arXiv:hep-ph/0609040v3 21 Mar 2007

Electromagnetic polarizabilities of the nucleon and properties of the σ-meson pole contribution

Martin Schumacher mschuma3@gwdg.de Zweites Physikalisches Institut der Universität Göttingen, Friedrich-Hund-Platz 1 D-37077 Göttingen, Germany

Abstract

The t-channel contribution to the difference of electromagnetic polarizabilities of the nucleon, (α−β)^t, can be quantitatively understood in terms of a σ-meson pole in the complex t-plane of the invariant scattering amplitude A_1(s, t) with properties of the σ meson as given by the quark-level Nambu–Jona-Lasinio model (NJL). Equivalently, this quantity may be understood in terms of a cut in the complex t-plane where the properties of the σ meson are taken from the ππ → σ → ππ, γγ → σ → ππ and NN̄ → σ → ππ reactions. This equivalence may be understood as a sum rule where the properties of the σ meson as predicted by the NJL model are related to the f_0(600) particle observed in the three reactions. In the following we describe details of the derivation of (α − β)^t making use of predictions of the quark-level NJL model for the σ-meson mass.

PACS. 11.30.Rd Chiral symmetries – 11.55.Fv Dispersion relations – 11.55.Hx Sum rules – 13.60Fz Elastic and Compton scattering – 14.65.Bt Light quarks – 14.70.Bh Photons

1 Introduction

The σ meson is an indispensable supplement of the pion [1]. In terms of non-strange quarks, the argument is that four qq̄ states should correspond to four mesons where the neutral members of the (π, σ) isospin quartet have the flavor structures |π^0⟩ = (uū−dd̄)/ √ 2 and |σ⟩ = (uū+dd̄)/ √ 2. According to its flavor structure the σ meson is a scalar-isoscalar particle with relative angular momentum L = 1 and spin S = 1 of the two quarks coupled to J = 0. Therefore, it has the quantum numbers of the vacuum and, correspondingly, the σ-field entering into the linear σ model (LσM) has a nonzero vacuum expectation value ⟨0|σ|0⟩ ≠ 0. This leads to a mass m_σ of the σ meson which is not quantitatively predicted by the LσM, but quite naturally follows from the quark-level Nambu–Jona-Lasinio model (NJL), by adjusting the predictions of this model to the pion decay constant f_π, the average current-quark mass m_0 =^1_2 (m_u + m_d) and to the pion mass m_π. In this way parameters can be avoided which otherwise would not be precisely determined. On the other hand, the σ meson showing up as a broad resonant intermediate state in reactions in which two pions are involved [2] may be understood as a (uū + dd̄)/ √ 2, 1^3P_0 core state in a confining potential, coupled to a (π^+π^− − π^0π^0 + π^−π^+)/ √ 3 di-pion state in the continuum, where the two pions are in a relative S-state with isospin I = 0. This coupling lowers the average mass as compared to the confined core state and leads to a broad mass distribution. This dual aspect of the σ meson leads to two different predictions for the t-channel contribution, (α − β)^t, of the difference of the electric and magnetic polarizability of the nucleon which have been shown [3] to agree with each other and with the experimental result. In the present work we give details of the derivation of (α − β)^t making use of predictions of the NJL model for the σ-meson mass.

2 The quantity (α − β)^t predicted from a σ-meson pole

Effective field theories are an excellent tool to adapt properties of QCD to the low-energy regime. In applying these effective field theories to phenomena like the polarizability of the nucleon, care has to be taken to find out what aspects of the phenomenon under consideration can be reproduced and where other theoretical tools are more appropriate.

2.1 Outline of the problem and arguments in favor of the NJL model

In case of Compton scattering [4–10] two types of degrees of freedom (d.o.f.) of the nucleon have to be taken into account which may be termed s-channel d.o.f. and t-channel d.o.f. The schannel d.o.f. are those degrees of freedom of the nucleon which also show up in photoabsorption experiments on the nucleon. The main examples are the nonresonant E_0+ channel of pion photoproduction corresponding to the “pion cloud”, and the Δ resonance. The nonresonant E_0+ channel is of E1 multipolarity and contributes only about 40% of the electric polarizability α, in partial contradiction to the frequently stated belief that the “pion cloud” dominates the electric polarizability. The results obtained [3] for the s-channel contributions are α^s_p = 4.5 ± 0.5 and α^s_n = 5.1±0.6 (in units of 10^{−4}fm^3) for the proton and neutron, respectively, to be compared with the corresponding experimental values α^{exp}_p = 12.0 ± 0.6 and α^{exp}_n = 12.5 ± 1.7. The Δ resonance is the origin of the by far dominating part of the electromagnetic polarizabilities. It is of M1 multipolarity and, therefore, a strong source of paramagnetic polarizability. Here the numbers are β^s_p = 9.5 ± 0.5 and β^s_n = 10.1 ± 0.6 to be compared with β^{exp}_p = 1.9 ± 0.6 and β^{exp}_n = 2.7 ± 1.8. Apparently, there exists a strong diamagnetic polarizability which cannot have its origin from the s-channel d.o.f. For illustration, the s-channel d.o.f. are shown in Fig. 1. We

Figure 1: s-channel d.o.f.: Photoabsorption cross section separated into multipoles

see the strong P_{33}(1232) (Δ) resonance line and two other prominent lines corresponding to the D_{13}(1520) and the F_{15}(1680) resonances which are sources of E1 and E2 strength, respectively. The main source of E1 strength is due to the nonresonant part of the cross section, which at the lower energies is due to 1π photoproduction, and due to 2π · · · photoproduction at higher energies.

The additional t-channel d.o.f. are required by Mandelstam analyticity [11]. The invariant amplitudes A_i(s, t) are analytical functions of the two variable s and t and, therefore, the singularities of the t-channel as well as those of the s-channel have to be taken into account. The t-channel d.o.f. may be identified with a (π^0, σ) doublet in the intermediate state where the two mesons are coupled to two photons on the one side and to constituent quarks on the other. In terms of linear polarization the two cases differ from each other by the fact that for the π^0 meson the directions of linear polarization are perpendicular whereas for the σ meson they are parallel. The π^0 meson corresponds to a pole in the t-plane which contributes the dominant part, γ^t_π, of the backward spin polarizability γ_π. The σ meson contributes the dominant part, (α−β)^t, of the difference of electromagnetic polarizabilities (α − β). As a broad mass distribution, the σ meson corresponds to a cut in the t-plane whereas as a particle with a definite mass m_σ it corresponds to a pole in analogy to the π^0 meson case.

