arXiv:hep-ph/0111278 v1 22 Nov 2001

η decays involving photons^∗

Ll. Ametller

Departament Física i Enginyeria Nuclear Universitat Politècnica de Catalunya, E-08034 Barcelona, Spain

Abstract

The decays of the η meson are reviewed in the framework of Chiral Perturbation Theory. Particular attention is devoted to the electromagnetic channels involving photons, either in the final or intermediate states.

PACS: 12.39.Fe, 13.40.Hq, 14.40.Aq, 12.40.Vv Keywords: Chiral Lagrangians, Electromagnetic Decays, π, K and η Mesons, Vector-meson Dominance.

∗Contribution to the Eta Physics Handbook, Workshop on Eta Physics, Uppsala 2001.

Several experimental setups have been recently proposed to study the physics of the η meson. Some are already operative, like the SND detector at the VEPP-2M collider in Novosibirsk [1] and KLOE at the Daphne collider in Frascati [2]. Together with the Wasa detector at the CELSIUS storage ring in Uppsala, which should start taking data in early 2002, they will hopefully collect a copious number of η mesons. The existence of these facilities brings the possibility to study many of its decays. Most of the η decays detected so far [3], like η → γγ, η → π^+π^−γ or η → π^0γγ, involve external photon(s) and thus proceed unambiguously through electromagnetic (e.m.) interactions. Some channels into leptons, η → μ^+μ^−, for instance, proceed through photonic intermediate states and share the e.m. origin too. The remaining ones, η → π^+π^−π^0 and η → 3π^0, are purely hadronic but violate G–parity (or isospin symmetry), and have therefore small branching ratios, at the level of the e.m. ones. We present here a survey on theoretical predictions for η decays, focused mainly on those involving photons. A complete discussion on η → 3π can be found in this Handbook [4, 5, 6]. In addition, weak decays, with emphasis on C and/or CP violation, are discussed in Ref.[7].

Being the η mass just above the kaon mass, m_η ≃ 550 MeV , the variety of e.m. η decays represents, in principle, an excellent laboratory to test Chiral Perturbation Theory (ChPT) [8], both in the odd and the even intrinsic parity sectors. However, two main drawbacks must be mentioned. One is the η − η^′ mixing which requires the inclusion of the non Goldstone boson η_1 (a pure and massive SU(3) singlet) in the ChPT framework. This has been discussed in Ref.[9] from the theoretical point of view and no definite predictions can be done since, at one-loop, there are many unknown free parameters. The second difficulty is the presence of counter-terms at next-to-leading ChPT order. Most of the existing theoretical predictions assume resonance saturation of the counter-terms. Finally, for some processes, definite ChPT predictions are not available and we present instead estimates based on phenomenological Vector Meson models.

We give in Section 1 a brief review on the treatment of the η–particle in ChPT. Section 2 is devoted to the odd intrinsic parity η decays (i.e. those of the anomalous sector, proceeding through the Wess Zumino Lagrangian), whereas the even-parity ones are presented in Section 3. One multi-body odd-parity final state, η → ππγγ, is strongly related to η → πππ and its discussion is relegated to Section 4.

1 η–particle in Chiral Perturbation Theory

ChPT is discussed in detail by Gasser [4] and Bijnens [5] in this Handbook. Here we give a brief theoretical description in order to fix our notation and for self-consistency.

ChPT provides an accurate description of the strong and electroweak interactions of pseudoscalar mesons P at low energies [8]. In this sense and at lowest order, ChPT is essentially equivalent to Current Algebra (CA) [10]. At higher orders, loop effects appear giving rise to both finite corrections and divergences. The former are known to improve the lowest order (or CA) predictions, while the latter require the introduction of sets of counterterms –whose number depends on the perturbative order one is working– and restore the renormalizability of the theory, order by order in the perturbative expansion.

The nonet of pseudoscalar mesons P is described in terms of the SU(3) octet and singlet matrices [11]

P_8 = π^0√ 2 + η_8√ 6 π^+ K^+ π^− − π^0√ 2 + η_8√ 6 K^0

K^− K̄^{0 −} 2√ 6 η_8

, P_1 = 1 √ 3 η_1I, (1)

which appear in the ChPT Lagrangian through the parametrization

Σ ≡ Σ_8Σ_1 = Σ_1Σ_8 = exp ( 2i f (P_8 + P_1) ) , (2)

with f = 130.7 MeV^∗, as can easily be deduced from the charged pion decay, with e.m. corrections included [8, 3]. The transformation properties of Σ under chiral U(3)_L × U(3)_R are given by Σ → U_LΣU^†_R and the physical η and η^′ particles deviate from being a pure SU(3)– octet and SU(3)–singlet, respectively. The η−η^′ mixing is conventionally formulated in terms of θ and/or ϕ = θ + arctan √ 2, which refer to the octet-singlet and non-strange-strange basis, respectively,

η = cos θ η_8 − sin θ η_1 = cos ϕ (uū + dd̄)/ √ 2 − sin ϕ ss̄ η^′ = sin θ η_8 + cos θ η_1 = sin ϕ (uū + dd̄)/ √ 2 + cos ϕ ss̄ (3)

This formulation of the η − η^′ states mixing has been mainly used in the analysis of radiative transitions [12, 13, 14]. For even intrinsic parity vertices with 4 pseudoscalars, our treatment of the η − η^′ mixing will follow the standard ChPT treatment, i.e., the η singlet effects are included in the O(p^6) counter-term L^r_7 (see below).

We assume that nonet symmetry gives a good description of the whole nonet except for the singlet mass which gets an extra term, correcting the U_A(1) problem. Because of its heavy mass we neglect the singlet component in loops and use the octet component with the mass according to the Gell-Mann-Okubo formula. The mixing angle (3) is not negligible and can have rather large effects in η decays. This treatment also fits the mass matrix reasonably well if the loop corrections to the masses are taken into account [8].

The lowest order Lagrangian of ChPT —order two in particle four–momenta or masses, O(p^2), and ignoring the extra singlet mass term— is

L_2 = f^2 8 tr(D_μΣD^μΣ^† + χΣ^† + χ^†Σ), (4)

where the covariant derivative D_μ ≡ ∂_μ + ieA_μ[Q, Σ] (5)

contains the photon field A_μ and the quark charge matrix Q [Q = diag(2/3, −1/3, −1/3)] thus generating the e.m. couplings of charged P’s through the commutator [Q, Σ]. The

∗We use the PDG’s normalization [3] for the pion decay constant. Notice that in most theoretical papers, F = f/ √ 2 is used.

non–derivative terms in Eq. (4) with χ = χ^† = B M contain the quark mass matrix M [M = diag(m_u, m_d, m_s)] and lead to 1 2 B = m^2_K m_u + m_s = m^2_π m_u + m_d = √ 3m^2_{π0 η} m_u − m_d = Δm^2_K m_d − m_u , (6)

where m^2_{π0 η} is the mass matrix element describing π^0–η mixing and

Δm^2_K ≡ (m^2_K0 − m^2_K+ )_{QCD} = 6.0 × 10^{−3} GeV^2 (7)

is the kaon mass squared difference (e.m. self energies removed). Its numerical value is an average between the result [8] Δm^2_K = (m^2_{K0} − m^2_{K+} − m^2_{π0} + m^2_{π+} ) = 5.3 × 10^{−3} GeV^2, following from Dashen’s theorem [10], and independent estimates [15] (including improved versions of Dashen’s theorem [16]) leading to Δm^2_K in the range (6.5 − 7.0) × 10^{−3} GeV^2.

