hep-ph/9702338 14 Feb 1997

Dimensional structural constants from chiral and conformal bosonization of QCD

A. A. Andrianov, D. Ebert, T. Feldmann, Institute of Physics, Humboldt–University Berlin, Invalidenstraße 110, D–10115 Berlin, Germany

V. A. Andrianov, Department of Theoretical Physics, St.-Petersburg State University, 198904 St.-Petersburg, Russia,

SPbU–IP–96–34 DESY 96–267 HUB–EP–96/64 hep-ph/9702338

Dimensional structural constants from chiral and conformal bosonization of QCD

A. A. Andrianov^{∗‡‖}, D. Ebert^† and T. Feldmann^§, Institute of Physics, Humboldt–University Berlin, Invalidenstraße 110, D–10115 Berlin, Germany

V. A. Andrianov^‡, Department of Theoretical Physics, St.-Petersburg State University, 198904 St.-Petersburg, Russia,

Abstract We derive the dimensional non-perturbative part of the QCD effective action for scalar and pseudoscalar meson fields by means of chiral and conformal bosonization. The related structural coupling constants L_5 and L_8 of the chiral lagrangian are estimated using general relations which are valid in a variety of chiral bosonization models without explicit reference to model parameters. The asymptotics for large scalar fields in QCD is elaborated, and model-independent constraints on dimensional coupling constants of the effective meson lagrangian are evaluated. We determine also the interaction between scalar quarkonium and the gluon density and obtain the scalar glueball-quarkonium potential.

————————————-

∗ Supported by Deutsche Forschungsgemeinschaft under contract 436 RUS 113-29. † Supported by Deutsche Forschungsgemeinschaft under contract Eb 139/1-2.

‡ Supported by RFBR (Grant No. 95-02-05346a), by INTAS (Grant No. 93-283ext) and by GRACENAS (Grant No. 95-0-6.3-13).

§ Supported by the Graduiertenkolleg ‘Structure, Precision Tests and Extensions of the Standard Model of Elementary Particle Physics’.

‖ On leave of absence from Department of Theoretical Physics, St.-Petersburg State University, 198904 St.-Petersburg, Russia,

1. Introduction

The low-energy effective action for light mesons [1] describes their strong and electroweak interactions by means of several structural constants [2] which contain the information about the dynamics of quark and gluon interaction – Quantum Chromodynamics (QCD). These constants can be evaluated from the analysis of experimental data [2, 3], thereby giving a possibility to examine QCD at low energies.

For the calculation of coupling constants of the chiral lagrangian direct bosonization methods of low-energy QCD [4]–[10] and quark models [11]–[20] have been developed (see reviews [17, 21]). These methods give good and stable numerical estimates for certain dimensionless chiral coefficients, namely for L_1, L_2, L_3, L_4, L_6, L_9, L_{10} [4],[15]–[19] in the SU_F (3) case and for L_{16}, L_{17}, L_{19} [22] in the U_A(1) extension [23] of the chiral lagrangian. Meantime the chiral coefficients L_5, L_7, L_8, L_{14}, L_{15}, L_{18} depending explicitly on QCD order parameters (such as the quark and gluon condensate [24]) were not so far calculated in a modelindependent way (see however large-N_c relations between them in [22]). Thus, it is one of the goals of our paper, to find new constraints on those constants, in particular L_5 and L_8, from basic properties of the QCD vacuum [25]. We analyze the common structure of effective lagrangians for pseudoscalar and scalar mesons as they are derived in general by the low-energy QCD bosonization procedure, and impose on such lagrangians the conditions to reproduce the behavior of the non-perturbative QCD vacuum energy in the large mass limit. These conditions together with a minimal number of physical inputs allow us to find the dimensional chiral coefficients, in particular L_5 and L_8. In Chiral Pertubation Theory (ChPT) the constant L_5 enters the determination of the ratio of weak decay constants F_π : F_K : F_η of pseudoscalar mesons. The constant L_8 characterizes the K^0 − K^+ meson mass difference as well as the current quark mass ratio (2m_s − m_d − m_u) : (m_d − m_u) [2].

In a general QCD bosonization approach the dynamical chiral symmetry breaking (DCSB) is implemented in order to derive the effective meson lagrangian. The DCSB is typically simulated by means of a quark momentum cutoff Λ and a quark spectrum asymmetry M in QCD [4, 7] or a dynamical quark mass M_d in chiral quark models [11, 12, 18] and quark models of Nambu-Jona-Lasinio type [15]–[17], [19], [20]. The low-energy meson lagrangian is obtained from the bosonization of the quark determinant by application of the derivative expansion combined with the expansion in inverse powers of M or M_d. It contains functionals of meson fields and external sources of different canonical dimension with coupling constants proportional to the DCSB order parameters. We find that the very structure of the above-mentioned functionals is universal in respect to different bosonization schemes and the model-dependent information is collected in structural constants. Just this observation together with QCD vacuum energy constraints entails the definite predictions on chiral coefficients. As an interesting result, in addition we derive the scalar glueball-quarkonium potential directly from the QCD generating functional.

The starting point of our analysis is the conventional QCD generating functional for colorless quark and gluon currents, Z(ρ, V, A, S, P ) ≡ ∫ DG Dq Dq̄ exp { − ∫ d^4x [( 1 g^2 + ρ ) 1 4 (G^a_{μν} )^2 + q̄(D̸ + iS + γ_5P )q ]} . (1)

Throughout, we will work in the Euclidean space. The covariant derivative is given by D̸ = iγ^μ(∂_μ − iG^a_μλ^a + V_μ + γ_5A_μ) with tr [ λ^aλ^b ] = 1/2 δ^{ab} in color space. The external isoscalar and isovector colorless sources ρ(x), V_μ(x), A_μ(x), S(x), P (x) serve for the building of Green functions of colorless currents as usual. The gauge fixing and ghost terms are not quoted explicitly but are understood to be taken into account in perturbative calculations.

The derivation of the scalar-pseudoscalar meson lagrangian from QCD by direct bosonization [4]–[10] or by bosonization of a quark model [11]–[20] can be described schematically as follows, Z(ρ, V, A, S, P ) = ∫ DG DqDq̄Dh δ(h − (G^a_{μν} )^2) exp(−S(q̄, q, G; ρ, V, A, S, P )) ≃ ∫ Dh DΣ DU exp(−S_{eff} (h, Σ, U; ρ, V, A, S, P ) , (2) where the averaging over gluons G_μ and quarks q, q̄ is approximately replaced by the averaging over chiral fields U as well as over scalar glueball h and quarkonium Σ fields. Next the effective action is expanded in derivatives of meson fields and external sources. The model design consists in the choice of collective bosonic fields describing light mesons and of non-perturbative parameters specifying the DCSB (the type and magnitude of a momentum cutoff, the spectral asymmetry or the dynamical mass).