As far as effective field theories are concerned only those versions are of interest which contain the σ meson explicitly as a particle. This means that the quark-level linear σ model (LσM) and the quark-level Nambu–Jona-Lasinio model (NJL) are candidates for representing the t-channel d.o.f. whereas the nonlinear σ model and chiral perturbation theory may be disregarded in connection with the present purpose. The Lagrangian of the LσM consistently describes the mechanism of spontaneous symmetry breaking but does not have the capability of predicting the σ meson mass m_σ on an absolute scale [12, 13]. This is different in the NJL model [14–21] which describes dynamical symmetry breaking and, thus, predicts a definite σ meson mass, m_σ, instead of a broad mass distribution. This is the reason why we consider the NJL model as the appropriate candidate for our present study. However, the application of the NJL should be restricted to predictions in connection with the σ-pole contribution. Applications to other aspects of the electromagnetic polarizabilities are not expected to lead to meaningful results.

2.2 The mass m_σ of the σ meson

The Lagrangian of the NJL model has been formulated in two equivalent ways [15–18]

L_{NJL} = ψ̄(i/∂ − m_0)ψ + G 2 [(ψ̄ψ)^2 + (ψ̄iγ_5τ ψ)^2], (1) and L^′_{NJL} = ψ̄i/∂ψ − gψ̄(σ + iγ_5τ · π)ψ − 1 2 δμ^2(σ^2 + π^2) + gm_0 G σ, (2) where G = g^2/δμ^2 and δμ^2 = (m^{cl}_σ )^2. (3)

Eq. (1) describes the four-fermion version of the NJL model and eq. (2) the bosonized version.

Figure 2: a) Four-fermion theory tadpole diagram, b) bosonized tadpole diagram [15].

The quantity ψ denotes the spinor of constituent quarks with two flavors. The quantity G is the coupling constant of the four-fermion version, g the Yukawa coupling constant and δμ a mass parameter entering into the mass counter-term of eq. (2). The coupling constants G, g and the mass parameter δμ are related to each other and to the σ meson mass in the chiral limit (cl), m^{cl}_σ , as given in (3). The relation δμ^2 = (m^{cl}_σ )^2 can easily be derived by applying spontaneous symmetry breaking to δμ in analogy to spontaneous symmetry breaking predicted by the LσM for the mass parameter μ entering into this model [13]. In the chiral limit (m_0 → 0) the version of Eq. (2) contains the spinor-dependent term in the same way as the LσM, whereas the major part of the bosonic (π, σ) dependent terms of the LσM are absent. This means that with respect to the spinor dependent terms the LσM and the NJL model are equivalent whereas only a truncated version of the bosonic part of the LσM is produced. The terms in Eqs. (1) and (2) containing the average current-quark mass m_0 describe explicit symmetry breaking and can be shown to be equivalent. The insight that the LσM and the NJL model are basically equivalent dates back to the 1960s and 1970s. Fig. 2 shows the four-fermion theory tadpole diagram and the bosonized tadpole diagram. The underlying idea has been worked out in detail by Eguchi [16], by Vogl and Weise [17] and Delbourgo and Scadron [22]. Both versions can be exploited to make a prediction for m_σ on an absolute scale. The NJL model faces the problem that use is made of integrals in momentum space which diverge in the infinite momentum limit. To overcome this problem two different regularization schemes have been developed. The regularization through a cut-off momentum Λ restricts the evaluation of the integrals to the low-momentum region. Dimensional regularization treats the integrals without a cut off but makes use of the fact that the difference between two diverging integrals is finite.

2.2.1 Four-fermion version of the NJL model with regularization through a cut-off parameter Λ

Using diagrammatic techniques the following equation may be found [18, 19]

M^∗ = m_0 + 8 i GN_c

∫_Λ d^4p (2π)^4 M^∗ p^2 − M^{∗2}

, (4)

f^2_π = −4 i N_cM^{∗2}

∫_Λ d^4p (2π)^4 1 (p^2 − M^{∗2})^2

, (5)

m^2_π = − m_0 M^∗ 1 4 i GN_cI(m^2_π)

, I(k^2) =

∫_Λ

d^4p (2π)^4 1 [(p +^1_2 k)^2 − M^{∗2}][(p −^1_2 k)^2 − M^{∗2}]

. (6)

The expression given in (4) is the gap equation with M^∗ being the mass of the constituent quark with the contribution m_0 = (m_u + m_d)/2 of the current quarks included and N_c = 3 being the number of colors. Eq. (5) represents the pion decay constant having the experimental value f_π = (92.42 ± 0.26) MeV [2]. The expression given in (6) is equivalent to the Gell-Mann–Oakes– Renner relation [23] when formulating (6) in the chiral limit. Using (4) – (6) it is possible to calculate the quantities M^∗, f_π and m_π simultaneously and to adjust the parameters G and Λ in such a way that the experimental values for f_π, m_π and m_0 are reproduced. It is apparent that this procedure leaves no room for an unknown parameter so that the predicted value for m_σ is model independent except, of course, for the general use of the theoretical frame provided by the NJL model. Numerical calculations of the type outlined above have been carried out by Hatsuda and Kunihiro [19] applying RPA techniques. The result obtained is

m_σ ≃ 668 MeV (7)

where m_σ ≃ 2M^∗ has been applied.

2.2.2 Bosonized NJL model or dynamical LσM with dimensional regularization

A second way to predict m_σ on an absolute scale introduced by Delbourgo and Scadron [22] is obtained by exploiting Eqs. (2) and (3). The starting point [22] are representations of the pion decay constant and the gap equation for the constituent-quark mass, M, in the chiral limit

f^{cl}_π = −4iN_cgM ∫ d^4p (2π)^4 1 (p^2 − M^2)^2

, (8) M = − 8iN_cg^2 (m^{cl}_σ )^2 ∫ d^4p (2π)^4 M p^2 − M^2

. (9)

The third equation, (6), for the pion mass m_π is not needed because this quantity is equal to zero in the chiral limit, m^{cl}_π = 0. Except for a strict application of the chiral limit, these equations differ from those in (4) and (5) by the fact that use has been made of the Goldberger-Treiman relation for the chiral limit gf^{cl}_π = M (10) in (8) and by replacing G by −g^2/(m^{cl}_σ )^2 in (9). The different signs in front of the integrals in (4) and (9) follow from the fact that different regularization schemes are applied in the two cases [22].

