arXiv:hep-ph/0209323 v2 18 Oct 2002

σ(770) RESONANCE AND THE BREAKING OF SCALE AND CHIRAL SYMMETRY IN EFFECTIVE QCD

M. Svec^∗ Physics Department, Dawson College, Montreal, Quebec, Canada H3Z 1A4 and Physics Department, McGill University, Montreal, Quebec, Canada H3A 2T8

Abstract

CERN measurements of π^−p → π^−π^+n on polarized target at 17.2 GeV/c enable experimental determination of partial wave production amplitudes below 1080 MeV. The measured S-wave transversity amplitudes provide evidence for a narrow scalar resonance σ(770). The assumption of analyticity of production amplitudes in dipion mass allows to determine S-wave helicity amplitudes S_0 and S_1. The helicity flip amplitude S_1 is related to π^−π^+ → π^−π^+ scattering. There are four ”down” solutions (1, 1), (2, 1), (1, 2) and (2, 2) selected by the unitarity in π^−π^+ → π^−π^+ scattering. Ellis-Lanik relation between the mass m_σ and partial width Γ(σ → π^−π^+) derived from an effective QCD theory with broken scale and chiral symmetry selects solutions (1, 1) and (1, 2) and imparts the σ(770) resonance with a dilaton - gluonium interpretation. Weinberg’s mended symmetry selects solutions (1, 1) and (2, 1). The combined solution (1, 1) has m_σ = 769 ± 13 MeV and Γ_σ = 154 ± 22 MeV. The observed σ − ρ^0 degeneracy leads to new relations between gluon condensate and pion decay constant and SU(2) chiral condensate. The two relations are well satisfied. Ellis-Lanik relation relates the existence of σ(770) to breaking of scale symmetry in QCD. Interaction of chirally invariant and narrow σ(770) with chirally noninvariant QCD vacuum in π^−π^+ → π^−π^+ scattering is proposed as a possible mechanism for the metamorphosis of σ(770) into a broad resonant S-wave structure in π^−π^+ → π^−π^+ related to spontaneous breaking of chiral symmetry in QCD. We comment on possible connections of σ(770) to cosmological contstant and QCD/String duality in AdS/CFT brane world model.

Typeset using REVTEX

∗electronic address: svec@hep.physics.mcgill.ca

I. INTRODUCTION

In 1968, Mack, Wilson and Gell-Mann recognized that scale invariance is a broken symmetry of strong interactions [1,2,3,4]. In 1969, Salam and Strathedee showed that to formulate a broken chiral as well as scale symmetry within an effective lagrangian approach one has to assume the existence of a chirally invariant scalar field σ of dimension 1 [5]. In 1970, Ellis proposed to identify this scalar field with the σ(700) meson [6] the existence of which was suggested by earlier measurements of forward - backward asymmetry in π^−p → π^−π^+n [7,8,9,10,11]. The scalar meson dominance of the trace of the energy-momentum tensor (also referred to as a partially conserved dilatation current) has been used to study the couplings of the σ(700) meson [6,12,13,14].

With the advent of QCD in 1970’s it has been recognized that the quantization of QCD lagrangian leads to breaking of scale invariance in QCD. The anomalous breaking of scale symmetry results in QCD scale anomaly which was shown [15,16,17] to have the form ∂_μJ^μ_{scale} = θ^μ = β(g) 2g G_{μν} G^{μν} + (1 + γ_m) ∑ u,d,s m_qqq (1.1)

Here G_{αβ} and q are the gluon field strength and the quark field with running mass m_q. β and γ_m are the Gell-Mann β-function and quark anomalous dimension [18,19,20]. The summation over colour is understood. θ^μ is the trace of the energy - momentum tensor.

In the absence of a technology to solve the fundamental QCD theory and find the hadron spectrum and the interactions of the composite states, we use the effective lagrangian method to study the hadron dynamics at low energies [20,21]. The basic ingredient in constructing effective lagrangians is anomaly matching. The effective lagrangian must posses not only the symmetries but also the anomalies of the original QCD theory [20].

In 1981, Schechter suggested that a scalar gluonium field σ plays a major role in effective QCD lagrangian through its connection to the QCD trace anomaly [22,23]. Effective lagrangians with such dilaton-gluonium field σ were subsequently examined from various aspects in a series of studies [24,25,26,27,28,29,30].