The next order Lagrangian, O(p^4), contains a series of ten counter-terms identified and studied by Gasser and Leutwyler [8],

L_4 = L_1(trD_μΣD^μΣ^†)^2 + L_2(trD_μΣD_ν Σ^†)^2 + L_3tr(D_μΣD^μΣ^†D_ν ΣD^ν Σ^†)

+L_4tr(D_μΣD^μΣ^†)tr(χΣ^† + Σχ^†) + L_5tr [ (D_μΣD^μΣ^†)(χΣ^† + Σχ^†) ]

+L_6 [ tr(χΣ^† + Σχ^†)

]_2 + L_7 [ tr(χΣ^† − Σχ^†) ]_2 + L_8tr(χΣ^†χΣ^† + Σχ^†Σχ^†)

−ieL_9F_{μν} tr(QD^μΣD^ν Σ^† + QD^μΣ^†D^ν Σ) + e^2L_{10}F_{μν} F^{μν} tr(Σ^†QΣQ)

(8)

and the Wess–Zumino (WZ) term [17], responsible for the anomaly and odd intrinsic parity processes, whose action (ignoring external fields other than photons) is [13, 18]

S_{W Z} = −iN_c 240π^2 ∫ dΣ^{ijklm}tr(Σ∂_iΣ^†Σ∂_j Σ^†Σ∂_k Σ^†Σ∂_lΣ^†Σ∂_mΣ^†)

− eN_c 48π^2 ϵ^{μναβ} A_μtr [ Q(∂_ν Σ∂_αΣ^†∂_βΣΣ^† − ∂_ν Σ^†∂_αΣ∂_βΣ^†Σ) ]

− iN_ce^2 24π^2 ϵ^{μναβ} (∂_μA_ν )A_αtr ( Q^2∂_β ΣΣ^† + Q^2Σ^†∂_β Σ

+^1_2 QΣQΣ^†∂_β ΣΣ^† −^1_2 QΣ^†QΣ∂_βΣ^†Σ ) .

(9)

In the above equations, F_{μν} is the e.m. tensor and N_c the number of colors.

Accurate numerical predictions require the knowledge of the counter-term values. One can rely on experimental data to fix the finite part of their coefficients, as was originally done by Gasser and Leutwyler [8] or, alternatively, saturate them by the contributions of low– lying resonances (vector mesons usually providing the largest contributions) at μ ≃ M_ρ [19]. Vector mesons can be introduced using a hidden symmetry formulation [20] and assuming ideal mixing and nonet symmetry. The vector meson nonet can be described by ρ_μ = ρ^a_μλ^a/ √ 2 + ρ^1_μ/ √ 3. The relevant Lagrangian with vector mesons at O(p^6) is L^ϵ_ρ = ϵ^{μναβ} ( tr[a_1a_μa_ν a_ασ^†D_βσ + iga_2σ^†ρ_{μν} σ{a_α, σ^†D_βσ} +iea_3F_{μν} (ξ^†Qξ + ξQξ^†){a_α, σ^†D_βσ}] ) (10) where σ is a 3 × 3 unitary matrix parametrized in terms of a set of unphysical scalar (compensating) fields that, when gauged away, generates a mass term for the vector mesons. The Lagrangian in Eq.(10) also contains the following hermitian operators iσ^†D_μσ = iσ^†∂_μσ − gσ^†ρ_μσ + v_μ, v_μ = 1 2i [ξ(∂_μ + ieQA_μ)ξ^† + ξ^†(∂_μ + ieQA_μ)ξ],

ρ_{μν} = ∂_μρ_ν − ∂_ν ρ_μ + ig[ρ_μ, ρ_ν], a_μ = 1 2i [ξ(∂_μ + ieQA_μ)ξ^† − ξ^†(∂_μ + ieQA_μ)ξ], (11) where ξ = exp[(i/f)P ]. In order to identify the contribution of the vector mesons to the finite part of the renormalized amplitudes one has to integrate out the vector nonet fields ρ assuming their masses to be much larger than all the momenta. Explicit expressions can be found in Ref. [13].

2 Odd intrinsic parity η decays

In this section we discuss the most important odd intrinsic parity decays (sometimes called anomalous decays) of the η meson of e.m. origin. We start with η → γγ, which gives information on the η − η^′ mixing angle, and the closely related η → γl^+l^− and η → μ^+μ^−, involving leptons in the final state. We consider also the process η → π^+π^−γ and postpone the discussion of the multi-body channel η → ππγγ to the Section 4. 2.1 η → γγ and γγ^∗ Theoretically, P γγ transitions involving on–mass–shell photons, k^2 = k^{∗2} = 0, contain valuable information on the mixing (quark–content) of the η, η^′ mesons. The amplitudes for π^0, η_{8,1} → γγ in ChPT are A(P → γγ^∗) = − √ 2C_P α πf_P ϵ^{μναβ} ϵ_μk_ν ϵ^∗_αk^∗_β (12)

where C_π0 = 1, C_{η8} = 1/ √ 3 and C_{η1} = 2 √ 2/ √ 3 at lowest order and ϵ and ϵ^∗ are the polarization vectors of the photons with momenta k and k^∗, respectively.

The present experimental values are [3]

Γ(π^0 → γγ) = 7.74 ± 0.56 eV Γ(η → γγ) = 0.46 ± 0.04 keV (13) Γ(η^′ → γγ) = 4.29 ± 0.15 keV. Notice that the error for η → γγ is the largest one, about 10%, considerably bigger than the ∼ 3% error of η^′ → γγ. In fact, the value quoted in (13) for the η → γγ decay width is the average between two types of measurements which are not in agreement. Indeed, photonphoton production measurements obtain 0.510 ± 0.026 keV, whereas Primakoff production gets 0.324 ± 0.046 keV. A better measurement of this partial decay width is thus clearly needed. This would allow to know the total η decay width with better precision, since it is computed from the partial decay rate Γ(η → γγ) divided by the fitted branching ratio for that mode.

It is easy to check that Eqs.(12) lead to an unambiguous prediction for the π^0 → γγ width of 7.74 eV , in complete agreement with data. The situation is different for the η and η^′ two photon decays. We have to remember that η and η^′ consist of a mixture of the η_8 and η_1, with a mixing angle θ, as quoted in Eq.(3). Pioneering works in ChPT proceed by fixing f_{η8} to the value obtained at one loop, and used the η and η^′ decay widths to fit θ and f_1. They obtained f_{η8} ≃ 1.3f_π, f_{η1} ≃ 1.1f_π and θ ≃ −19.5^∘ [13]. Most of the existing results for radiative η decays make use of the above values for the mixing angle and decay constants.

Notice however that the description of the η − η^′ system in terms of a universal octetsinglet angle θ has been shown to be insufficient when a similar pattern is assumed for the decay constants. (See Kroll’s contribution to this workshop [21].) Defining decay constants through matrix elements of octet and singlet axial-vector currents, one is lead to a description involving two decay constants, f_{η8} and f_{η1} , and two angles θ_8 and θ_1 [22]. They are related through ( f^8_η f^1_η f^8_η′ f^1_η′ ) = ( f_8 cos θ_8 −f_1 sin θ_1 f_8 sin θ_8 f_1 cos θ_1 ) . (14)

Alternatively, one can define decay constants related to axial-vector currents with non-strange and strange quark content. In this context, one writes ( f^q_η f^s_η f^q_η′ f^s_η′ ) = ( f_q cos ϕ_q −f_s sin ϕ_s f_q sin ϕ_q f_s cos ϕ_s ) . (15)

Recent phenomenological analysis, including new experimental data for the ηγ and η^′γ form factors [23] and data on the J/ψ → η^′γ and J/ψ → ηγ transitions, have performed an overall fit to data obtaining [21] θ_8 = −22.2^∘, θ_1 ≃ −9.1^∘, f_8 = 1.28f_π, f_1 ≃ 1.20f_π, in reasonable agreement with the theoretical ChPT corresponding results [22] θ_8 = −20.5^∘, θ_1 ≃ −4^∘, f_8 = 1.28f_π, f_1 ≃ 1.25f_π. Similarly, using the non-strange strange basis, f_q = (1.07 ± 0.02)f_π, f_s = (1.34±0.06)f_π, ϕ_q ≃ ϕ_s ≃ (39.3±1)^∘. Notice that the fact that ϕ_q ≃ ϕ_s allows to use a unique angle ϕ ≃ 40^∘ in the non-strange strange basis, which is in agreement with phenomenological analysis [24] and also with a recent determination at Daphne [25].

