arXiv:hep-ph/0106034 v2 23 Aug 2001

August 21, 2001 hep-ph/0106034

Resonance estimates of O(p^6) low-energy constants and QCD short-distance constraints

Marc Knecht^∗ and Andreas Nyffeler^†

Centre de Physique Théorique, CNRS-Luminy, Case 907 F-13288 Marseille Cedex 9, France

Abstract

Starting from the study of the low-energy and high-energy behaviours of the QCD three-point functions ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩, several O(p^6) low-energy constants of the chiral Lagrangian are evaluated within the framework of the lowest meson dominance (LMD) approximation to the large-N_C limit of QCD. In certain cases, values that differ substantially from estimates based on a resonance Lagrangian are obtained. It is pointed out that the differences arise through the fact that QCD short-distance constraints are in general not correctly taken into account in the approaches using resonance Lagrangians. We discuss the implications of our results for the O(p^6) counterterm contributions to the vector form factor of the pion and to the decay π → eν_eγ, and for the pion-photon-photon transition form factor.

1 Introduction

In the chiral limit, the lightest pseudoscalar states of the hadronic spectrum become the octet of massless Goldstone bosons resulting from the spontaneous breaking of the chiral SU(3)_L × SU(3)_R global symmetry of the QCD Lagrangian towards its diagonal subgroup SU(3)_V of vector symmetries. This well-known fact [1, 2] allows to describe the interactions of the light pseudoscalar mesons at low energies in terms of an effective Lagrangian [3, 4]. The latter involves the pseudoscalar fields, described by a unitary matrix U(x), and transforming under a nonlinear representation of the chiral symmetry group, as well as the sources, v_μ(x), a_μ(x), of the light-quark vector and axial currents, and s(x), p(x), of the scalar and pseudoscalar densities of QCD [4]. Matrix elements of these currents between pseudoscalar states, or scattering amplitudes involving these light states only, can be computed in a systematic way in the lowenergy theory as long as all momentum transfers p^2 are sufficiently small, p^2 ≪ Λ^2_H, where Λ_H ∼ 1 GeV is the typical scale at which the non-Goldstone bound states of QCD are formed. Since the (running) light quark masses m_q(μ) are also small as compared to this scale, m_{u,d,s}(Λ_H) ≪

�knecht@cpt.univ-mrs.fr ynyffeler@cpt.univ-mrs.fr

Λ_H, the effective Lagrangian L^{eff} can be organized as an expansion in powers of derivatives of the field U(x) and powers of the light quark masses,

L^{eff} = ∑ k,l L_{(k,l)} , with L_{(k,l)} ∼ ( p Λ_H )k( m_q Λ_H )l . (1.1)

The presently available studies on the structure of the low-energy effective Lagrangian involve, beyond the lowest order terms, the pieces L_{(4,0)}, L_{(2,1)} and L_{(0,2)} [4], L_{(6,0)} and L_{(4,1)} [5, 6], L_{(2,2)} and L_{(0,3)} [7, 5, 6], as well as L_{(0,4)} [8]. The structure of each L_{(k,l)} is entirely fixed by the chiral symmetry properties of QCD [9], but involves coefficients, the so called low-energy constants,^1 which are not determined from symmetry requirements alone. The predictive power of the effective theory therefore hinges to quite some extent on the knowledge of these low-energy constants. At O(p^4), the values of most of the low-energy constants were extracted from data. The proliferation of low-energy constants at O(p^6) makes such an approach unrealistic.

On the other hand, it is a general property that these low-energy constants correspond to the coefficients of the Taylor expansion, with respect to the momenta, of some QCD correlation functions, once the singularities (poles and discontinuities) associated with the contributions of low-momentum pseudoscalar intermediate states have been subtracted. The characteristic feature of the Green’s functions that are actually involved is that they are order parameters of the spontaneous breaking of chiral symmetry. Thus, they do not receive contributions from perturbative QCD at large momentum transfers, but rather exhibit a smooth behaviour at short distances. The low-energy constants are thus expected to be sensitive to the physics in the intermediate energy region, that is to the spectrum of mesonic resonances in the mass region around the hadronic scale Λ_H. This basic observation underlies, in some way or another, most attempts to estimate the values of the low-energy constants from resonance data (for an introduction to the vast bibliography on this subject, we refer the reader to the review articles [10, 11, 12]).

It has become customary to describe the effects of resonance states within a Lagrangian framework, by introducing, besides the Goldstone boson field U(x), additional local fields associated with the meson states. While there exists a systematic way [13] to construct fields which have the appropriate transformation properties under chiral transformations and invariant Lagrangians, there is however no restriction from chiral symmetry as to the number of fields and the order of derivatives thereof involved in the terms which describe the interaction among resonances or between the resonances and the Goldstone bosons. In addition, the construction of Ref. [13] leaves open the question of the choice of the Lorentz group representation for the field describing a meson state of a given spin. This lack of restrictions has led to many proposals

1Some of the counterterms involving the external sources only and no pseudoscalar fields actually rather correspond to “high-energy constants”, since they describe the (perturbative) short-distance ambiguities of some QCD correlators. At O(p^4), this concerns the constants H_1 and H_2 of Ref. [4]. We exclude this type of counterterms from the present discussion.

concerning a Lagrangian description of interacting Goldstone bosons and mesons (the literature on this subject can be traced back from several reviews [14, 15, 16] and from the articles [17, 18, 19]). It has been pointed out in Ref. [20] that restrictions actually can be introduced, via the QCD short-distance properties of the relevant Green’s functions or form factors, and by requiring that these properties are satisfied by the same objects constructed with the help of the Lagrangian involving resonances. This aspect has been taken into account in a rather systematic manner at the level of the O(p^4) counterterms [20]. Although resonance estimates have been given for several O(p^6) low-energy constants, the importance of implementing the appropriate QCD short-distance constraints has not always been stressed. The purpose of the present study is precisely to address this aspect.

Although quite practical and useful, since it guarantees that some general properties (locality, analyticity) of quantum field theories are correctly taken into account, a Lagrangian formalism is not absolutely necessary in order to estimate the contributions of the QCD resonance states to the low-energy constants. In this article, we shall in fact consider a different approach, working directly with the appropriate Green’s functions. We shall however retain the general features and assumptions that underlie the Lagrangian approach, and that we briefly recall. First, one usually considers zero-width resonances, and takes into account the contributions from one-resonance states, which produce only poles in the corresponding correlation functions. There exists a well-defined framework where this kind of restrictions arises in a natural way [21], namely the large-N_C limit of QCD [22]. On the other hand, working in this limit still requires to consider, in each channel, an infinite number of resonances, with masses and coupling constants adjusted such as to reproduce the QCD perturbative continuum at high momentum transfers. Of course, such a point of view is rather ambitious, since it amounts to solving QCD in the large-N_C limit, a reputedly difficult task. We shall adopt a more modest attitude, assuming that in each channel a few lowest-lying resonances give already the main contribution (approaches involving an infinite number of zero-width resonances, with various additional assumptions about their spacing, decay constants, etc., can be found in Refs. [23, 24, 25]). The number of resonances to be considered in each channel will be taken as the minimal (finite) number necessary to satisfy the requirements set by, say, the leading QCD short-distance constraints for the Green’s functions under consideration, and possibly other constraints that one may wish to impose. This minimal hadronic ansatz (MHA) approximation may be well justified in the case of Green’s functions which are order parameters, free of perturbative contributions (for Green’s functions which are not order parameters, the QCD continuum contribution has to be included as well, see Refs. [26, 27]). In fact, in many cases, this minimal hadronic ansatz can be reduced to retaining, in each channel, a single resonance. At the O(p^4) level, this lowest meson dominance (LMD) approximation to large-N_C QCD has been tested successfully in several instances [17, 18, 20, 26]. As we shall see in the examples treated in the present work, depending on the constraints one wishes to implement on the Green’s functions under consideration, this simplest LMD approximation may however not always be sufficient. A second feature common to the Lagrangian and to the LMD or MHA approximations is the fact that the estimates of the low-energy constants do not reproduce their scale dependence. The latter, which comes from Goldstone boson loop contributions to the relevant Green’s functions, is a next-to-leading order effect in the 1/N_C expansion, and lies thus beyond the approximation considered. We shall adopt the usual point of view that the estimates furnished by this type of approach corresponds to the values of the low-energy constants at the typical scale, say Λ_H, set by these resonance states [18].

Approaches which do not rely on a resonance Lagrangian have been used before at the O(p^6) level for two-point functions [28, 29, 30]. In these studies, the relevant low-energy constants have often been expressed through (superconvergent) dispersion integrals of the corresponding spectral densities, which were then evaluated using available data. It seems difficult to follow similar lines in the case of three-point or higher Green’s functions. Not only are their analyticity properties far more complicated, but the corresponding spectral densities are in general not experimental observables. Studies of three-point functions similar to the lines we follow here can be found in Refs. [31, 32, 33], although the discussion of their short-distance properties is less complete than the one presented below.

In this article, we shall concentrate on a certain subset of O(p^6) low-energy constants contributing to L_{(4,1)} and L_{(6,0)}, and corresponding to the three-point functions ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ (see the beginning of section 2 for the precise definitions). There are several reasons for this specific choice. First, these correlators have been considered before in the literature, so that quite some information concerning them is already available. Second, although the approach that we shall follow here is, in principle, applicable to other correlation functions as well, these Green’s functions have a certain degree of simplicity, which makes them particularly valuable for illustrating our point of view. Finally, these Greens functions also play a role in the evaluation of some of the counterterms that arise in the calculation of electromagnetic contributions to the pseudoscalar masses [34] or of radiative corrections to semileptonic decays of the pseudoscalar mesons [35, 36] within an effective Lagrangian framework [37].

The remaining material of the present article is organized as follows. In section 2, we define the relevant QCD Green’s function and study their long-distance properties in the chiral limit and at leading order in the 1/N_C expansion. In particular, we identify the low-energy constants related to these correlators. Section 3 is devoted to an extensive discussion of the leading short-distance properties of these Green’s functions within the same framework. In section 4, we construct some simple ansätze, in terms of a finite number of narrow resonances, which correctly reproduce the short-distance constraints. These are used to determine the corresponding low-energy constants in section 5. We then compare our results with those obtained from a Lagrangian involving resonances [38] which has often been employed in the literature to estimate the low-energy constants at order p^6 (section 6), and point out that this resonance Lagrangian does not correctly incorporate the necessary short-distance properties (section 7). In section 8, we present several applications. Conclusions and additional discussions can be found in section 9. Appendix A contains some technical details relevant for the discussion in section 4 and Appendix B gives the expression of the resonance Lagrangian of Ref. [38].

2 Long-distance properties from chiral symmetry

We consider, in the three flavour chiral limit, the momentum space QCD three-point functions (Π_{VAP} )^{abc}_{μν} (p, q) = ∫ d^4x ∫ d^4ye^{i(p·x+q·y)}⟨0|T {V^a_μ (x)A^b_ν(y)P^c(0)}|0⟩ , (Π_{V V P} )^{abc}_{μν} (p, q) = ∫ d^4x ∫ d^4ye^{i(p·x+q·y)}⟨0|T {V^a_μ (x)V^b_ν (y)P^c(0)}|0⟩ , (Π_{AAP} )^{abc}_{μν} (p, q) = ∫ d^4x ∫ d^4ye^{i(p·x+q·y)}⟨0|T {A^a_μ(x)A^b_ν(y)P^c(0)}|0⟩ , (2.1) involving the octet vector and axial currents, V^a_μ (x) = (ψ̄γ_μ λ^a 2 ψ)(x) , A^a_μ(x) = (ψ̄γ_μγ_5 λ^a 2 ψ)(x) , as well as the octet pseudoscalar density P^a(x) = (ψ̄iγ_5 λ^a 2 ψ)(x) . These three-point functions satisfy the following chiral Ward identities, p^μ(Π_{VAP} )^{abc}_{μν} (p, q) = ⟨ψψ⟩_0f^{abc} [ q_ν q^2 − (p + q)_ν (p + q)^2 ] ,

q^ν(Π_{VAP} )^{abc}_{μν} (p, q) = ⟨ψψ⟩_0f^{abc} (p + q)_μ (p + q)^2 , p^μ(Π_{V V P} )^{abc}_{μν} (p, q) = 0 , q^ν(Π_{V V P} )^{abc}_{μν} (p, q) = 0 ,

p^μ(Π_{AAP} )^{abc}_{μν} (p, q) = 0 , q^ν(Π_{AAP} )^{abc}_{μν} (p, q) = 0 , (2.2) where ⟨ψψ⟩_0 denotes the single flavour bilinear quark condensate in the chiral limit. The general solution of these Ward identities, taking into account the invariances of QCD under SU(3)_V , parity and time reversal transformations (the latter being responsible for the absence of structures of the type d^{abc} in the case of Π_{VAP} , or of structures of the type f^{abc} in the cases of Π_{V V P} and Π_{AAP} ), read (Π_{VAP} )^{abc}_{μν} (p, q) = f^{abc} { ⟨ψψ⟩_0 [ (p + 2q)_μq_ν q^2(p + q)^2 − η_{μν} (p + q)^2 ]

+P_{μν} (p, q)F(p^2, q^2, (p + q)^2) + Q_{μν}(p, q)G(p^2, q^2, (p + q)^2) } , (Π_{V V P} )^{abc}_{μν} (p, q) = ϵ_{μναβ}p^αq^β d^{abc} H_V (p^2, q^2, (p + q)^2) ,

(Π_{AAP} )^{abc}_{μν} (p, q) = ϵ_{μναβ}p^αq^β d^{abc} H_A(p^2, q^2, (p + q)^2) . (2.3)

Here, η_{μν} denotes the metric tensor in flat Minkowski space with signature (+, −, −, −) and we use the conventions ϵ_{0123} = 1 for the totally antisymmetric tensor ϵ_{μνρσ} and γ_5 = iγ^0γ^1γ^2γ^3. The transverse tensors P_{μν} and Q_{μν} are defined by

P_{μν} (p, q) = q_μp_ν − (p · q)η_{μν} , Q_{μν} (p, q) = p^2q_μq_ν + q^2p_μp_ν − (p · q)p_μq_ν − p^2q^2η_{μν} .