The paper is organized as follows: In the next section we discuss the relations between the structure constants of the phenomenological low-energy meson lagrangian with those of model calculations. We will show that the values of dimensional structural constants, especially, of L_5 and L_8 are rather model-dependent. In section 3 we therefore extend the QCD bosonization approach to the scalar sector including all possible dimensional coupling constants. Comparing with the large scalar field asymptotics of the QCD vacuum energy, which is derived in section 4, we find additional constraints on the chiral structure constants which are discussed in section 5. In addition, this yields the scalar glueball-quarkonium potential. A summary of the results and a conclusion are given in section 6.

2. QCD bosonization in the pseudoscalar sector

In the chiral field sector (h, Σ ≃ const) the effective lagrangian has the following structure, S_{eff} = ∫ d^4x (L_2 + L_4) + S_{W ZW} , (3)

Here, the Weinberg lagrangian which is of chiral dimension 2 is given by

L_2 =

F^2_0 4 tr [ (D_μU)^†D^μU − ( χ^†U + U^†χ )] . (4)

where F_0 ≃ 90 MeV is the (bare) pion-decay constant, U is the usual SU_F (3)-chiral field describing pseudoscalar mesons, UU^† = 1, det U = 1. The external sources are assembled in the covariant derivative, D_μ = ∂_μ + [V_μ, ∗] + {A_μ, ∗} with vector sources V_μ and axial-vector sources A_μ and in the complex density

χ = 2B_0(S + iP ) , (5)

with scalar sources S and pseudoscalar sources P . The current quark mass m_q, as usual, is included in the scalar source. The constant B_0 is related to the quark condensate, i⟨q̄q⟩ = −B_0 F^2_0 , the order parameter of DCSB in QCD and appears in the Gell-Mann–Oakes–Renner relation for pseudoscalar meson masses [2].

In the large-N_c bosonization approach, i.e. when restricting oneself to the calculation of diagrams with only one quark-loop^1, the leading contribution to the effective lagrangian L_4 of chiral dimension 4 is parametrized [22] by nine structural constants I_k:

L^{eff}_4 = tr [ −I_1 D_μU(D_ν U)^†D_μU(D_ν U)^† − I_2 D_μU(D_μU)^†D_ν U(D_ν U)^† −I_3 (D^2_μU)^†D^2_ν U + I_4 ( (D_μχ)^†D_μU + D_μχ(D_μU)^† ) +I_5 D_μU(D_μU)^†(χU^† + Uχ^†) − I_6 ( Uχ^†Uχ^† + χU^†χU^† ) −I_7 ( χ^†U − U^†χ ) tr [ χ^†U − U^†χ ] −I_8 ( F^R_{μν} D_μU(D_ν U)^† + F^L_{μν} (D_μU)^†D_ν U ) − I_9 U^†F^R_{μν}UF^L_{μν} ] +L^{inv}_4 , (6)

in Euclidean denotations. Herein F^L_{μν} = ∂_μL_ν − ∂_νL_μ + [L_μ, L_ν ] and L_μ = V_μ + A_μ; R_μ = V_μ − A_μ.

The constants I_i (i ≠ 7) arise from the bosonization of one-loop quark diagrams in the soft-momentum expansion. The coefficient I_7 is essentially saturated [26] by the nonperturbative correlator of gluon pseudoscalar densities (see [22] and references therein). The

1 This yields only terms with one connected trace operation.

bosonization yields also vertices of dimension 4 in L^{inv}_4 which are invariant under chiral transformations of external sources,

L^{inv}_4 = −H_1 tr [ F^L_{μν}F^L_{μν} + F^R_{μν}F^R_{μν} ] − H_2 tr [ χ^†χ ] . (7)

The Wess-Zumino-Witten action S_{W ZW} includes the so-called anomalous vertices [2, 3] and it is not displayed here.

The low-energy phenomenology of pseudoscalar mesons is described by the standard Gasser-Leutwyler lagrangian [2] which contains ten structural chiral constants L_i,

L^{GL}_4 = −L_1 ( tr [ (D_μU)^†D_μU ])_2 − L_2 tr [ (D_μU)^†D_ν U ] tr [ (D_μU)^†D_ν U ] −L_3 tr [ (D_μU)^†D_μU(D_ν U)^†D_ν U ] + L_4 tr [ (D_μU)^†D_μU ] tr [ χ^†U + U^†χ ] +L_5 tr [ (D_μU)^†D_μU(χ^†U + U^†χ) ] − L_6 ( tr [ χ^†U + U^†χ ])_2 −L_7 ( tr [ χ^†U − U^†χ ])_2 − L_8 tr [ χ^†Uχ^†U + U^†χU^†χ ] −L_9 tr [ F^R_{μν} D_μU(D_ν U)^† + F^L_{μν}(D_μU)^†D_ν U ] − L_{10} tr [ U^†F^R_{μν}UF^{Lμν} ] +L^{inv}_4 . (8)

We will neglect meson-loop corrections in the following^2, keeping our attention to the leading order in 1/N_c. Then the (tree-level) relations between coefficients L_i and I_j are derived following the usual on-shell scheme of Chiral Perturbation Theory, i.e. imposing the equations of motion from the Weinberg lagrangian L_2,

U^†D^2_μU − (D^2_μU)^†U − χ^†U + U^†χ = 1 N_F tr [ U^†χ − χ^†U ] , (9)

where N_F = 3 is the number of light flavors. One finds,

2L_1 = L_2 = I_1, L_3 = I_2 + I_3 − 2I_1, L_4 = L_6 = 0, L_5 = I_4 + I_5, L_7 = I_7 − 1 6 I_4 + 1 12 I_3, L_8 = − 1 4 I_3 + 1 2 I_4 + I_6, L_9 = I_8, L_{10} = I_9 . (10)

Thereby the predictions of a bosonization scheme can be directly referred to physical characteristics of pseudoscalar mesons.