For k^{∗2} ≠ 0 one defines a slope parameter of the P γγ^∗ transition form factor by b_P ≡ 1 A(P → γγ) d dk^{∗2} A(P → γγ^∗) | | | |_{k∗2=0} , (16)

related to the pseudoscalar structure or dimensions. The tree-level amplitude (12) predicts b_P = 0. Experimentally, there is a single measurement in the time-like region, using η → γμ^+μ^− [26] leading to b_η = (1.9 ± 0.4) GeV^{−2}. (17)

In addition, there are also several sets of measurements of the process γγ^∗ → P in electron– positron collisions for rather large values of −k^{∗2}. The most recent set, when extrapolated to small values using a pole approximation, finds [23]

b_η = 1.67 ± 0.02 GeV^{−2}. (18)

The next to leading order correction in ChPT was computed for on–shell–photons by Donoghue et al. [12] and Bijnens et al. [27] and the expected cancellation of the divergences was explicitly found. However, when one allows for (at least one) off–shell final photon, k^{∗2} ≠ 0, the cancellation no longer occurs. The amplitude reads [27] A(P → γγ^∗) = −α √ 2C_P f_P ϵ^{μναβ} ϵ_μk_ν ϵ^∗_αk^∗_β × ( 1 + 1 16π^2f^2 { 2 3 λk^{∗2} − 1 3 k^{∗2}(ln m^2_K μ^2

+ ln m^2_π μ^2 ) + 10 9 k^{∗2} + 4 3 [F (k^{∗2}, m^2_π) + F (k^{∗2}, m^2_K)] } ) , (19)

where the first factor corresponds to the tree-level contribution in terms of physical f_P , λ ≡^1_ϵ + 1 + ln 4π − γ (γ is the Euler constant) contains the divergent terms, and

F (m^2, x) ≡ m^2 ( 1 − x 4 ) √ x − 4 x ln √ x + √ x − 4 − √ x + √ x − 4 − 2m^2, x ≡ k^{∗2} m^2

. (20)

For small k^{∗2}, F (m^2, k^{∗2}) ≃ −^2_3 k^{∗2} and, in the case of real photons, k^2 = k^{∗2} = 0, all the effects of loops and non-anomalous L_4 terms reduce to change f into f_P for P = η_8, η_1. In order to give a finite result for virtual photons one has to include counter-terms of O(p^6) in the anomalous sector, which are of the type^† Cϵ^{μναβ} ∂^λF_{λν} F_{αβ} ( tr[Q^2Σ∂_μΣ^† − Q^2Σ^†∂_μΣ] + tr[QΣQ∂_μΣ^† − QΣ^†Q∂_μΣ] ) . (21)

The analysis was done by Bijnens et al. [27] assuming saturation by vector mesons in a hidden symmetry formulation. Using θ = −19.5^∘, the slope parameter reads [28]

b_η = [

2f_{η1} + f_{η8} 2f_{η1} + 2f_{η8} 1 16π^2f^2 −1 3 (2 + ln m^2_π μ^2 m^2_K μ^2

)] + 1 μ^2

(22)

where the term inside the bracket corresponds to the chiral loops and the other to the counterterms. Using f_{η8} = 1.3f_π, f_{η1} = 1.1f_π and fixing the scale μ = M_ρ, one obtains b_η ≃ [0.19 + 1.70] GeV^{−2} ≃ 1.89 GeV^{−2}, being the major contribution due to the counter-terms. The agreement with the experimental measurement Eq.(17), performed in the time-like region, is very good. However, it differs substantially from the more precise measurement Eq.(18), obtained in the space-like region. It is amusing to observe that SU(3) breaking effects can be considered not only for the decay constants, but also for the renormalization scale μ. In so doing, the relevant scale parameter is not M_ρ but the mean vector-meson mass, defined through its squared as μ^2 = (9M^2_ρ + M^2_ω + 2M^2_ϕ )/12 = 0.69 GeV^2 [28]. Using this scale in (22) one gets b_η = 1.69 GeV^{−2}, in nice agreement with Eq.(18).

2.2 η → μ^+μ^−, e^+e^− The η decays into lepton pairs also are of e.m. origin. At present, data exist for the muon channel, with a branching ratio BR(η → μ^+μ^−) ≡ Γ(η → μ^+μ^−)/Γ(η → all) = (5.8 ± 0.8) × 10^{−6} [3]. Normalizing this result to η → γγ, one gets B(η → μ^+μ^−) ≡ Γ(η → μ^+μ^−) Γ(η → γγ) = (1.47 ± 0.21) × 10^{−5} , (23)

† A complete analysis of the O(p^6 ) counter-terms in the anomalous sector can be found in Refs.[29, 30, 13]

where the branching ratio [3] BR(η → γγ) = 0.393 ± 0.0025 has been used.

The “reduced” ratio (23) can be expressed in terms of a dimensionless “reduced” complex amplitude R(η → μ^+μ^−), normalized to the intermediate η → γγ amplitude, leading to B(η → μ^+μ^−) = 2β ( α π m_l m_P )_2

|R(η → μ^+μ^−)|^2, (24)

where β = √ 1 − 4m^2_μ/m^2_η. The on-shell γγ intermediate state generates the model independent imaginary part of R

Im R(η → μ^+μ^−) = π 2β ln 1 − β 1 + β

= −5.47 . (25)

The unitary bound on B, B ≥ B^{unit}, is then obtained by setting Re R = 0 in Eq.(24). It takes the value B^{unit}(η → μ^+μ^−) = 1.11 × 10^{−5}. (26) In terms of B^{unit}, the PDG’s result [3] reads B(η → μ^+μ^−)/B^{unit} = 1 + (ReR/ImR)^2 = 1.3 ± 0.2 and can be used to extract ReR from experiment

Re R(η → μ^+μ^−) = ± ( 3.0^{+0.9}_{−1.2} ) . (27)

From the theoretical point of view and assuming the obvious dominance of the two photon contribution, the reduced amplitude R(q^2) = R(P → l^+l^−) can be written as [31]

R(q^2) = 2i π^2q^2 ∫ d^4k q^2k^2 − (q · k)^2 k^2(q − k)^2[(p − k)^2 − m^2_l ]

F (k^2, k^{∗2}), (28)

where q^2 = m^2_P , p^2 = m^2_l and k^∗ = q − k, and F is a generic and model-dependent form factor, with F (0, 0) = 1 for on-shell photons. The imaginary part of R is finite and modelindependent. By contrast, its real part contains an a priori divergent γγ loop (if a constant F (k^2, k^{∗2}) = 1 form factor is assumed). The cure to this problem is model dependent, and proceeds either through the inclusion of non-trivial form factors –which depend on the hadronic physics governing the P → γ^∗γ^∗ transition– or, in a more modern ChPT language, the inclusion of local counter-terms to render the result finite.