Due to Bose-Einstein symmetry, the invariant functions H_{V,A} have the property

H_{V,A}(p^2, q^2, (p + q)^2) = H_{V,A}(q^2, p^2, (p + q)^2) . (2.4)

The behaviour of these invariant functions at small momentum transfers is constrained by the presence of singularities arising from Goldstone boson intermediate states. Here we are interested in the limit where the number of colours N_C becomes infinite. In this limit, the contributions from one-particle intermediate states dominate, so that at low energies we only need to keep the corresponding Goldstone boson poles and the polynomial terms involving the counterterms. In the even intrinsic parity case, we use the basis of Ref. [6] for the O(p^6) counterterms, and we obtain

F^{ChP T} (p^2, q^2, (p + q)^2) = 4⟨ψψ⟩_0 F^2_0 (p + q)^2 [ L_9 + L_{10}

+(C_{78} − 5 2 C_{88} − C_{89} + 3C_{90})p^2 + (C_{78} − 2C_{87} + 1 2 C_{88})q^2

+(C_{78} + 4C_{82} − 1 2 C_{88})(p + q)^2 ] + · · · , G^{ChP T} (p^2, q^2, (p + q)^2) = 4⟨ψψ⟩_0 F^2_0 q^2(p + q)^2 [ L_9

+2(−C_{88} + C_{90})p^2 + (2C_{78} − C_{89} + C_{90})q^2 − 2C_{90}(p + q)^2 ] + · · · , (2.5)

where the ellipses stand for higher order contributions. For the two correlators of odd intrinsic parity, we use the counterterm Lagrangian of Ref. [5], in terms of which we find

H^{ChP T}_V (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ − N_C 8π^2

+ (4A_2 − 16A_3)(p^2 + q^2)

+(−4A_2 + 8A_3 + 16A_4)(p + q)^2 ] + · · · , H^{ChP T}_A (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ − N_C 24π^2

+ (4A_{11} + 4A_{23} − 16A_{24})(p^2 + q^2)

+(−12A_{11} − 16A_{17} − 4A_{23} + 8A_{24} + 16A_{25})(p + q)^2 ] + · · · . (2.6)

We have thus identified the set of low-energy constants that describe the long-distance behaviour of the ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ three-point functions.

3 Short-distance analysis

We next study the properties of the ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ correlators at short distances. These will be conditioned by the fact that the three Green’s functions under consideration are order parameters of chiral symmetry. Therefore, they vanish to all orders in perturbative QCD in the chiral limit, so that their behaviour at short distances is smoother than expected from naive power counting arguments. Two limits are of interest. In the first case, the two momenta become simultaneously large, which in position space describes the situation where the space-time arguments of the three operators tend towards the same point at the same rate. Our analysis will be restricted to the leading terms^2, and the expressions below hold up to corrections of order O(α_s). We obtain lim_{λ→∞}(Π_{VAP} )^{abc}_{μν} (λp, λq) = ⟨ψψ⟩_0 λ^2 f^{abc} 1 p^2q^2(p + q)^2 { p^2(p + 2q)_μq_ν − η_{μν}p^2q^2 + 1 2 [p^2 − q^2 − (p + q)^2]P_{μν} − Q_{μν} } + O ( 1 λ^4 ) , lim_{λ→∞}(Π_{V V P} )^{abc}_{μν} (λp, λq) = − ⟨ψψ⟩_0 2λ^2 d^{abc} ϵ_{μναβ}p^αq^β q^2 + p^2 + (p + q)^2 p^2q^2(p + q)^2 + O ( 1 λ^4 ) , lim_{λ→∞}(Π_{AAP} )^{abc}_{μν} (λp, λq) = − ⟨ψψ⟩_0 2λ^2 d^{abc} ϵ_{μναβ}p^αq^β q^2 + p^2 − (p + q)^2 p^2q^2(p + q)^2 + O ( 1 λ^4 ) . (3.1)

One concludes that

lim_{λ→∞} F((λp)^2, (λq)^2, (λp + λq)^2) = 1 2λ^4 ⟨ψψ⟩_0 p^2 − q^2 − (p + q)^2 p^2q^2(p + q)^2 + O ( 1 λ^6 ) , (3.2)

lim_{λ→∞} G((λp)^2, (λq)^2, (λp + λq)^2) = − 1 λ^6 ⟨ψψ⟩_0 p^2q^2(p + q)^2 + O ( 1 λ^8 ) , (3.3) and lim_{λ→∞} H_{V,A}((λp)^2, (λq)^2, (λp + λq)^2) = − 1 2λ^4 ⟨ψψ⟩_0 p^2 + q^2 ± (p + q)^2 p^2q^2(p + q)^2 + O ( 1 λ^6 ) . (3.4)

Notice that since the ⟨ψψ⟩_0 condensate and the pseudoscalar density P^a(x) have the same anomalous dimensions, the leading short-distance behaviour exhibited in these expressions is canonical, the corresponding Wilson coefficients have no anomalous dimensions.

The second situation of interest corresponds to the case where the relative distance between only two of the three operators involved becomes small. It so happens that the corresponding behaviours in momentum space involve, apart from the correlator ⟨AP ⟩ which, in the chiral limit, is saturated by the single-pion intermediate state, ∫ d^4xe^{ip·x}⟨0|T {A^a_μ(x)P^b(0)}|0⟩ = δ^{ab}⟨ψψ⟩_0 p_μ p^2 , 2In the case of the ⟨VAP ⟩ correlator, the subleading term in the short-distance expansion, involving the mixed condensate, can be found in Ref. [33].

the two-point function ⟨V T ⟩ of the vector current and the antisymmetric tensor density,

δ^{ab}(Π_{V T} )_{μρσ}(p) = ∫ d^4xe^{ip·x}⟨0|T {V^a_μ (x)(ψ σ_{ρσ} λ^b 2 ψ)(0)}|0⟩ , with σ_{ρσ} =^i_2[γ_ρ, γ_σ] (the similar correlator between the axial current and the tensor density vanishes as a consequence of invariance under charge conjugation). Conservation of the vector current and invariance under parity then give

(Π_{V T} )_{μρσ}(p) = (p_ρη_{μσ} − p_ση_{μρ}) Π_{V T} (p^2) .

The leading short-distance behaviour of this two-point function reads (see also [39])

lim_{λ→∞} Π_{V T} ((λp)^2) = − 1 λ^2 ⟨ψψ⟩_0 p^2 + O ( 1 λ^4 ) . (3.5)

For the ⟨VAP ⟩ correlator, we then find lim_{λ→∞}(Π_{VAP} )^{abc}_{μν} (λp, q − λp) = − 1 λ f^{abc} ⟨ψψ⟩_0 p_μq_ν + p_ν q_μ − (p · q)η_{μν} p^2q^2 + O ( 1 λ^2 ) , (3.6)

lim_{λ→∞}(Π_{VAP} )^{abc}_{μν} (λp, q) = 1 λ f^{abc} ⟨ψψ⟩_0 p_μq_ν p^2q^2 + O ( 1 λ^2 ) , (3.7) and lim_{λ→∞}(Π_{VAP} )^{abc}_{μν} (p, λq) = 1 λ f^{abc} p_ν q_μ − (p · q)η_{μν} q^2

Π_{V T} (p^2) + O ( 1 λ^2 ) . (3.8)

For the ⟨V V P ⟩ correlator we obtain the results lim_{λ→∞}(Π_{V V P} )^{abc}_{μν} (λp, q − λp) = − 1 λ d^{abc} ⟨ψψ⟩_0 ϵ_{μνρσ}p^ρq^σ 1 p^2q^2 + O ( 1 λ^2 ) , (3.9)

lim_{λ→∞}(Π_{V V P} )^{abc}_{μν} (λp, q) = 1 λ d^{abc} ϵ_{μνρσ} p^ρq^σ p^2

Π_{V T} (q^2) + O ( 1 λ^2 ) , (3.10)

and for the ⟨AAP ⟩ correlator, lim_{λ→∞}(Π_{AAP} )^{abc}_{μν} (λp, q − λp) = − 1 λ d^{abc} ⟨ψψ⟩_0 ϵ_{μνρσ}p^ρq^σ 1 p^2q^2 + O ( 1 λ^2 ) , (3.11)

lim_{λ→∞}(Π_{AAP} )^{abc}_{μν} (λp, q) = O ( 1 λ^2 ) . (3.12)

In terms of the invariant functions F and G, the constraint (3.6) yields

lim_{λ→∞} F((λp)^2, (q − λp)^2, q^2) = ⟨ψψ⟩_0 λ^2p^2 [ F^{(0)}(q^2) + 1 λ p · q p^2

F^{(1)}(q^2) + O ( 1 λ^2 )] , lim_{λ→∞} G((λp)^2, (q − λp)^2, q^2) = ⟨ψψ⟩_0 (λ^2p^2)^2 [ G^{(0)}(q^2) + 1 λ p · q p^2

G^{(1)}(q^2) + O ( 1 λ^2 )] , (3.13)

together with

F^{(0)}(q^2) − G^{(0)}(q^2) = 1 q^2 , F^{(1)}(q^2) − G^{(1)}(q^2) + G^{(0)}(q^2) = 2 q^2

. (3.14)

Finally, the following properties

lim_{λ→∞} F((λp)^2, q^2, (q + λp)^2) = O ( 1 λ^3 ) , lim_{λ→∞} G((λp)^2, q^2, (q + λp)^2) = O ( 1 λ^4 ) , (3.15) and lim_{λ→∞} F(p^2, (λq)^2, (p + λq)^2) = 1 λ^2 1 q^2

Π_{V T} (p^2) + O ( 1 λ^3 ) , lim_{λ→∞} G(p^2, (λq)^2, (p + λq)^2) = O ( 1 λ^4 ) , (3.16)

must also be satisfied. For the invariant functions H_V and H_A we obtain the constraints

lim_{λ→∞} H_{V,A}((λp)^2, (q − λp)^2, q^2) = − 1 λ^2 ⟨ψψ⟩_0 1 p^2q^2 + O ( 1 λ^3 ) , (3.17)

lim_{λ→∞} H_V ((λp)^2, q^2, (q + λp)^2) = 1 λ^2 1 p^2

Π_{V T} (q^2) + O ( 1 λ^3 ) , (3.18)

lim_{λ→∞} H_A((λp)^2, q^2, (q + λp)^2) = O ( 1 λ^3 ) . (3.19)

4 The intermediate energy region

In this section, we shall construct representations of the invariant functions which describe the correlators ⟨VAP ⟩, ⟨V VP ⟩, ⟨AAP ⟩ and ⟨V T ⟩ in the intermediate energy region, dominated by the resonances, and which reproduce the short-distance constraints studied in the preceding section. Finding the general structure of the invariant functions F, G and H_{V,A} is of course far beyond our present possibilities. As discussed in the introduction, we shall therefore work in the framework of the large-N_C approximation to QCD and assume, in addition, that already a finite number of resonances will give a satisfactory description of these correlators.

We first consider the case where only a single resonance is retained in each channel, assuming that in the pseudoscalar one only the massless Goldstone bosons need to be kept. The corresponding lowest meson dominance (LMD) ansätze for the invariant functions are constructed such that the resulting expressions agree with the short-distance constraints (3.2) – (3.4). This is rather straightforward, and in the case of the ⟨VAP ⟩ correlator, the result reads [33]

F^{LMD}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 2 p^2 − q^2 − (p + q)^2 + 2a (p^2 − M^2_V )(q^2 − M^2_A)(p + q)^2 , G^{LMD}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0

−q^2 + b (p^2 − M^2_V )(q^2 − M^2_A)q^2(p + q)^2

. (4.1)

The constants a and b in Eq. (4.1) can be determined as follows. As shown in Ref. [33], one can relate the ⟨V A|π⟩ vertex function Γ_{V A} (for the definitions and a discussion of some properties of the vertex functions associated to the three point functions under study, we refer the reader to Appendix A) to the two-point correlator ⟨V V − AA⟩ via a low-energy theorem. From the two Weinberg sum rules [40] one obtains in this way the relation

a − b = −(M^2_V + M^2_A) . (4.2)

The constant b can be fixed by requiring that the vector form factor of the pion F^π_V (q^2), defined by ⟨π^a(p^′)|V^b_μ (0)|π^c(p)⟩ = if^{abc}(p^′ + p)_μF^π_V (q^2) , q = p − p^′ , (4.3) satisfies an unsubtracted dispersion relation [20] (there are theoretical arguments [41, 42] in favour of a 1/q^2 fall-off of this form factor for large momentum transfer). Since

F^π_V (q^2) ≡ 1 + q^2 2⟨ψψ⟩_0 lim (q−p)2→0 lim_{p2→0}(q − p)^2p^2G(q^2, (q − p)^2, p^2) ,

we obtain with the function G^{LMD} from Eq. (4.1) the result F^{π,LMD} V (q^2) = 1 − b 2M^2_A q^2 q^2 − M^2_V

, (4.4)

and thus b = 2M^2_A . (4.5) Combining Eqs. (4.2) and (4.5) then gives

a = M^2_A − M^2_V . (4.6)

We note that the argument given in Ref. [33] that the same result for the constant b can also be obtained by enforcing the correct short-distance behaviour of the ⟨V P |π⟩ vertex function Γ_{V P} is not correct. In Appendix A we sketch the derivation of the operator product expansion of this vertex function, with the result given in Eq. (A.6). The LMD ansatz will reproduce the subleading term in the OPE provided b = 4M^2_A/3, which implies with Eq. (4.2) a = −M^2_V + M^2_A/3. Thus, with the LMD ansatz for the invariant function G from Eq. (4.1) it is not possible to reproduce at the same time the requirements from the asymptotic behaviour of the form factor F^π_V (q^2) and from the subleading terms in the OPE for the ⟨V P |π⟩ vertex function. The subleading term of the OPE of ⟨V A|π⟩ is correctly reproduced if Eq. (4.2) holds. In what follows, we shall understand that the LMD approximation for the ⟨VAP ⟩ correlator corresponds to the ansatz (4.1) together with the choice b = 2M^2_A.