The low-energy QCD bosonization yields the chiral lagrangian in the soft momentum expansion whereas the ChPT concept is based upon the soft momentum and light meson mass expansion dim[p^2] = dim[m^2_π] = 2. Therefore chiral coefficients in the bosonized action have different status in the canonical and chiral dimensional analysis. Namely, the canonical dimension of vertices containing powers of the field χ (see eq. (5)) is always less than the

2 Consequently, we will not achieve higher precision than the usual logarithmic uncertainty due to the choice of renormalization scale.

chiral one because the canonical dim[χ] = dim[S] = 1 and the chiral dim[χ] = dim[m^2_π] = 2 . The corresponding structural constants I_{4,5,6,7} or L_{4,5,6,7,8} and H_2 are in fact dimensional in the canonical sense that becomes evident when to supplement them with factors of B_0 from χ. Thus these constants as well as the coefficients of L_2 are essentially non-perturbative as they are proportional to powers of the basic QCD scale

Λ_C ≃ μ exp ( − 1 b_0g^2(μ) ) ; b_0 =

11N_c − 2N_F 24π^2

, (11)

where g^2(μ) is a QCD gauge coupling constant measured at a scale μ.

It happens to be that the dimensionless structural constants I_{1,2,3,8,9} or L_{1,2,3,9,10} are not sensitive to a DCSB model and take universal values [4, 15],

4I_1 = −2I_2 = 2I_3 = I_8 = 2I_9 = N_c 48π^2

. (12)

These constants are in a satisfactory agreement with phenomenological values obtained from the strong and electromagnetic interactions of pseudoscalar mesons [4, 15, 17, 19].

On the other hand, the values of other, dimensional chiral constants (except for L_4 = L_6 = 0 which are suppressed in the leading 1/N_c order [2]) are strongly sensitive to modelling the DCSB by means of a momentum cutoff Λ and a spectrum asymmetry M or a dynamical mass M_d. In order to estimate dimensional constants in a model independent way we extend the chiral lagrangian by introducing in the next section scalar glueball, h and quarkonium, Σ variables so that their v.e.v.’s provide the required constants. Further on, we will normalize the corresponding lagrangian to reproduce the QCD motivated expansion of the vacuum energy for small and large external scalar sources. It will provide the modelindependent constraints on coupling constants of the joint scalar-pseudoscalar lagrangian. Finally, the large mass reduction of scalar mesons in the latter one yields the required estimates on the chiral constants L_5, L_8.

Let us start this derivation with preparing the concise form of the dimensional part of L_{ch}, L^{dim}_{ch} = tr [ −F^2_0 ( Ã^2_μ + B_0S̃ ) − 8B_0I_4 iÃ_μD̃^V_μ P̃ − 16B_0 (I_4 + I_5) Ã^2_μS̃ −8B^2_0 I_6 ( S̃^2 − P̃^2 ) − 4B^2_0 H_2 ( S̃^2 + P̃^2 )] + ΔL^{dim}_{ch} , (13)

where D̃^V_μ ≡ ∂_μ + [Ṽ_μ, ∗]. Here and in what follows we omit the I_7 term as we do not discuss the U(1)_A terms in this paper. The chiral fields U(x) are encoded in rotated external sources by means of the following chiral bosonization rules,

Ṽ_μ + Ã_μ = U^†(V_μ + A_μ)U + U^†∂_μU; Ṽ_μ − Ã_μ = V_μ − A_μ; S̃ + iP̃ = U^†(S + iP ); S̃ − iP̃ = (S − iP )U . (14)

With these rules one can easily reproduce the chiral lagrangian (6). The terms in (13) are ordered in accordance with the ChPT count and ΔL^{dim}_{ch} stands for vertices of dim-6 and higher. Meanwhile from the canonical dimensional analysis it follows that two more vertices, namely ΔL^{dim}_{ch} = 8B_0I_{10} S̃^3 + 8B_0I_{11} S̃P̃^2 + . . . , (15) have the comparable dim-3 and they should be retained in the extended scalar-pseudoscalar lagrangian (see below).

The bosonization models with DCSB introduced by an asymmetric cutoff Λ, M [4] or by a dynamical mass M_d [11, 15, 19] yield in fact more relations between the above constants. Let us derive them first in the framework of the chiral quark model [11, 12]. We impose that the quark loop effective action in external fields were regularized (see [19, 28]) by means of a momentum cutoff Λ_d so that it is left (and right) invariant under local chiral transformations of external sources like in (14) (we ignore here the P-odd Wess-Zumino- Witten action) . It corresponds to the definition of chirally invariant quarks. The leading low energy contribution to this action in the large cutoff approximation Λ_d ≫ |S|, |P |, |V |, |A| is given by divergent parts of loop integrals [17, 19, 28],

Γ_+ ≃ N_c 16π^2 ∫ d^4x tr [ −2 c Λ^2_d (S^2 + P^2)

+ ln

Λ^2_d μ^2 {( (S^2 + P^2)^2 − [S, P ]^2 )

+ ( (D^V_μ S)^2 + (D^V_μ P )^2 − {A_μ, S}^2 − {A_μ, P }^2 − 2iD^V_μ P {A_μ, S} + 2iD^V_μ S{A_μ, P } ) − 1 3 ( (F^L_{μν} )^2 + (F^R_{μν} )^2 )}] + · · · (16)

It consists of four independent chiral invariants corresponding to the four lines of (16). For an O(4) invariant momentum cutoff one has c = 1 but it is regularization dependent. Meanwhile, the logarithmically divergent coefficients are unique.

The coupling of chirally invariant quarks to pseudoscalar fields is provided by the dynamical mass term introduced in such a way that the designed chiral invariance of (the P-even part of) the fermion determinant is preserved, (S − iγ_5P ) −→ ( S − iγ_5P + M_d ( U^†P_L + P_R )) −→ ( S̃ − iγ_5P̃ + M_d ) , (17)

following the notations of (14), and as well V_μ, A_μ → Ṽ_μ, Ã_μ. The equivalence is provided by the invariance under quark field rotations q_L → Uq_L. The shifted effective action (16) yields the dimensional part (13) of the chiral lagrangian L^{dim}_{ch} in terms of the parameters Λ_d, M_d, which simulate the DCSB, with the following predictions for the coefficients,

F^2_0 ∼=

N_cM^2_d 4π^2 ln Λ^2_d μ^2

; B_0F^2_0 ∼= N_cM_d 4π^2 ( cΛ^2_d − M^2_d ln

Λ^2_d μ^2 ) ; μ ≃ M_d; (18)

I_4 = I_{10} = I_{11} =

F^2_0 8B_0M_d

; I_5 = 0; I_6 = −

F^2_0 16B^2_0

; (19)

H_2 =

F^2_0 8B_0M_d − F^2_0 8B^2_0

= I_4 + 2I_6 . (20)

Inspecting other bosonization models [4]–[10] we find that the relations for I_j displayed in (19) are also valid in the large-cutoff approximation. For instance, in the QCD chiral bosonization model [4] the DCSB is introduced by means of an asymmetric regulator for the quark determinant, Θ ( Λ^2 − (D̸ − iM)^2 ) which is non-invariant under local chiral rotations.