In 1985, Ellis and Lanik [29] constructed an effective QCD lagrangian with broken scale and chiral symmetry in which the dilaton-gluonium scalar field σ(x) is related to the scalar gluonic current H(x) by a relation H(x) ≡ − β(g) 2g G_{μν} G^{μν} = m^4_σ 16πH_0 σ(x)^4 (1.2)

In Eq. (1.2) m_σ is the σ meson mass and H_0 =< 0|H|0 > is related to gluon condensate G_0

G_0 =< 0|(α_s/π)G_{μν} G^{μν} |0 > (1.3)

by an approximate relation [29]

H_0 = 9 8 G_0 (1.4)

The gluon condensate G_0 parametrizes the nonperturbative effects of QCD and is related to the energy density of QCD vacuum. The relation (1.2) is unique to Ellis-Lanik lagrangian.

Starting with the Salam-Strathedee chirally invariant field σ(x), it is the result of matching of the QCD trace anomaly in gluonic sector with the trace of the energy-momentum tensor of the σ field [31] and low-energy theorems for scalar gluonic current H(x) [32]. From their lagrangian Ellis and Lanik derived the following relations for σ decay widths

Γ(σ → π^−π^+) = m^5_σ 48πG_0

(1.5)

Γ(σ → γγ) = 3 4 ( Rα 8π^2

)_2

Γ(σ → π^−π^+) (1.6)

where R = σ(e^−e^+ → hadrons)/σ(e^−e^+ → μ^−μ^+).

The appearance of the Gell-Mann function β in the scale anomaly (1.1) reflects the QCD confinement. In the Ellis-Lanik lagrangian the σ field codes the QCD confinement which is often a missing feature in other effective QCD lagrangians.

The CERN measurements of π^−p → π^−π^+n and π^+n → π^+π^−p on polarized targets reopened the question of existence of the σ(750) meson. These measurements allow a model independent determination of normalized production amplitudes, including the two S-wave transversity amplitudes. Evidence for a narrow σ(750) resonance was found in amplitude analyses of CERN data on π^−p → π^−π^+n at 17.2 GeV/c in the mass range 600 - 900 MeV and on π^+n → π^+π^−p at 5.98 and 11.85 GeV/c in the mass range 580 - 980 MeV [33,34,35,36]. Further evidence was found recently in amplitude analysis of measurements π^−p → π^−π^+n on polarized target at 1.78 GeV/c at ITEP [37].

Our new amplitude analysis [38] of the CERN measurements of π^−p → π^−π^+n on polarized targets at 17.2 GeV/c and momentum transfer −t = 0.005 - 0.20 (GeV/c)^2 extends the mass range to 580 - 1080 MeV and allows to study the effects of σ(750) − f_0(980) interference. There are two solutions for the unnormalized moduli |S|^2Σ and |S|^2Σ of the two S-wave transversity amplitudes S and S corresponding to recoil nucleon transversity ”up” and ”down” relative to the scattering plane. Here Σ = dσ/dtdm is the integrated cross-section. Both moduli in both solutions exhibit a resonant behaviour around 750 - 780 MeV.

In our analysis [38] we supplement the CERN data with an assumption of analyticity of production amplitudes in dipion mass. Analyticity allows to parametrize the transversity amplitudes S and S as a sum of Breit-Wigner amplitudes for σ(750) and f_0(980) with complex coefficients and a complex background. Next we performed simultaneous fits to the moduli |S|^2Σ and |S|^2Σ in the four solution combinations (1, 1), (2, 1), (1, 2) and (2, 2). In each solution combination we obtained two fits, A and B, with the same resonance parameters for σ(750) and f_0(980) and the same χ^2/dof. The average values of σ mass and width are m_σ = 778 ± 16 MeV and Γ_σ = 142 ± 33 MeV.

The transversity amplitudes S and S are linear combinations of nucleon helicity nonflip amplitude S_0 and nucleon helicity flip amplitude S_1 corresponding to a_1 and π exchange in the t-channel, respectively. These amplitudes are physically interesting since the residue of the pion pole in S_1 is related to the S-wave partial wave in π^−π^+ → π^−π^+ scattering. The residue of the a_1 pole in S_0 is related to the S-wave partial wave in π^−a^+_1 → π^−π^+ scattering.

