of the effective action S_{ef f} [S PP] between one scalar and two pseudoscalar mesons displayed in the footnote^4. It is then straight forward to dynamically generate the (local) effective action for the process K^+ → π^0 e^+ν_e [15]:

S_{ef f} = ∫ d^4z (−i e^{2iα} ) ( − G_F √ 2 ) V_{us} e^c_+ (z) γ_μ (1 − γ_5) ν_{e−}(z) × 1 √ 2 { π^0(z) ( 2 | g| f_K+ m_u + m_s

∂^μ K^+(z) ) − K^+(z) ( 2 | g| f_{ηuū} m_u + m_u

∂^μ π^0(z) )

+4i N_c | g|^2 (m_s − m_u)^2 K^+(z) (∂^μ π^0(z))

∫ d4 p

(2 π)^4 1 (p^2 − m^2_s )(p^2 − m^2_u)^2 + λ g^2 m_s

(m_s − m_u) m^2_{κ+}

2 | g| f_K+ m_u + m_s ( π^0(z) (∂^μ K^+(z)) + K^+(z) (∂^μ π^0(z)) )}

+ K^∗-exchange + . . . . (5)

For λ ≃ 2g^2 the weak transition formfactors to relevant order in the scale δ = (m_s/m_u)− 1 ≃ 0.44 according to the nonrenormalization theorem of Ademollo & Gatto [18] are determined as [15] f^{K+π0}_+ (0) = 1 + O(δ^2) and f^{K+π0}_− (0) = 4 |g| e^{2iα} δ (1 + δ ) (2 + δ )^{−1}|m_u|| f_K+|m^{−2}_{κ+} + O(δ^2) displaying SMD. Because of [19] f^{K+π0}_− (0)/ f^{K+π0}_+ (0) ≃ −0.125±0.023, | f_K+ | ≃ 159 MeV/ √ 2, m_κ+ ≃ 797 MeV, and |m_u| ≃ 337 MeV there has to hold 0 > e^{2iα} ≃ −1 due to the 1-loop dynamically generated value |g| = 2π/ √ 3 [15].

In conclusion experiment is suggesting [15] an asymptotic free QLLσM with Yukawa coupling g ≃ −i 2π/ √ 3 and quartic coupling λ ≃ 2 g^2 ≃ −8π^2/3 < 0, respectively.

2 The colour factor N_c is displayed here for traditional reasons and can absorbed by rescaling g. 3 This replacement of logarithmic divergences by finite experimental numbers renormalizes the formalism without the need of introducing unpleasant regulators like cutoffs.

4 In the considered local limit we obtained [15] (M_q ≡ diag[m_u, m_c, m_t, m_d, m_s, m_b], “tr_F ”= flavour trace):

S_{ef f} [S PP] = ∫ d^4z √ 2 g^2 e^{iα} s_s (−4 i N_c |g|)

∫ d4 p

(2π)^4 × { tr_F [ S(z) 1 (p^2 − M^2_q )

{ P^2(z) , M_q } 1 (p^2 − M^2_q ) ]

+tr_F [ [ S(z) , P(z) ] 1 (p^2 − M^2_q )

[ P(z) , M_q ] 1 (p^2 − M^2_q ) ]

− tr_F [ { S(z) , M_q } 1 (p^2 − M^2_q )

[ P(z) , M_q ] 1 (p^2 − M^2_q )

[ P(z) , M_q ] 1 (p^2 − M^2_q ) ]} + . . . . (4) .

Non-leptonic weak meson decays and SMD. For the theoretical explanation of two longstanding problems based on non-leptonic meson weak decays, i.e. the quantitative calculation of |M(K^+ → π^+π^0)| and the so-called ΔI = 1/2 rule, there might exist an attractive solution on the basis of SMD^5. Unfortunately the solution of both problems requires a sizable yet unexplained mechanism for S-P mixing [4]. In the QLLσM it is tempting to construct e.g. effective actions S^{semi}_{ef f} [S q̄q] or S^{semi}_{ef f} [Pq̄q] for semi-strong Sq̄qor Pq̄q-penguins^6 in the hope that they contribute to explain S-P mixing. Unfortunately it turns out that relevant meson tadpoles constructed from these actions vanish, while non-tadpole graphs constructed from these actions don’t contribute to the solution of the problems under consideration^7. We conclude that explanation of S-P mixing [4, 6, 22] being probably of similar nature as π^0-η or η-η^′ mixing [17] requires further research.