The pseudoscalar meson fields arise from local chiral rotations of the quark fields q(x) = (P_LU(x) + P_R) q_{inv}(x), and the chiral lagrangian is made from the chirally non-invariant part, Z = ∫ DU Z_q(V, A, S, P ) Z_q( ~V , ~A, ~S, ~P ) ⟨Z_{inv} ⟩_G ≡ ∫ DU exp(−S_{eff} (U; V, A, S, P ))⟨Z_{inv} ⟩_G, (21) where ⟨. . .⟩_G stands for the averaging over the gluon vacuum. S_{eff} does not contain any gluon fields. The role of gluons is reduced only to the formation of the dimensional parameters of the theory, (Λ, M), on the base of the equation of stability of the low-energy region, supported by the gluon condensate [4] (see the next section). After calculation of the chirally non-invariant part of the quark determinant one comes to the chiral lagrangian (6) with dimensional vertices collected in (13). The description of the main parameters and the structural constants in the minimal version of the model in [4] has the following form:

F^2_0 ∼= N_c 4π^2 ( Λ^2 − M^2 ) ; B_0F^2_0 ∼= N_cM 2π^2 ( Λ^2 − 1 3 M^2 ) ; (22)

I_4 = I_{10} = I_{11} = N_cM 16π^2B_0

; I_5 = 0; I_6 = −

F^2_0 16B^2_0

; (23)

H_2 = −

F^2_0 4B^2_0

= 4I_6 . (24)

When comparing with (19) one can see that the following relations between the constants I_i , I_4 = I_{10} = I_{11} ; I_5 = 0 ; I_6 = −

F^2_0 16B^2_0

; (25)

are the same in both models, but the analytic dependence on model parameters and the quantitative predictions for the coefficients are (of course) model-dependent. In particular, the values for H_2 do not coincide for any choice of parameters. As to the other constants F_0, B_0, I_i, their values may be adjusted to the same values in both models but for an unnatural choice of the constituent mass parameters: M_d ≃ 100 MeV in the chiral quark model and M ≃ 600 MeV in the chiral bosonization model [4], respectively. In the following, we will therefore only use the general and model-independent relations (25) to reduce the number of unknown parameters in the chiral lagrangian (13) or its extensions including heavy scalar fields [27] (see below).

For illustration, let us however check the consistency of these predictions with the phenomenology of pseudoscalar mesons (10) for M_d ≃ 250 MeV and B_0 ≃ 1.3 GeV (Λ_d ∼ 1 GeV):

L_5 =

F^2_0 8B_0M_d

≃ 3 · 10^{−3} (cf. (2.26 ± 0.14) · 10^{−3} from [29]) ;

L_8 = − 1 128π^2 + 1 2 L_5 −

F^2_0 16B^2_0

≃ 0.5 · 10^{−3} (cf. (0.9 ± 0.4) · 10^{−3} from [21]) ; (26)

where N_c = 3 is taken. Thus the chiral quark model displays a satisfactory agreement with experiment. Note that whereas L_5 = I_4 rather serves as an input parameter, which may be tuned by a suitable choice of model parameters, the value of L_8 is well calculated from all the inputs. A similar situation arises in the chiral bosonization model.

3. QCD bosonization in the scalar sector

In the large N_c limit the main contribution of the scalar glueball sector to the effective quarkonium lagrangian is provided [24] by the v.e.v. of the glueball field < h >= ⟨(G^a_{μν} )^2⟩_{n.p.}, i.e. the gluon condensate (see (2)), C_g ≡ 1 4π^2

⟨(G^a_{μν} )^2⟩_{n.p.} ≈ (400 MeV)^4 . (27)

Here n.p. means that the perturbative part has been subtracted. Let us associate the scalar quarkonium fields with the radial colorless fluctuations of light quark fields, q(x) = exp {_1

2 Σ(x) } q_{inv}(x). Herein q_{inv} are fields invariant under dilatations. In general, the dilatations mix flavor numbers, Σ(x) = σI + σ_iT_i where T_i are generators of the SU(N_F ) group. This factorization can be used in the conformal bosonization procedure to derive the effective scalar-pseudoscalar lagrangian [7, 27]. We evaluate it in the soft momentum region neglecting the kinetic terms and higher-order derivatives of (heavy) scalar meson fields.

The dimensional part of the lagrangian for the flavor-singlet (dimensionless) scalar field σ then has the general form:

L^{dim}_σ = tr [ σ 48π^2 ⟨(G^a_{μν} )^2⟩_{n.p.} + 1 4 a_4 e^{−4σ} + a_3 S̃ e^{−3σ} + ( a_{21}S̃^2 + a_{22} P̃^2 − a_{23} Ã^2_μ ) e^{−2σ} + ( a_{11} S̃^3 + a_{12} S̃P̃^2 − a_{13} iÃ_μD̃^V_μ P̃ − 2a_{14}Ã^2_μS̃ ) e^{−σ} ] + . . . (28)

Let us understand this form of the lagrangian in more detail: The first term simply reproduces correctly the scale anomaly of the quark determinant [30]–[32]. The following terms are ordered according to their canonical dimension, i.e. they have dimensional vertices with coupling constants which are polynomials in the QCD scale Λ_C, a_{jk} ∼ Λ^j_C (the dim-4 term is a purely scalar vertex). According to the dimensionality of the coupling constants the vertices have been dilated with appropriate powers of exp(−σ). We have again neglected dim-4 perturbative contributions and higher dimensional vertices proportional to inverse powers of Λ_C. It will be shown in the next section that such an expansion can be made consistent with the basic properties of the QCD vacuum energy.

Let us first normalize the lagrangian such that the minimum of L^{dim}_σ for vanishing external sources is just reached at σ = 0. It corresponds to

a_4 = 1 48π^2 ⟨(G^a_{μν} )^2⟩_{n.p.} = C_g 12 . (29)

In order to find the chiral structural constants I_{4,5,6} one should perform the saddle point approximation for the effective scalar Σ-field lagrangian [27] and develop the heavy scalar mass and ChPT expansion. Of course, when the external sources are present, the lagrangian (28) does no longer possess the minimum at Σ = 0. The saddle point then is rather given by

Σ_{min} =

3a_3 4a_4

S̃ + ( a_{21} 2a_4 − 9a^2_3 16a^2_4 ) S̃^2 + 1

2a_4 ( a_{22} P̃^2 − a_{23}Ã^2_μ ) + · · · ; Σ ≡ Σ_{min} + Σ̄ . (30)

Now, in terms of the shifted variable Σ̄, the minimum occurs at Σ̄ = 0. Let us therefore define L^{dim}_σ (Σ = Σ_m) ≡ L^{dim}_σ (σ = 0) | | | | a_i(_j)→a^0_i(_j)