Analyticity imparts the fitted transversity amplitudes with an absolute phase. This allows to determine the helicity amplitudes from the fitted transversity amplitudes. Due to a sign ambiguity there are two solutions, ”up” and ”down” in each solution combination and in each fit A and B. In the ”down” solution the σ(770) is suppressed in the flip amplitude S_1 while it dominates the nonflip amplitude S_0. In the ”up” solution the situation is reversed. In Ref. [38] we show that unitarity in π^−π^+ → π^−π^+ scattering excludes the ”up” solution. Furthermore, the ”down” solution - and thus the evidence for the narrow σ(770) - is in agreement with unitarity in both π^−π^+ → π^−π^+ and π^−a^+_1 → π^−π^+ scattering.

In the ”down” solution the narrow σ(770) manifests itself as a broad resonance centered at ∼ 720 MeV in the helicity flip mass spectra |S_1|^2 in solution combinations (1, 1) and (2, 1). In contrast, the contribution of σ(770) is small in |S_1|^2 in combinatins (1, 2) and (2, 2).

The dual manifestation of the σ(770) as a narrow resonance in nonflip amplitude S_0 and as a broad resonance in the flip amplitude S_1 is connected to symmetries of QCD. In this paper we show that Ellis - Lanik relation (1.5) selects the solution combinations (1, 1) and (1, 2). Weinberg’s mended symmetry of spontaneously broken chiral symmetry [39] selects solutions (1, 1) and (2, 1). The combined preferred solution is thus (1, 1) for which m_σ = 769 ± 13 MeV and Γ_σ = 154 ± 22 MeV.

The agreement with Ellis-Lanik relation imparts the σ(770) resonance with a dilatongluonium interpretation and relates its existence to breaking of scale symmetry in QCD. At the same time, the degeneracy of σ(770) mass with ρ(770) and the metamorphosis of the narrow σ(770) into a broad S-wave structure in π^−π^+ → π^−π^+ scattering is in agreement with Weinberg’s mended symmetry which predicts m_σ = m_ρ with a broad width [39]. We suggest that the broad resonant S-wave structure in π^−π^+ → π^−π^+ scattering associated with the spontaneous breaking of chiral symmetry is due to the interaction of the chirally invariant and narrow σ(770) with the chirally noninvariant QCD vacuum in π^−π^+ → π^−π^+ scattering.

The paper is organized as follows. In Section II. we use the most recent values of gluon condensate to show that Ellis-Lanik relation (1.5) selects the solutions (1, 1) and (1, 2). In Section III. we show how Weinberg’s mended symmetry selects the solutions (1, 1) and (2, 1) and comment on the role of QCD vacuum in hadron reactions. The observed degeneracy of σ(770) and ρ^0(770) is used in Section IV. to derive new relations between gluon condensate and pion decay constant, and between chiral condensate and gluon condensate. We find that these relatons are well satisfied. The paper closes with a summary and remarks in Section V. II. DILATON - GLUONIUM STRUCTURE OF σ(770) RESONANCE

The moduli of the S-wave transversity amplitudes S and S measured in π^−p → π^−π^+n at 17.2 GeV/c on polarized target are shown in Figure 1. The figure shows the two solutions for |S|^2Σ and |S|^2Σ and the results of simultaneous fits to the four solution combinations (1, 1), (2, 1), (1, 2) and (2, 2). Two fits, A and B, give essentially identical curves, the same resonance parameters for σ(750) and f_0(980), and the same χ^2/dof [38]. The transversity ”up” amplitude |S|^2Σ clearly resonates below 800 MeV while the transversity ”down” amplitude |S|^2Σ shows a broader structure around 800 MeV.

In Table I we present the mass m_σ and the width Γ_σ of the σ resonance for the best fits in each solution combination. The measured width Γ_σ is the total width of the σ decays. To compare our results with the Ellis-Lanik relation (1.5) we need partial width Γ(σ → π^−π^+) = ξΓ_σ where ξ is the fraction of charged π^−π^+ decays. As we shall see below, the partial width Γ(σ → γγ) is small. We also assume that 4π decays of σ are suppressed. Then isospin conservation requires that ξ =^2_3 . With this value of ξ we then calculate the value G_0 of the gluon condensate from Ellis-Lanik relation for each solution combination.