Predictions for several form-factor models are known [32]. Let us mention here the simple Vector Meson Dominance (VMD) approach, which essentially implies neglecting direct P γγ and V P γ vertices, thus assuming the full dominance of the chain P → V V → γγ. The corresponding form factor is

F = F_{V V} =

M^2_V M^2_V − k^2

M^2_V M^2_V − k^{′2}

, (29)

which, when plugged in (28), leads to [34, 31],

Re R(η → μ^+μ^−) = −1.3^{+0.7}_{−0.5}, (30)

in the SU(3)-symmetric limit M_V = M_{ρ,ω}. This corresponds to

B(η → μ^+μ^−) = (1.18^{+0.08}_{−0.06}) × 10^{−5}, (31) in reasonable agreement with the experimental value (23). For completeness, we also quote the corresponding results for the η → e^+e^− decay amplitude: Re R(η → e^+e^−) = 31.3 ± 2.0, Im R(η → e^+e^−) = −21.9 and B(η → e^+e^−) = (3.04 ± 0.26)B^{unit} = (1.37 ± 0.12) × 10^{−8}.

From the ChPT point of view, Savage et al. [33] have introduced local P l^+l^− counterterms to render the amplitude finite,

L_{c.t.} = 3iα^2 32π^2 lγ^μγ_5l [ χ_1T r(Q^2Σ^†∂_μΣ − Q^2∂_μΣ^†Σ) +χ_2T r(QΣ^†Q∂_μΣ − Q∂_μΣ^†QΣ) ] , (32)

where l = e or μ, and Q is the electromagnetic quark charge matrix. Using the MS minimal subtraction scheme in dimensional regularization, the “reduced” amplitude reads [31]

Re R(q^2 = m^2_P ) = − χ_1(Λ) + χ_2(Λ) 4 − 5 2 + 3 ln m_l Λ + 1 4β ln^2 1 − β 1 + β + π^2 12β + 1 β Li_2 ( β − 1 β + 1 ) , (33)

where the explicit logarithmic dependence on Λ reflects the ultraviolate divergence of the loop, and cancels with the inclusion of the local counter-terms χ_1(Λ) + χ_2(Λ). The present experimental η → μ^+μ^− branching ratio requires a counter-term (for Λ = M_ρ = 0.77 GeV) given by

χ_1(M_ρ) + χ_2(M_ρ) = { −7^{+4}_{−5} −31^{+5}_{−4}

. (34)

In turn, the less precise π^0 → e^+e^− available experimental data [35] translate correspondingly into

χ_1(M_ρ) + χ_2(M_ρ) = { −22^{+25}_{−16} +81^{+16}_{−25}

. (35)

Notice that the first values are consistent with the existence of a unique counter-term, assuming lepton universality, while the second ones are not and, consequently, have to be discarded. This strongly relates η → μ^+μ^− and π^0 → e^+e^− in the sense that an accurate measurement for one of the two processes allows a good prediction for the other.

Adopting the resonance saturation hypothesis, one can go one step further and predict the value of the finite part of these counter-terms. This amounts to choose M_{ρ,ω} = 0.77 GeV as both the subtraction point Λ and the mass M_V appearing in our F_{V V} form factor (29). The previous result for η → μ^+μ^− (31) can be taken also as the prediction from ChPT with resonance saturation. In this context, it leads to χ_1(M_ρ) + χ_2(M_ρ) ≃ −14, close to the experimental values displayed in the first row of (34,35). An alternative method to estimate the counter-terms has been proposed recently using Lowest Meson Dominance in large-N_c QCD [36], with the result χ_1(M_ρ) + χ_2(M_ρ) ≃ −8.8 ± 3.6 , in nice agreement with the first value in Eq.(34).

We conclude that both the experimental result (23) and reasonable models indicate B(η → μ^+μ^−) ≃ 10^{−5}, which is well in the range of Wasa possibilities. The corresponding predictions for B(η → e^+e^−) ∼ 10^{−8} indicate that this channel might still be detected at Wasa.

2.3 η → π^+π^−γ^‡

The lowest order amplitude in ChPT for η(p_0) → π^+(p_1)π^−(p_2)γ(k) can be easily calculated from the WZ action (9). One obtains A = −eC^′_P √ 2π^2f^3 ϵ^{μναβ} ϵ_μp_{1ν} p_{2α} p_{0β} , (36)

where C^′_{η8} = 1/ √ 3, C^′_{η1} = √ 2/ √ 3 and ϵ is the photon polarization. The reliability of this approach can be tested observing that the related γπππ coupling can be expressed in terms of the coupling constant F^{3π} (C^′_π = 1 in Eq.(36)), which at this lowest order is related to the π^0γγ coupling, F^π (see Eq.(12), C_π0 = 1), by

F^{3π} = e √ 2π^2f^3 = 2F^π ef^2 . (37)

From the first equality one obtains F^{3π} = 9.7 ± 0.1 GeV^{−3}, not far from the experimental value [37]: F^{3π}_{exp} = 12.9 ± 0.9 ± 0.5 GeV^{−3}. The agreement is improved when the extraction of the experimental value is corrected taking into account both higher order chiral contributions [38] and e.m. effects. One then obtains F^{3π}_{exp corrected} = 10.7 ± 1.2 GeV^{−3} [39].

The use of the tree-level amplitude, Eq.(36), leads to Γ(η → π^+π^−γ) = 35 eV , somewhat lower than the experimental value, Γ_{exp}(η → π^+π^−γ) = 58 ± 6 eV [3], and to a photon energy spectrum less softer than the observed one [40]. Notice that use of f_{η8} = f_π –as predicted in ChPT at this level–, has been made in the above calculation, as well as f_{η1} = f_π, assuming nonet symmetry. Next to leading corrections break this U(3) symmetry results and have been estimated to imply f_{η8} /f_π = 1.3, f_{η1} /f_π = 1.1 [13] as discussed in subsection 2.1 where a good description of π^0, η, η^′ → γγ was achieved using θ = −19.5^∘. The introduction of the SU(3) breaking in the decay constants requires one-loop contributions.

The one-loop diagrams contributing to the processes η, η^′ → π^+π^−γ have been calculated using dimensional regularization in Ref.[14]. The results can be conveniently written in terms of divergent parts, containing λ = 1/ϵ + 1 + ln 4π − γ, and the function F in Eq.(20). The amplitudes for the processes relevant for the η particle turn out to be

A(η_8 → π^+π^−γ) = −e √ 6π^2f^2_π f_{η8} ϵ^{μναβ} A_μp_{1ν} p_{2α} p_{0β}

{1 + 1 16π^2f^2

[λ(4m^2_π − 4m^2_K + p^2_{12} + k^2) − (4m^2_π + 1 3 p^2_{12}) ln m^2_π μ^2

− k^2 ln m^2_K μ^2

+ (4m^2_K − 2 3 p^2_{12}) ln m^2_K μ^2 + 5 3 p^2_{12} + 5 3 k^2 + 4 3 F (m^2_π , p^2_{12}) + 8 3 F (m^2_K , p^2_{12})]

+4F (m^2_K , k^2)},

(38)

‡ Notice that this decay is also analyzed in Holstein’s contribution to this Handbook [6]

A(η_1 → π^+π^−γ) = −e √ 3π^2f^2_π f_{η1} ϵ^{μναβ} A_μp_{1ν} p_{2α} p_{0β}

{1 + 1 16π^2f^2

[λ(4m^2_π + 2m^2_K + 1 2 p^2_{12}) − (4m^2_π + 1 3 p^2_{12}) ln m^2_π μ^2

− (2m^2_K + 1 6 p^2_{12}) ln m^2_K μ^2 + 5 6 p^2_{12} + 4 3 F (m^2_π, p^2_{12}) + 2 3 F (m^2_K , p^2_{12})]}.

(39)

valid for both real (k^2 = 0) and virtual (k^2 > 0) photons.