, (31)

which should be then identified with the dimensional part of the chiral lagrangian (13), L^{dim}_σ (Σ = Σ_m) = L^{dim}_{ch} . Consequently, the coefficients of the chiral lagrangian (13) can be matched to (28) in the following way:

a^′_3 = a_3 = −B_0F^2_0 ;

a^′_{21} = a_{21} −

9a^2_3 8a_4

= −4B^2_0 (2I_6 + H_2); a^′_{22} = a_{22} = 4B^2_0 (2I_6 − H_2); a^′_{23} = a_{23} = F^2_0 ;

a^′_{11} = a_{11} −

3a_3a_{21} 2a_4 + 45a^3 32a^2_4

= 8B_0I_{10}; a^′_{12} = a_{12} −

3a_3a_{22} 2a_4

= 8B_0I_{11};

a^′_{13} = a_{13} = 8B_0I_4; a^′_{14} = a_{14} −

3a_3a_{23} 4a_4

= 8B_0(I_4 + I_5) . (32)

Just these coupling constants should be compared with the chiral bosonization predictions. In particular, the quark model lagrangian (16)-(20) (or the bosonization model (21) - (24)) is induced by the choice:

a^′_{21} = F^2_0 ( 1 − B_0 2M_d ) [ or = 3 2 F^2_0 ] ;

a^′_{22} = a^′_{21} − a^′_{23} = −

F^2_0 B_0 2M_d [ or = 1 2 F^2_0 ] ; a^′_{11} = a^′_{12} = a^′_{13} = a^′_{14} =

F^2_0 M_d [ or = N_cM 2π^2 ] . (33)

In the next section we will remind basic properties of the QCD quark vacuum energy as a function of external scalar fields and further derive the additional constraints on some of the a_{jk}. It will allow us to reduce the number of input parameters in any model building.

4. QCD vacuum energy and large scalar fields

We go back to the QCD generating functional (1) and consider nearly constant scalar gluonium ρ and quarkonium S sources. The renormalized coupling constant at a given scale μ for N_F active quarks obeys the following RG equation

∂_τ g^2 = β(g^2) ≃ −b_0 g^4; 1 g^2(μ)

≃ b_0 ln μ Λ_C = 11N_c − 2N_F

24π^2 ln μ Λ_C

; (34)

in the 1-loop approximation. Herein ∂_τ ≡ ∂/∂ ln(μ/Λ_C ).

From eq. (1) it is obvious, that the field ρ can be reabsorbed into the definition of the coupling constant, i.e. the definition of the basic QCD scale Λ_C, 1 g̃^2 ≡ 1 g^2

+ ρ = b_0 ln μ Λ_C e^{−ρ/b0} , ~Λ_C ≡ Λ_C e^{−ρ/b0} . (35)

Now let us perform an expansion of the vacuum energy in N_F , the number of (light) flavors,

”_{vac}(ρ, S) = ”^{(0)}_{vac}(ρ) + NF ”^{(1)}_{vac}(ρ, S) + O(N^2_F ) . (36)

The leading term for N_F = 0 is purely gluonic. The non-perturbative part of the QCD gluonic vacuum energy density ”^{(0)}_{vac}(ρ) is then defined as Z(ρ, S) |_{NF =0} ≡ exp { −Ω ”^{(0)}_{vac}(ρ)^} , (37)

with Ω = ∫ d^4x being the space-time volume.

From dimensional arguments we obtain that

”^{(0)}_{vac}(ρ = 0) = ⟨Θ44⟩n.p. =^1_4⟨Θμμ⟩n.p. ∼ −Λ^4_C , (38)

where Θ_{μν} stands for the energy-momentum tensor. One therefore arrives at the RG equation for the energy density ∂_τ ”^{(0)}_{vac}(0) = −4 ”^{(0)}_{vac}(0) which has the following (RG invariant) solution [31] (see eqs.(1),(34) ) given by the trace anomaly [30]–[32]:

”^{(0)}_{vac}(0) =^1_{16g4} β(g^2) ⟨(G^a_{μν} )^2⟩n.p. | | | | | N_F =0 ≃ − b̄_0 16 ⟨(G^a_{μν} )^2⟩_{n.p.} , (39) where b̄_0 ≡ b_0 |_{NF =0}. When ρ ≠ 0 one simply has to replace Λ_C with Λ̃_C from (35)

”^{(0)}_{vac}(ρ) = e^{−4ρ/b̄0} ”^{(0)}_{vac}(0) = −^{π2b̄0}_4 Cg e^{−4ρ/b̄0} , (40)

in terms of (27).

In order to evaluate the effective potential for the scalar glueball field h(x) we follow the bosonization ansatz (2) which can be rewritten in the form of a functional Legendre transform with respect to the (nearly constant) field ρ̃, ~Z(h) = exp {−ΩV_g(h)} = ∫ Dρ̃ exp { −Ω [ ”^{(0)}_{vac}(ρ̃) −^1_4 ρ̃ h^{]}} . (41)

For Ω → ∞ the saddle point configuration,

ρ̃ = ρ̃(h) = − b̄_0 4 ln h ⟨(G^a_{μν} )^2⟩_{n.p.} , (42)

delivers the required effective potential:

V_g(h) = ”^{(0)}_{vac}(0) h h_0 ( 1 − ln h h_0 ) , h_0 = ⟨(G^a_{μν} )^2⟩_{n.p.} , (43)

which coincides with the expression in [32].

Now we proceed to the analysis of the quark-loop contribution in (1) to the vacuum energy and its dependence on the external scalar source S(x) ≃ const (other external sources are not shown for the time being), Z(ρ, S) ≡ exp {−Ω ”_{vac}(ρ, S)} = ∫ DG exp { − ∫ d^4x 1 4g̃^2

(G^a_{μν} )^2 + N_F 1 2 Tr [ ln ( D̸^2+ ̸∂S + S^2

μ^2 ) R ]} n.p. , (44)

where the quark fields are integrated out leading to the quark determinant. Here R = R(D̸^2, Λ^2_{UV} ) is a gauge invariant regulator. In the following we restrict ourselves to slowly varying sources ̸∂ S ≃ ̸∂ρ ≃ 0.