The numerical values of G_0 were estimated originally by the ITEP group [40] to be G_0 ≈ 0.012 (GeV)^4 or up to G_0 ≈ 0.030 (GeV)^4 in later calculations [41,42]. More recent estimates are G_0 = 0.023±0.003 (GeV)^4 [43] and G_0 = 0.016±0.010 (GeV)^4 [44]. The latest estimate [45,46,47] based on analysis of the CP violating ratio ϵ^′/ϵ is G_0 = 0.0123 ± 0.0011 (GeV)^4. The most recent estimate based on charmonium sum rules [48] gives a similar result G_0 = 0.011 ± 0.009 (GeV)^4. This new ITEP value includes a contribution from < G^3 > condensate in dilute instanton model [48]. In this paper we will use the average value of the two last results

G_0 = 0.0117 ± 0.0050 GeV^4 (2.1)

The comparison of G_0 in (2.1) with the results for G_0 from Ellis -Lanik relation in Table I shows the best agreement is for solution combinations (1, 1) and (1, 2). The Ellis-Lanik relation thus selects the solutions (1, 1) and (1, 2) and imparts the σ(770) resonance with a dilaton-gluonium interpretation.

We can now use the relation (1.6) to calculate the decay width Γ(σ → γγ). Assuming R = 5 and ξ =^2_3 we obtain results shown in Table I. We see that Γ(σ → γγ) is too small for σ(770) to be observed in γγ decays. This result is in full agreement with the measurements of reactions γγ → π^+π^− [49,50,51,52] and γγ → π^0π^0 [53,54] which found no evidence of resonance structure below f_0(980). The fact that σ(770) is not observed in these reactions strongly suggests a gluonium interpretation of this state since gluons do not couple directly to photons. These experiments support the Ellis-Lanik identification of the scalar dilaton field σ with a scalar gluonium which they based solely on the dominance of the scalar gluonic current H(x) by the field σ [29].

A theoretical support for the gluonium interpretation of σ(770) comes from recent studies of QCD sum rules. It was shown by Elias and collaborators in [55] that QCD sum rules require that a scalar state with a mass below 800 MeV has a narrow width. Several analyses using QCD sum rules concluded that the scalar states with a mass below f_0(980) are non-qq states [56,57]. The QCD sum rules are thus consistent with the identification of the narrow σ(770) resonance with the lowest mass scalar gluonium.

III. WEINBERG’S MENDED SYMMERTRY

In 1990, Weinberg showed that even where a symmetry is spontaneously broken it can still be used to classify hadron states [39]. Such mended symmetry leads to a quartet of particles with definite mass relations and C-parity. He showed that π, σ, ρ and a_1 mesons corresponding to spontaneously broken chiral symmetry of strong interactions occupy the quartet. Weinberg’s mended symmetry predicts m_σ = m_ρ in agreement with our results for m_σ shown in Table I.

Central to Weinberg’s mended symmetry are current algebra and superconvergence sum rules for helicity amplitudes. In 1968, Gilman and Harari studied saturation of such sum rules in a framework of a linear sigma model [58]. They found that m_σ = m_ρ and Γ_σ =^9_2 Γ_ρ which gives Γ_σ = 675 MeV. A broad resonant structure below 900 MeV in the S-wave in π^−π^+ → π^−π^+ is required to saturate the Adler-Weisberger sum rule for π^−π^+ → π^−π^+ scattering and to produce the equality m_σ = m_ρ. A narrow resonance like σ(770) will not do it. But then, what does saturate the Adler-Weisberger sum rule for π^−π^+ → π^−π^+ scattering? [59]

We suggest that the solutions (1, 1) and (2, 1) provide the answer. In these two solutions the narrow σ(770) manifests itself as a broad resonant structure at ∼ 720 MeV in the flip helicity amplitude S_1. This broad resonant structure will appear also in the S-wave in π^−π^+ → π^−π^+ and we conjecture that it will saturate the Adler’s sum rule as required by Weinberg’s mended symmetry.