Then, making use of the identity (dimensional regularization [21, 22]) − i (m^{cl}_σ )^2 16N_cg^2 = ∫ d^4p (2π)^4 [ M^2 (p^2 − M^2)^2 − 1 p^2 − M^2 ] = − iM^2 (4π)^2

(11)

we arrive at (m^{cl}_σ )^2 =

N_cg^2M^2

π^2

, (12)

and with m^{cl}_σ = 2M at g = g_{πqq} = g_{σqq} = 2π/ √ N_c = 3.63. (13) The σ-meson mass corresponding to this coupling constant is

m_σ = 666.0 MeV, (14)

where use has been made of m^2_σ = (m^{cl}_σ )^2 + m^2_π, f^{cl}_π = 89.8 MeV [24], M = 325.8 MeV and m_π = 138.0 MeV. It is satisfying to note that the results given in (7) and (14) are in an excellent agreement with each other. Since the procedures to arrive at m_σ are quite different in the two cases the good agreement of the two results gives us confidence that value obtained for m_σ is on a stable basis.

2.3 The two-photon decays of the f_0(980), the π^0 and the σ meson

For mesons P having the constituent-quark structure |qq̄⟩ = a|uū⟩ + b|dd̄⟩ + c|ss̄⟩ √ a^2 + b^2 + c^2

(15)

the two-photon amplitude is given in the generic form |M(P → γγ)| = α_e πf_P N_c √ 2 a e^2_u + b e^2_d + c (m̂/m_s) e^2_s √ a^2 + b^2 + c^2

, (16) where α_e = 1/137.04, f_P the decay constant of the meson P (see e.g. [25,26]) and m̂/m_s ≈ 1/ √ 2 the ratio of light and strange constituent quark masses. However, we can use

f_P ≃ f_π (17)

without a major loss of precision. The reason is that f_P does not depend on the flavor wave function of the meson as can be seen in (4). Small deviations from (17) only occur when there is a strange-quark content in the meson as in case of η, η^′ and f_0(980), because of the larger current-quark mass of the strange quark. This leads us to the following relations

|M(f_0(980) → γγ)| = α_e πf_π N_c [( − 1 3 )_2] = 1 3 α_e πf_π , (18)

|M(σ → γγ)| = α_e πf_π N_c [( 2 3 )_2 + ( − 1 3 )_2] = 5 3 α_e πf_π , (19)

|M(π^0 → γγ)| = α_e πf_π N_c [( 2 3 )_2 − ( − 1 3 )_2] = α_e πf_π , (20)

Γ_{f0(980)→γγ} = m^3_{f0(980)} 64π |M(f_0(980) → γγ)|^2 = 0.33 keV, (21) Γ_{σ→γγ} = m^3_σ 64π |M(σ → γγ)|^2 = 2.6 keV, (22)

Γ_π0_{→γγ} = m^3_{π0} 64π |M(π^0 → γγ)|^2 = 7.73 × 10^{−3} keV, (23)

where f_P = f_π is used in all three cases. For the σ meson we use the “model independent” σ mass, m_σ = 666 MeV, determined in the previous subsection using the method of [22]. The pion decay constant is f_π = (92.43 ± 0.26) MeV. For the σ meson we then obtain Γ_{σ→γγ} = 2.6 keV which agrees with the experimental result of Boglione and Pennington [27] Γ_{σ→γγ} = (3.8 ± 1.5) keV within the errors. In (19) it has been assumed that the coupling of the two photons to the σ meson proceeds only through its non-strange quark content and that there are no additional contributions due to meson loops as obtained in the frame of the LσM [28,29]. From a theoretical point of view this neglect of meson-loop contributions is justified through the use of the NJL model where such additional contributions are absent. For sake of completeness we note that for the π^0 meson the prediction is Γ_π0_{→γγ} = 7.73 × 10^{−3} keV to be compared with the experimental value Γ_π0_{→γγ} = (7.74±0.55)×10^{−3} keV obtained from the mean lifetime τ_π0 = (8.4±0.6)×10^{−17} s and the branching ratio π^0 → γγ of (98.798 ± 0.032)% [2]. We see that for the π^0 meson as well as for its chiral partner, the σ meson, the coupling to two photons may be understood as proceeding through their qq̄ internal structures. It is remarkable to note that the prediction for the two-photon width of f_0(980) based on a |s̄s⟩ quark structure is in agreement with the experimental value Γ_{f0(980)→γγ} = (0.39^{+0.10}_{−0.13}) keV given by the particle data group PDG [2] and also with Γ_{f0(980)→γγ} = (0.28^{+0.09}_{−0.13}) keV given by Boglione and Pennington [27].

There was a longstanding discussion whether or not the qq̄ structure of scalar mesons with masses below 1 GeV should be replaced by a (qq)(q̄q̄) structure [30]. This alternative appears to be strongly disfavored by the insight that scalar mesons neither correspond to a qq̄ structure nor to a (qq)(q̄q̄) structure, but to a qq̄ structure component coupled to di-meson states [31]. Also, the good agreement of the two-photon decay width of the f_0(980) meson predicted on the basis of a |ss̄⟩ structure with the corresponding experimental values may be considered as an argument in favor of this structure.

2.4 Polarizabilities and invariant amplitudes

For the discussion of the polarizabilities of the nucleon in terms of Compton scattering the forward direction (θ = 0) and the backward direction (θ = π) are of special interest. Denoting the spin-independent and spin-dependent amplitudes for the forward and backward direction by f_0, g_0, f_π and g_π, respectively, we arrive at

f_0(ω) = − ω^2 2π [A_3(ν, t) + A_6(ν, t)] , g_0(ω) = ω^3 2πm_N A_4(ν, t), (24)

f_π(ω) = − ωω^′ 2π ( 1 + ωω^′ m_N^2

)_{1/2} [ A_1(ν, t) − t 4m_N^2 A_5(ν, t) ] , (25)

g_π(ω) = − ωω^′ 2πm_N √ ωω^′ [ A_2(ν, t) + ( 1 − t 4m_N^2 ) A_5(ν, t) ] , (26)

ω^′(θ = π) = ω 1 + 2^ω_{mN} , ν = 1 2 (ω + ω^′), t(θ = 0) = 0, t(θ = π) = −4ωω^′, (27)

where A_i are the invariant amplitudes in the standard definition [4–10] and m_N the nucleon mass. For the electric, α, and magnetic, β, polarizabilities and the spin polarizabilities γ_0 and γ_π for the forward and backward directions, respectively, we obtain the relations α + β = − 1 2π [ A^{nB}_3 (0, 0) + A^{nB}_6 (0, 0) ] , α − β = − 1 2π [ A^{nB}_1 (0, 0) ] , γ_0 = 1 2πm_N [ A^{nB}_4 (0, 0) ] , γ_π = − 1 2πm_N [ A^{nB}_2 (0, 0) + A^{nB}_5 (0, 0) ] , (28)

where A^{nB}_i are the non-Born parts of the invariant amplitudes.