For the ⟨V T ⟩ two-point functions, only J^{P C} = 1^{−−} vector mesons contribute. In the LMD approximation, the leading short-distance behaviour then fixes everything but the mass of the lowest vector resonance,

Π^{LMD}_{V T} (p^2) = − ⟨ψψ⟩_0 1 p^2 − M^2_V

. (4.7)

It is quite remarkable that with this simple ansatz all the remaining leading short-distance constraints explicited in the previous section are met. In particular, for the quantities introduced in Eq. (3.13) we obtain

F^{(0),LMD}(q^2) = 0 , F^{(1),LMD}(q^2) = 1 q^2 , G^{(0),LMD}(q^2) = − 1 q^2

, G^{(1),LMD}(q^2) = − 2 q^2 , which satisfy (3.14). Note, however, that the LMD ansätze for F and G in Eq. (4.1) do not correctly reproduce the subleading terms in the OPE for the correlator ⟨VAP ⟩ given in Ref. [33].

The LMD ansatz for the invariant functions H_{V,A} reads^3

H^{LMD}_V (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 2 p^2 + q^2 + (p + q)^2 − c_V (p^2 − M^2_V )(q^2 − M^2_V )(p + q)^2

, c_V = N_C 4π^2

M^4_V F^2_0 , H^{LMD}_A (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 2 p^2 + q^2 − (p + q)^2 − c_A (p^2 − M^2_A)(q^2 − M^2_A)(p + q)^2

, c_A = N_C 12π^2

M^4_A F^2_0

, (4.8)

where c_{V,A} are fixed by the Wess-Zumino-Witten anomaly [44] term. Again, these simple ansätze fulfill all the remaining leading short-distance requirements worked out in the preceding section. We note that for the vertex functions Γ_{V V} and Γ_{AA} also the subleading terms in the OPE in Eq. (A.6) are reproduced by these ansätze.

As already pointed out, it is sometimes necessary to generalize the ansätze for the invariant functions given above by including more than one resonance in each channel. This might be due to some additional constraints that are imposed on the Green’s functions or in order to better reproduce experimental data involving resonances, as was argued in Ref. [32]. If we include, for instance, one additional vector resonance, the expressions for the invariant functions F, G, Π_{V T}

3The LMD ansatz for the ⟨V VP ⟩ three-point function was given in Refs. [32, 43].

and H_V read as follows (H_A remains, of course, unchanged)

F^{LMD+V} (p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 2 p^2 [p^2 − q^2 − (p + q)^2] + P_F (p^2, q^2, (p + q)^2) (p^2 − M^2_{V1} )(p^2 − M^2_{V2} )(q^2 − M^2_A)(p + q)^2 , G^{LMD+V} (p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0

−p^2q^2 + P_G(p^2, q^2, (p + q)^2) (p^2 − M^2_{V1} )(p^2 − M^2_{V2} )(q^2 − M^2_A)q^2(p + q)^2 , Π^{LMD+V} V T (p^2) = − ⟨ψψ⟩_0 p^2 + c_{V T} (p^2 − M^2_{V1} )(p^2 − M^2_{V2} ) , H^{LMD+V} V (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 2 p^2q^2 [p^2 + q^2 + (p + q)^2] + P^V_H (p^2, q^2, (p + q)^2) (p^2 − M^2_{V1} )(p^2 − M^2_{V2} )(q^2 − M^2_{V1} )(q^2 − M^2_{V2} )(p + q)^2 , (4.9)

where

P_F (p^2, q^2, (p + q)^2) = f_1p^2 + f_2q^2 + f_3(p + q)^2 + f_4 , P_G(p^2, q^2, (p + q)^2) = g_1p^2 + g_2q^2 + g_3(p + q)^2 + g_4 , P^V_H (p^2, q^2, (p + q)^2) = h_1(p^2 + q^2)^2 + h_2p^2q^2 + h_3(p^2 + q^2)(p + q)^2 + h_4(p + q)^4 +h_5(p^2 + q^2) + h_6(p + q)^2 + h_7 .

The coefficients that appear in the polynomials P_F , P_G and P^V_H have to fulfill the following relations

f_2 + f_3 = −2c_{V T} , h_1 + h_3 + h_4 = 2c_{V T} , (4.10)

in order to reproduce all short-distance constraints from the operator product expansion given in the previous section. Furthermore, the Wess-Zumino-Witten anomaly determines

h_7 = − N_C 4π^2

M^4_{V1} M^4_{V2}

F^2_0 . Using the low-energy theorem that relates Γ_{V A} to ⟨V V − AA⟩ one obtains, from the LMD+V ansatz for the latter correlator [45], the relations

f_1 + f_2 = 2 ( g_1 + g_2 − M^2_{V1} − M^2_{V2} − M^2_A ) , f_4 = 2 ( g_4 + M^2_{V1} M^2_{V2} + M^2_A(M^2_{V1} + M^2_{V2} ) − 4πα_s⟨ψψ⟩^2_0 F^2_0 ) . (4.11)

The first of these conditions also guarantees that the next-to-leading short-distance behaviour of Γ_{V A} is correctly reproduced. The vector form factor of the pion now reads F^{π,LMD+V} V (q^2) = 1 − q^2 2M^2_A g_1q^2 + g_4 (q^2 − M^2_{V1} )(q^2 − M^2_{V2} )

. (4.12)

Requiring that it behaves like 1/q^2 for large q^2, leads to the relation

g_1 = 2M^2_A . (4.13)

On the other hand, in order to reproduce the subleading terms in the OPE for Γ_{V P} , Eq. (A.6), with the LMD+V ansatz for G yields a constraint which is independent from the previous one,

g_1 + g_3 = 4 3 M^2_A . (4.14)

Combining this equation with Eq. (4.13), we obtain the result

g_3 = − 2 3 M^2_A .

Note that in contrast to the LMD case above, we can simultaneously fulfill the requirements from the asymptotic behaviour of the form factor F^π_V (q^2) and from the subleading terms in the OPE for the Γ_{V P} vertex functions.

Finally we note that the subleading terms in the OPE for the ⟨V V |π⟩ vertex function Γ_{V V} in Eq. (A.6) are reproduced by the LMD+V ansatz for H_V without leading to further constraints on the coefficients h_i.

Let us briefly mention the ansatz for H_V with one additional pseudoscalar resonance, discussed in Ref. [32], H^{LMD+P} V (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 2 (p + q)^2 [p^2 + q^2 + (p + q)^2] + P^P_H (p^2, q^2, (p + q)^2) (p^2 − M^2_V )(q^2 − M^2_V )((p + q)^2 − M^2_P )(p + q)^2 , (4.15)

where

P^P_H (p^2, q^2, (p + q)^2) = ĥ_1(p^2 + q^2) + ĥ_2(p + q)^2 + ĥ_3 .

The OPE leads to the condition ĥ_1 = −M^2_P , (4.16)

and the Wess-Zumino-Witten anomaly yields

ĥ_3 = N^C 4π^2

M^4_V M^2_P F^2_0 . In contrast to the LMD case, the coefficients that appear in the invariant functions are no longer fixed unambiguously by the leading terms in the OPE. Here we have considered additional restrictions arising from the next-to-leading short-distance behaviour of the ⟨V A|π⟩, ⟨V P |π⟩ and ⟨V V |π⟩ vertex functions. Further information may be gained from the study of vertex functions like ⟨V P |a_1⟩, ⟨V V |ρ⟩, etc. We shall not pursue this interesting line of thought here. Other sources of additional constraints might also be invoked, either from low-energy physics, from subleading terms in the OPE of the three-point functions^4 or from processes involving resonances. We shall illustrate this point below.

4Actually, the addition of a single vector or pseudoscalar resonance is still not sufficient in order to reproduce the next-to-leading short-distance behaviour of ⟨VAP ⟩ as given by Eq. (46) of Ref. [33].

5 Determination of low-energy constants

In this section, we shall use the ansätze of the previous section in order to obtain an evaluation of the low-energy constants involved in the chiral expansion of the three correlators under study. This is done upon performing the low-energy expansion of the invariant functions F^{LMD}, G^{LMD} and H^{LMD}_{V,A} and by subsequently matching it with the chiral expressions (2.5) and (2.6).

We start with the sector of even intrinsic parity, i.e. with the ⟨VAP ⟩ correlator. For small momentum transfers, we can expand the resonance propagators 1 p^2 − M^2_R = − 1 M^2_R [ 1 + O ( p^2 M^2_R )] , (5.1)

and obtain (in these expressions, we have taken b = 2M^2_A, a = M^2_A − M^2_V , see the discussion after Eq. (4.1)),

F^{LMD}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 (p + q)^2 [ 1 M^2_V − 1 M^2_A + p^2 M^2_V M^2_A ( M^2_A M^2_V − 1 2 ) + q^2 M^2_V M^2_A ( 1 2 − M^2_V M^2_A ) − 1 2 (p + q)^2 M^2_V M^2_A

+ O(p^4) ] ,

G^{LMD}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 q^2(p + q)^2 [ 2 M^2_V

+ p^2 ( 2 M^4_V ) + q^2 ( 1 M^2_V M^2_A ) + O(p^4) ] , where O(p^4) includes all possible higher order polynomials in p^2, q^2, (p + q)^2. Comparison with the expressions (2.5) from ChPT yields the following solution (treating SU(2) and SU(3) together) L^{LMD}_9 = − 1 2 l^{LMD}_6 = 1 2 F^2_0 M^2_V , L^{LMD}_{10} = l^{LMD}_5 = − 1 4 F^2_0 M^2_V − 1 4 F^2_0 M^2_A

, (5.2) and C^{LMD}_{78} = c^{LMD}_{44} = 3 8 F^2_0 M^4_V + 3 8 F^2_0 M^2_V M^2_A , C^{LMD}_{82} = c^{LMD}_{47} = − 1 8 F^2_0 M^4_V − 1 8 F^2_0 M^2_V M^2_A , C^{LMD}_{87} = c^{LMD}_{50} = 1 8 F^2_0 M^4_V + 1 8 F^2_0 M^2_V M^2_A + 1 8 F^2_0 M^4_A , C^{LMD}_{88} = c^{LMD}_{51} = − 1 4 F^2_0 M^4_V , C^{LMD}_{89} = c^{LMD}_{52} = 3 4 F^2_0 M^4_V + 1 2 F^2_0 M^2_V M^2_A , C^{LMD}_{90} = c^{LMD}_{53} = 0 . (5.3)

The results for L_9 and L_{10} agree with those obtained in Refs. [18, 20] after employing the two Weinberg sum rules [40] and using, in addition, the relation F_V G_V = F^2_0 which follows from the assumption that the vector form factor of the pion F^π_V (q^2) satisfies an unsubtracted dispersion relation [20].

Going through the same steps for the two correlators ⟨V VP ⟩ and ⟨AAP ⟩, we obtain the small momentum expansions

H^{LMD}_V (p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 (p + q)^2 [ N_C 8π^2F^2_0 − p^2 + q^2 M^4_V (1 2 − N_C 8π^2

M^2_V F^2_0 ) − (p + q)^2 M^4_V

+ O(p^4) ] , H^{LMD}_A (p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 (p + q)^2 [ N_C 24π^2F^2_0 − p^2 + q^2 M^4_A (1 2 − N_C 24π^2

M^2_A F^2_0 ) + (p + q)^2 M^4_A

+ O(p^4) ] , from which we infer the following equations for some of the O(p^6) low-energy constants A_i of Ref. [5] in the odd intrinsic parity sector, see Eq. (2.6),

A^{LMD}_2 − 4A^{LMD}_3 =

F^2_0 8M^4_V − N_C 32π^2 1 M^2_V , A^{LMD}_2 − 2A^{LMD}_3 − 4A^{LMD}_4 = − F^2_0 8M^4_V , A^{LMD}_{11} + A^{LMD}_{23} − 4A^{LMD}_{24} =

F^2_0 8M^4_A − N_C 96π^2 1 M^2_A , 3A^{LMD}_{11} + 4A^{LMD}_{17} + A^{LMD}_{23} − 2A^{LMD}_{24} − 4A^{LMD}_{25} =

F^2_0 8M^4_A

. (5.4)

The numerical values that follow from these expressions for the low-energy constants C_i and A_i are discussed in the next section.

6 Comparison with the resonance Lagrangian approach

In this section, we wish to compare the preceding determination of the low-energy constants with the approach which uses a Lagrangian with explicit resonance degrees of freedom. For definiteness, we use the resonance Lagrangian given in Ref. [38] which has often been employed in the literature to estimate the low-energy constants at order p^6. In this Lagrangian a vectorfield representation is used for the vector and axial-vector resonances. For convenience, we have written down this Lagrangian in Appendix B. Note that no pseudoscalar resonances appear in this Lagrangian. Furthermore, as stressed in Ref. [20], one has to add local terms from L_4,^5

5Where L_n = ∑ k+2l=n L(k,l) in terms of the notation introduced in Eq. (1.1).

with fixed coefficients L^{res}_i in order to correctly reproduce the QCD short-distance behaviour of certain Green’s functions. We shall come back to this point below.