Weinberg’s mended symmetry then selects the solution combinatins (1, 1) and (2, 1). When combined with the Ellis-Lanik relation, the preferred solution is (1, 1). From Table I we see that the corresponding m_σ = 769 ± 13 MeV compares well with Particle Data Group value m_ρ = 769.3±0.8 MeV [60]. In the following we thus refer to the σ resonance as σ(770).

A question now arises how a chirally invariant and narrow resonance in the nonflip amplitude S_0 can also manifest itself as a broad resonant state breaking chiral symmetry in the flip amplitude S_1, i.e. in π^−π^+ → π^−π^+ scattering. We suggest that the answer may lie in the interaction of the chirally invariant σ(770) with the chirally noninvariant QCD vacuum in the π^−π^+ → π^−π^+ scattering.

It is well-known that QED vacuum participates in electromagnetic processes. For instance, the photon propagator is modified by the vacuum polarization [61]. In Ref. [32] it is shown that the scalar gluonic current interacts strongly with QCD vacuum. Recently Kharzeev and collaborators demonstrated that QCD vacuum participates in hadron interactions at low as well as at high energies with involvement of the QCD trace anomaly [62,63,64]. In general, the involvement of the QCD vacuum may depend on the hadronic process and in π^−π^+ → π^−π^+ scattering it could result in the metamorphosis of the narrow and chirally invariant σ(770) into a broad resonant structure associated with breaking of the chiral symmetry.

Chiral symmetry allows for two phases of QCD vacuum: asymmetric and degenerate Nambu-Goldstone phase and a symmetric Wigner-Weyl phase [65]. The interaction of the chirally invariant σ(770) with QCD vacuum in π^−π^+ → π^−π^+ scattering could also modify the vacuum itself [66]. Brown and Rho used the dilaton-gluonium scalar field σ and Ellis-Lanik effective lagrangian to describe the change of QCD vacuum in a dense medium [67,68,69].

Superconvergence sum rules assumed in Weinberg’s mended symmetry are based on analyticity of helicity amplitdes. Analyticity connects hadron dynamics at low and high energies and is thus used also in amplitude analyses of hadronic reactions. QCD vacuum participates in hadron scattering also at low and high enegies [64,70]. The reason why analyticity seems to reflect important aspects of hadron dynamics could be that it originates in some way from the structure of QCD vacuum.

Finally we note that in 1968 when Gilman and Harari published their paper [58], only σ and ρ were assumed to contribute to π^−π^+ → π^−π^+ scattering. Today we know of many more resonances the contribution of which should be taken into account in the saturation of the sum rules each of which becomes more complicated. Also, the presence of these resonances enlarges the set of sum rules equations. We suggest that the sum rules equations factorize into a chain of solvable sets with the Gilman-Harari set of π, σ, ρ and a_1 forming the first (lowest mass) set. These sets could in fact be the representations (multiplets) of the Weinberg’s mended symmetry. If such is the case, then mended symmetry could provide a new organizing principle of the hadron spectra and effective QCD dynamics.

IV. σ(770) − ρ^0(770) DEGENERACY, PION DECAY CONSTANT AND SU(2) CHIRAL CONDENSATE

The mass and width of the σ resonance in the preferred solution combination (1, 1) are from Table I

m_σ = 769 ± 13 MeV , Γ_σ = 154 ± 22 MeV (4.1)

A comparison with Particle Data Group [60] values for mass and width of the ρ^0 meson

m_ρ = 769.3 ± 0.8 MeV , Γ_ρ = 150.2 ± 0.8 MeV (4.2)

indicates a strong σ(770) − ρ^0(770) degeneracy. This experimentally observed σ − ρ degeneracy leads to some interesting consequences. In the following we set m_σ = m_ρ and Γ_σ = Γ_ρ.

