Pis’ma v ZhETF, vol. 79, iss. 1, pp. 16 { 18 © 2004 January 10

The evaluation of the branching ratios of the decays

Œ(1020) ! 2ß^+2ß^−ß^0, ß^+ß^−3ß^0

N. N. Achasov^{1)}, A. A. Kozhevnikov^{1)}

Laboratory of Theoretical Physics, S. L. Sobolev Institute for Mathematics, 630090 Novosibirsk, Russia

Submitted 20 November 2003

Combining the Okubo-Zweig-Iizuka rule in the decay ϕ → ρπ → π^+π�π^0 with the ρ → 4π decay amplitudes, we calculate the ϕ → 2π^+2π�π^0 and ϕ → π^+π�3π^0 ones. The partial widths of the above ϕ decays are evaluated, and the excitation curves in e^+e� annihilation are obtained, assuming reasonable particular relations among the parameters characterizing the anomalous terms of the HLS Lagrangian. The evaluated branching ratios BŒ!ß+ß�_3ß0 ≈ 2 · 10�^7 and BŒ!_2ß+_2ß�ß0 ≈ 7 · 10�^7 are such that with the luminosity L = 500 pb�^1 attained at DA˘NE ϕ factory, one may already possess about 1685 events of the decays ϕ → 5π.

PACS: 11.30.Rd, 12.39.Fe, 13.30.Eg

The decay of the ϕ(1020) meson to the state 3π occurs due to the violation of the Okubo-Zweig-Iizuka rule (OZI). The decay ϕ → 5π, expected to proceed due to the violation of this rule, should be dominated by the process ϕ → ρπ followed by the decay ρ → 4π whose amplitudes and decay width were calculated in, say [1]. See the diagram in Fig.1a. The ρ meson in these diagrams is resonant. Indeed, choosing the averaged pion energy from the condition of ’equilibrium’ as ⟨E_π ⟩ = m_ϕ/5, one finds that the invariant mass of four pions emitted in the transition ρ → 4π is m_{4π} ≃ m_ρ. The seemingly resonant diagrams Fig.1b and d do not, in fact, possess this property, because three pions produced either from the transition π → πππ or directly from the ϕ → ρπππ transition, push ρ meson away from the resonance. Indeed, the invariant mass of the pion pair in the transition ρ → 2π evaluated assuming the same average pion energy as above, falls into the interval 2m_π ≤ m_{2π} ≤ 0.41 GeV, which is far from the resonance value. The contribution of the diagram in Fig.1e containing the OZI-suppressed vertex ϕρρπ is, at the ϕ mass, deeply under the threshold of the production of two ρ mesons and by this reason is suppressed, too. The two diagrams in Fig.1c, containing OZI-suppressed point like vertices ϕ → 5π and ϕ → 3π, do not contain the intermediate ρ-meson at all and hence can be neglected in the approximation of the resonant ρ meson. The effect of relaxing these approximations is considered below.

There are two feasible models of the OZI-suppressed ϕ → ρπ decay amplitude. The first one is the ϕω mixing model [2], where the above decay proceeds due to the small admixture of nonstrange quarks in the flavor

1)e-mail: achasov@math.nsc.ru, kozhev@math.nsc.ru

Fig.1. The diagrams describing the amplitudes of the decay ϕ(1020) → 3π. The total set of diagrams for each isotopic ˛nal state 2π^+2π�π^0 and π^+π�3π^0 should include all possible permutations of the ˛nal pion momenta. The shaded circle in (b), (c) [(a)] refers to the π → 3π (ρ → 4π) vertex which includes the ρ exchange. See them in Ref. [1].

wave function of ϕ meson composed mostly of the pair of strange quarks. In the second model ϕ goes to ρπ directly, see Ref. [3]. Irrespective of these models the effec-

16 Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 1 { 2 2004

The evaluation of the branching ratios of the decays . . . 17

tive ϕ → ρπ coupling g^{eff}_{ϕρπ} denoted by the shaded circle in the diagram Fig.1a is determined by the branching ratio of the well studied process ϕ → ρπ → π^+π^−π^0. Then the contribution to the decay amplitude of the dominant diagram Fig.1a for each isotopic mode, 2π^+2π^−π^0 and π^+π^−3π^0, can be represented as M = − g^{eff}_{ϕρπ}g_{ρππ} f^2_π ε_{μνλσ} ∑ q_μϵ_ν qπ_λ J_σ (ρ → 4π) D_ρ(q − q^π) , (1)

where the sum is over all possible permutations of the final pion momenta, q and ϵ are the four-momentum and polarization vector of the ϕ meson, q^π is the fourmomentum of the final pion in the decay ϕ → ρπ. The coupling constant g_{ρππ} is calculated from the ρ → π^+π^− decay width, f_π = 92.4 MeV is the pion decay constant. The inverse propagator of the ρ meson is