The calculation of the ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ three-point functions with the resonance Lagrangian yields again a result in agreement with the general solution of the Ward identities with the following expressions for the invariant functions (the coupling β_V is sometimes denoted by f_χ, see e.g. Ref. [46])

F^{res}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ 4L^{res}_9 + 4L^{res}_{10} + p^2 (p^2 − M^2_V ) ( f^2_V − 2f_V g_V + 2 √ 2f_V α_V )

+ q^2 (q^2 − M^2_A) ( −f^2_A − 2 √ 2f_Aα_A )

+ p^2q^2 (p^2 − M^2_V )(q^2 − M^2_A) ( −2f_V f_A(A^{(2)} − A^{(3)}) ) ] , (6.1)

G^{res}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 F^2_0 q^2(p + q)^2 [ 4L^{res}_9 + 1 (p^2 − M^2_V ) ( −2f_V g_V p^2 + 2 √ 2f_V α_V q^2 − 4 √ 2f_V β_V (p + q)^2 )

+ q^2 (q^2 − M^2_A) ( −2 √ 2f_Aα_A )

+ (−2f_V f_A)q^2 (p^2 − M^2_V )(q^2 − M^2_A) ( A^{(2)}q^2 − A^{(3)}p^2 + 2B(p + q)^2 ) ] , (6.2) and H^{res}_V (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ − N_C 8π^2 + p^2 (p^2 − M^2_V ) ( 4 √ 2f_V h_V ) + q^2 (q^2 − M^2_V ) ( 4 √ 2f_V h_V )

− p^2q^2 (p^2 − M^2_V )(q^2 − M^2_V ) ( 4f^2_V σ_V ) ] , H^{res}_A (p^2, q^2, (p + q)^2) = − ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ − N_C 24π^2 + p^2 (p^2 − M^2_A) ( 4 √ 2f_Ah_A ) + q^2 (q^2 − M^2_A) ( 4 √ 2f_Ah_A )

− p^2q^2 (p^2 − M^2_A)(q^2 − M^2_A) ( 4f^2_Aσ_A ) ] . (6.3)

For momentum transfers that are small as compared to the resonance masses, we can expand the propagators as sketched in Eq. (5.1). Therefore, the contributions from the resonance

Lagrangian start at O(p^6) in the chiral expansion. The contributions A^{(2)}, A^{(3)}, B, and σ_V , σ_A originate from the exchange of two resonances and start to contribute to the low-energy expansion at O(p^8) only.

6.1 Even intrinsic parity sector

For the ⟨VAP ⟩ correlator, we thus find the low-energy expansions

F^{res}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 F^2_0 (p + q)^2 [ 4L^{res}_9 + 4L^{res}_{10} − p^2 M^2_V ( f^2_V − 2f_V g_V + 2 √ 2f_V α_V )

− q^2 M^2_A ( −f^2_A − 2 √ 2f_Aα_A ) + O(p^4) ] , G^{res}(p^2, q^2, (p + q)^2) = ⟨ψψ⟩_0 F^2_0 q^2(p + q)^2 [ 4L^{res}_9 − 1 M^2_V ( −2f_V g_V p^2 + 2 √ 2f_V α_V q^2 − 4 √ 2f_V β_V (p + q)^2 )

− q^2 M^2_A ( −2 √ 2f_Aα_A ) + O(p^4) ] . Comparison with the expressions of the functions F and G in ChPT, Eq. (2.5), leads to the following determination of the corresponding low-energy constants (again treating SU(2) and SU(3) together)

C^{res}_{78} = c^{res}_{44} = 1 4 1 M^2_V f^2_V + 1 8 1 M^2_V f_V g_V + 1 2 √ 2 1 M^2_V f_V β_V + 1 √ 2 1 M^2_A f_Aα_A , C^{res}_{82} = c^{res}_{47} = − 1 16 1 M^2_V f^2_V − 1 16 1 M^2_V f_V g_V − 1 4 √ 2 1 M^2_V f_V β_V − 1 4 √ 2 1 M^2_A f_Aα_A , C^{res}_{87} = c^{res}_{50} = 1 8 1 M^2_V f^2_V − 1 8 1 M^2_A f^2_A ,

C^{res}_{88} = c^{res}_{51} = − 1 4 1 M^2_V f_V g_V − 1 √ 2 1 M^2_V f_V β_V , C^{res}_{89} = c^{res}_{52} = 1 2 1 M^2_V f^2_V + 1 4 1 M^2_V f_V g_V + 1 √ 2 1 M^2_V f_V α_V + 1 √ 2 1 M^2_A f_Aα_A , C^{res}_{90} = c^{res}_{53} = − 1 √ 2 1 M^2_V f_V β_V . (6.4)

There are two main differences with the LMD ansatz of the previous section: the absence of a term (p + q)^2 in the low-momentum expansion of F^{res}(p^2, q^2, (p + q)^2), whereas such a term is present in G^{res}(p^2, q^2, (p + q)^2) but not in G^{LMD}(p^2, q^2, (p + q)^2).

In Table 1 (see e.g. Eq. (5.3) for the translation into the corresponding SU(2) constants c_i) we compare the numerical values for the low-energy constants C_i in the LMD approximation with those obtained from the resonance Lagrangian. As recalled in the introduction and as discussed in Ref. [18], these numbers have to be understood as the values of the low-energy constants at the scale set by Λ_H, which we identify with the ρ mass M_V . We have used the values F_0 = 92.4 MeV, M_V = 769 MeV, and M_A = 1230 MeV, as well as the two sets of input values for the resonance parameters listed in Table 2 as given in Ref. [38] (Set I), based on an ENJL model, and from Refs. [46, 47] (Set II), extracted from resonance decays. If we allow for a relative error of about 30% in these values, a typical size for the uncertainty attached to a large-N_C estimate, the agreement is rather good, except for the cases of C_{88} and C_{90}. We postpone the discussion of some phenomenological implications of the differences shown by Table 1 to section 8 below.

Table 1: Numerical values for the low-energy constants C_i (in units of 10^{−4}/F^2_0 ) obtained from the LMD estimates in Eq. (5.3) and with the expressions derived from the resonance Lagrangian in Eq. (6.4) for two different sets of input values for the resonance parameters.

C_{78} C_{82} C_{87} C_{88} C_{89} C_{90} LMD 1.09 -0.36 0.40 -0.52 1.97 0.0 Set I 1.09 -0.29 0.47 -0.16 2.29 0.33 Set II 1.49 -0.39 0.65 -0.14 3.22 0.51

Table 2: Values for the parameters in the resonance Lagrangian from Ref. [38] (Set I) and from Refs. [46, 47] (Set II).

f_V g_V α_V β_V ≡ f_χ f_A α_A Set I 0.17 0.08 -0.015 -0.019 0.085 -0.0092 Set II 0.20 0.09 -0.014 -0.025 0.10 -0.0067

The values displayed in the second line of Table 1 were obtained by taking b = 2M^2_A in the LMD ansatz (4.1). If we had taken b = 4M^2_A/3 instead, these values would have changed within an acceptable range: about 20% for C_{78} and C_{82}, 16% in the case of C_{89}. The biggest variation occurs for C_{88}, around 30%, while C_{87} and C_{90} remain unchanged, being insensitive to the value of b. Notice also that L_9 is proportional to b, L_9 = F^2_0 b/4M^2_V M^2_A. Changing b from 2M^2_A to 4M^2_A/3 decreases the value of L_9 by as much as 33%, while leaving L_{10} unaffected. This modifies the O(p^4) prediction of the pion charge radius from ⟨r^2⟩^π_V (b = 2M^2_A) = 0.47 ± 0.13 fm^2 to ⟨r^2⟩^π_V (b = 4M^2_A/3) = 0.33 ± 0.09 fm^2, somewhat lower than the experimental value ⟨r^2⟩^π_V = 0.439 ± 0.008 fm^2 [48].

At this stage, it is worthwhile to stress that it is not possible to find a one-to-one correspondence between the parameter sets of the resonance Lagrangian and of the LMD approximation to large-N_C QCD. This directly reflects the differences mentioned above in the low-energy expansions of the functions F^{LMD} and G^{LMD} on the one hand, and of F^{res} and G^{res} on the other hand. Nevertheless, some agreement can be obtained by adjusting the resonance parameters. When performing such a parametric comparison, one has to observe that the LMD ansatz already encodes some additional information. For instance, the two Weinberg sum rules [40] are fulfilled. In the LMD approximation they take the form F^2_V = F^2_0 + F^2_A and F^2_V M^2_V = F^2_AM^2_A and allow one to express F_V and F_A through the resonance masses and F_0. Furthermore, in the LMD approximation the identity F_V G_V = F^2_0 holds. Finally, one has to make the following identifications between the parameters in the vector- and the tensor-field representation for the resonances: f_V ≡ F_V /M_V , g_V ≡ G_V /M_V and f_A ≡ F_A/M_A, see Ref. [20].

Comparing the expressions for C_{90} and C_{88} in the LMD approximation, Eq. (5.3), with those obtained from the resonance Lagrangian, Eq. (6.4), and using F_V G_V = F^2_0 we get

β_V = 0 .

This removes the largest numerical discrepancies in Table 1. Note in particular the huge cancellation in C^{res}_{88} for the values of β_V given in Table 2. On the other hand, using the Weinberg sum rules and the identifications mentioned above one notices that C^{LMD}_{87} ≡ C^{res}_{87} . Thus we are left with the three equations C^{LMD}_i = C^{res}_i , i = 78, 82, 89, for the remaining two unknowns α_V and α_A. It turns out that this system of equations is inconsistent. We can solve, however, for α_V , since in the difference C_{78} − C_{89} the term with f_Aα_A drops out. From the requirement C^{LMD}_{78} − C^{LMD}_{89} = C^{res}_{78} − C^{res}_{89} we obtain

α_V = − √ 2 8 F_0M_V M^3_A

(M^2_A + M^2_V ) √ M^2_A − M^2_V

= −0.015 ,

in remarkable agreement with the values quoted in Refs. [38, 46, 47], see Table 2. On the other hand, requiring C^{LMD}_{78} + 4C^{LMD}_{82} = C^{res}_{78} + 4C^{res}_{82} , leads to − 1 8 F^2_0 M^2_V M^2_A

= 0 .

This is not compatible with the spontaneous breakdown of chiral symmetry [1] and the Goldstone theorem, which requires F_0 ≠ 0.

6.2 Odd intrinsic parity sector

The low-energy expansion of the resonance expressions for the two correlators ⟨V VP ⟩ and ⟨AAP ⟩ gives the following estimates of the low-energy constants A_i A^{res}_2 − 4A^{res}_3 = − √ 2f_V h_V 1 M^2_V ,

A^{res}_2 − 2A^{res}_3 − 4A^{res}_4 = 0 ,

A^{res}_{11} + A^{res}_{23} − 4A^{res}_{24} = − √ 2f_Ah_A 1 M^2_A , 3A^{res}_{11} + 4A^{res}_{17} + A^{res}_{23} − 2A^{res}_{24} − 4A^{res}_{25} = 0 . (6.5)

In Table 3 we compare the numerical values for the low-energy constants A_i from the LMD estimates in Eq. (5.4) with those from the resonance Lagrangian, Eq. (6.5). We have introduced the following notations for the combinations of low-energy constants that appear in ⟨V VP ⟩ and ⟨AAP ⟩ A_{V,p}2 = A_2 − 4A_3 , A_{V,(p+q)}2 = A_2 − 2A_3 − 4A_4 ,

A_{A,p}2 = A_{11} + A_{23} − 4A_{24} , A_{A,(p+q)}2 = 3A_{11} + 4A_{17} + A_{23} − 2A_{24} − 4A_{25} . (6.6)

Table 3: Numerical values for the combinations of low-energy constants A_i defined in Eq. (6.6), in units of 10^{−4}/F^2_0 , obtained from the LMD estimates in Eq. (5.4) and from the resonance Lagrangian in Eq. (6.5) (Set I). A_{V,p}2 A_{V,(p+q)}2 A_{A,p}2 A_{A,(p+q)}2 LMD -1.11 -0.26 -0.14 0.040 Set I -1.13 0.0 -0.096 0.0

The agreement for the low-energy constants A_{V,A,p}2 is quite good, whereas the two approaches give different results for A_{V,A,(p+q)}2. In the expressions for the low-energy constants A_i from the resonance Lagrangian (6.5) we used the ENJL estimates (Set I)

f_V h_V = N_C 16π^2 √ 2 8 (1 + g_A) = 0.0055 ,

f_Ah_A = N_C 16π^2 √ 2 24 g_A(1 + g_A) = 0.0012 , (6.7)

with N_C = 3 and g_A = 0.65, see Ref. [38], in particular the Erratum. We shall discuss estimates for the low-energy constants A_{V,p}2 and A_{V,(p+q)}2 beyond the LMD approximation in section 8.3.

Again, it is impossible to find a one-to-one relation between the parameters of the resonance Lagrangian and those that describe the LMD ansatz. The reason lies in the absence of a term proportional to (p + q)^2 in the low-energy expansions of both H^{res}_V and H^{res}_A . We notice nevertheless that requiring A^{LMD}_{V,p}2 = A^{res}_{V,p}2 and A^{LMD}_{A,p}2 = A^{res}_{A,p}2 leads to the relations

f_V h_V = 1 √ 2 ( N_C 32π^2 − F^2_0 8M^2_V ) = 0.0054 , f_Ah_A = 1 √ 2 ( N_C 96π^2 − F^2_0 8M^2_A ) = 0.0017 ,

in rather good agreement with Eq. (6.7).

We conclude that, although an adequate adjustment of the parameters of the resonance Lagrangian of Ref. [38] can bring the determinations of the low-energy constants considered here to a reasonable numerical agreement, there is no way to establish an algebraic equivalence between the two approaches. We have focused here on the Lagrangian of Ref. [38] which is the most complete as far as couplings among resonances and to the Goldstone bosons are concerned. Therefore similar conclusions will also hold for other existing Lagrangians with resonance fields, see Refs. [14, 15, 16, 17, 18, 19, 20] and references therein.

7 QCD short-distance constraints on the resonance Lagrangian

The discrepancies between the estimates for the low-energy constants at O(p^6) from the LMD ansatz and from the resonance Lagrangian, as observed in the previous section, can be traced back to the different high-energy behaviours of the corresponding Green’s functions in the two approaches. In fact, as we shall show in this section, the Green’s function derived from the resonance Lagrangian are incompatible with the QCD short-distance constraints.