Using the usual ρ^0π^−π^+ coupling, the ρ^0 → π^−π^+ decay width is given by [58]

Γ_ρ = Γ(ρ^0 → π^−π^+) = q^3_ρ 12π 1 F^2_π

(4.3)

where F_π is the pion decay constant and q_ρ =^1_2 √ m^2_ρ − 4m^2_π is the pion momentum in the rest frame of ρ^0. With Γ(σ → π^−π^+) = ξΓ_σ , the Ellis-Lanik relation (1.5) then relates the gluon condensate and the pion decay constant

G_0 = 1 ξ 2m^5_σ (m^2_ρ − 4m^2_π )^32

F^2_π (4.4)

The SU(2) chiral condensate < qq > is related to the pion decay constant by the Gell-Mann, Oakes and Renner (GMOR) relation [71]

m^2_πF^2_π = (m_u + m_d) < qq > (4.5)

The new measurements of K^+_{e4} decay by E865 Collaboration at BNL [72] have been used recently to verify the validity of the GMOR relation [73]. Combining (4.4) and (4.5) we get a new relation for chiral condensate in terms of the gluon condensate

(m_u + m_d) < qq >= ξm^2_π

(m^2_ρ − 4m^2_π )^{32} 2m^5_σ

G_0 (4.6)

The new relations (4.4) and (4.6) are a nontrivial consequence of Ellis-Lanik effective lagrangian which is coding the breaking of scale symmetry and confinement in QCD and the CERN measurements of pion production on polarized target.

With PDG value F_π = 92.4 MeV, the relation (4.4) gives the following value for the gluon condensate ξ = 2 3 : G_0 = 0.0187 GeV^4 (4.7)

With PDG average value m_u +m_d = 8 MeV and using G_0 from (4.7) we obtain from relation (4.6) a value of chiral condensate ξ = 2 3 : < qq >= 0.0208 GeV^3 = (275MeV)^3 (4.8)

The value of G_0 is in agreement with the value from Ellis-Lanik relation for the solution combination (1, 1) shown in Table I and in a reasonable agreement with the accepted value (2.1). The value of the QCD scale < qq >= (Λ_{QCD})^3 from (4.8) is in agreement with recent expectations.

It is interesting to calculate the gluon and chiral condensates for ξ = 1

ξ = 1 : G_0 = 0.0125 GeV^4 (4.9)

ξ = 1 : < qq >= 0.0311 GeV^3 = (315MeV)^3 (4.10)

Comparing the values (4.7) and (4.9) for the gluon condensate G_0 we notice that the value (4.9) for ξ = 1 is in a better agreement with the accepted value G_0 = 0.0117 ± 0.0051 GeV^4 in (2.1). We note that the values of G_0 calculated from Ellis-Lanik relation assuming ξ = 1 are also closer to the accepted value of G_0 in (2.1) but still selecting solutions (1, 1) and (1, 2) with G_0 = 0.0116 ± 0.0028 GeV^4 and G_0 = 0.0122 ± 0.0056 GeV^4, respectively. It appears that these improved agreements with the accepted value of gluon condensate require an additional factor of^2_3 in the Ellis-Lanik relation (1.5) and in relations (4.4) and (4.6). However we note that σ(770) is suppressed in S-wave intensity in π^−p → π^0π^0n at 18.3 GeV/c [77]. This suggests that Γ(σ → π^0π^0) → 0 so that ξ → 1 and improved agrrements follow. An additional term in the Ellis-Lanik effective lagrangian may thus be required by the π^0π^0 production data to suppress or cancel the σπ^0π^0 coupling.

V. SUMMARY AND REMARKS

CERN measurements of π^−p → π^−π^+n on polarized target enable experimental determination of partial wave production spin amplitudes. The measured S-wave transversity amplitudes provide evidence for existence of a narrow scalar resonance σ(770). The assumption of analyticity of production amplitudes in dipion mass allows the deterimation of the S-wave helicity amplitudes S_0 and S_1.

The unitarity in π^−π^+ → π^−π^+ selects ”down” solutions (1, 1), (2, 1), (1, 2) and (2, 2). Ellis-Lanik relation selects solutions (1, 1) and (1, 2) while Weinberg’s mended symmetry selects solutions (1, 1) and (2, 1). The combined preferred solution (1, 1) has the σ meson mass and width degenerate with ρ^0(770). The agreement with Ellis-Lanik relation imparts the σ(770) resonance with a dilaton-gluonium interpretation and relates its existence to breaking of scale symmetry in QCD. The QCD vacuum participates in hadron reactions and the interaction of chirally invariant and narrow σ(770) with chirally noninvarinat QCD vacuum in π^−π^+ → π^−π^+ scattering is proposed as the mechanism for its metamorphosis into a broad resonant S-wave structure in π^−π^+ → π^−π^+ related to spontaneous breaking of chiral symmetry. The observed σ − ρ^0 degeneracy leads to two new relations for pion decay constant and SU(2) chiral condensate which are both well satisfied experimentally.