D_ρ(q) = m^2_ρ − q^2 − i g^2_{ρππ} 6π √ q^2 ( q^2 4 − m^2_π )_{3/2} . (2)

The expressions for the ρ → 4π decay currents J_σ (ρ → → 4π) are given in Ref. [1]. The partial width of the decay ϕ → 5π is

Γ_{ϕ→5π}(s) = 1 2 √ s(2π)^{11}N_{sym} ∫ |M|^2dD_5, (3)

where s is the total energy squared in the rest frame system of the decaying ϕ meson, the Bose symmetry factor N_{sym} = 6, 4 for the decay ϕ → π^+π^−3π^0 and ϕ → 2π^+2π^−π^0, respectively, and dD_5 given in Ref. [4] is the differential element of the phase space volume of the five pion final state. Note that we take into account the mass difference of the charged and neutral pions both in amplitude and in the phase space volume.

The evaluation of the branching ratios with the resonant diagram Fig.1a gives B^{resonant}_{ϕ→π}+_π�_{3π}0 = 2.1 · 10^{−7} and B^{resonant} ϕ→2π+2π�π0 = 6.2 · 10 −7, where B_{ϕ→5π} ≡ ≡ Γ_{ϕ→5π} (m^2_ϕ)/Γ_ϕ(m^2_ϕ). The excitation curves for the ϕ → 5π decays in e^+e^− annihilation, σ_{ϕ→5π} (s) = = 12π ( m_ϕ √ s )_3 Γ_{ϕ→e}+_e�(m^2_ϕ) sΓ_{ϕ→5π}(s) (s − m^2_ϕ)^2 + m^2_ϕΓ^2_ϕ (4) are plotted in Fig.2. We take the fixed width approximation for the ϕ meson propagator because this meson is narrow.

Let us discuss the role of the remaining diagrams in Fig.1. To this end one should write the effective Lagrangian for the decays ϕ → 3π and ϕ → 5π as

Fig.2. The excitation curve of the decays ϕ → 5π in e^+e� annihilation L^{an}_{ϕ,ρ,π} = 1 2f^3_π

(β_1 − β_2 − β_3) ×

× ε_{μνλσ} ϕ_μ (∂_ν ß · [∂_λß × ∂_σ ß]) + + 1 8f^5_π [ −β_1 + 5 3 (β_2 + β_3) ] × × ε_{μνλσ} ϕ_μ (∂_ν ß · [∂_λß × ∂_σ ß]) ß^2 − − 2β_3g f_π ε_{μνλσ} ∂_μϕ_ν { (æ_λ · ∂σ ß) + + 1 6f^2_π [ (æ_λ · ß) (ß · ∂σ ß) − ß^2 (æ_λ · ∂σß)^] } − − 2g f_π (β_1 + β_2 − β_3)ε_{μνλσ} ϕ_μ { 1 4f^2_π

(∂_ν ß · æ_λ) ×

× (ß · ∂σ ß) −^g_4 ([æ_ν × æ_λ] · ∂σß)^} , (5)

where β_{1,2,3} are arbitrary parameters responsible for the violation of the OZI rule in the ϕ → 5π decays, and g = g_{ρππ}. The expression (5) is writen guided by the form of the anomalous contributions in the hidden local symmetry approach [5, 6]. As is evident from Eq. (5), the coupling constant of direct ϕ → ρπ transition is g_{ϕρπ} = − 2β_3g f_π = 0.8 GeV^{−1}. (6)

Since there is no sizeable point like ϕ → π^+π^−π^0 contribution, see Refs. [7, 8], one can set

β_1 − β_2 − β_3 = 0. (7)

2 Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 1 { 2 2004

18 N. N. Achasov, A. A. Kozhevnikov

The results of relaxing this conditions are discussed at the end of the paper. After all, the ratio β_1/β_3 remains arbitrary. We set

β_1 + β_2 − β_3 = 0, (8)

hence β_1 = β_3, β_2 = 0, so that the ϕ → 5π decay amplitudes are determined by the only parameter β_3. The amplitudes in this case are very lengthy and given elsewhere [9]. The results of the evaluation are:

B_{ϕ→π}+_π�_{3π}0(m^2_ϕ) = 2.4 · 10^{−7}, B_{ϕ→2π}+_{2π}�_π0(m^2_ϕ) = 6.9 · 10^{−7}. (9)

The evaluation of the non-resonant contribution in Fig.1b–e gives B^{non−resonant} ϕ→π+_π�_{3π}0 = 0.34 · 10^{−7}, which constitutes 16% of the resonant contribution, and B^{non−resonant}