The divergences appearing in the loop calculation of the amplitudes are eliminated redefining the coefficients of the O(p^6) Lagrangian. The terms contributing to the η_8π^+π^−γ vertex can be easily read from the general expression obtained in Ref. [13, 30, 29]. The relevant terms are

L^ϵ_6 = C_1ϵ^{μναβ} F_{μν} tr[Q(∂_αΣ^†Σ + ∂_αΣΣ^†)]tr(χ∂_β Σ^† + χ^†∂_β Σ)

+C_2ϵ^{μναβ} F_{μν} tr[(ΣQ∂_αΣ^† + QΣ∂_αΣ^† − ∂_αΣQΣ^† + Σ∂_αΣ^†Q)

(∂_λ∂_βΣ∂^λΣ^† − ∂_λΣ∂_β ∂^λΣ^† + ∂_β Σ∂^2Σ^† − ∂^2Σ∂_βΣ^†)]

+C_3ϵ^{μναβ} ∂^λF_{λμ}tr[QΣ∂_ν Σ^†Σ∂_αΣ^†Σ∂_βΣ^†],

(40)

where the first and the second terms take care of the divergences proportional to the pseudoscalar masses and invariant momenta, respectively. The terms of the Lagrangian in Eq. (40) are not enough to eliminate the divergences for η_1 → π^+π^−γ. This is because the calculation in Ref. [13, 30] was performed for SU(3)_L × SU(3)_R broken to SU(3)_V . When extending the symmetry to include the singlet, new terms such as

ϵ^{μναβ} A_{μν} tr[(χΣ^† + Σχ^†)(ΣQΣ^† − Q)Σ∂_αΣ^†]tr(Σ∂_βΣ^†), (41)

appear contributing only to this singlet part.

Numerical predictions cannot be automatically made at this point because the finite part of the coefficients in L^ϵ_6 are unknown constants. Here we will assume again that at μ ∼ M_ρ resonance saturation works and we fix the value of the relevant coefficients by the vector meson contributions à la Bando [20]. Then, the complete expressions for the amplitudes of the processes we are studying are

A(η_8 → π^+π^−γ) = −e √ 6π^2f^2_π f_{η8} ϵ^{μναβ} A_μp_{1ν} p_{2α} p_{0β} {1 + C^{η8}_{loops} + 3 2m^2_ρ p^2_{12}},

A(η_1 → π^+π^−γ) = −e √ 3π^2f^2_π f_{η1} ϵ^{μναβ} A_μp_{1ν} p_{2α} p_{0β} {1 + C^{η1}_{loops} + 3 2m^2_ρ p^2_{12}},

(42)

where the last pieces come from resonance saturated counter-terms and C^{η8}_{loops} and C^{η1}_{loops} are the finite part of the loop corrections quoted in Eqs.(38,39). The k^2 term in these Eqs. follows from the (phenomenologically reasonable) assumption that there is no direct (contact) coupling between vector–mesons and PPP–states and that the P γγ and P V γ vertices proceed exclusively through P V V .

The predicted decay width for η → π^+π^−γ at O(p^6) in this ChPT approach turns out to be Γ(η → π^+π^−γ) = 47 eV [14], thus improving the tree-level prediction, but still 1.8σ too low compared to the experimental value. The correction is now dominated by the contribution of the O(p^6) terms of the Lagrangian. Setting their coefficients to be zero, the prediction for the decay width would be Γ_{loops}(η → π^+π^−γ) = 27 ± 3 eV , lower than the tree-level prediction and very different from the experimental value. Notice that the above results correspond to the η − η^′ mixing angle θ = −19.5^∘. If one allows small deviations, θ = (−19.5 ∓ 2.5)^∘, the decay width becomes Γ(η → π^+π^−γ) = 47 ± 5 eV.

Wasa could provide accurate values of this branching ratio as well as for the corresponding photonic spectrum (details on the later can be found in Ref.[14]).

3 Even intrinsic parity η decays

In this section we move to the consideration of the even intrinsic parity η decays (sometimes called non-anomalous processes). We start with a brief discussion of the hadronic channel η → 3π, which is an isospin violating process and contains information on m_d − m_u. Then we move to e.m. decays. We consider the decay η → π^0γγ, which turns to be very interesting from the ChPT point of view. The related decay η → π^0l^+l^−, important as a possible check of C and CP single photon contributions, is also commented. Finally, the channel η → π^+π^−π^0γ, closely related to η → 3π via photon radiation, is analyzed.

3.1 η → 3π

The decay η → 3π was originally discussed in ChPT by Gasser and Leutwyler [41]. It is also extensively discussed in Gasser’s [4], Bijnens [5] and Holstein’s [6] contributions to this Handbook. Here we include a brief review in order to fix notation that will be used below when discussing η → π^+π^−π^0γ and η → ππγγ decays. The η → 3π transition violates G– parity. This makes the amplitude proportional to m_d − m_u and therefore vanishes in the limit of exact isospin symmetry. Using the ChPT Lagrangian (4) one finds the well known tree-level amplitude (CA result)

A(η → π^+(p_+)π^−(p_−)π^0(p_0)) = − B(m_d − m_u) 3 √ 3f^2 [ 1 + 3 s − s_0 m^2_η − m^2_π ] , (43)

where s = (p_+ + p_−)^2, s_0 = (s + t + u)/3 = m^2_π + m^2_η/3 and B(m_d − m_u)/2 = Δm^2_K is the QCD part of the kaonic squared mass difference (see Eqs.(6,7)). Gasser and Leutwyler [41] used the Dashen’s theorem [10] to fix

Δm^2_K|_{DT} = m^2_K0 − m^2_K+ − m^2_π0 + m^2_π2 = 5.3 × 10^{−3} GeV^2, (44)

which leads to the lowest order rate

Γ^{tree}_{DT} (η → π^+π^−π^0) = 66 eV, (45)

well below the experimental result [3]

Γ^{exp}(η → π^+π^−π^0) = 271 ± 26 eV. (46)

This prompted the same authors [41] to introduce the one-loop corrections plus the corresponding counter-terms. The one-loop expressions for the amplitudes read

A(η → π^+(p_+)π^−(p_−)π^0(p_0)) = − B(m_d − m_u) 3 √ 3f^2 [ 1 + 3 s − s_0 m^2_η − m^2_π

+ U + V + W ] , A(η → 3π^0) = A(η → π^+π^−π^0) + A(η → π^−π^0π^+) + A(η → π^0π^+π^−), (47)

where U +V contains the contribution of loop diagrams and O(p^6) counter-terms, while 1+W takes into account the η − η^′ mixing effects (and depends essentially on the L^r_7 counter-term). For further reference we quote the corresponding values at the center of the Dalitz plot: U_0 + V_0 = 0.39 − 0.03 + 0.18i and 1 + W_0 ≃ 1.15. The one-loop effects in [41] represent an enhancement by a factor 2.4 respect to the lowest order prediction Γ^{1 loop} DT (η → π^+π^−π^0) = 160 ± 50 eV, (48)

where the error accounts for higher order uncertainties. This result is in qualitative agreement with the analysis done in Ref.[42] where it is shown that the unitarity corrections generated by ππ final state interactions are large. On the other hand, the inclusion of e.m. corrections do not modify appreciably the above result [43].

This result can be reanalyzed having in mind that Dashen’s theorem should be corrected [16] resulting in Δm^2_K ≃ 1.3Δm^2_K|_{DT} , which represents enhancements of ∼ 70% to the previous values, thus going in the good direction to explain the experimental rate.

On the other hand, some discrepancies with the ChPT predictions seem to appear when expanding the decay amplitude around the center of the Dalitz plot. Moreover, when comparing the decay rates into neutral and charged pions, the situation is also confusing. Indeed, in terms of the branching ratio r = Γ(η → 3π^0) Γ(η → π^+π^−π^0)

, (49)

one gets r_{tree} = 1.51, r_{1 loop} = 1.43 [41], whereas the experimental value coming from the PDG is r_{exp} = 1.40 ± 0.03 [3], favoring the one-loop result, while a recent measurement at the CMD-2 detector reports [44] r = 1.52 ± 0.04 ± 0.08, which seems to favor the tree-level result, although being compatible with the one-loop prediction.