Scalar mesons are probes of QCD vacuum [74] and the complexity of scalar states reflects the complex structure of the QCD vacuum. There is an emerging evidence for a σ(600) resonance from tau decays τ^− → a^−_1 ν → σπ^−ν → π^0π^0π^−ν [75], from D^+ → π^+π^+π^− decays [76] and from measurements of π^−p → π^0π^0n at 18.3 GeV/c [77]. The CERN measurement of K^+n → K^+π^−p on polarized target at 5.98 GeV/c suggests existence of a strange scalar κ(890) [78]. Several recent investigations examined the possibility of a scalar nonet below 1 GeV [79,80,81,82,83,84,85]. However a non-qq structure of σ(600) and κ(890) has been also proposed [86,87,78]. High statistics measurements of π^−p → π^0π^0n and KN → KπN on polarized targets [88,78] would help clarify the evidence for these scalar states.

Due to its dilaton-gluonium nature, the σ(770) may play a special and a broader role. Estimate of the cosmological constant from QCD scale anomaly yields a value in a remarkable agreement with the latest astrophysical data [89]. A dilatonic nature of the quintessence has been recently proposed by Damour, Piazza and Veneziano [90]. Bulk dilaton field in AdS brane world models can be stabilized on the brane and allow for an interaction of the dilaton field with the standard matter through its fluctuation corresponding to an observable massive dilaton [91]. QCD/string duality stemming from the AdS/CFT correspondence [92,93] in AdS brane world model predicts the lowest mass of the scalar gluonium 0^{++} [94]

m_g(0^{++}) = 1 gNα^′ ∼ α^′ R^4

(5.1)

where g is the string coupling constant, 1/ √ α^′ is the string energy scale, N is the number of branes and R is the AdS radius. It is inviting to identify the predicted m_g(0^{++} ) with the mass of σ(770). The resonance parameters of σ(770) may then be related to large scale structure and evolution of the Universe.

Lattice QCD calculations in pure-gauge theory predict large masses for 0^{++} gluonium. Recent calculations predict m_g = 1730 ± 80 MeV [95]. Lower masses are obtained in lattice calculations with scalar glueball - scalar meson mixing in a quenched approximation [96]. Implementing chiral symmetry in lattice calculations can also modify the predicted mass of the scalar gluonium [97]. Conformal symmetry may be another additional ingredient in lattice calculations that may bring the predicted gluonium mass closer to the 770 MeV inferred from the CERN measurements of pion production on polarized target.

The σ − ρ^0 degeneracy leads to observable effects in hadron reactions. The degeneracy implies that the σ(770) Regge trajectory α_σ is a daugther trajectory of the ρ(770) Regge trajectory α_ρ. Such σ exchange Regge amplitude is required to describe the observed anomalous energy dependence of polarizations in pp and np elastic scattering and the deviation from the mirror symmetry in polarizations in π^−p and π^+p elastic scattering at intermediate energies [98,99]. This indicates that polarization measurements of hadron reactions even at intermediate energies may provide a testing ground for the renewed efforts to develop Regge amplitudes from AdS/CFT and QCD/string duality [100]. The Regge behaviour of helicity amplitudes is essential to superconvergence sum rules assumed in Weinberg’s mended symmetry [39]. The relationship between nonlinearly realized conformal invariance developed by Salam and Strathdee [5] and the breaking of chiral symmetry and its connection to mended symmetry was first discussed by Beane and van Kolck in 1994 [101].

A remarkable feature of hadron collisions is the conversion of the kinetic energy of colliding hadrons into the matter of produced particles. The pion production is the simplest of these matter creation processes. The measurements of pion production on polarized targets access the production process on the fundamental level of spin amplitudes rather than spin averaged cross-sections. Our results emphasize the need for a dedicated and systematic study of various production processes on the level of spin amplitudes measured in experiments with polarized targets. Such ”amplitude spectroscopy” will be feasible at high intensity hadron facilities [102,103]. The first high intensity hadron facility will be the Japan Hadron Facility at KEK. It will become operational in 2007 and the formation of its experimental program is now in progress [104].