The first-order term ”^{(1)}_{vac} gets two contributions [25] from both the β-function, ∂_{NF} g^{−2} ≃ − 1 24π^2 ln μ^2 Λ^2_C

, (45)

and the quark determinant. In addition, all dimensional operators are supplemented with scaling factors exp(−ρ/b̄_0) so that the higher-dimensional condensates^3 C^g_{2n+4} ∼

3 We retain the 1-loop contributions only and therefore neglect the anomalous dimension of q̄q(x), i.e. of S(x).

⟨Tr [D̸^{2n}R]⟩_{n.p.} ∼ Λ^{2n+4}_c are rescaled according to their canonical dim = 2n + 4 and (35). Thereby one derives that

”^{(1)}_{vac}(ρ, S) = e^{−4ρ/b̄0} ⟨ − 1 96π^2 ln μ^2 Λ^2_C

(G^a_{μν} )^2 − 1 2 tr [ ⟨x| ln ( D̸^2 e^{−2ρ/b̄0} + S^2 μ^2 ) R|x⟩ ]⟩ n.p. . (46) It is a RG invariant quantity [25],

∂”^{(1)}_{vac}

∂ ln μ^2 = e^{−4ρ/b̄0} ⟨ − 1 96π^2

(G^a_{μν} )^2 + 1 2 tr [⟨x|R|x⟩] ⟩ n.p. = 0 ,

which is provided by the Fujikawa’s theorem [30], ⟨tr [⟨x|R|x⟩]⟩_{n.p.} = 1 48π^2

⟨(G^a_{μν} )^2⟩_{n.p.} , (47)

as long as the regulator obeys the conditions R(D̸^2 = 0) = 1, R(D̸^2 → ∞) = 0 (in fact any momentum cut-off scheme).

Let us introduce a fermionic reference scale Λ_F [25] for the Dirac operator D̸ as a normalization at S = 0 in the following way: ⟨ tr [ ⟨x| ln D̸^2 Λ^2_F R|x⟩ ]⟩ G ≡ 0 , (48)

leading to

”^{(1)}_{vac}(ρ, S = 0) ≡ −e^{−4ρ/b̄0 1}_{24} ( ln Λ^2_F Λ^2_C − 2ρ b̄_0 ) C_g . (49)

Presumably, this (fermionic) scale is of the order of 1 GeV, Λ_F > Λ_C. Then we can redefine the quark vacuum energy using this scale,

”^{(1)}_{vac}(ρ, S) = ”^{(1)}_{vac}(ρ, 0) + e^{−4ρ/b̄0} WF (^¯S) , W_F (S̄) ≡ − 1 2 ⟨ tr [ ⟨x| ln ( D̸^2 + S̄^2 Λ^2_F ) R|x⟩ ]⟩ n.p. , (50)

where we have defined S̄ ≡ S e^{ρ/b̄0} . When other external sources are present, they should be rescaled in the same way, according to their canonical dimension, (P̄ , D̄^V_μ , Ā_μ) = (P, D^V_μ , A_μ) e^{ρ/b̄0} . The glueball potential is again given by the Legendre transformation (41), and to the first order in N_F the quark contribution is described by (50) where for the field ρ the saddle point value ρ := ρ̃(h) (42) is taken. These rules can be straightforwardly applied to QCD bosonization models in order to derive the joint scalar glueball-quarkonium potential, exp [ −Ω W_F (S̄) e^{−4ρ̃(h)/b̄0} ] ≃ ∫ Dσ exp [ −Ω ( L_σ(S̄) − N_F C_g 48 ) e^{−4ρ̃(h)/b̄0} ] . (51)

The constant in the exponential on the r.h.s. is fixed by the normalization W_F (S̄ = 0) = 0 provided at the saddle point σ = 0, and for our purposes L_σ is taken from eq. (28). After substituting (51) into the QCD generating functional (44) and performing the shift σ → σ − ρ/b̄_0, the glueball-quarkonium potential may be eventually expressed in the following form:

L_{h,σ} = V_g(h) + N_F 48π^2 h ( σ − ln Λ_F Λ_C − 1 4 ) + L^{dim}_σ (S) − N_F C_g 12 σ , (52)

We see that in (52) the coupling between glueball and quarkonium fields is fixed unambiguously.

Let us examine the dependence of the QCD vacuum energy on slowly varying scalar fields, S(x) ≃ const. The quark vacuum energy is connected to the quark condensate (at 1-loop approach) [24]

∂¯_S W_F (S̄) = i⟨Ψ̄Ψ⟩ = − ⟨ tr [ ⟨x| S̄ D̸^2 + S̄^2 R|x⟩ ]⟩ n.p. → −sign(S̄) ⟨tr [ ⟨x|πδ(D̸^2) R|x⟩ ] ⟩_{n.p.} (S̄ → 0) , (53) → − 1 S̄ ⟨tr [⟨x|R|x⟩]⟩^{n.p.} = − 1 12 S̄

C_g (S̄ → ∞) . (54)

Let us focus our attention on the case S ≫ Λ_C. From eq. (44) we have Z(ρ, S → ∞) → ∫ DG exp { − ∫ d^4x 1 4 ( 1 g̃^2 − N_F 1 24π^2 ln S^2 μ^2 ) (G^a_{μν} )^2 + O(N_F )^2 } n.p. . (55) As in (35) one can make the RG improvement by redefining the strong coupling constant,

ḡ^{−2} = g̃^{−2} − N_F 1 24π^2 ln S^2 μ^2 ≃ 11N_c 48π^2 ln μ^2 Λ̃2_C − 2N_F 48π^2 ln S^2 Λ̃2_C ≡ 11N_c 48π^2 ln μ^2 Λ̄2_C , (56)

so that Λ̄_C = ~Λ_C ( |S| ~Λ_C )^{2N}F_{11Nc} . (57)

Consequently, the leading contribution into vacuum energy for large S factorizes,

”_{vac}(S → ∞, ρ) = ”^{(0)}_{vac}(ρ) ( |S| Λ_C )^{8N}F_{11Nc} + O(N^2_F ) < 0 . (58)

In all cases quark polarization effects lower the QCD vacuum energy.

Passing on we remark that this result is related to conclusions in ref. [33]. Indeed let us assume the value of the strong coupling constant and therefore of Λ_C is fixed at a scale much larger than the masses of all N_F = 6 participating quarks (say e.g. a GUT scale M_U ). Let us denote this scale by Λ̂_C. If one likes to know how this is connected to the low-energy Λ_C with N_F = 3 dynamical quarks, one has to integrate out the heavy quarks step by step. In this way one extracts the large mass logarithms in a similar manner. The result is

Λ_C = Λ̂_C ( m_cm_bm_t Λ̂3_C

)_2/_{27}

> Λ̂_C; 27 = 11N_c − 2N^{light}_F . (59)

Thus in this Sec. the structure of bosonized action for a scalar glueball and its coupling to quark degrees of freedom is determined as well as the asymptotic conditions on the behavior of quark vacuum energy for very large but constant scalar sources S are formulated. We would like to stress that this limit belong to the soft momentum region and it is safe being related to the decoupling of heavy quarks, i.e. one does not expect any phase transition or strong coupling phenomena when S → ∞. Hence one should use this conditions to obtain model independent constraints on parameters of effective meson lagrangian.