3.2 η → π^0γγ

The η → π^0γγ decay has a long story, nicely reviewed in Ref.[45], and furnish a stringent test of ChPT. It is also discussed by Bijnens [5]. At lowest order in ChPT, one predicts a vanishing η → π^0γγ decay width contrasting with the measured value [3]^§

Γ(η → π^0γγ) = (7.1 ± 1.4) × 10^{−4} Γ(η → all) = 0.84 ± 0.18 eV. (50)

Higher orders in ChPT allow to obtain predictions not far from this value thanks to a rather complicated interplay among loop corrections and counterterms.

§ A recent measurement by Crystal Ball of Γ(η → π^0 γγ) = 0.38 ± 0.11 eV was reported by Nefkens [46] during this workshop.

The amplitude for the decay η(P ) → π^0(p)γ(q_1)γ(q_2) can be written in the following form M = ∑ i (a^t_i + a^P_i )A + ∑ i (b^t_i + b^P_i )B, (51)

where A and B are the two kinematically allowed amplitudes

A = (ϵ_1 · ϵ_2)(q_1 · q_2) − (ϵ_1 · q_2)(ϵ_2 · q_1)

B = −(ϵ_1 · ϵ_2)(P · q_1)(P · q_2) − (ϵ_1 · P )(ϵ_2 · P )(q_1 · q_2) +(ϵ_1 · q_2)(ϵ_2 · P )(P · q_1) + (ϵ_1 · P )(ϵ_2 · q_1)(P · q_2).

(52)

Their coefficients a^t_i, b^t_i refer to the tree–level and counter–term contributions, whereas a^P_i , b^P_i , with P = π or K, refer to the contributions from pion or kaon loops. The sum extends from the lowest order terms, i = 2, to higher ones i = 4, 6, ... We also define s = (q_1 +q_2)^2 = 2q_1 ·q_2, t = (P − q_2)^2, u = (P − q_1)^2 and s + t + u = m^2_η + m^2_π. With these conventions fixed we now proceed to review the different contributions to the amplitude M.

As previously stated, there is no lowest order O(p^2) contribution from L_2 to the η → π^0γγ amplitude, i.e. a^t_2 = b^t_2 = 0, as can be immediately seen from Eqs.(4) and (5) with [Q, Σ] = 0 for neutral pseudoscalars.

At next order, O(p^4), the tree–level amplitude coming from Eq.(8) is also zero, a^t_4 = b^t_4 = 0. This is clearly the case for the WZ–term contributing only to anomalous processes and also for the counter-terms in Eq.(8). Indeed, photon couplings are generated either by covariant derivatives or by F_{μν} terms like the two terms proportional to L_9 (for one photon) and to L_{10} (for two photons) in (8). But the vanishing of [Q, Σ] when only neutral π^0 and η are involved is enough to guarantee a null contribution in all cases [47]. This absence of counter-terms implies that loop contributions at this order cannot be divergent. They contain two vertices of the Lagrangian L_2 and a (charged) pion or kaon loop. One obtains b^{π,K}_4 = 0 and the finite expressions [48]

a^π_4 = −4 √ 2α 3 √ 3πf^2

Δm^2_K ( 1 + 3s − m^2_η − 3m^2_π m^2_η − m^2_π ) H(s, m^2_π)

a^K_4 = 2 √ 2α 3 √ 3πf^2 ( 3s − m^2_η − 1 3 m^2_π − 8 3 m^2_K ) H(s, m^2_K) (53)

with (x ≡ s/m^2) sH(s, m^2) ≡ s ∫_1 0 dz ∫_{1−z} 0 dy zy m^2 − szy = − 1 2 − 1 2x ln^2 √ x + √ x − 4 − √ x + √ x − 4 sH(s, m^2_K ) ≃ s 24m^2_K for s << m^2_K .

(54)

The small correction to a^K_4 proportional to Δm^2_K has been ignored.

If one further introduces the numerical values f = 130.7 MeV, Δm^2_K as in Eq.(7) and the η mass, one obtains the loop contributions up to O(p^4) to the η → π^0γγ width

Γ^{(4)}(η → π^0γγ) = 7.18 × 10^{−3} eV (55) more than two orders of magnitude below the measured width (50). The pion loop contribution is small due to the G–parity violation in the vertex ηπ^+π^−π^0, which makes the amplitude proportional to m_d − m_u or Δm^2_K as seen in Eq.(53). The contribution of the G–parity conserving kaon loops is also small because the loop–integration introduces the function H(s, m^2_K) ≃ 1/24m^2_K with a large denominator in our case with m^2_K >> s. Further contributions are required. This was noted independently by Ecker et al., Ref.[49].

Corrections of O(p^6) were partially considered in [48, 50] in terms of resonance saturation for counter-terms including vectors as well as the scalar a_0(980) and tensor a_2(1320) resonances. Such tree-level contributions were argued to dominate over one-loop corrections of the same order using G-parity suppression arguments in the case of pion loops, and the smallness of the one-loop functions appearing in kaon loops. The corresponding result was

Γ^{(6)}(η → π^0γγ) ≃ 0.18. eV (56)

At O(p^8) more counter-terms appear and a new type of loop–correction becomes potentially important. Since the counter-term contributions are assumed to be resonance dominated one can simply take the full VMD amplitude, M_{V M D} = 2 √ 2 3 √ 3 g^2_{ωπ}0_γ { [ P · q_2 − m2_η M^2_V − t + P · q_1 − m^2_η M^2_V − u ] A − [ 1 M^2_V − t + 1 M^2_V − u ] B } , (57)

as an “all–order” estimate, i.e., at O(p^6) and higher. This represents a substantial increase to the rate, namely, Γ_{V M D}(η → π^0γγ) = 0.31 eV, (58)

in reasonable agreement with older VMD estimates [51]. Analogous a_0(980) and a_2(1320) contributions are expected to slightly modify this result as discussed above. A new type of loop effects looks a priori more interesting. Taking two vertices from the anomalous L_{W Z} implies a non–anomalous one–loop correction of O(p^8). Indeed, pion loops are no longer suppressed because there is no G–parity violation in the πππγ and ηππγ vertices and moreover the kaon loop suppression due to the function H in Eq.(54) does not occur. However, one easily obtains Γ^{(8)}(η → π^0γγ) = 4.8 × 10^{−3} eV (59)

to be compared with Γ^{(4)} in Eq.(55). The dominant contribution to Γ^{(8)} comes from the absorptive part of the amplitude, which is much larger than that of the pion loop in Γ^{(4)} as expected.

A convenient way of presenting the ChPT predictions for Γ(η → π^0γγ) consists in summing up all the contributions which are not negligible and present no sign ambiguities, i.e., the non–anomalous pion and kaon loops at O(p^4), Eq.(53), the corresponding loops at O(p^8) with two WZ vertices, and the “all–order” sum of VMD counter-terms in Eq.(57). This implies [48] Γ(η → π^0γγ) = 0.42 ± 0.20 eV, (60)

where the error comes essentially from the sign ambiguity in the interference of the a_0(980) and a_2(1320) resonances respect to the vector dominated contribution, and the lack of knowledge of higher order contributions. This ChPT result is in agreement with related work by Picciotto [52] (performed also in the same ChPT context) and Ng and Peters [53] (who estimated the dominant VMD contribution). More phenomenological predictions using constituent quark models exist. Good agreement with the experimental result can be reached with constituent quark masses of 300 MeV for up and down quarks [54]. Measures of the photon energy and/or the two-photon invariant mass spectra, which have different shapes for different models, would help to elucidate the best theoretical description for η → π^0γγ decay.