5 The observation that the “vacuum saturation” (VS) W-emission contribution to the non-leptonic decay K^+ → π^+π^0 predicts an amplitude two times larger than the experimental value |M_K+_{→π}+_π0 (exp)| = m_K+ (8π Γ/p_{cm})^{1/2} = (1.832 ± 0.007) · 10^{−8} GeV led SVZ [6] to decrease the discrepancy between theory and experiment on the basis of so-called “penguin-diagrams” [6] which are now constraint strongly by the fact that “polychromatic [i.e. QCD] penguins don’t fly” [20]. 1987 Scadron proposed a VS being half of the VS of SVZ and agreeing to experiment, as |M_K+_{→π}+_π0 (Scadron)| = |G_FV_{ud}V_{us}( f_π− (m^2_{K+} − m^2_{π0} )−2 f_K+ (m^2_{π+} −m^2_{π0} ))/(2 √ 2)| = (1.886 . . . − 0.026 . . .)·10^{−8} GeV = 1.860 . . .·10^{−8} GeV. Scadron’s mysterious factor 1/2 might be explained by adding to the SVZ W-emission contribution SMD mesonexchange diagrams like in Fig. 1 of Ref. [4]. Unfortunately these extra contributions require a yet unexplained mechanism to mix scalar and pseudoscalar mesons (S-P mixing). Another testing ground for SMD in non-leptonic meson weak decays is the so-called “ΔI = 1/2 rule” [1, 5, 6, 9]. A probable scenario was summarized by M.D. Scadron et al. [21] in 2002: “. . . The well-known ΔI = 1/2 rule Γ(K_S → π^+π^−)/Γ(K^+ → π^+π^0) ≈ 450 for nonleptonic weak K_{2π} decays suggests that the parityviolating (PV) amplitude ⟨ 2π|H^{pv}_w |K_S ⟩ could be dominated by the ΔI = 1/2 weak transition ⟨ σ|H^{pv}_w |K_S ⟩ . . .”. Although supported by other work [4, 6, 22] also this conjecture lacks yet to explain S-P mixing. 6 Dynamical generation yields the following semi-strong “penguin” effective actions in the local limit:

S^{semi}_{ef f} [S q̄q] = ∫ d^4z G_F s_s e^{iα} 1 N_c ×

× ( q^c_+(z) ( 0_3 V_{CKM} 0_3 0_3 ) [ ∂_μ [ f S M ] (z) , M_q ] γ^μ P_L ( 0_3 0_3 V_{CKM} 0_3 ) q_−(z)

+ q^c_+(z) ( 0_3 0_3 V_{CKM} 0_3 ) [ ∂_μ [ f S M ] (z) , M_q ] γ^μ P_L ( 0_3 V_{CKM} 0_3 0_3 ) q_−(z) ) + . . . , (6)

S^{semi}_{ef f} [P q̄q] = ∫ d^4z G_F s_p e^{iα} 2i N_c ×

× ( q^c_+(z) ( 0_3 V_{CKM} 0_3 0_3 ) ∂_μ [ f P](z) γ^μ P_L ( 0_3 0_3 V_{CKM} 0_3 ) q_−(z)

+ q^c_+(z) ( 0_3 0_3 V_{CKM} 0_3 ) ∂_μ [ f P] (z) γ^μ P_L ( 0_3 V_{CKM} 0_3 0_3 ) q_−(z) ) + . . . , (7)

with

[_{f S} M ] ≡ (− 4 i N_c |g|)

∫ d4 p

(2π)^4 1 p^2 −M^2_q S 1 p^2 −M^2_q and [ f P] ≡ (− 4 i Nc |g|)

∫ d4 p

(2π)^4 1 p^2 −M^2_q 1 2 {P, M_q}^1_{p2 −M2q} .