7.1 Two large momenta

We first consider the limit when the two momenta become simultaneously large, see Eqs. (3.2) – (3.4). The invariant function F^{res} from Eq. (6.1) behaves as

lim_{λ→∞} F^{res}((λp)^2, (λq)^2, (λp + λq)^2) = ⟨ψψ⟩_0 λ^2F^2_0 (p + q)^2 [ 4L_9 + 4L_{10} + r_{F V} + r_{F A} + r_{F VA} ]

+ ⟨ψψ⟩_0 λ^4F^2_0 [ (r_{F V} + r_{F VA})M^2_V p^2(p + q)^2 + (r_{F A} + r_{F VA})M^2_A q^2(p + q)^2 ] + O( 1 λ^6

) , (7.1)

where r_{F V} , r_{F A}, and r_{F VA} denote the coefficients of the terms p^2/(p^2 − M^2_V ), q^2/(q^2 − M^2_A), and (p^2q^2)/((p^2 − M^2_V )(q^2 − M^2_A)) in Eq. (6.1), respectively. Agreement with the OPE result from Eq. (3.2) at order 1/λ^2 can be achieved if the constraint

4L_9 + 4L_{10} + f^2_V − 2f_V g_V + 2 √ 2f_V α_V − f^2_A − 2 √ 2f_Aα_A − 2f_V f_A(A^{(2)} − A^{(3)}) = 0 (7.2)

is fulfilled. However, at order 1/λ^4, we observe that F^{res} is not compatible with the OPE result in Eq. (3.2), since the term ∼ 1/(p^2q^2) is missing in Eq. (7.1).

As was shown in Ref. [20], requiring agreement of certain Green’s functions with the shortdistance properties of QCD uniquely determines the low-energy constants L_i at O(p^4), even though the contributions of the resonance Lagrangian in the vector-field representation only start at O(p^6).^6 In fact, one has to add local terms from L_4 to the resonance Lagrangian in order to obtain the correct short-distance behaviour of these Green’s functions. Analogously, at O(p^6), one might try to add local counterterms from L_6. This is, however, not enough to bring the function F^{res} in agreement with the OPE. One has as well to add new terms involving both resonance fields and additional derivatives. A similar observation, concerning the ⟨V V S⟩ correlator, was made in Ref. [31]: the short-distance behaviour of the three-point function ⟨V V S⟩ becomes consistent with the OPE only if a term ⟨(V̂_{μν} − (f_V /2)f^+_{μν} )^2∇^2Ŝ⟩ is added to the resonance Lagrangian. In the present case the situation is more involved, i.e. several new terms would have to be added. We have not undertaken the task to construct them explicitly. One can show, however, that if one matches F^{res} with the constraints imposed by the OPE, the local counterterms at O(p^6) have to be adjusted in such a way that one finally obtains the same values for the low-energy constants as with the LMD approach. We caution the reader that the mere fact of using a tensor field representation for the resonances does not, by itself, guarantee to yield the same estimates for the low-energy constants as with the LMD ansatz. Actually, it was pointed out in Ref. [33] that the resonance Lagrangian with a tensor field representation leads to a correlator ⟨VAP ⟩ [49] which does not have the correct short-distance properties.

We may perform a similar analysis for G^{res} from Eq. (6.2). In this case, one may obtain agreement with the QCD result of Eq. (3.3), provided the coupling constants in the resonance Lagrangian are adjusted as follows

f_V g_V M^2_V + √ 2f_V α_V M^2_A − √ 2f_Aα_AM^2_V =

F^2_0 2 , L_9 = 1 2 f_V g_V , A^{(2)} = √ 2 α_V f_A , A^{(3)} = √ 2 α_A f_V , β_V = 0 , B = 0 . (7.3)

We note, however, that in deriving these constraints we have not taken into account possible contributions to G^{res} from the new local terms that have to be added to the resonance Lagrangian in order to make F^{res} compatible with the OPE. The expression for L_9 in Eq. (7.3) agrees with Refs. [18, 20], whereas the relations for A^{(2)} and A^{(3)} agree with those given in Ref. [38].

The short-distance behaviour of the functions H^{res}_V and H^{res}_A in Eq. (6.3) in the odd intrinsic parity sector is given by

lim_{λ→∞} H^{res}_V ((λp)^2, (λq)^2, (λp + λq)^2) = − ⟨ψψ⟩_0 λ^2F^2_0 (p + q)^2 [ − N_C 8π^2 + 8 √ 2f_V h_V − 4f^2_V σ_V ]

− ⟨ψψ⟩_0M^2_V λ^4F^2_0 [ 4 √ 2f_V h_V − 4f^2_V σ_V p^2(p + q)^2 + 4 √ 2f_V h_V − 4f^2_V σ_V q^2(p + q)^2 ]

+O( 1 λ^6 ) , 6If a tensor-field formulation is used for the vector and axial-vector resonances, the contributions from the resonances start already at order p^4 and lead directly to the usual estimates for the L_i. On the other hand, several couplings which appear in the resonance Lagrangian of Ref. [38], like α_V , β_V or α_A, cannot be written down in the tensor-field representation, at least not without introducing additional derivatives.

lim_{λ→∞} H^{res}_A ((λp)^2, (λq)^2, (λp + λq)^2) = − ⟨ψψ⟩_0 λ^2F^2_0 (p + q)^2 [ − N_C 24π^2 + 8 √ 2f_Ah_A − 4f^2_Aσ_A ]

− ⟨ψψ⟩_0M^2_A λ^4F^2_0 [ 4 √ 2f_Ah_A − 4f^2_Aσ_A p^2(p + q)^2 + 4 √ 2f_Ah_A − 4f^2_Aσ_A q^2(p + q)^2 ]

+O( 1 λ^6

) . (7.4)

Comparison of these expressions with the OPE result of Eq. (3.4) leads, at order 1/λ^2, to the constraints − N_C 8π^2 + 8 √ 2f_V h_V − 4f^2_V σ_V = 0, − N_C 24π^2 + 8 √ 2f_Ah_A − 4f^2_Aσ_A = 0. (7.5)

However, at order 1/λ^4, we again observe that H^{res}_V and H^{res}_A are not consistent with the OPE result, since the terms ∼ 1/(p^2q^2) are missing in Eq. (7.4).

7.2 One large momentum

In section 3 we have also derived the short-distance properties of the Green’s functions ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ when the relative distance between only two of the currents becomes small. In certain physical applications only this limit is relevant and we shall now discuss the corresponding constraints on the parameters in the resonance Lagrangian. We note, however, that it is not possible to satisfy simultaneously all the constraints given below. Moreover, some of these constraints are in contradiction with the relations derived in the previous section. These inconsistencies can again be traced back to the fact that the Green’s functions derived from the resonance Lagrangian do not correctly reproduce the QCD short-distance behaviour.

The constraints on the functions F and G from Eqs. (3.13) and (3.14), when the spacetime arguments of the vector and axial-vector currents coincide, can be satisfied provided the resonance parameters obey the relations

A^{(2)} = √ 2 α_V f_A , B = − √ 2 β_V f_A . (7.6)

Furthermore, we recover the usual resonance estimate L_{10} = −f^2_V /4 + f^2_A/4 and the first Weinberg sum rule M^2_V f^2_V = F^2_0 + M^2_Af^2_A. Imposing the relation L_9 = f_V g_V /2, we furthermore get the relations

A^{(3)} = √ 2 α_A f_V , M^2_V f^2_V − M^2_V f_V g_V + √ 2M^2_Af_V α_V + √ 2M^2_V f_Aα_A = 0 . (7.7)

The second limit, when the distance between the vector current and the pseudoscalar density becomes small, corresponding to the constraints (3.15), can be satisfied provided

A^{(3)} = √ 2 α_A f_V , β_V = 0, B = 0 . (7.8)

We also get the result L_9 = f_V g_V /2. Imposing the usual resonance estimate for L_{10}, we obtain the additional relations √ 2f_V α_V = − f^2_A 2 , A^{(2)} = √ 2 α_V f_A . (7.9)

Finally, the constraints (3.16), when the arguments of the axial-vector current and the pseudoscalar density coincide, lead again to the relations (7.6). Using in addition the usual resonance estimates for L_9 and L_{10}, we obtain

A^{(3)} = √ 2 α_A f_V , f_V g_V − f^2_V 2 − √ 2f_Aα_A =

F^2_0 2M^2_V

. (7.10)

We note that we recover in the first case, corresponding to Eqs. (3.13) and (3.14), all the constraints from the leading terms in the expansion in 1/λ, when all momenta in F and G become large. In the latter two cases we get, however, only a subset of these relations.

The equations (7.6) – (7.10) arising from the three different limits are perfectly compatible. If however we combine them with the first relation in Eq. (7.3) from the OPE constraint when all momenta in G become large, we find a contradiction.

We now turn to the functions ⟨V VP ⟩ and ⟨AAP ⟩. We first consider the case when the two vector currents are taken at the same point, which is relevant, for instance, in the decay P → l^+l^−, where P = π^0, η (see the discussion in Ref. [43]) or when the space-time arguments of the two axial-vector currents in ⟨AAP ⟩ coincide. The corresponding constraint (3.17) can be satisfied, provided the resonance parameters fulfill the relations √ 2f_X h_X = c_X N_C 32π^2 − 1 8 F^2_0 M^2_X

, f^2_X σ_X = c_X N_C 32π^2 − 1 4 F^2_0 M^2_X , X = V, A, (7.11) with c_V = 1, c_A = 1/3. In the case when the space-time argument of one of the vector currents and of the pseudoscalar density in ⟨V VP ⟩ coincide, the constraint from Eq. (3.18) can be satisfied, if √ 2f_V h_V = N_C 32π^2 − 1 4 F^2_0 M^2_V

, f^2_V σ_V = N_C 32π^2 − 1 2 F^2_0 M^2_V

, (7.12)

where we have also used the short-distance constraint (3.5) on Π_{V T} (p^2). The same limit in ⟨AAP ⟩, see Eq. (3.19), yields the relations √ 2f_Ah_A = N_C 96π^2

, f^2_Aσ_A = N_C 96π^2

. (7.13)

We recover in all cases the constraints (7.5) when all momenta in H_{V,A} become large. We note, however, that although one can individually satisfy the constraints from the OPE, the relations (7.12) and (7.13) are incompatible with Eq. (7.11).

8 Resonance contributions to pion form factors

In this section, we discuss a few phenomenological applications of the various ansätze considered previously. The first two examples, the vector form factor of the pion and the radiative pion decay, involve the low-energy constants C_i that were determined in section 5. The third example, the pion-photon-photon transition form factor, illustrates a situation where the MHA goes beyond the simplest LMD approximation.

8.1 Vector form factor of the pion

There are two combinations of renormalized low-energy constants c^r_i from the chiral Lagrangian L_6 that enter in the vector form factor of the pion, see Ref. [50]

r^r_{V 1} = −16c^r_6 − 4c^r_{35} − 8c^r_{53} , r^r_{V 2} = −4c^r_{51} + 4c^r_{53} .

The resonance estimates for r^r_{V 1} and r^r_{V 2} given in Ref. [51] read (recall that f_χ ≡ β_V )

r^{r,res}_{V 1} (μ = M_V ) = 2 √ 2f_χf_V F^2 M^2_V , r^{r,res}_{V 2} (μ = M_V ) = g_V f_V F^2 M^2_V

. (8.1)

Using the resonance estimates for the constants c^{res}_i given in Eqs. (6.4) we obtain the same result for r^{r,res}_{V 2} , if we identify the pion decay constant F with F_0.

With the LMD estimates from Eqs. (5.3) we get r^{r,LMD} V 2 (μ = M_V ) =

F^4_0 M^4_V

, (8.2)

which agrees with the result given in Eq. (8.1), if we use the relation F_V G_V = F^2_0 which is valid within the LMD ansatz. From the present analysis, we cannot obtain an estimate for r^r_{V 1}, which describes the quark mass corrections to the value of the vector form factor at vanishing momentum transfer, see Ref. [51].

8.2 The decay π ! eν_eγ

The decay π(p) → eν_eγ(q) is described by two form factors V and A. The contribution from L_6 to A can be written as [52, 50]

A((p − q)^2) = M^2_π r^r_{A1} + (p · q)r^r_{A2} ,

with

r^r_{A1} = 48c^r_6 − 16c^r_{34} + 8c^r_{35} − 8c^r_{44} + 16c^r_{46} − 16c^r_{47} + 8c^r_{50} , r^r_{A2} = 8c^r_{44} − 16c^r_{50} + 4c^r_{51} .

With the estimates for the low-energy constants c^r_i obtained from the resonance Lagrangian, Eqs. (6.4), we obtain

r^{r,res}_{A2} (μ = M_V ) = F^2 2 M^2_A ( f^2_A + f_Aα_A2 √ 2 ) ≈ 0.55 · 10^{−4} , (8.3)

where we used the same values f_A = 0.080, α_A = −6.66 · 10^{−3}, as in Ref. [52] and F ≈ F_0 = 92.4 MeV, and M_A = 1230 MeV.

On the other hand, using the LMD estimates given in Eqs (5.3) we obtain r^{r,LMD} A2 (μ = M_V ) =

F^4_0 M^2_V M^2_A − 2 F^4_0 M^4_A

≈ 0.18 · 10^{−4} . (8.4)

The LMD estimate differs by a factor three from the value given in Eq. (8.3). In fact, since we obtain a different relative sign in our result for r^{r,res}_{A2} as compared to the expression given in Ref. [52], the LMD estimate is even a factor of five smaller than the value r^{r,res}_{A2} (μ = M_V ) ≈ 0.89 · 10^{−4} used in that paper.

Since the same combination of resonance parameters that determines r^r_{A2} also enters in the decay amplitude for a_1 → πγ, the LMD ansatz predicts a decay rate more than an order of magnitude smaller than the usual value [53]. However, the experimental situation concerning this decay is far from being clear [54], see the remarks following Eq. (62) in Ref. [33].

8.3 Pion-photon-photon transition form factor

Up to now, we have shown that a very minimal ansatz allows to take into account the leading asymptotic behaviours of the three point functions ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩. This simple representation would in general certainly not be sufficient if additional information were added. However, within the large-N_C framework considered here, one always has the freedom to go beyond the LMD representation and to add other zero-width resonance states. In this section, we wish to illustrate this point by considering the form factor F_{πγ}�_γ� (q^2_1, q^2) that describes the transition between a pion and two (possibly off-shell) photons in the chiral limit. This form factor is defined as i ∫ d^4x e^{iq·x} ⟨0|T {j_μ(x)j_ν(0)}|π^0(p)⟩ = ϵ_{μναβ}q^αp^β F_{πγ}�_γ� (q^2, (p − q)^2) (8.5)

or still

F_{πγ}�_γ� (q^2_1, q^2) = − 2 3 F_0 ⟨ψψ⟩_0 lim (q1+q2)2→0

(q_1 + q_2)^2H_V (q^2_1, q^2, (q_1 + q_2)^2) .