According to Eqs. (24) to (28) the following linear combinations of invariant amplitudes are of special importance because they contain the physics of the four fundamental sum rules, viz. the BEFT [32] sum rule for (α−β), the LN [33] sum rule for γ_π, the BL [34] sum rule for (α+β), and the GDH [35] sum rule for the square of the anomalous magnetic moment κ^2, respectively: Ã_1(ν, t) ≡ A_1(ν, t) − t 4m_N^2

A_5(ν, t), (29)

Ã_2(ν, t) ≡ A_2(ν, t) + ( 1 − t 4m_N^2 ) A_5(ν, t), (30)

Ã_3(ν, t) ≡ A_{3+6}(ν, t) ≡ A_3(ν, t) + A_6(ν, t), (31) Ã_4(ν, t) ≡ A_4(ν, t). (32)

Therefore, these linear combinations of invariant amplitudes may be considered as generalized polarizabilities containing the essential physics of the polarizability of the nucleon.

In the following use is made of the relations concerning α + β, α − β and γ_π, whereas the relation concerning γ_0 is written down only for the sake of completeness.

2.5 Fixed-θ dispersion relations at θ = π

Fixed-θ dispersion relations have the advantage that a clear-cut separation of the s-channel and the t-channel is possible, i.e. there definitely is no double counting of empirical input [11]. In the following we are interested in the backward spin-polarizability γ_π and the difference of electromagnetic polarizabilities α − β which have a firm relation to the invariant amplitudes at θ = π where one can write down [7, 36] a dispersion integral as

ReA_i(s, t) = A^B_i (s, t) + A^{t−pole}_i (s, t) + 1 π ∫_∞ (m_N +m_π )^2

ds^′Im_sA_i(s^′, t̃) [ 1 s^′ − s + 1 s^′ − u − 1 s^′ ]

+ 1 π ∫_∞ 4m^2_π dt^′ Im_tA_i(s̃, t^′) t^′ − t , (33)

where Im_sA(s^′, t̃) is evaluated along the hyperbola given by

s^′u^′ = m_N^4, s^′ + t̃ + u^′ = 2m_N^2, (34)

and Im_tA_i(s̃, t^′) runs along the path defined by the hyperbola

s̃ũ = m_N^4, s̃ + t^′ + ũ = 2m_N^2. (35)

The amplitude A^{t−pole}_i (s, t) entering into (33) describes the contribution of t-channel poles to the scattering amplitudes which for pseudoscalar mesons may be written in the form A^{π0+η+η′} 2 (t) = g_{πNN} F_π0_{γγ} t − m^2_{π0} τ_3 + g_{ηNN} F_{ηγγ} t − m^2_η + g_η′_{NN} F_η′_{γγ} t − m^2_{η′} , (36)

where the quantities g_{πNN} , etc. are the meson-nucleon coupling constants and the quantities F_π0_{γγ} , etc. the two-photon decay amplitudes. The last term in (33) represents the contribution of t-channel cuts to the scattering amplitudes which later on will be discussed in connection with the scalar-isoscalar t-channel. From (36) the following relation for the t-channel part of the backward spin-polarizability may be obtained

γ^t_π = 1 2πm_N [ g_{πNN} F_π0_{γγ} m^2_{π0} τ_3 + g_{ηNN} F_{ηγγ} m^2_η + g_η′_{NN} F_η′_{γγ} m^2_{η′} ] . (37)

The pion-nucleon coupling constant is given by the experimental value g_{πNN} = 13.169 ± 0.057 [37]. The corresponding quantities for the η and η^′ meson cannot be much different. The reason is that on a quark level and in the chiral limit the coupling constant g_{πqq} shows up as a universal proportionality constant between the quantities f^{cl}_π and M given in (8) and (9), respectively. A different problem is the sign of the two-photon decay amplitude where we have F_π0_{γγ} = −|M(π^0 → γγ)|, F_{ηγγ} = ±|M(η → γγ)|, F_η′_{γγ} = ±|M(η^′ → γγ)|. (38) The minus sign in case of F_π0_{γγ} is well established [5,33,38] whereas the other signs are less well known.

The expression (37) for the t-channel part of the backward spin-polarizability has been tested and found valid. Details may be found in Table 1. In [33] it is proposed to adopt the minus sign for the η and η^′ contributions in Eq. (38). By comparing line 4 with lines 6 and 7 in Table 1 we see that a better agreement with the experimental values is obtained when the plus sign is used.

For (α − β) we have the choice to either use the pole representation as appropriate for the σ meson as entering into the NJL model or the cut representation as appropriate for the σ meson as a broad resonant intermediate state.

Table 1: Backward spin-polarizability for the proton and the neutron (units 10^{−4}fm^4)

1 Spin pol. proton neutron 2 γ_π −38.7 ± 1.8 +58.6 ± 4.0 Experiment [10] 3 γ^s_π +7.1 ± 1.8 +9.1 ± 1.8 Sum rule [33] 4 γ^t_π −45.8 ± 2.5 +49.5 ± 4.4 line 2 – line 3 5 γ^t_π −46.7 +46.7 π^0-pole only 6 γ^t_π −45.1 +48.3 π^0 + η + η^′-poles a) 7 γ^t_π −48.3 +45.1 π^0 + η + η^′-poles b)

a) η and η^′ contributions assumed to be positive numbers (line 6), b) η and η^′ contributions assumed to be negative numbers (line 7)

Figure 3: a) π^0 pole diagram. b) σ pole diagram, c) scalar-isoscalar t-channel as entering into the BEFT sum rule

Here we first discuss the pole representation (see Fig. 3 b)). Then the σ meson may be understood as a (uū+dd̄)/ √ 2 configuration having a definite mass m_σ as predicted by the quarklevel NJL model. The corresponding amplitude is constructed in analogy to the pseudoscalar pole and given by A^{t−pole} 1 (t) = g_{σNN} F_{σγγ} t − m^2_σ , (39)

with g_{σNN} being the σ-nucleon coupling constant, F_{σγγ} the two-photon σ decay amplitude and m_σ the σ mass^1 . Then some consideration shows that the t-channel part of the polarizability difference is given by (α − β)^t_{p,n} = g_{πNN} F_{σγγ} 2πm^2_σ = 5α_eg_{πNN} 6π^2m^2_σf_π

= 15.2 ≈ 5α_eg^2_{πNN} 6π^2m^2_σg_Am_N

, (40)

in units of 10^{−4}fm^3, where α_e = 1/137.04, g_{σNN} ≡ g_{πNN} = 13.169 ± 0.057 [37], f_π = (92.42 ± 0.26) MeV, m_σ = 666 MeV as derived in subsection 2.2 using the method of [22]. In (40) the quark-model prediction F_{σγγ} = +|M(σ → γγ)| with N_c = 3 has been used. The identity g_{σNN} ≡ g_{πNN} is predicted by the LσM and has been experimentally confirmed by Durso et al. [39]. On the r.h.s. of Eq. (40) use has been made of the approximately valid Goldberger- Treiman relation where g_A = 1.255 ± 0.006 is the axial vector coupling constant.