5. Asymptotic constraints on chiral constants

Let us impose the QCD asymptotics (55) to be fulfilled also in the extended meson lagrangian (28) for scalar and pseudoscalar fields. We normalize a_4 according to (29) and a_3 as in (32). First we switch off all the external sources but the scalar one, i.e. we retain the scalar field vertices with constants a_{21}, a_{11}.

For these unknown parameters, we examine the asymptotics S → ∞ (V, A, P = 0, U = 1). It is convenient to introduce a new variable y such that

S y := e^{−σ} ↔ σ = − ln S − ln y . (60)

We then obtain for the effective potential

W (y, S) = −a_4 ln S − a_4 ln y + ( 1 4 a_4y^4 + a_3y^3 + a_{21}y^2 + a_{11}y) S^4 . (61)

The first term (−a_4 ln S) already reproduces the leading logarithmic behaviour (55) of the QCD vacuum energy with the correct coefficient. Consequently, after integrating out the field y from the saddle point approximation, the remaining terms should at most behave like (const. + O(1/S^2)). Thus the term in front of S^4 has to be of higher order in 1/S^2 for y taking its saddle point value y_{min} y_{min} ( 1 4 a_4 y^3_{min} + a_3 y^2_{min} + a_{21} y_{min} + a_{11} ) = O ( 1 S^4 ) ; y_{min} ≠ 0 . (62)

For y_{min} being the saddle point, the first derivative of W (y, S) with respect to y has to vanish, W^′(y) = a_4 y^3_{min} + 3 a_3 y^2_{min} + 2 a_{21} y_{min} + a_{11} − a_4 S^4 1 y_{min} = 0 . (63)

Let us expand the last relation in 1/S^2, with y_{min} = y_0 + δ/S^2 + O(1/S^4). We obtain

W^′(y) = a_4 y_0^3 + 3 a_3 y_0^2 + 2 a_{21} y_0 + a_{11} + δ (3 a_4 y_0^2 + 6a_3 y_0 + 2a_{21}) S^2

+ O( 1 S^4

) . (64)

Hence one arrives to the second constraint,

a_4 y_0^3 + 3 a_3 y_0^2 + 2 a_{21} y_0 + a_{11} = 0 , (65)

Two constraints make it possible to find the saddle point value y_0 and to estimate one of the coefficients, a_{11}:

y_0 =

−4a_3 ± √ 16a^2_3 − 12a_{21}a_4 3a_4 ; a_{11} = y_0

8a^2_3 − 6a_4a_{21} 9a_4 + 4a_3a_{21} 9a_4

. (66)

In order to obtain information for the chiral lagrangian, namely the constants L_5, L_8, we perform the large scalar mass reduction a_{i(j)} → a^′_{i(j)}, see eq. (32). and express the chiral constants in terms of B_0, F_0, C_g and a^′_{21}. Together with the universal relations (33) a^′_{11} = a^′_{12} = a^′_{13} = a^′_{14} = 8B_0I_4, I_5 = 0 one finds the parametrization of the chiral constant L_5

L^±_5 =

B^2_0 F^6_0 3C^2_g [ 3 4 A − 29 16 ± (5 2 − A )_3/_2] ; A ≡ C_ga^′_{21} B^2_0 F^4_0

. (67)

The chiral constant L_8 is supposed to obey (26) and will be in agreement with the experimental estimates for the choice of L_5 ∼ 3 · 10^{−3}. Note that the pre-factor in (67) already sets the right scale ( B^2_0 F^6_0 /3C^2_g ) ∼ 10^{−3}. Therefore the remaining numerical factor in parentheses is expected to be of order 3, which is in fact only achieved for the choice L^+_5 . It can be achieved for a value of a^′_{21} ∼ −^1_2 F^2_0 < 0 which just lie inbetween the predictions of the chiral quark model a^′_{21} = F^2_0 (1 − (B_0/2M_d)) ∼ −(2 ÷ 3)F^2_0 and the chiral bosonization model a^′_{21} = 3/2 F^2_0 , respectively, Thus we see that the asymptotic constraints impose rigid conditions on the choice of a bosonization model.

The next-to-leading term of the asymptotics (64) needs a special care. If δ = 0 then the next term of order 1/S^4 contributes to the quark vacuum energy (61) only corrections of the same order in virtue of (63). Then O(1/S^2) terms in the effective potential do not appear. That would correspond to the identically vanishing dim-6 gluon condensate [24] C^g_6 ∼ ⟨G^3⟩. As there is no reason a priori to neglect the latter one we obtain the third constraint for δ ≠ 0, 3 a_4 y_0^2 + 6a_3 y_0 + 2 a_{21} = 0 . (68)

Together with (62), (65) we thereby have 3 constraints for the variables a_{21}, a_{11}, y_0. The analysis of these 3 constraints shows that their compatibility holds only if a_{21}, a_{11} ≠ 0. One then has, y_0 =

16B_0F^2_0 C_g ; a_{21} =

16B^2_0 F^4_0 C_g ; a_{11} = −

256B^3_0 F^6_0 3C^2_g

; (69)

which corresponds to

L_5 = L^+_5 = L^−_5 =

B^2_0 F^6_0 48 C^2_g

∼ O(10^{−4} ) ; A = 5 2 . (70)

However, the amount of terms in the polynomial expansion of (28) may still not be enough to make a numerically reliable interpolation, and it will be necessary to include terms of O(S^4) into the scalar lagrangian (28). (Note that the unnaturally large value of a_{11} which is the last coefficient in the polynomial expansion of (28) will presumably reduce then, leading also to more realistic values for L_5.) Therefore, the third constraint (68) cannot be taken too seriously for a given interpolation, and neglecting the dim-6 condensate corresponding to the solution δ = 0 may well be consistent with the precision of the expansion of the bosonization model (28),

Nevertheless, we have seen that the asymptotic constraints can be embedded in the meson sclalar-pseudoscalar lagrangian, giving a powerful tool to estimate some of the chiral coefficients.

Evidently the constants in other vertices of the lagrangian (28) can be treated in the same manner. For instance, one may expect the mutual cancellation of large S contributions in certain combinations of vertices a_{22}, a_{12} or a_{23}, a_{14},

a_{22}y_{min} + a_{12} ≃ 0; a_{23}y_{min} + 2 a_{14} ≃ 0 , (71)

which however is not anticipated to be accurate as only two terms of corresponding expansions are included.