For both photons on-shell, the value of this form factor is fixed by the Wess-Zumino-Witten anomaly term,

F_{πγ}�_γ� (0, 0) = − N_C 12π^2F_0 .

Many studies have been devoted to this form factor in the past, see [42, 55] and references therein. In particular, its behaviour in the limit Q^2 → ∞, ω fixed, with −Q^2 = (q^2_1 + q^2), ω = (q^2_1 − q^2)/(q^2_1 + q^2), has been investigated, with the result

F_{πγ}�_γ� (q^2_1, q^2) = −

4F_0 3 f(ω) Q^2 + O ( 1 Q^4 ) , (8.6)

for −1 < ω < 1. The function f(ω) can be expressed in terms of the pion distribution function φ_π(u) [42] f(ω) = ∫ 1 0 du φ_π(u) (1 − u)(1 + ω) + u(1 − ω)

[1 + O(α_s)] ,

normalized as ∫ 1 0 du φ_π(u) = 1 . This last condition is sufficient in order to study the limit −q^2_1 = −q^2 = Q^2/2 → ∞ and leads to the result [56]

F_{πγ}�_γ� (−

Q^2 2 , − Q^2 2 ) = −

4F_0 3 1 Q^2 + O ( 1 Q^4 ) . The function φ_π(u) is only known asymptotically, and this asymptotic expression is reliable only for ω not too large [57], e.g. |ω| < 1/2. The case of one on-shell photon corresponds to |ω| = 1, so that the coefficient of the 1/Q^2 fall-off of the form factor F_{πγ}�_γ� (−Q^2, 0) is actually not known. Depending on the assumptions made or the ansätze considered for φ_π(u), different results have been obtained in the literature.

The LMD ansatz for H_V (q^2_1, q^2, (q_1 + q_2)^2) reproduces these results for |ω| < 1 with f^{LMD}(ω) = 1/(1 − ω^2). On the other hand, taking q^2 = 0 and letting Q^2 = −q^2_1 become large, we obtain

F^{LMD}_{πγ}�_γ� (−Q^2, 0) ∼ const.

In order to recover the 1/Q^2 behaviour for |ω| = 1, we need to go beyond the LMD approximation and add a second vector resonance (adding a pseudoscalar resonance [32] would not help to improve the situation in the present case, since the 1/Q^2 behaviour forces ĥ_1 = 0 in the ansatz for H_V , in contradiction with the relation (4.16)). From Eq. (4.9) we obtain F^{LMD+V} πγ�γ� (q 2 1, q^2) =

F_0 3 q^2_1q^2 [q^2_1 + q^2] + h_1(q^2_1 + q^2)^2 + h_2q^2_1q^2 + h_5(q^2_1 + q^2) + h_7 (q^2_1 − M^2_{V1} )(q^2_1 − M^2_{V2} )(q^2 − M^2_{V1} )(q^2 − M^2_{V2} )

. (8.7)

The behaviour of F^{LMD+V}_{πγ}�_γ� (q^2_1, q^2) for Q^2 large and ω fixed, with |ω| < 1, is the same as in the case of F^{LMD}_{πγ}�_γ� (q^2_1, q^2). However, if we now set q^2 = 0, we obtain F^{LMD+V} πγ�γ� (−Q 2, 0) =

F_0 3 1 M^2_{V1} M^2_{V2} h_1Q^4 − h_5Q^2 + h_7 (Q^2 + M^2_{V1} )(Q^2 + M^2_{V2} )

. (8.8)

Imposing that this expression exhibits the 1/Q^2 behaviour for large Q^2 requires that h_1 vanishes, which then gives F^{LMD+V} πγ�γ� (−Q 2, 0) = −

2F_0 3 1 Q^2 h_5 2M^2_{V1} M^2_{V2} + O ( 1 Q^4 ) . (8.9)

In the absence of a reliable prediction for the coefficient that governs the 1/Q^2 behaviour, this still leaves the parameter h_5 undetermined. Additional information may be obtained from the fact that the form factor F_{πγ}�_γ� (q^2_1, q^2) can also be related to the decay ρ^+ → π^+γ, whose amplitude is given by

A(ρ^+ → π^+γ) = e 3 lim q21→M 2V lim_{q2→0}

(q^2_1 − M^2_V ) F_V M_V F_{πγ}�_γ� (q^2_1, q^2) . (8.10)

Note that we obtain the same relation for A(ρ^0 → π^0γ). In the latter case, however, ρ − ω mixing would have to be taken into account for a realistic calculation. Furthermore, we have defined the coupling F_V of the ρ meson to the vector current by ⟨0|V^a_μ (0)|ρ^b(p)⟩ = δ^{ab}F_V M_V ε_μ , where ε_μ denotes the polarization vector of the ρ meson. From Eq. (8.10) we obtain (see also [32]) − (2eF_V M_V ) A(ρ^+ → π^+γ) A(π^0 → γγ) = lim_q2_{1→M} 2_{V ,q}2_{→0}(q^2_1 − M^2_V )F_{πγ}�_γ� (q^2_1, q^2) lim_q2_{1→0,q}2_{→0}(q^2_1 − M^2_V )F_{πγ}�_γ� (q^2_1, q^2)

= 1 + x . (8.11)

The observed value Γ = 68 ± 7 keV for the decay width ρ^+ → π^+γ [53] yields x = 0.022 ± 0.051 [32]. The LMD ansatz for F_{πγ}�_γ� leads to x_{LMD} = −(4π^2/N_C )(F^2_0 /M^2_V ) = −0.19, far from the experimental value [58]. Starting instead from the form factor F^{LMD+V}_{πγ}�_γ� leads to

(1 + x)_{LMD+V} = 1 (1 − M^2_{V1} /M^2_{V2} ) ( 1 − 4π^2 N_C F^2_0 M^2_{V1} [ M^2_{V1} M^2_{V2} h_1 M^2_{V2} + h_5 M^4_{V2} ]) . Setting h_1 = 0 and solving for h_5 gives h_5 = 6.3 ± 0.9 GeV^4, where we have taken M_{V1} = 769 MeV, M_{V2} = 1465 MeV for the resonance masses and F_0 = 92.4 MeV.

Actually, the form factor F_{πγ}�_γ� (−Q^2, 0) has been measured in the space-like region by the CLEO collaboration, see Table 1 in Ref. [59], over a wide range of Q^2, 1.5 GeV^2 ≤ Q^2 ≤ 9 GeV^2. A fit of the expression F^{LMD+V}_{πγ}�_γ� (−Q^2, 0) with h_1 = 0 to these data yields

h_5 = 6.93 ± 0.26 GeV^4 , (8.12)

with χ^2/dof = 7.00/14 = 0.50. Keeping also h_1 as a free parameter yields instead

h_1 = −0.01 ± 0.16 GeV^2 , h_5 = 6.88 ± 0.61 GeV^4 , with χ^2/dof = 6.99/13 = 0.54. The results for h_5 from both fits are compatible with the value extracted above from the decay ρ^+ → π^+γ.

Finally, one might ask to which extent the inclusion of a second vector resonance into the ansatz for H_V modifies the determination of the corresponding combinations of low-energy constants. The only combination which can be fixed from the knowledge of F_{πγ}�_γ� (−Q^2, 0) alone is A_{V,p}2 (see Eq. (6.6)), A^{LMD+V} V,p2 = 1 8 F^2_0 M^4_{V1} h_5 M^4_{V2} − N_C 32π^2 1 M^2_{V1} ( 1 + M^2_{V1} M^2_{V2} ) , (8.13)

since the other combination, A^{LMD+V}_{V,(p+q)}2 , involves h_6. With the value of h_5 obtained in Eq. (8.12), we find, in units of 10^{−4}/F^2_0 , A^{LMD+V}_{V,p}2 = −1.36, i.e. about 20 % away from our LMD estimate reported in Table 3. The difference is well within the 30% relative error that we attribute to the approximations considered there.

Another approach was followed in Ref. [32], where an additional pseudoscalar resonance π^′ was included in the ansatz for H_V that satisfies the OPE constraints (LMD+P, see Eq.(4.15)). As noted above, this ansatz will, however, not correctly reproduce the 1/Q^2 behaviour of F_{πγ}�_γ� (−Q^2, 0) at large Q^2. In this case, A_{V,p}2 = −N_C (1 + x)/32π^2M^2_V and from Eq. (8.11) one obtains the result, again in units of 10^{−4}/F^2_0 , A^{LMD+P}_{V,p}2 = −1.40, close to our LMD+V estimate from the fit to the CLEO data. In a similar way, the low-energy constant A_{V,(p+q)}2 receives within the LMD+P ansatz an additional contribution proportional to the decay amplitude A(π^′ → γγ) [32]. Since this decay has not yet been observed experimentally, our LMD estimate for A_{V,(p+q)}2 from Table 3 is probably not strongly modified by the addition of a pseudoscalar resonance.

The low-energy constant A_{V,p}2 also describes the contributions from the counterterms at order p^6 to the slope b_π of the form factor at the origin b_π ≡ ( 1 A(π^0 → γγ^∗(q^2)) d dq^2

A(π^0 → γγ^∗(q^2)) ) q2=0 . At O(p^6) this slope also receives contributions from chiral loops, therefore, b_π = b^{loops}_π + b^{CT}_π , with b^{CT}_π = −32π^2A_{V,p}2/N_C . The Particle Data Group gives the value a_π ≡ M^2_π0 b_π = 0.032 ± 0.004 [53]. From our LMD+V estimate above we obtain b^{CT,LMD+V}_π = 1.67 GeV^{−2} or, equivalently, a^{CT,LMD+V} π = 0.031. To this value, one should add the contribution from the chiral logarithms, evaluated at the scale μ ∼ M_ρ, a^{loops}_π ∼ 0.005 [60], which represents a 20% effect. We note that the value for a_π used by the PDG is essentially the one reported by the CELLO collaboration [61]. In the latter paper a simple VMD-inspired pole ansatz was fitted with their data for the form factor in the space-like region for 0.5 GeV^2 ≤ Q^2 ≤ 2.7 GeV^2, not taking into account contributions from Goldstone boson loops at low Q^2.

9 Conclusions

In this article we have studied the QCD three-point functions ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ in the three-flavour chiral limit in order to obtain resonance estimates for some of the low-energy constants that appear at O(p^6) in chiral perturbation theory in the meson sector (even and odd intrinsic parity). We have compared the results that have been obtained in the literature using a Lagrangian that includes resonance fields [38] with those evaluated within the framework of an approximation of large-N_C QCD combined with information on short-distance properties. In certain cases, we have found substantially different results for the estimates of the lowenergy constants obtained with these two methods. We have pointed out that this is due to the fact that the Green’s functions derived from the resonance Lagrangian do not correctly reproduce the QCD short-distance behaviour. This defect can be repaired, but at the expense of introducing, into the resonance Lagrangian, certain local contributions. The difference with the similar situation at the O(p^4) level lies in the fact that these local contributions cannot be restricted to terms already present in the O(p^6) chiral Lagrangian, but also involve terms with resonance fields and higher order derivatives. This feature, already noticed in a particular case in [31], seems to be of a general character. A general construction remains to be done, and appears to be a much more complicated task than at O(p^4).

We note that although in general the short-distance behaviour of the Green’s functions derived from the resonance Lagrangian [38] is incompatible with QCD, one can sometimes reproduce the results from the operator product expansion, by adjusting the resonance parameters accordingly. There are, however, certain cases where this is not possible. The numerical values for the low-energy constants can then be very different. In particular, whereas both methods lead to identical estimates for the resonance contributions at order p^6 in the vector form factor of the pion F^π_V (q^2), our estimate for the resonance contribution in one of the form factors for the decay π → eν_eγ is a factor of five smaller than the results quoted in Ref. [52].

Of course one might argue that the short-distance behaviour of Green’s functions, i.e. their behaviour at very high energies, is irrelevant for the determination of low-energy constants in chiral Lagrangians starting from a resonance Lagrangian that is supposed to be valid only in the intermediate energy region anyway. We think, however, that taking into account the QCD short-distance constraints is a good guiding principle to avoid (some of) the ambiguities when working with resonance fields, as was shown at order p^4 in Ref. [20]. Moreover, in certain cases one needs also integrals of these Green’s functions, for instance, to estimate the low-energy constants that appear if virtual photons [34] or leptons [37] are included in chiral perturbation theory, see the discussion in Refs. [33, 36]. The case of the counterterms of the effective Lagrangians [62] in the |ΔS| = 1 or |ΔS| = 2 sectors of the Standard Model presents very similar features [63, 64]. In these applications it is crucial that the Green’s functions respect the short-distance constraints in order to obtain ultraviolet finite results or to implement a correct matching between long and short distances.

Finally, we wish to add a few remarks concerning the methodology followed in the present study. We shall not come back on the use of the large-N_C framework, which seems to be unavoidable once correlators of higher rank than two-point functions need to be considered. Our approach deviates however from a full large-N_C limit of QCD by at least two aspects.