7 S^{semi}_{ef f} [S q̄q] does not contribute to the cascade K_S → σ → π^+π^−, as PCVC enforces S^{semi}_{ef f} [S q̄q] = 0 for the “flavour-neutral” σ-meson, while S^{semi}_{ef f} [Pq̄q] does not lead to an I=3/2 final state in K^+ → π^+π^0.

Acknowledgments. This work has been supported by the FCT of the Ministério da Ciência, Tecnologia e Ensino Superior of Portugal, under Grants no. SFRH/BDP/9480/2002, POCTI/FNU/49555/2002, and POCTI/FP/FNU/50328/2003.

REFERENCES

1. A.J. Buras, “Weak decays and QCD: 18 years later”, pp. 591-633 in Proc. Workshop on “QCD: 20 Years Later”, Aachen, Germany, 9-13.6.1992, River Edge, N.J., World Scientific, 1993; W. Bernreuther et al., Z. Phys. C 4 (1980) 257; M.D. Scadron, Rept. Prog. Phys. 44 (1981) 213; R. Fleischer, hep-ph/0507156; I.I.Y. Bigi, A.I. Sanda, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 9 (2000) 1.

2. R.C. Verma, Indian J. Phys. A 72A (1998) 579; A.J. Buras, L. Silvestrini, Nucl. Phys. B 569 (2000) 3; G. Buchalla et al., Rev. Mod. Phys. 68 (1996) 1125; R. Rückl, hep-ph/9810338; A.J. Buras et al., Nucl. Phys. B 268 (1986) 16; H.Y. Cheng et al., hep-ph/0409317, Phys. Rev. D 59 (1999) 092004; M. Neubert, B. Stech, Adv. Ser. Direct. High Energy Phys. 15 (1998) 294 [hep-ph/9705292]; M. Beneke, M. Neubert, Nucl. Phys. B 675 (2003) 333; Z. Xiao, W. Zou, Phys. Rev. D 70 (2004) 094008; R. Casalbuoni et al., Phys. Rept. 281 (1997) 145; D. Delepine et al., hep-ph/0501022.

3. N. Cabibbo, Phys. Rev. Lett. 12 (1964) 62; J. Schwinger, Phys. Rev. Lett. 12 (1964) 630; R.M. Delaney et al., Phys. Rev. 176 (1968) 1841; D.G. Hill et al., Phys. Rev. D 8 (1973) 1290; P.C. McNamee et al., Phys. Rev. D 10 (1974) 2280; T.J. Devlin et al., Rev. Mod. Phys. 51 (1979) 237; M. Milosevic et al., Nucl. Phys. B 187 (1981) 514; H. Wahl, Phys. Rept. 403-404 (2004) 19.

4. D.N. Goswami et al., Phys. Rev. D 5 (1972) 2276; P. Minkowski et al., Eur. Phys. J. C 39 (2005) 71. 5. Fayyazuddin et al., Nucl. Phys. B 76 (1974) 125; B.H.J. McKellar et al., Phys. Rev. D 27 (1983) 157. 6. M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Sov. Phys. JETP 45 (1977) 670 [Zh. Eksp. Teor. Fiz. 72 (1977) 1275], Nucl. Phys. B 120 (1977) 316; Y. Tosa, “Penguins In Weak Interactions” (UR-746), talk at Joint Annual McGill-Rochester-Syracuse-Toronto Meeting, Syracuse, N.Y., 1-2.5.1980.