1Occasionally it has been proposed to modify the pole amplitude given in (39) by considering the quantities gσNN and Fσγγ as t-dependent formfactors. Such a procedure, however, is not allowed because it is incompatible with the requirements of dispersion theory.

An upper limit for the possible correction to (α − β)^t_{p,n} as given in (40) due to the f_0(980) meson can be calculated making the assumption that the coupling constants g_{f(980)NN} and g_{πNN} are equal to each other. The result obtained is a possible correction of not more than 9%.

3 The quantity (α − β)^t predicted from the reactions ππ → σ → ππ, γγ → σ → ππ and NN̄ → σ → ππ A different approach to a calculation of (α − β)^t which only makes use of experimental data without specific assumptions about the internal structure of the σ meson is provided by the BEFT sum rule [32]. Instead of exploiting Eq. (40) the following relation is considered γγ → |σ⟩ → ππ → |σ⟩ → NN̄, (41) and replaced by γγ → |σ⟩ → ππ, (42) ππ → |σ⟩ → NN̄, (43) obtained by means of a t-channel cut (see Fig. 3 c)). The further procedure is to use the unitarity relation Im_tT (γγ → NN̄) = 1 2 ∑ n (2π)^4δ^4(P_n − P_i) T (γγ → n) T^∗(NN̄ → n), (44)

where the sum on the right-hand side is taken over all allowed intermediate states n having the same total 4-momentum as the initial state. Furthermore, ππ intermediate states are taken into account where the spin is J = 0 and the isospin I = 0. These are the quantum numbers of the intermediate σ meson.

If we restrict ourselves in the calculation of the t-channel absorptive part to intermediate states with two pions with angular momentum J ≤ 2, the BEFT sum rule [32] gets a convenient form for calculations: (α − β)^t_{p,n} = 1 16π^2 ∫_∞ 4m^2_π dt t^2 16 4m_N^2 − t ( t − 4m^2_π t )_{1/2} [ f^0_+(t)F^{0∗}_0 (t) − ( m_N^2 − t 4 ) ( t 4 − m^2_π ) f^2_+(t)F^{2∗}_0 (t) ] , (45)

where f^{(0,2)}_+ (t) and F^{(0,2)}_0 (t) are the partial-wave helicity amplitudes of the processes NN̄ → ππ and ππ → γγ with angular momentum J = 0 and 2, respectively, and isospin I = 0.

Except for the quantum numbers, properties of the σ meson enter through the amplitudes f^{(0,2)}_+ (t) and F^{(0,2)}_0 (t) corresponding to the reactions (42) and (43). These amplitudes incorporate the phase δ^I_J (s) = δ^0 (s) which is extracted from π-π scattering data as obtained in πN → Nππ scattering experiments. The information contained in the phase δ^0 (s) can be understood as being due to a resonance with the pole parameters [2, 40, 41] √ s^{pole} ≈ (500 − i 250) MeV (46)

and the special property of a 90^∘ crossing of the phase at √ s(δ^0 = 90^∘) ≈ 900 MeV. (47)

The apparent mismatch of the 90^∘ phase crossing expected for the resonance part as given by (46) and the observed 90^∘ phase crossing as given by (47) has led to numerous considerations [42–44] among which the possible existence of a background [42] or a second pole at negative mass parameter m^2 [43] or one pole with an s-dependent width Γ(s) [44] played a role. This discussion shows that a generally accepted model for the σ meson as a resonant state is still missing ( see, however, the last entry in [31] and references therein). Furthermore, the inclusion of the ππ phase relation into the γγ → ππ and N̄N → ππ amplitudes is not an easy task. This may be the reason that only recently some consistency in the prediction of (α − β)^t from the BEFT sum rule [32] has been obtained. This has led to

(α − β)^t_{p,n} = (14.0 ± 2.0) (Ref. [10]), 16.46 (Ref. [7]), (48)

where the first value has been obtained by Levchuk et al. (see [10]) and the second value by Drechsel et al. [7]. The large error given in Ref. [10] takes care of the uncertainties contained in the appropriate choice of experimental data. The arithmetic average of the two results is (α − β)^t_{p,n} = 15.3 ± 1.3. This number has to be compared with the experimental data (α − β)^t_p = 15.1 ± 1.3, (α − β)^t_n = 14.8 ± 2.7 (see Ref. [10]). We see that the predictions for (α − β)^t obtained from the σ-meson pole based on the NJL model and from the BEFT sum rule lead to agreement with each other and to agreement with experiment.

4 Discussion

According to our recent analysis [3, 9, 10] the experimental polarizabilities may be summarized in the form given in Table 2. The quantities α_p, β_p, α_n, β_n are the experimental electric and

Table 2: Summary on electromagnetic polarizabilities in units of 10^{−4}fm^3

1 proton neutron 2 BL sum rule (α + β)_p = 13.9 ± 0.3 (α + β)_n = 15.2 ± 0.5 3 Compton scattering (α − β)_p = 10.1 ± 0.9 (α − β)_n = 9.8 ± 2.5 4 BEFT sum rule (α − β)^s_p = −5.0 ± 1.0 (α − β)^s_n = −5.0 ± 1.0 5 line 3 – line 4 (α − β)^t_p = 15.1 ± 1.3 (α − β)^t_n = 14.8 ± 2.7 6 experiment α_p = 12.0 ± 0.6 α_n = 12.5 ± 1.7 7 s-channel only α^s_p = 4.5 ± 0.5 α^s_n = 5.1 ± 0.6 8 t-channel only α^t_p = 7.5 ± 0.8 α^t_n = 7.4 ± 1.8 9 experiment β_p = 1.9 ∓ 0.6 β_n = 2.7 ∓ 1.8 10 s-channel only β^s_p = 9.5 ± 0.5 β^s_n = 10.1 ± 0.6 11 t-channel only β^t_p = −7.6 ± 0.8 β^t_n = −7.4 ± 1.9

magnetic polarizabilities for the proton and neutron, respectively. The quantities with an upper label s are the corresponding electric and magnetic polarizabilities where only the s-channel degrees of freedom are included. These latter quantities have been obtained by making use of the fact that (α + β), when calculated from forward-angle dispersion theory as given by the Baldin or Baldin-Lapidus (BL) sum rule [34]