For one thing, we have only imposed constraints coming from the leading (for the three-point functions) and next-to-leading (for the vertex functions) short-distance properties of QCD. We have considered neither the effects of higher dimension operators in the Wilson expansions, nor have we included QCD corrections to the short-distance behaviour (recall however, that for the cases treated here, the corresponding Wilson coefficients had no anomalous dimensions). For the other thing, we have truncated the mesonic spectrum of large-N_C QCD to the minimal number of resonances necessary in order to fulfill the short-distance constraints that were considered. Both approximations are to a large extent interdependent. It is clear that, say, the simplest LMD ansatz will at some point fail to reproduce the subleading short-distance behaviour. On the other hand, the knowledge of the subdominant operators in the OPE, or other constraints, will fix additional parameters that have to be introduced if one goes beyond the LMD approximation. In this sense, the framework within which we have been working is, given the necessary amount of work, improvable. As an illustration, we have considered the pion-photon-photon form factor F_{πγ}�_γ� (−Q^2, 0). The experimentally observed [59] 1/Q^2 fall-off of the form factor cannot be reproduced with our LMD ansatz for the invariant function H_V . Including one additional vector-resonance, we obtain a representation for this form factor that fulfills all constraints from the leading terms in the operator product expansion and that fits the experimental results successfully if we adjust some of the unknown parameters that enter in the generalized ansatz for H_V . We note that this is not possible if one includes a pseudoscalar resonance instead. This new ansatz, with the phenomenologically determined parameters, is furthermore compatible with the observed decay rate for ρ^+ → π^+γ. Finally, the estimate for one combination of low-energy constants A_i in the odd-intrinsic parity sector changes by about 20 % with this new ansatz. This difference is within the 30 % relative error that we attribute to the approximations considered here. The determination of the low-energy constants seems thus to be stable against the inclusion of higher mass resonances.

It is clear that the three-point functions we have considered do not, by far, exhaust the whole set of low-energy constants of the chiral Lagrangian at the O(p^6) level. Other three point functions, as well as higher correlators, need to be studied in a similar way for that purpose. Some of them (in particular, those describing the low-energy constants related to quark mass corrections) will include the scalar densities. Recent studies have emphasized that in the 0^{++} channel, predictions relying on the large-N_C picture might not be very reliable [65, 64], because of the strong ππ interaction in the S-wave. It has been suggested that a more appropriate treatment would rather require to consider the limit where both N_C and N_F , the number of light flavours, become large, with a fixed ratio N_F /N_C [66]. Also, in the case of two- and threepoint functions, the quantum numbers of the resonances that can contribute in the large-N_C limit are entirely fixed by the quantum numbers of the quark bilinears involved. This is no longer true for n-point functions with n ≥ 4 [21]. We leave these and other interesting issues for future work.

Acknowledgements

We thank J. Gasser, H. Leutwyler, B. Moussallam, M. Perrottet and J. Stern for useful discussions. We are grateful to S. Peris, J. Prades and E. de Rafael for discussions and comments on the manuscript. This work has been supported in part by Schweizerischer Nationalfonds and by TMR, EC-Contract No. ERBFMRX-CT980169 (EURODAΦNE).

A Operator product expansion for vertex functions

In this appendix we discuss the short-distance behaviour of the vertex functions (Γ_{V A})^{abc}_{μν} (q, p) = ∫ d^4xe^{iq·x}⟨0|T {V^a_μ (x)A^b_ν(0)}|π^c(p)⟩ , (Γ_{V P} )^{abc}_μ (q, p) = ∫ d^4xe^{iq·x}⟨0|T {V^a_μ (x)P^b(0)}|π^c(p)⟩ , (Γ_{V V} )^{abc}_{μν} (q, p) = ∫ d^4xe^{iq·x}⟨0|T {V^a_μ (x)V^b_ν (0)}|π^c(p)⟩ , (Γ_{AA})^{abc}_{μν} (q, p) = ∫ d^4xe^{iq·x}⟨0|T {A^a_μ(x)A^b_ν(0)}|π^c(p)⟩ . (A.1) They are related, according to the LSZ reduction formula, to the ⟨VAP ⟩, ⟨V VP ⟩ and ⟨AAP ⟩ three-point functions as follows: (Γ_{V A})^{abc}_{μν} (q, p) = i F_0 ⟨ψψ⟩_0 f^{abc} [ ⟨ψψ⟩_0 ( (2p − q)_μ(p − q)_ν (p − q)^2 − η_{μν} )

+P_{μν} (q, p − q)F̃(q^2, q · p) + Q_{μν}(q, p − q)G̃(q^2, q · p) ] , F̃(q^2, q · p) = lim_{p2→0} p^2F(q^2, (p − q)^2, p^2) , G̃(q^2, q · p) = lim_{p2→0} p^2G(q^2, (p − q)^2, p^2) , (A.2) and (Γ_{V P} )^{abc}_μ (q, p) = −1 F_0 f^{abc} [ −⟨ψψ⟩_0 (q − 2p)_μ (q − p)^2

+ (q^2p_μ − (q · p)q_μ)Ǧ(q^2, q · p) ] , Ǧ(q^2, q · p) = lim_{p2→0} p^2G(q^2, p^2, (q − p)^2) , (A.3)

since the invariant function F(q^2, p^2, (q − p)^2) does not contain a 1/p^2 Goldstone boson pole. Finally, (Γ_{V V} )^{abc}_{μν} (q, p) = i F_0 ⟨ψψ⟩_0 ϵ_{μναβ}q^αp^βd^{abc} H̃_V (q^2, q · p) ,

(Γ_{AA})^{abc}_{μν} (q, p) = i F_0 ⟨ψψ⟩_0 ϵ_{μναβ}q^αp^βd^{abc} H̃_A(q^2, q · p) , H̃_X (q^2, q · p) = lim_{p2→0} p^2H_X (q^2, (p − q)^2, p^2) , X = V, A , (A.4)

with H̃_X (q^2, q · p) = H̃_X (q^2 − 2q · p, −q · p), as a consequence of Eq. (2.4).

For general Dirac matrices Γ_{1,2} we obtain the OPE lim_{λ→∞} ∫ d^4xe^{i(λq)·x}⟨0|T {(ψ̄Γ_1 λ^a 2 ψ)(x)(ψ̄Γ_2 λ^b 2 ψ)(0)}|π^c(p)⟩ = lim_{λ→∞} ∫ d^4xe^{i(λq)·x}(Γ_1)^β_α ( λ^a 2 ) IJ (Γ_2)^δ_γ ( λ^b 2 ) KL × [ iS(x)^γ_β δ_{JK}⟨0| : ψ̄^α_I (x)ψ_{δ,L}(0) : |π^c(p)⟩ + iS(−x)^α_δ δ_{IL}⟨0| : ψ̄^γ_K(0)ψ_{β,J} (x) : |π^c(p)⟩ ]

+ · · · = i λ (Γ_1)^β_α ( λ^a 2 ) IJ (Γ_2)^δ_γ ( λ^b 2 ) KL × [ ( q/ q^2 ) γ β δ_{JK}⟨0| : ψ̄^α_I (0)ψ_{δ,L}(0) : |π^c(p)⟩ − ( q/ q^2 ) α δ δ_{IL}⟨0| : ψ̄^γ_K(0)ψ_{β,J}(0) : |π^c(p)⟩ ]

+ 1 λ^2

(Γ_1)^β_α ( λ^a 2 ) IJ (Γ_2)^δ_γ ( λ^b 2 ) KL × ∂ ∂q^ρ [ ( q/ q^2 ) γ β δ_{JK}⟨0| : (D_ρψ̄)^α_I (0)ψ_{δ,L}(0) : |π^c(p)⟩ − ( q/ q^2 ) α δ δ_{IL}⟨0| : ψ̄^γ_K(0)(D_ρψ)_{β,J}(0) : |π^c(p)⟩ ]

+O ( 1 λ^3 ) , (A.5)

up to possible O(α_s) corrections. Note that the indices I, J, . . . label both flavour and colour and that in this Appendix (λ^a/2)_{IJ} denote the Gell-Mann matrices in flavour space and the unit matrix in colour space, with tr(λ^aλ^b) = 2N_C δ^{ab}. From invariance under parity, Lorentz, flavour SU(3)_V and colour SU(3)_C transformations the matrix elements involved in Eq. (A.5) can be expressed as

⟨0| : ψ̄^α_I (0)ψ_{δ,L}(0) : |π^c(p)⟩ = ∑ d ( λ^d 2 ) LI [ (iγ_5)^α_δ ⟨0| : (ψ̄iγ_5 λ^d 2 ψ)(0) : |π^c(p)⟩ ( −1 2N_C )

+(γ_σγ_5)^α_δ ⟨0| : (ψ̄γ^σγ_5 λ^d 2 ψ)(0) : |π^c(p)⟩ ( −1 2N_C ) ] ,

⟨0| : (D_ρψ̄)^α_I (0)ψ_{δ,L}(0) : |π^c(p)⟩ = ∑ d ( λ^d 2 ) LI [ (iγ_5)^α_δ ⟨0| : (D_ρψ̄iγ_5 λ^d 2 ψ)(0) : |π^c(p)⟩ ( −1 2N_C )

+(γ_σγ_5)^α_δ ⟨0| : (D_ρψ̄γ^σγ_5 λ^d 2 ψ)(0) : |π^c(p)⟩ ( −1 2N_C )

+(γ_5σ_{ρσ})^α_δ ⟨0| : (D^σψ̄iγ_5 λ^d 2 ψ)(0) : |π^c(p)⟩ ( −1 6N_C ) ] , ⟨0| : ψ̄^γ_K(0)(D_ρψ)_{β,J}(0) : |π^c(p)⟩ = ∑ d ( λ^d 2 ) JK [ (iγ_5)^γ_β ⟨0| : (ψ̄iγ_5 λ^d 2 D_ρψ)(0) : |π^c(p)⟩ ( −1 2N_C )

+(γ_σγ_5)^γ_β ⟨0| : (ψ̄γ^σγ_5 λ^d 2 D_ρψ)(0) : |π^c(p)⟩ ( −1 2N_C )

+(γ_5σ_{ρσ})^γ_β ⟨0| : (ψ̄iγ_5 λ^d 2 D^σψ)(0) : |π^c(p)⟩ ( 1 6N_C ) ] . In the above, we have also made use of the equations of motion in the chiral limit, D̸ψ = 0.

Invariance under space-time translations, parity and charge conjugation further yields ⟨0|(D_ρψ̄iγ_5 λ^d 2 ψ)(0)|π^c(p)⟩ = ⟨0|(ψ̄iγ_5 λ^d 2 D_ρψ)(0)|π^c(p)⟩ = i 2 p_ρ ⟨ψψ⟩_0 F_0 δ^{dc} ,

⟨0|(D_ρψ̄γ_σγ_5 λ^d 2 ψ)(0)|π^c(p)⟩ = ⟨0|(ψ̄γ_σγ_5 λ^d 2 D_ρψ)(0)|π^c(p)⟩ = 1 2 p_ρp_σF_0δ^{dc} . Using these expressions, we deduce from Eq. (A.5) the following short-distance behaviour of the vertex functions lim_{λ→∞} (Γ_{V A})^{abc}_{μν} (λq, p) = i λq^2 F_0f^{abc} { (p · q)η_{μν} − q_μp_ν − q_νp_μ + 1 λq^2 [q^2p_μp_ν + (p · q)^2η_{μν} − (p · q)(q_μp_ν + q_ν p_μ)] } + O ( 1 λ^3 ) , lim_{λ→∞} (Γ_{V P} )^{abc}_μ (λq, p) = 1 λq^2 ⟨ψψ⟩_0 F_0 f^{abc} { q_μ + 2 3 (p · q)q_μ − q^2p_μ λq^2 } + O ( 1 λ^3 ) , lim_{λ→∞} (Γ_{V V} )^{abc}_{μν} (λq, p) = − i λq^2 F_0d^{abc} ϵ_{μναβ}q^αp^β { 1 + p · q λq^2 } + O ( 1 λ^3 ) , lim_{λ→∞} (Γ_{AA})^{abc}_{μν} (λq, p) = − i λq^2 F_0d^{abc} ϵ_{μναβ}q^αp^β { 1 + p · q λq^2 } + O ( 1 λ^3 ) . (A.6)

The result for Γ_{V P} contradicts the one given in Eq. (55) in Ref. [33] where no term of order 1/λ^2 appears [67]. Note that this term is transverse, in accordance with the chiral Ward identities from Eq. (2.2). On the other hand, our result for the short-distance expansion of Γ_{V A} agrees with the one given in Eq. (58) in Ref. [33].

B The resonance Lagrangian

The resonance Lagrangian from Ref. [38], which generalizes the one already given in Ref. [20], reads (omitting terms including a scalar resonance)

L_{res} = L_V + L_A + L^{(2)}_{V V} + L^{(2)}_{AA} + L^{(2)}_{V A} , L_V = − 1 4 ⟨V̂_{μν}V̂^{μν} − 2M^2_V V̂_μV̂^μ⟩ − 1 2 √ 2 ( f_V ⟨V̂_{μν} f^{μν}_+ ⟩ + ig_V ⟨V̂_{μν} [u^μ, u^ν]⟩ )