3.3 η → π^0l^+l^−

The rare decays η → π^0e^+e^−, π^0μ^+μ^− have not yet been observed. They can occur at second order of the e.m. interaction without C violation, through the chain η → π^0γγ → π^0e^+e^− and π^0 → μ^+μ^−. The imaginary part of the amplitude is given by forcing the two intermediate photons to be on–shell and requires good knowledge of the ηπ^0γγ decay which unfortunately is not the case at the moment, as we discussed in the preceding subsection. In addition, the real part of the amplitude diverges unless one introduces suitable form factors for the off–shell photons that regularizes the loop integration at expenses of making it model dependent.

Some years ago, Cheng [55] computed the η → π^0e^+e^− decay in the limit m_e = 0 using a VMD model. He found Γ(η → π^0e^+e^−) = 13 μeV . More recently, Ng and Peters [53] have analyzed the η → π^0μ^+μ^− channel, where the muon mass can not be neglected. Making also use of VMD (and also considering the a_0(980) exchange in the two photon intermediate state) they give approximate analytical expressions for the imaginary part of the η → π^0ll̄ amplitudes and for the energy spectrum of the pion. The following unitarity bounds were obtained Γ^{unit}_{2γ} (η → π^0e^+e^−) | |_{V M D} = 1.1^{+0.6}_{−0.5} μeV

Γ^{unit}_{2γ} (η → π^0μ^+μ^−) | | |_{V M D} = 0.5^{+0.3}_{−0.2} μeV. (61)

The inclusion of the a_0(980) exchange affects only the muon channel, leading to 0.9^{+0.6}_{−0.5} (0.3^{+0.4}_{−0.2}) μeV for constructive (destructive) interference. They estimated the dispersive part of the amplitude by means of an ad hoc cutoff of 1 GeV to be |ReA_{μμ̄}/ImA_{μμ̄}| ≤ 0.5, suggesting that the rate can not be much greater than the unitarity bound. This conclusion is consistent with the results obtained by Heiliger and Sehgal [56] using a dispersive treatment for the similar processes K_L → π^0e^+e^− and K_l → π^0μ^+μ^−, | | |ReA^{KL}_{μμ̄} /ImA^{KL}_{μμ̄} | | | ≤ 0.7, | |ReAK_{Leē} /ImAK_{Leē} | | ≤ 1.25. 3.4 η → π^+π^−π^0γ

The η → π^+π^−π^0γ process has been analyzed in the ChPT framework [57, 58]. At lowest order, the amplitude is dominated by pure bremsstrahlung and is thus closely related to the isospin violating η → π^+π^−π^0 amplitude. At O(p^4), apart from the correction to the inner bremsstrahlung contribution, a new structure dependent (or direct emission) contribution appears, which does not vanish in the isospin limit. This makes the process interesting since it carries new information not accessible from η → 3π. Both contributions were estimated in [57] using an ad hoc parametrization of the η → π^+π^−π^0 amplitude. It essentially consists in approximating the amplitude by its value at the center of the Dalitz plot, using U + V ≃ U_0 + V_0 = 0.39 − 0.03 + 0.18i; 1 + W ≃ √ 2, value that differs from 1 + W_0 ≃ 1.15 and takes into account the phenomenological η − η^′ mixing for radiative processes, and using the enhancement of the amplitude through the correction of Dashen’s theorem. This analysis was performed considering only the isospin conserving kaon loop contribution, which was expected to be dominant. Next order contributions were also estimated using VMD saturation hypothesis, in a similar way as in the η → π^0γγ ChPT prediction. The conclusion reached was that the inner bremsstrahlung amplitude strongly dominates. Several technical points were refined and improved in [58]. Mainly, a better treatment of the Low’s theorem for the inner bremsstrahlung amplitude and the inclusion of the pion-loops leads to the result BR(η → π^+π^−π^0γ; E_γ ≥ 10MeV ) = (3.14±0.05)×10^{−3}BR(η → π^+π^−π^0). The contribution of the structure dependent contribution to the above result turns out to be a tiny ∼ 0.02%. 4 η → ππγγ decays In this section we comment on the anomalous η → ππγγ decays. They were first discussed at tree-level in ChPT in Ref.[59]. The next order contributions to the neutral channel were computed in [60, 61]. Being multi-body decays, several contributions appear. In fact, the amplitude for the neutral channel, for instance, can be written as [61]

A(η → π^0π^0γγ) = A(η → π^0π^0γγ)_π0_{−pole} (62) + A(η → π^0π^0γγ)_{η−tail} + A(η → π^0π^0γγ)_{1P I} (63) + A(η → π^0π^0γγ)_{V M D}. (64)

The first term proceeds through the chain η → π^0π^0π^0 with a subsequent anomalous π^0 → γγ transition. It thus depends on the non-anomalous and isospin breaking η → 3π^0 amplitude, discussed in Section 3.1. Actually, the avaliable phase space suggests that a simplified treatment of the η → 3π^0, along the lines described in the previous Section 3.4 is possible. The second contribution proceeds through the isospin conserving decay chain η → π^0π^0η → π^0π^0γγ and turns to vanish in the chiral limit. The third term includes one-particle irreducible (1PI) one-loop diagrams, with an η → π^+π^−γ(γ) vertex from the WZ Lagrangian, followed by π^+π^−(γ) → π^0π^0γ rescattering. The last VMD contribution represents an estimate of higher-order contributions. The analysis of reference [61] can be summarized in the diphoton mass spectrum of Fig.1. This figure clearly shows that this partial decay width is dominated by the pion-pole in η → 3π^0.

In [60, 61] the charged η → π^+π^−γγ channel was also discussed up to O(p^6). The interest of this process from the ChPT point of view is masked by the dynamics of the processes η → π^+π^−γ with an additional radiative photon, and η → π^+π^−π^0 with a subsequent π^0 → γγ decay.

Acknowledgments.

I thank G. Fäldt and J. Bijnens for their kind invitation to the Workshop on Eta Physics. I am also indebted to A. Bramon for his collaboration and careful reading of the manuscript.

List of Figures

1 Diphoton mass spectrum z ≡ m^2_{γγ} /m^2_η for the η → π^0π^0γγ decay. . . . . . . . 20

References

[1] M. N. Achasov et al., hep-ex/0109035.

[2] Ll. Ametller, “The second DAPHNE physics handbook.” (Edited by L. Maiani, G.

Pancheri and N. Paver) (INFN Laboratori Nazionali di Frascati, 1995), vol. I, Ch. 8, p. 427. This refecence is devoted to “Electromagnetic eta decays” and has extensively been used –and updated– in this present contribution to the Eta Physics Handbook.

[3] D. E. Groom et al. [Particle Data Group Collaboration], Eur. Phys. J. C 15, 1 (2000). [4] J. Gasser, in this Eta Physics Handbook. [5] J. Bijnens, in this Eta Physics Handbook. [6] B. Holstein, in this Eta Physics Handbook.

[7] E. Shabalin, in this Eta Physics Handbook; B.M.K. Nefkens, Few Body Syst. Suppl.9, 193 (1995).

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

[9] P. Herrera-Siklody, J. I. Latorre, P. Pascual and J. Taron, Phys. Lett. B 419, 326 (1998).

[arXiv:hep-ph/9710268].

[10] R. F. Dashen, Phys. Rev. 183, 1245 (1969).