(α + β) = 1 2π^2 ∫_∞ m_π +^{m2π}_{2mN}

σ_{tot}(ω) ω^2 dω (49) has no t-channel contribution, i.e. (α + β) = (α + β)^s, and by using the estimate (α − β)^s_{p,n} = −5.0 ± 1.0 obtained form the s-channel part of the BEFT sum rule [32]

(α − β)^s = 1 2π^2 ∫_∞ m_π +^{m2π}_{2mN} √ 1 + 2ω m_N [σ(ω, E1, M2, E3, · · · ) − σ(ω, M1, E2, M3, · · · )] dω ω^2

(50)

both for the proton and the neutron (see [10]). The absence of a t-channel contribution to (α + β) follows from the observation [10] that the BL sum rule is fulfilled. This observation is explained by the fact that in the forward direction vector-meson dominance converts the tchannel contribution into the Regge part of the photoabsorption cross section. The numbers in line 5 of Table 2 are the t-channel contributions to (α−β) obtained from the experimental values (α−β)_p = 10.1±0.9 and (α−β)_n = 9.8±2.5 and the estimate for (α−β)^s_{p,n}. As noted before, we see that the experimental values for α are much larger than the s-channel contributions alone, whereas for the magnetic polarizabilities the opposite is true. For the magnetic polarizability it makes sense to identify the large difference between the experimental value and the s-channel contribution with the diamagnetic polarizability. This means that we may consider β^t as the diamagnetic polarizability.

Certainly, by identifying the expression obtained for (α − β)^t_{p,n} in Eq. (40) with that of Eq. (45) a sum rule is obtained. This finding is also supported by the two graphs b) and c) in Fig. 3. Furthermore, we see in Table 3 that the experimental results obtained for (α − β)^t from the experiments, from the σ-meson pole and from the σ-meson cut agree with each other and thus give also strong support for the existence and validity of the sum rule. We expect that

Table 3: Difference of electromagnetic polarizabilities (α − β)^t_{p,n} in the t-channel (in units of 10^{−4}fm^3). The result given for the σ-meson cut or BEFT sum rule is the arithmetic average of the results of Drechsel et al. [7] and Levchuk et al. (see [3, 10]) (α − β)^t_p (α − β)^t_n experiment 15.1 ± 1.3 14.8 ± 2.7 σ-pole 15.2 15.2 BEFT sum rule 15.3 ± 1.3 15.3 ± 1.3

by studying this sum rule in more detail some more insight into the structure of the σ meson is obtained. In such a study the role of the quark-level NJL model would be to describe the σ meson as the particle of the σ field with a definite mass m_σ = 666 MeV, whereas the BEFT sum rule exploits on-shell properties of the σ meson as there is e.g. the phase relation δ^0 (s). The sum rule we are proposing has the property of linking on-shell aspects of the σ meson with properties of the σ meson as the particle of the σ field.

As a concluding remark we wish to state that the present paper closes a circle, starting with the work of Hearn and Leader (1962) [11] where the role of the t-channel contributions to the Compton scattering amplitudes has been clarified. In the present work we have shown that the (σ, π^0) particle doublet is capable of quantitatively reproducing this t-channel contribution, with minor additional contributions from the f_0(980), the η and the η^′ meson. Since the t-channel contribution cannot be interpreted in terms of nucleon resonances or in terms of the meson cloud as viewed in photon-meson production experiments, it is reasonable to interpret this contribution in terms of a short-range property of the constituent quarks, as proposed in [10]. More explicitly this means that each constituent quark |q⟩ of the nucleon is converted into a |(σ, π^0)q⟩ t-channel resonant intermediate state during the Compton scattering process. However, this resonant intermediate state is located in the unphysical region at positive t. At θ = π the π^0 meson is involved in those scattering processes where the incoming and the outgoing photon have perpendicular directions of linear polarization whereas for the σ meson the directions of linear polarization are parallel.

Other approaches using model calculations (see [10] for a summary) or diagrammatic techniques [45–47] do not take care of the scalar-isoscalar t-channel contribution in a sufficient way. This means that they are important with respect to a test of the underlying theoretical ansatz, but they cannot be considered as a quantitative descriptions of the electromagnetic polarizabilities of the nucleon. It is very interesting to analyze the different strategies contained in these approaches [45–47] to cope with the serious problem caused by the missing scalar-isoscalar t-channel in the light of dispersion theory. The most transparent of these strategies are the neglect of the contribution of the Δ resonance [45] and the introduction of an empirical counter term of unnatural size [46].

The strategy of neglecting the Δ resonance contribution has been analysed by L’vov [48] in terms of dispersion theory. It has been confirmed that the simultaneous neglect of the scalarisoscalar t-channel and of the Δ resonance leads to an approximate agreement with the experimental data. Furthermore, it has been confirmed that the use of the heavy baryon approximation (m_N → ∞) leads to an improvement of the agreement with the experimental data, though no good physical reason has been found for such a replacement. Finally, it has been shown [48] that the evaluation of chiral loops [45] leads to an approximate agreement with the contributions of the E_0+ component to α and β. However, this is only the case when the empirical CGLN amplitude E_{0+} is replaced by the Born approximation E^{Born}_{0+} .

Since there is no definite interpretation available for the empirical counter terms of unnatural sizes [46], δα and δβ, it may be allowed to tentatively compare these terms with the present t-channel polarizabilities α^t_{p,n} and β^t_{p,n} contained in Table 2. Qualitatively, these terms δα and δβ are introduced to produce diamagnetism. Furthermore, their physical nature is assumed to be related to short-distance phenomena of some kind. These two properties suggest that δα and δβ on the one hand and α^t_{p,n} and β^t_{p,n} on the other should have some common features or even may be identical. Unfortunately, the numbers obtained empirically, i.e. δα = −5.92 ± 1.36 and δβ = −10.68 ± 1.17, are not in a good agreement with the numbers obtained for α^t_{p,n} = −β^t_{p,n} = 7.6.