6. Summary and conclusions

In this paper we have developed the modified bosonization approach to construct meson lagrangians from QCD where the large field but low-energy asymptotics in QCD is embedded after bosonization for scalar field vertices.

First, it was shown that the chiral bosonization in different approaches results in the same structure of vertices (in the large-cutoff approximation), encoding the information about the QCD dynamics in a few chiral constants I_i which can be related to the phenomenological structure constants L_i and obey certain model-independent relations among each other. Next, we have determined the vacuum properties of the QCD quark energy in the presence of large external scalar fields and applied the results to estimate some of the coupling constants in the extended effective meson lagrangian, including scalar and pseudoscalar fields. These ones in turn have been used to obtain an unambigious estimate of the phenomenologically interesting (but generally rather model-dependent) structure constants L_5 and L_8.

Moreover, by employing conformal bosonization methods one gets a scalar meson lagrangian which satisfies all QCD motivated requirements and asymptotics and thereby gives a direct way to extend it unambigously, such that the coupling to glueball fields can be described. As an interesting result, we have given a path-integral derivation of the effective glueball potential from the generating functional of QCD using δ-functional constraints.

There are a few improvements to be done in order to reach better precision, and one of the most important is to include higher-dimensional terms into the polynomial expansion of the lagrangian (28). In a sense this will lead to an infinite number of asymptotic sum rules for an infinite number of unknown constants, relating them to gluon condensates of increasing dimension.

Finally, note that in the conformal bosonization approach dynamical scalar mesons are treated as intrinsic dilatational modes. It is a challenge to introduce them in the QCD effective action as true collective variables, in analogy to chiral rotation modes describing pseudoscalar mesons. This program will be realized elsewhere.

Acknowledgements

One of us (A.A.) is very grateful to Prof. R. Rodenberg for fruitful discussions and friendly support.

References

[1] S. Weinberg, Physica 96A (1979) 327;

H. Georgi, Weak interactions and modern particle theory (Benjamin/Cummings, Menlo Park, 1984).

[2] J. Gasser and H. Leutwyler, Ann. Phys. (NY) 158 (1984) 142; Nucl. Phys. B250 (1985) 465; G. Ecker, Prog. Part. Nucl. Phys. 35 (1995) 1, hep-ph/9501357; A. Pich, Rept. Prog. Phys. 58 (1995) 563.

[3] J. F. Donoghue, E. Golowich and B. R. Holstein, Dynamics of the Standard Model (Cambridge Univ. Press, Cambridge, 1991)

[4] A. A. Andrianov, Phys. Lett. B157 (1985) 425;

A. A. Andrianov, V. A. Andrianov, V. Yu. Novozhilov and Yu. V. Novozhilov, Lett. Math. Phys. 11 (1986) 217; Sov. Theor. Math. Phys. 70 (1987) 43.

[5] N. Karchev and A. A. Slavnov, Sov. Theor. Math. Phys. 65 (1985) 192. [6] P. Simic, Phys. Rev. D34 (1986) 1903.

[7] A. A. Andrianov, V. A. Andrianov, V. Yu. Novozhilov and Yu. V. Novozhilov, Phys.

Lett. B186 (1987) 401.

[8] D. McKay, H. Munczek, Phys. Rev. D32 (1988) 266;

T. R. Cahill, J. Praschifka and C. D. Roberts, Int. J. Mod. Phys. A4 (1989) 1681; 4929. [9] P. H. Damgaard, H. B. Nielsen and R. Sollacher, Nucl. Phys. B385 (1992) 227. [10] Y. Frishman, A. Hanany and M. Carliner, Nucl. Phys. B424 (1994) 3. [11] D. Ebert, M.K. Volkov, Yad. Fiz. 36 (1982) 1265; Z. Phys. C16 (1983) 205. [12] D.I. Diakonov and V.Yu. Petrov, Phys. Lett. 147B (1984) 351; Nucl. Phys. B272 (1986) 457.

[13] A. Dhar, R. Shankar, S. R. Wadia, Phys. Rev. D31 (1985) 3256 . [14] J. Zuk, Z. Phys. C29 (1985) 303.

[15] D.Ebert and H. Reinhardt, Nucl. Phys. B271 (1986) 188.

[16] V. V. Anisovich, S. M. Gerasyuta and I. V. Keltuyala, Sov. J. Nucl. Phys. 46 (1987) 894 .

[17] M. K. Volkov, Ann. Phys. 157 (1984) 282; D. Ebert, H. Reinhardt and M. K. Volkov, in Prog. Part. Nucl. Phys. (Ed.: A. Faessler) 33 (1994) 1.

[18] D. Espriu, E. de Rafael and J. Taron, Nucl. Phys. B345 (1990) 22 [19] D. Ebert, A. A. Bel’kov, A. V. Lanyov and A. Schaale, Int. J. Mod. Phys. A8 (1993) 1313.

[20] J. Bijnens, C. Bruno and E. de Rafael, Nucl. Phys. B390 (1993) 501. [21] J. Bijnens, Phys. Rep. 265 (1996) 369.

[22] A. A. Andrianov, V. A. Andrianov and V. L. Yudichev, Phys. Lett. B328 (1994) 401.

[23] J. F. Donoghue and D. Wyler, Phys. Rev. D45 (1992) 892.

[24] V. A. Novikov, M. A. Shifman, A. I. Vainstein and V. I. Zakharov, Nucl. Phys. B165 (1980) 67; ibid B191 (1981) 301.

[25] A. A. Andrianov and V. A. Andrianov, Z. Phys. C55 (1992) 435. [26] E. Witten, Nucl. Phys. B156 (1979) 269;

G. Veneziano, Nucl. Phys. B159 (1979) 213.

[27] A. A. Andrianov, V. A. Andrianov and A.N.Manashov, Int. J. Mod. Phys. A6 (1991) 5435.

[28] R.D. Ball, Phys. Rept. 182 (1989) 1. [29] T.Hannah, Phys. Rev. D54 (1996) 4648. [30] K. Fujikawa, Phys. Rev. D23 (1981) 2262.

[31] C. G. Callan, Jr., S. Coleman and R. Jackiw, Ann. Phys. 59 (1970) 42;

J. C. Collins, A. Duncan and S. D. Joglekar, Phys.Rev. D16 (1977) 438. [32] A.A. Migdal and M.A. Shifman, Phys. Lett. 114B (1982) 445;

J.M. Cornwall and A. Soni, Phys. Rev. D29 (1984) 1424;

R. Gomm, P. Jain, R. Johnson and J. Schechter, Phys. Rev. D33 (1986) 801. [33] C. Quigg, Preprint FERMILAB-CONF-95/139-T (1995), hep-ph/9507257.