R. F. Dashen and M. Weinstein, Phys. Rev. 183 1261, (1969). [11] J. Bijnens, Int. J. Mod. Phys. A 8, 3045 (1993).

[12] J. F. Donoghue, B. R. Holstein and Y. C. Lin, Phys. Rev. Lett. 55, 2766 (1985). [13] J. Bijnens, A. Bramon and F. Cornet, Z. Phys. C 46, 599 (1990). [14] J. Bijnens, A. Bramon and F. Cornet, Phys. Lett. B 237, 488 (1990). [15] A. Bramon and E. Massó, Phys. Lett. B 93, 65 (1980). [Erratum-ibid. B 107, 455 (1980)]. [16] J. F. Donoghue, B. R. Holstein and D. Wyler, Phys. Rev. Lett. 69, 3444 (1992); J. Bijnens, Phys. Lett. B 306, 343 (1993). [hep-ph/9302217].

[17] J. Wess and B. Zumino, Phys. Lett. B 37, 95 (1971); E. Witten, Nucl. Phys. B 223, 422 (1983).

[18] J. Bijnens, Int. J. Mod. Phys. A 8, 3045 (1993).

[19] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. Phys. B 321, 311 (1989). [20] M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164, 217 (1988). [21] P. Kroll, in this Eta Physics Handbook. See also, T. Feldmann, Int. J. Mod. Phys. A 15, 159 (2000) [arXiv:hep-ph/9907491].

[22] H. Leutwyler, Nucl. Phys. Proc. Suppl. 64, 223 (1998) [arXiv:hep-ph/9709408]. [23] J. Gronberg et al. [CLEO Collaboration], Phys. Rev. D 57, 33 (1998) [arXiv:hepex/9707031].

[24] T. Feldmann, P. Kroll and B. Stech, Phys. Rev. D 58 114006 (1998) [arXiv:hepph/9802409]; Phys. Lett. B 449, 339 (1999) [arXiv:hep-ph/9812269]; A. Bramon, R. Escribano and M. D. Scadron, Phys. Lett. B 503, 271 (2001) [arXiv:hep-ph/0012049]; Eur. Phys. J. C 7, 271 (1999) [arXiv:hep-ph/9711229]; Phys. Lett. B 403, 339 (1997) [arXiv:hep-ph/9703313].

[25] A. Farilla, in this Eta Physics Handbook.

[26] R. I. Dzhelyadin et al., Phys. Lett. B 88, 379 (1979) [JETP Lett. 30, 359 (1979)]; Phys.

Lett. B 94, 548 (1980) [Sov. J. Nucl. Phys. 32 516, (1980); Yad. Fiz. 32, 998 (1980)]. [27] J. Bijnens, A. Bramon and F. Cornet, Phys. Rev. Lett. 61, 1453 (1988). [28] L. Ametller, J. Bijnens, A. Bramon and F. Cornet, Phys. Rev. D 45, 986 (1992). [29] H. W. Fearing and S. Scherer, Phys. Rev. D 53, 315 (1996). [hep-ph/9408346]. [30] D. Issler, SLAC-PUB-4943-REV.

[31] Ll. Ametller, A. Bramon and E. Massó, Phys. Rev. D 48,3388 (1993) [hep-ph/9302304]. [32] A dispersive treatment was used by M. Pratap and J. Smith, Phys. Rev. D 5, 2020 (1972).

Constituent quark models were considered by Ll. Ametller, L. Bergstrom, A. Bramon and E. Massó, Nucl. Phys. B 228, 301 (1983), Phys.Lett. B 126, 117 (1983); A. Pich and J. Bernabeu, Z. Phys. C 22, 197 (1984); B. Margolis, J. Ng, M. Phipps and H. D. Trottier, Phys. Rev. D 47, 1942 (1993) [hep-ph/9210259].

[33] M. J. Savage, M. Luke and M. B. Wise, Phys. Lett. B 291, 481 (1992) [hep-ph/9207233]. [34] C. Quigg and J.D. Jackson, UCRL Report No. 18487 (1968) (unpublished). [35] A. Deshpande et al., Phys. Rev. Lett. 71, 27 (1993); K. S. McFarland et al., Phys. Rev.

Lett. 71, 31 (1993).

[36] M. Knecht, S. Peris, M. Perrottet and E. de Rafael, Phys. Rev. Lett. 83, 5230 (1999) [hep-ph/9908283].

[37] Y. M. Antipov et al., Phys. Rev. D 36, 21 (1987). [38] T. Hannah, Nucl. Phys. B 593, 577 (2001) [hep-ph/0102213].

[39] L. Ametller, M. Knecht and P. Talavera, Phys. Rev. D 64, 094009 (2001) [arXiv:hepph/0107127].

[40] J. G. Layter, J. A. Appel, A. Kotlewski, W. Lee, S. Stein and J. J. Thaler, Phys. Rev.

D 7, 2565 (1973); J. J. Thaler, J. A. Appel, A. Kotlewski, J. G. Layter, W. Lee and S. Stein, Phys. Rev. D 7, 2569 (1973).

[41] J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 539 (1985).

[42] C. Roiesnel and T. N. Truong, Nucl. Phys. B 187, 293 (1981).

[43] R. Baur, J. Kambor and D. Wyler, Nucl. Phys. B 460, 127 (1996) [hep-ph/9510396]. [44] R. R. Akhmetshin et al. [CMD-2 Collaboration], Phys. Lett. B 509, 217 (2001) [hepex/0103043].

[45] M. N. Achasov et al., Nucl. Phys. B 600, 3 (2001) [hep-ex/0101043]. [46] B.M.K. Nefkens, in this Eta Physics Handbook.

[47] See J. Bijnens and F. Cornet, Nucl. Phys. B 296, 557 (1988), for the analogous γγ → π^0π^0 amplitude.

[48] L. Ametller, J. Bijnens, A. Bramon and F. Cornet, Phys. Lett. B 276, 185 (1992). [49] See the contribution by G. Ecker in the Proc. of the Ringberg Workshop on Hadronic Matrix Elements, Ringberg Castle, FRG, April 1988, Nucl. Phys. B (Proc. Suppl.) 7A, 1 (1989).

[50] P. Ko, Phys. Lett. B 349, 555 (1995) [hep-ph/9503253].

[51] S. Oneda and G. Oppo, Phys. Rev. 160, 1397 (1968); A. Baracca and A. Bramon, Nuovo Cimento 69A, 613 (1970).

[52] C. Picciotto, Nuovo Cim. A 105, 27 (1992). [53] J. N. Ng and D. J. Peters, Phys. Rev. D 46,5034 (1992). [54] J. N. Ng and D. J. Peters, Phys. Rev. D 47,4939 (1993). [55] T. P. Cheng, Phys. Rev. 162, 1734 (1967).

[56] P. Heiliger and L. M. Sehgal, Phys. Rev. D 47, 4920 (1993).

[57] A. Bramon, P. Gosdzinsky and S. Tortosa, Phys. Lett. B 377, 140 (1996) [hepph/9603357].

[58] G. D’Ambrosio, G. Ecker, G. Isidori and H. Neufeld, Phys. Lett. B 466, 337 (1999) [hep-ph/9905420].

[59] G. Knochlein, S. Scherer and D. Drechsel, Phys. Rev. D 53,3634 (1996) [hep-ph/9601252]. [60] S. Bellucci and G. Isidori, Phys. Lett. B 405, 334 (1997) [hep-ph/9610328]. [61] Ll. Ametller, J. Bijnens, A. Bramon and P. Talavera, Phys. Lett. B 400, 370 (1997) [hep-ph/9702302].

Figure 1: Diphoton mass spectrum z ≡ m^2_{γγ} /m^2_η for the η → π^0π^0γγ decay. The dashed line is the π^0-pole contribution. The upper dotted line corresponds to the O(p^6) result. The lower dotted line is the VMD contribution. The solid line corresponds to the total contribution. The symbols at the end of the spectrum show the total result using an approximate expression valid at values close to z = 1/4.