5 Summary

The present paper succeeds in a quantitative derivation of the σ-meson pole contribution to (α− β)^t which formerly was introduced and treated semi-quantitatively by adjusting to experimental data [5]. Furthermore, there was no strict argument for the pole-structure of this contribution, since the only knowledge about the scalar-isoscalar t-channel was obtained from the BEFT sum rule which makes use of a t-channel cut and not of a t-channel pole. In the present paper we show that all the relevant parameters of the σ-meson pole, viz. the σ-meson mass m_σ and properties of the two-photon decay width Γ_{γγ} follow from the NJL model without any adjustable parameter. Making use of previous work [19,22], the mass m_σ is obtained in two different versions of the NJL model and two different regularization schemes. In the first case [19] the four-fermion version of the NJL model is used and the regularization scheme makes use of a cut-off parameter Λ. Both quantities, the cut-off parameter Λ and the coupling G are obtained within this regularization scheme by adjusting to empirical data as there are the pion decay constant f_π, the pion mass m_π and the current-quark mass m_0. The result is m_σ = 668 MeV. In the second case [22] the bosonized version of the NJL model is applied and the regularization scheme makes use of dimensional scaling, i.e. no cut-off parameter Λ is present so that the integrals extends to infinity. Instead, use is made of the fact that the difference of the diverging integrals for the constituent-quark mass M and the pion decay constant f_π is finite. The result is m_σ = 666 MeV. It is remarkable and has not been pointed out before that these two completely different treatments of the NJL model perfectly lead to the same result. This gives us confidence that conclusions based on this number for the σ meson mass are on a sound basis. In case of the two-photon decay width Γ_{γγ} the NJL model is used to justify the neglect of couplings of the σ meson to two photons via meson loops. Such additional couplings follow from the LσM. If taken into account the additional couplings would partly destroy the good agreement between theory and experiment. Therefore, the argument delivered by the NJL model is important.

A further new results obtained is the calculation of the two-photon decay width Γ_{γγ} of the f_0(980) meson. This calculation is based on a ss̄ structure of the f_0(980) meson and leads to agreement with experimental results. We consider this as an argument that indeed the f_0(980) meson and the σ meson have a qq̄ core and not a qqq̄q̄ structure as suggested in other approaches [30]. This result is important for the present investigation as well as for the physics of scalar mesons in general. In addition, for the first time the contribution of the f_0(980) meson to (α − β)^t has been calculated. A further new result are arguments in favor of positive decay amplitudes F_{ηγγ} and F_η′_{γγ} which formerly were believed to be negative.

Via the two representations of (α−β)^t a quantitative link is obtained between the σ meson as the particle of the σ field and the σ meson as showing up as an extremely shortlived intermediate state in reactions where two pions are involved. This observation may be exploited to get insight into the structure of the σ meson by constructing a model which makes the relation between the graphs b) and c) in Figure 3 transparent.

Acknowledgment

The author is indebted to Deutsche Forschungsgemeinschaft for the support of this work through the projects SCHU222 and 436RUS113/510. He thanks M.I. Levchuk, A.I. L’vov and A.I. Milstein for their continuous interest in this work and for many comments and suggestions. He also thanks E. van Beveren, F. Kleefeld, G. Rupp, and M.D. Scadron for many useful comments regarding their work.

References

[1] J. Schwinger, Ann. Phys. 2 (1957) 407.

[2] S. Eidelman, et al. (PARTICLE DATA GROUP), Phys. Lett. B 592 (2004) 1; W.-M. Yao, et al. (PARTICLE DATA GROUP), J. Phys. G 33 (2006) 1.

[3] M.I. Levchuk, A.I. L’vov, A.I. Milstein, M. Schumacher, International Workshop NSTAR2005, 12–15 October 2005, Tallahassee, Florida; Proceedings of the Workshop on the Physics of Exited Nucleons NSTAR2005, World Scientific, S. Capstick, V. Crede, P. Eugenio Eds. (2005) 389 [hep-ph/0511193].

[4] A.I. L’vov, International Journal of Modern Physics A Vol. 8, No. 30 (1993) 5267. [5] A.I. L’vov, V.A. Petrun’kin, M. Schumacher, Phys. Rev. C 55 (1997) 359. [6] D. Babusci, G. Giordano, A.I. L’vov, G. Matone, A.M. Nathan, Phys. Rev. C 58 (1989) 1013.

[7] D. Drechsel et al., Phys. Rept. 378 (2003) 99; Phys. Rev. C 61 (1999) 015204. [8] F. Wissmann, Springer Tracts in Modern Physics 200 (2004) 1.

[9] M. Schumacher, Proceedings: P.A. Cherenkov and Modern Physics, Moscow, June 22–25, 2004 [nucl-ex/0411048].

[10] M. Schumacher, Progress in Particle and Nuclear Physics 55 (2005) 567 [hep-ph/0501167]. [11] A.C. Hearn, E. Leader, Phys. Rev. 126 (1962) 789; see also: R. Köberle, Phys. Rev. 166 (1968) 1558; F.E. Low, Proc. 1958 Ann. Intern. Conf. on High Energy Physics at CERN p. 98; F.E. Low, Phys. Rev. 120 (1960) 582 (and reference therein); M. Jacob, J. Mathews, Phys. Rev. 117 (1960) 854.

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

[13] V. de Alfaro, S. Fubini, G. Furlan, C. Rosetti, Chap. 5 in Currents in Hadron Physics (North Holland, Amsterdam, 1973).

[14] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345. [15] D. Lurié, A.J. MacFarlane, Phys. Rev. 136 (1964) B 816. [16] T. Eguchi, Phys. Rev. D 14 (1976) 2755, D 17 (1978) 611. [17] U. Vogl, W. Weise, Prog. Part. Nucl. Phys. 27 (1991) 195. [18] S.P. Klevansky, Reviews of Modern Physics, Vol. 64, No. 3, (1992) 649. [19] T. Hatsuda, T. Kunihiro, Physics Reports 247 (1994) 221. [20] J. Bijnens, Phys. Rep. 265 (1996) 369.

[21] A.W. Thomas, W. Weise, The Structure of the Nucleon WILEY-VCH Berlin (2000). [22] R. Delbourgo, M. Scadron, Mod. Phys. Lett. A 10 (1995) 251 [hep-ph/9910242]; Int. J.

Mod. Phys. A 13 (1998) 657 [hep-ph/9807504].

[23] M. Gell-Mann, R. Oakes, B. Renner, Phys. Rev. 122 (1968) 2195.

[24] M. Nagy, M.D. Scadron, G.E. Hite, Acta Physica Slovaca 54 (2004) 427 [hep-ph/0406009].

[25] J.F. Donoghue, B.R. Holstein, Y.-C. R. Lin, Phys. Rev. Lett. 55 (1985) 2766.