7. M.D. Scadron, S.R. Choudhury, “Simple Theory Of Nonleptonic Kaon Decays”, Abdus Salam Int.

Centre for Theor. Physics Miramare-Trieste preprint IC/87/180, KEK-library preprint 200033325. 8. E. Pallante, A. Pich, Nucl. Phys. B 592 (2001) 294; M.D. Scadron, Mod. Phys. Lett. A 14 (1999) 1273; N.N. Trofimenkoff, Prog. Theor. Phys. 85 (1991) 859; R.E. Karlsen, M.D. Scadron, Phys. Rev. D 44 (1991) 2192; H.Y. Cheng, Phys. Rev. D 36 (1987) 2056 [Erratum 37 (1988) 1338]; A.N. Kamal, Phys. Rev. D 33 (1986) 1344; Riazuddin, Fayyazuddin, Phys. Rev. D 32 (1985) 1720.

9. H.Y. Cheng, Z. Phys. C 32 (1986) 237; J.O. Eeg, Acta Phys. Polon. B 18 (1987) 639; M.D. Scadron et al., Mod. Phys. Lett. A 19 (2004) 2267, Phys. Rev. D 53 (1996) 2421; J.M. Gérard et al., hep-ph/0508189; P. Minkowski, Phys. Lett. B 88 (1979)138; G. Colangelo, AIP Conf. Proc. 660 (2003)25.

10. D.V. Bugg, hep-ex/0510019, Phys. Rept. 397 (2004) 257; E. van Beveren et al., hep-ph/0510120, hep-ph/0509351, Phys. Rev. Lett. 91 (2003) 012003; H.Y. Cheng et al., hep-ph/0508104.

11. G. Rupp et al., AIP Conf. Proc. 756 (2005) 360; F. Kleefeld, AIP Conf. Proc. 717 (2004) 332 [hep-ph/0310320]; J.R. Ellis, Nucl. Phys. B 21 (1970) 217; S.L. Adler, Phys. Rev. 137 (1965) B1022.

12. I.S. Gerstein et al., Phys. Rev. 175 (1968) 1876; P.R. Auvil et al., Phys. Rev. 183 (1969) 1463. 13. F. Kleefeld, hep-th/0506142; X. Chen, Y. Mao, B.Q. Ma, Nucl. Phys. A 759 (2005) 188. 14. F. Kleefeld, AIP Conf. Proc. 660 (2003) 325 [hep-ph/0211460]; hep-th/0408028, hep-th/0408097. 15. F. Kleefeld, hep-th/0506140 (accepted for publication in Czech J. Phys. 55 (2005)). 16. M. Lévy, Nuovo Cim. LII A (1967) 23; N. Cabibbo et al., Phys. Rev. D 1 (1970) 707; R. Delbourgo, M.D. Scadron, Mod. Phys. Lett. A 10 (1995) 251, Int. J. Mod. Phys. A 13 (1998) 657.

17. F. Kleefeld, nucl-th/0510017; S. Gasiorowicz, D.A. Geffen, Rev. Mod. Phys. 41 (1969) 531. 18. M. Ademollo, R. Gatto, Phys. Rev. Lett. 13 (1964) 264.

19. S. Eidelman et al. [PDG], “Review of particle physics”, Phys. Lett. B 592 (2004) 1. 20. R.S. Chivukula, J.M. Flynn, H. Georgi, Phys. Lett. B 171 (1986) 453. 21. M.D. Scadron et al., AIP Conf. Proc. 660 (2003) 311 (see also Nucl. Phys. A 724 (2003) 391). 22. E. P. Shabalin, Sov. J. Nucl. Phys. 48 (1988) 172 [Yad. Fiz. 48 (1988) 272], Sov. J. Nucl. Phys. 48 (1988) 864 [Yad. Fiz. 48 (1988) 1357]; T. Morozumi et al., Prog. Theor. Phys. 87 (1992) 185, Phys. Rev. Lett. 65 (1990) 404, Phys. Rev. D 46 (1992) 2240; M. Harada et al., Phys. Rev. D 62 (2000) 014002; Y. Tosa, Phys. Lett. B 93 (1980) 443; S. Narison, Nucl. Phys. B 593 (2001) 3; J.M. Gérard et al., Phys. Lett. B 503 (2001) 99; S. Trine, hep-ph/0305048.