ϕ→2π+2π�π0 = 0.70 · 10

−7 which constitutes about 11% of the resonant one. The above estimates illustrate clearly the dominance of the diagrams with the resonant ρ meson in the intermediate state in the decay ϕ → 5π, because the resonant and the smaller non-resonant contributions add incoherently in the case of the ϕ → 5π decay. Indeed, the phase space averaged relative phase between the resonant and non-resonant contributions calculated with the help of given branching ratios is about δ = 91^∘ in the decay ϕ → π^+π^−3π^0 and δ = 89^∘ in the decay ϕ → 2π^+2π^−π^0. For comparison, opposite situation takes place in the case of the ω → 5π decay amplitudes where the smaller non-resonant contribution to the decay amplitude adds almost in phase with the resonant one and by this reason is essential [9].

The relaxing the constraint Eq. (8) to −1 ≤ (β_1 + + β_2 − β_3)/4β_3 ≤ 1 implies the deviations of B_{ϕ→5π} by less than 1%. Relaxing the constraint of the absence of the point like ϕ → π^+π^−π^0 amplitude, Eq. (7), gives the following. Using the KLOE data Ref. [8], one can estimate the combination characterizing the pointlike ϕ → π^+π^−π^0 vertex as |3(β_1 −β_2 −β_3)/2β_3m^2_ρ| ≃ 1. Then the evaluation of B_{ϕ→5π} gives the results deviating by ±8% (depending on the sign of the above combination) from those obtained under the constraint Eq. (7). All the above discussion shows that the branching ratios of the decays ϕ → π^+π^−3π^0 and ϕ → 2π^+2π^−π^0 are determined within the conservatively estimated accuracy 20% by the well studied OZI rule violating transition of ϕ meson to the ρπ state followed by the transition ρ → 4π in the model independent way.

The excitation curves of the decay ϕ → 5π in e^+e^− annihilation can be used to evaluate the expected number of these decays at the ϕ peak. With the luminosity L = 10^{32} cm^{−2} · s^{−1} the observation of, respectively, 750 (250) ϕ → 2π^+2π^−π^0 (ϕ → π^+π^−3π^0) decays per month is feasible. Note that the existing upper limit is B_{ϕ→2π}+_{2π}�_π0 < 4.6 · 10^{−6} (90% CL) [10]. With the luminosity L = 500 pb^{−1} already attained at ϕ factory DAΦNE [11], one could gain about 1685 events of the decay ϕ → 5π proceeding via chiral mechanisms considered in the present paper. The possible non-chiral-model background from the dominant decay ϕ → K_LK_S , K_L → 3π, K_S → 2π is well cut from the considered chiral mechanism by macroscopic distances kaons fly away. Rare decay ϕ → ηπ^+π^− whose branching ratio was estimated [12, 13] at the level B_{ϕ→ηπ}+_π� ∼ 3 · 10^{−7}, is cut by removing events in the vicinity of the η peak in the three pion distribution observed in the five pion events [10].

The present study was partially supported by the grant # RFFI2-02-16061 from Russian Foundation for Basic Research.

1. N. N. Achasov and A. A. Kozhevnikov, Phys. Rev. D62, 056011 (2000); ZhETF 91, 499 (2000).

2. S. Okubo, Phys. Lett. 5, 165 (1963).

3. N. N. Achasov and A. A. Kozhevnikov, Phys. Rev. D52, 3119 (1995); Yad. Fiz. 59, 153 (1996).

4. R. Kumar, Phys. Rev. 185, 1865 (1969).

5. M. Bando, T. Kugo, S. Uehara et al., Phys. Rev. Lett.

54, 1215 (1985); M. Bando, T. Kugo, and K. Yamawaki, Nucl. Phys. B259, 493 (1985); Progr. Theor. Phys. 73, 1541 (1985); Phys. Rep. 164, 217 (1988).

6. M. Harada and K. Yamawaki, Phys. Rept. 381, 1 (2003), hep-ph/0302103.

7. M. N. Achasov et al., Phys. Rev. D65, 032002 (2002). 8. A. Aloisio et al., KLOE Collaboration, Phys. Lett.

B561, 55 (2003).

9. N. N. Achasov and A. A. Kozhevnikov, Phys. Rev. D68, 074009 (2003).

10. R. R. Akhmetshin et al., Phys. Lett. B491, 81 (2000). 11. The KLOE Collaboration, Recent results from the KLOE experiment at DA˘NE, hep-ex/0305108.

12. N. N. Achasov and V. A. Karnakov, Pisma ZhETP 39, 285 (1984).

13. N. N. Achasov and A. A. Kozhevnikov, Int. Journ. Mod.

Phys. A7, 4825 (1992); Yad. Fiz. 55, 809 (1992).

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 1 { 2 2004