[26] S. Cooper, Ann. Rev. Nucl. Part. Sci. 38 (1988) 705.

[27] M. Boglione, M.R. Pennington, Eur. Phys. J. C 9 (1999) 11 [hep-ph/9812258].

[28] E. van Beveren, F. Kleefeld, G. Rupp, M.D. Scadron, Mod. Phys. Lett. A 17 (2002) 1673 [hep-ph/0204139].

[29] M.D. Scadron, G. Rupp, F. Kleefeld, E. van Beveren, Phys. Rev. D 69 (2004) 014010.

[30] R.L. Jaffe, K. Johnson, Phys. Lett B 60 (1976) 201; R.L. Jaffe, Phys. Rev. D 15 (1977) 267; Phys. Rev. D 15 (1977) 281; D 17 (1978) 1444; N.N. Achasov, V.V. Gubin, Phys. Rev. D 56 (1997) 4084; Phys. Rev. D 63 (2001) 094007; M. Alford, R.L. Jaffe, Nucl. Phys. B 578 (2000) 367; D.Black, A.H. Fariborz, J. Schechter, AIP Conf. Proc. 549 (2002) 241 [hep-ph/9911387]; F.E. Close, N.A. Törnqvist, J. Phys. G: Nucl. Part. Phys. 28 (2002) R249 ; F.E. Close, Int. J. Mod. Phys. A 17 (2002) 3239 [hep-ph/0110081]; R. Jaffe, F. Wilczek, Phys. Rev. Lett. 91 (2003) 232003; F. Wilczek, in: Shifman, M. (ed.) et al.: From fields to strings, Vol. 1 p. 77-93 [hep-ph/0409168]; Z.-G. Wang, W.-M. Yang [hep-ph/0501105]; F. Giacosa [hep-ph/0605191].

[31] E. van Beveren, et.al., Z. Phys. C 30 (1986) 615; N.N. Achasov, G.N. Shestakov, Phys.

Rev. D 49 (1994) 5779; N.A. Tornqvist, Z. Phys. C 68 (1995) 647 [hep-ph/9504372]; N.A. Tornqvist, M. Roos, Phys. Rev. Lett. 76 (1996) 1575 [hep-ph/9511120]; E. van Beveren, G. Rupp, Eur. Phys. J. C 10 (1999) 469 [hep-ph/9806246]; E. van Beveren, G. Rupp, Eur. Phys. J. C 22 (2001) 493 [hep-ex/0106077]; A. Deandrea et al., Phys. Lett. B 502 (2001) 79 [hep-ph/0012120]; Yu. S. Surovtsev et al., Eur. Phys. J. A 15 (2002) 409; M. Boglione, M.R. Pennignton, Phys. Rev. D 65 (2002) 114010 [hep-ph/0203149]; V.V. Anisovich [hep-ph/0510409]; D.V. Bugg, [hep-ph/0603089]; E. van Beveren et al. [hep-ph/0606022].

[32] J. Bernabeu, T.E.O. Ericson, C. Ferro Fontan, Phys. Lett. 49 B (1974) 381; J. Bernabeu, B. Tarrach, Phys. Lett. 69 B (1977) 484.

[33] A.I. L’vov, A.M. Nathan, Phys. Rev. C 59 (1999) 1064.

[34] A.M. Baldin, Nucl. Phys. 18 (1960) 310; L.I. Lapidus, Zh. Eksp. Teor. Fiz. 43 (1962) 1358 [Sov. Phys. JETP 16 (1963) 964].

[35] S.B. Gerasimov, Sov. J. Nucl. Phys. 2 (1966) 430; A.D. Drell, A.C. Hearn, Phys. Rev. Lett 16 (1966) 908.

[36] G. Höhler, Landoldt-Börnstein, New Series, Group I, Vol. 9, Subvolume b: Pion Nucleon Scattering, Part 2: Methods and Results of Phenomenological Analysis (1983).

[37] D.V. Bugg, Eur. Phys. J. C 33 (2004) 505.

[38] M.V. Terent’ev, Sov. J. Nucl. Phys. 15 (1973) 576.

[39] J.W. Durso et al., Nucl. Phys. A 345 (1980) 471.

[40] G. Colangelo, J. Gasser, H. Leutwyler, Nucl. Phys. B 603 (2001) 125 [hep-ph/0103088].

[41] M. Ishida, Prog. Theor. Phys. Suppl. 149 (2003) 190 [hep-ph/0212383].

[42] S. Ishida et al., Prog. Theor. Phys. 95 (1996) 745; 98 (1997) 1005; M. Ishida, Prog.

Theor. Phys. 96 (1996) 853 [hep-ph/9905261]; Prog. Theor. Phys. Suppl. 149 (2003) 190 [hep-ph/0212383]; K. Takamatsu, Prog. Theor. Phys. 102 (2001) E52 [hep-ph/0012324].

[43] A.E. Kaloshin, V.M. Persikov, A.N. Vall, Eur. Phys. J. 20 (2004) 475 [hep-ph/0307063].

[44] D.V. Bugg, Phys. Lett. B 272 (2003) 1; D.V. Bugg [hep-ph/0603089].

[45] V. Bernard, N. Kaiser, U.-G. Meissner, Phys. Rev. Lett. 67 (1991) 1515; Nucl. Phys. B 373 (1992) 346; Int. J. Mod. Phys. E 4 (1995) 193; V. Bernard et al. Nucl. Phys. B 388 (1992) 315.

[46] R.P. Hildebrandt et al., Eur. Phys. J. A 20 (2004) 293 [nucl-th/0307070]; R.P. Hildebrandt, doctoral thesis München (2005) [nucl-th/0512064].

[47] V. Bernard et al., Phys. Lett. B 319 (1993) 269; Z. Phys. A 348 (1994) 317; T.R. Hemmert, et al., Phys. Rev. D 57 (1998) 5746; Phys. Rev. D 55 (1997) 5598; V. Pascalutsa, Prog. Part. Nucl. 55 (2005) 23 [nucl-th/0412008]; V. Pascalutsa, D.R. Phillips, Phys. Rev. 67 (2003) 055202 [nucl-th0212024]; J.A. McGovern Phys. Rev. C 63 (2001) 064608 [nucl-th/0101057]; S.R. Beane et al., Nucl. Phys. A 747 (2005) 311 [nucl-th/0403088]; Yubing Dong et al. [hep-ph/0507277]; W. Detmold, B.C. Tiburzi, A. Walker-Loud, [hep-lat/0603026].

[48] A.I. L’vov, Phys. Lett. B 304 (1993) 29 (and private communication)