+iα_V ⟨V̂_μ [u_ν, f^{μν}_− ]⟩ + β_V ⟨V̂_μ [u^μ, χ_−]⟩ +iθ_V ε_{μναβ}⟨V̂^μu^ν u^αu^β⟩ + h_V ε_{μναβ}⟨V̂^μ { u^ν, f^{αβ}_+ } ⟩ , L_A = − 1 4 ⟨Â_{μν}Â^{μν} − 2M^2_AÂ_μÂ^μ⟩ − 1 2 √ 2 f_A⟨Â_{μν}f^{μν}_− ⟩ + iα_A⟨Â_μ [u_ν , f^{μν}_+ ]⟩ +γ^{(1)}_A ⟨Â_μu_νu^μu^ν ⟩ + γ^{(2)}_A ⟨Â_μ {u^μ, u^νu_ν}⟩ + γ^{(3)}_A ⟨Â_μu_ν ⟩⟨u^μu^ν ⟩ + γ^{(4)}_A ⟨Â_μu^μ⟩⟨u^ν u_ν⟩ +h_Aε_{μναβ}⟨Â^μ { u^ν , f^{αβ}_− } ⟩ , L^{(2)}_{V V} = 1 2 δ^{(1)}_V ⟨V̂_μV̂^μu_ν u^ν⟩ + 1 2 δ^{(2)}_V ⟨V̂_μu_νV̂^μu^ν⟩ + 1 2 δ^{(3)}_V ⟨V̂_μV̂_ν u^μu^ν⟩ + 1 2 δ^{(4)}_V ⟨V̂_μV̂_ν u^ν u^μ⟩ + 1 2 δ^{(5)}_V ⟨V̂_μu^μV̂_ν u^ν + V̂_μu_νV̂^νu^μ⟩ + 1 2 κ_V ⟨V̂_μV̂^μχ_+⟩ + 1 2 iϕ_V ⟨V̂_μ [ V̂_ν , f^{μν}_+ ] ⟩ + 1 2 σ_V ε_{μναβ}⟨V̂^μ { u^ν, V̂^{αβ} } ⟩ , L^{(2)}_{AA} = 1 2 δ^{(1)}_A ⟨Â_μÂ^μu_νu^ν⟩ + 1 2 δ^{(2)}_A ⟨Â_μu_νÂ^μu^ν ⟩ + 1 2 δ^{(3)}_A ⟨Â_μÂ_ν u^μu^ν⟩ + 1 2 δ^{(4)}_A ⟨Â_μÂ_νu^νu^μ⟩ + 1 2 δ^{(5)}_A ⟨Â_μu^μÂ_νu^ν + Â_μu_νÂ^νu^μ⟩ + 1 2 κ_A⟨Â_μÂ^μχ_+⟩ + 1 2 iϕ_A⟨Â_μ [ Â_ν , f^{μν}_+ ] ⟩ + 1 2 σ_Aε_{μναβ}⟨Â^μ { u^ν , Â^{αβ} } ⟩ , L^{(2)}_{V A} = iA^{(1)}⟨V̂_μ [ Â_ν, f^{μν}_− ] ⟩ + iA^{(2)}⟨V̂_μ [ u_ν, Â^{μν} ] ⟩ + iA^{(3)}⟨Â_μ [ u_ν, V̂^{μν} ] ⟩ + B⟨V̂_μ [ Â^μ, χ_− ] ⟩ +Hε_{μναβ}⟨V̂^μ { Â^ν, f^{αβ}_+ } ⟩ + iZ^{(1)}ε_{μναβ}⟨u^μu^ν { Â^α, V̂^β } ⟩ + iZ^{(2)}ε_{μναβ}⟨u^μÂ^νu^αV̂^β⟩ , (B.1)

where the vector fields describing the vector and axial vector resonances have been denoted by V̂_μ and Â_μ, respectively. In Eq. (B.1) we employed the usual notations [18, 20]

R̂_μ = 1√ 2 8∑ a=1 R̂^a_μλ^a, R̂ = V̂ , Â , R̂_{μν} = ∇_μR̂_ν − ∇_νR̂_μ , ∇_μR̂ = ∂_μR̂ + [ Γ_μ, R̂ ] , Γ_μ = 1 2 { u^† [∂_μ − i(v_μ + a_μ)] u + u [∂_μ − i(v_μ − a_μ)] u^† } , f^{μν}_± = uF^{μν}_L u^† ± u^†F^{μν}_R u , u_μ = i { u^† [∂_μ − i(v_μ + a_μ)] u − u [∂_μ − i(v_μ − a_μ)] u^† } ≡ iu^†D_μUu^† = u^†_μ , χ_± = u^†χu^† ± uχ^†u , where the symbol ⟨M⟩ stands for the trace of the 3 × 3-matrix M. The field u is the square root of the Goldstone boson field, U = u^2, whereas v_μ, a_μ and χ denote the external sources.

Note that in the case of bilinear interactions of V̂_μ and Â_μ, only terms with at most one trace in flavour space are included in L_{res}, which is compatible with the large-N_C suppression of Zweig rule violating contributions. Furthermore, no pseudoscalar resonances have been incorporated in the resonance Lagrangian in Ref. [38]. As stressed in Ref. [20], terms from L_2 + L_4 involving Goldstone bosons have to be added to the resonance Lagrangian as well in order to correctly reproduce the QCD short-distance behaviour of certain Green’s functions.

References

[1] G. ’t Hooft in Recent Developements in Gauge Theories, G. ’t Hooft et al. Eds., Plenum, New York (1980).

S. Coleman and B. Grossman, Nucl. Phys. B203, 205 (1982).

Y. Frishman, A. Schwimmer, T. Banks and S. Yankielowicz, Nucl. Phys. B177, 157 (1981).

[2] C. Vafa and E. Witten, Nucl. Phys. B234,173 (1984); Comm. Math. Phys. 95, 257 (1984).

[3] S. Weinberg, Phys. Rev. Lett. 18, 188 (1967); Physica A96, 327 (1979).

R. Dashen and M. Weinstein, Phys. Rev. 183, 1261 (1969).

[4] J. Gasser and H. Leutwyler, Phys. Lett. B125, 321 (1983); Ann. Phys. 158, 142 (1984);

Nucl. Phys. B250, 465 (1985).

[5] H.W. Fearing and S. Scherer, Phys. Rev. D 53, 315 (1996).

[6] J. Bijnens, G. Colangelo and G. Ecker, J. High Energy Phys. 9902, 020 (1999).

[7] N. H. Fuchs, H. Sazdjian and J. Stern, Phys. Lett. B269, 183 (1991).

M. Knecht and J. Stern, “Generalized chiral perturbation theory”, in The Second DAPHNE Physics Handbook, L. Maiani, G. Pancheri and N. Paver Eds; [hep-ph/9411253].

[8] N. H. Fuchs, M. Knecht and J. Stern, Phys. Rev. D 62, 033003 (2000).

[9] H. Leutwyler, Ann. Phys. 235, 165 (1994).

[10] U. G. Meissner, Rep. Prog. Phys. 56, 903 (1993).

[11] G. Ecker, Prog. Part. Nucl. Phys. 35, 1 (1995).

[12] A. Pich, “Effective Field Theory”, in Les Houches Summer School in Theoretical Physics, Session 68: Probing the Standard Model of Particle Interactions, R. Gupta, A. Morel, E. de Rafael and F. David Eds., Elsevier, Amsterdam (1999); hep-ph/9806303.

[13] S. Coleman, J. Wess and B. Zumino, Phys. Rev. 177, 2239 (1969).

C. Callan, S. Coleman, J. Wess and B. Zumino, Phys. Rev. 177, 2247 (1969). [14] S. Gasiorowicz and D.A. Geffen, Rev. Mod. Phys. 41, 531 (1969). [15] U. G. Meissner, Phys. Rep. 161, 213 (1988).

[16] M. Bando, T. Kugo and K. Yamawaki, Phys. Rep. 164, 217 (1988). [17] J. F. Donoghue, C. Ramirez and G. Valencia, Phys. Rev. D 39, 1947 (1989). [18] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. Phys. B321, 311 (1989). [19] M. C. Birse, Z. Phys. A355, 231 (1996).

[20] G. Ecker, J. Gasser, H. Leutwyler, A. Pich and E. de Rafael, Phys. Lett. B223, 425 (1989). [21] E. Witten, Nucl. Phys. B160, 57 (1979).

[22] G. ’t Hooft, Nucl. Phys. B72, 461 (1974); B75, 461 (1974).

[23] B. V. Geshkenbein, Sov. J. Nucl. Phys. 49, 705 (1989) [Yad. Fiz. 49, 1138 (1989)]; Sov. J.

Nucl. Phys. 51, 719 (1990) [Yad. Fiz. 51, 1121 (1990)].

[24] A. A. Bolokhov, A. N. Manashov, V. V. Vereshagin and M. V. Polyakov, Phys. Rev. D 48, 3090 (1993); Phys. Lett. B303, 220 (1993).

[25] M. Golterman and S. Peris, J. High Energy Phys. 0101, 028 (2001). [26] S. Peris, M. Perrottet and E. de Rafael, J. High Energy Phys. 9805, 011 (1998). [27] M. Golterman and S. Peris, Phys. Rev. D 61, 034018 (2000). [28] J. F. Donoghue and B. R. Holstein, Phys. Rev. D 46, 4076 (1992). [29] M. Knecht, B. Moussallam and J. Stern, Nucl. Phys. B429, 125 (1994). [30] E. Golowich and J. Kambor, Phys. Rev. Lett. 79, 4092 (1997); Phys. Lett. B421, 319 (1998).

[31] B. Moussallam and J. Stern, in Two-photon physics from DAΦNE to LEP 200 and beyond, F. Kapusta and J.J. Parisi Eds., World Scientific, Singapore (1994) [hep-ph/9404353].

[32] B. Moussallam, Phys. Rev. D 51, 4939 (1995). [33] B. Moussallam, Nucl. Phys. B504, 381 (1997). [34] R. Urech, Nucl. Phys. B433, 234 (1995).

H. Neufeld and H. Rupertsberger, Z. Phys. C68, 91 (1995); C71, 131 (1996).

[35] A. Sirlin, Rev. Mod. Phys. 50, 573 (1978). [36] M. Knecht and A. Nyffeler, in preparation.

[37] M. Knecht, H. Neufeld, H. Rupertsberger and P. Talavera, Eur. Phys. J. C12, 469 (2000). [38] J. Prades, Z. Phys. C63, 491 (1994); Erratum: Eur. Phys. J. C11, 571 (1999). [39] N. S. Craigie and J. Stern, Phys. Rev. D 26, 2430 (1982). [40] S. Weinberg, Phys. Rev. Lett. 18, 507 (1967).

[41] S.J. Brodsky and G. Farrar, Phys. Rev. Lett. 31, 1153 (1973); Phys. Rev. D 11, 1309 (1975).

G. Farrar and D.R. Jackson, Phys. Rev. Lett. 43, 246 (1979).

S.J. Brodsky, Y. Frishman, G.P. Lepage and C.T. Sachrajda, Phys. Lett. B91, 329 (1980). A.V. Efremov and A.V. Radyushkin, Phys. Lett. B94, 245 (1980).

[42] G.P. Lepage and S.J. Brodsky, Phys. Lett. B87, 359 (1979); Phys. Rev. D 22, 2157 (1980);

S.J. Brodsky and G.P. Lepage, Phys. Rev. D 24, 1808 (1981).

[43] M. Knecht, S. Peris, M. Perrottet and E. de Rafael, Phys. Rev. Lett. 83, 5230 (1999). [44] J. Wess and B. Zumino, Phys. Lett. B37, 95 (1971).

E. Witten, Nucl. Phys. B223, 422 (1983).

[45] M. Knecht and E. de Rafael, Phys. Lett. B424, 335 (1998).

[46] J. Bijnens et al., Nucl. Phys. B508, 263 (1997); Erratum: ibid. B517, 639 (1998). [47] G. Amoros, J. Bijnens and P. Talavera, Nucl. Phys. B585, 293 (2000); Erratum: ibid.

B598, 665 (2001), and references therein. [48] S.Amendolia et al., Nucl. Phys. B277, 168 (1986).

[49] R. Baur and R. Urech, Phys. Rev. D 53, 6552 (1996); Nucl. Phys. B499, 319 (1997); [50] J. Bijnens, G. Colangelo and G. Ecker, Ann. Phys. (N.Y.) 280, 100 (2000). [51] J. Bijnens, G. Colangelo and P. Talavera, J. High Energy Phys. 9805, 014 (1998). [52] J. Bijnens and P. Talavera, Nucl. Phys. B489, 387 (1997). [53] Particle Data Group, D.E. Groom et al., Eur. Phys. J. C15, 1 (2000). [54] G.T. Condo et al., Phys. Rev. D 48, 3045 (1993).

[55] T.F. Walsh and P. Zerwas, Nucl. Phys. B41, 551 (1972).

N.S. Craigie and J. Stern, Nucl. Phys. B216, 209 (1983). J.-M. Gérard and T. Lahna, Phys. Lett. B356, 381 (1995). A.V. Radyushkin and R.T. Ruskov, Nucl. Phys. B481, 625 (1996). A. Anselm, A. Johansen, E. Leader and L. Lukaszuk, Z. Phys. A359, 457 (1997). N.F. Nasrallah, Phys. Rev. D 63, 054028 (2001).

[56] V.A. Novikov, M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Nucl.

Phys. B237, 525 (1984).

V.A. Nesterenko and A.V. Radyushkin, Sov. J. Nucl. Phys. 38, 284 (1983) [Yad. Fiz. 38, 476 (1983)]

[57] A.S. Gorsky, Sov. J. Nucl. Phys. 46, 537 (1987) [Yad. Fiz. 46, 938 (1987)].

A.V. Manohar, Phys. Lett. B244, 101 (1990).

[58] B. Moussallam, private communication.

[59] J. Gronberg et al., Phys. Rev. D 57, 33 (1998).

[60] J. Bijnens, A. Bramon and F. Cornet, Z. Phys. C46, 599 (1990).

J. Bijnens, Int. J. Mod. Phys. A8, 3045 (1993).

[61] H.-J. Behrend et al., Z. Phys. C49, 401 (1991).

[62] J. Kambor, J. Missimer and D. Wyler, Nucl. Phys. B346, 17 (1990).

G. Ecker, J. Kambor and D. Wyler, Nucl. Phys. B394, 101 (1993). V. Cirigliano, J.F. Donoghue and E. Golowich, Phys. Rev. D 61, 093001 (2000); Erratum: ibid. 63, 059903(E) (2001).

G. Ecker et al., Nucl. Phys. B591, 419 (2000).

[63] M. Knecht, S. Peris and E. de Rafael, Phys. Lett. B443, 335 (1998); B457, 227 (1999);

Nucl. Phys. Proc. Suppl. 86, 279 (2000).

V. Cirigliano, J.F. Donoghue and E. Golowich, Phys. Rev. D 61, 093002 (2000). S. Peris and E. de Rafael, Phys. Lett. B490, 213 (2000); S. Peris, Nucl. Phys. Proc. Suppl. 96, 346 (2001).

[64] M. Knecht, S. Peris and E. de Rafael, Phys. Lett. B508, 117 (2001).

[65] See, for instance:

B. Moussallam, Eur. Phys. J. C14, 111 (2000).

S. Descotes, L. Girlanda and J. Stern, J. High Energy Phys. 0001, 041 (2000). S. Descotes, J. High Energy Phys. 0103, 002 (2001).

L. Girlanda, J. Stern and P. Talavera, Phys. Rev. Lett. 86, 5858 (2001).

[66] G. Veneziano, Nucl. Phys. B117, 519 (1976).

[67] B. Moussallam agrees with us on the presence of the terms 1/λ^2 in Γ_{V P} in Eq. (A.6) (private communication).