ACKNOWLEDGMENTS

I wish to thank V. Elias for his interest and helpful e-mail correspondence concerning QCD sum rules, scale invariance and σ meson. I thank M. Rho for bringing to my attention the role of σ meson in the change of QCD vacuum in a dense medium and to references [67,68,69]. My special thanks go to S. Weinberg for stimulating and encouraging e-mail correspondence concerning σ meson and mended symmetry.

REFERENCES

[1] G. Mack, Nucl. Phys. B5, 499 (1968). [2] K.G. Wilson, Phys. Rev. 179, 1499 (1969).

[3] M. Gell-Mann, in Proceedings of Third Hawaii Topical Conference in Particle Physics, Editor S.F. Tuan, Western Periodicals, 1969.

[4] P. Carruthers, Phys. Reports C1, 1 (1971). [5] A. Salam and J. Strathedee, Phys. Rev. 184, 1760 (1969). [6] J. Ellis, Nucl. Phys. B22, 478 (1970).

[7] V. Hagopian and W. Selove, Phys. Rev. Lett. 10, 533 (1963). [8] M.M. Islam and R. Pinn, Phys. Rev. Lett. 12, 310 (1964). [9] S.H. Patil, Phys. Rev. Lett. 13, 261 (1964).

[10] L. Durand III and Y.T. Chiu, Phys. Rev. Lett. 14, 329 (1965). [11] J.P. Baton et al., Nuovo Cimento 35, 713 (1965). [12] R.J.Crewther, Phys. Rev. Lett. 28, 1421 (1972). [13] M.S. Chanowitz and J. Ellis, Phys. Lett. B40, 397 (1972). [14] M.S. Chanowitz and J. Ellis, Phys. Rev. D7, 2490 (1973). [15] S.L. Adler, J.C. Collins and A. Duncan, Phys. Rev. D15, 1712 (1977). [16] J.C. Collins, A. Duncan and S.D. Joglekar, Phys. Rev. D16, 438 (1977). [17] N.K. Nielsen, Nucl. Phys. B120, 212 (1977).

[18] R.A. Bertlmann, Anomalies in Quntum Field Theory, Oxford University Press, 1996. [19] F.J. Yndurain, The Theory of Quark and Gluon Interactions, Springer Verlag, 1999. [20] S. Pokorski, Gauge Field Theories, Cambridge University Press, 2000. [21] A. Dobado et al., Effective Lagrangians for the Standard Model, Springer Verlag, 1997. [22] J. Schechter, Phys. Rev. D21, 3393 (1980).

[23] A. Salomone, J. Schechter and T. Tudron, Phys. Rev. D23, 1143 (1981). [24] H. Gomm, P. Jain, R. Johnson and J. Schechter, Phys. Rev. D33, 801 (1986). [25] J.M. Cornwall and A. Soni, Phys. Rev. D29, 1424 (1984). [26] J.M. Cornwall and A. Soni, Phys. Rev. D32, 764 (1985). [27] A.A. Migdal and M.A. Shifman, Phys. Lett. B114, 445 (1982). [28] J. Lanik, Phys. Lett. B144, 439 (1984). [29] J. Ellis and J. Lanik, Phys. Lett. B150, 289 (1985). [30] J. Ellis and J. Lanik, Phys. Lett. B175, 83 (1986).

[31] C.G. Callan, S. Coleman and R. Jackiw, Ann. Phys. (NY) 59, 42 (1970). [32] V.A. Novikov, M.A. Shifman, A.I. Vainstein and V.I. Zakharov, Nucl. Phys. B191, 301 (1981).

[33] M. Svec, A. de Lesquen and L. van Rossum, Phys. Rev. D46, 949 (1992). [34] M. Svec, Phys. Rev. D53, 2343 (1996). [35] M. Svec, Phys. Rev. D55, 5727 (1997) [36] M. Svec, in Hadron 97, AIP Conf. Proc. No.432 (AIP, New York, 1998), p.389. [37] I.G. Alekseev et al., Nucl. Phys. B541, 3 (1999). [38] M. Svec, hep-ph/0210249.

[39] S. Weinberg, Phys. Rev. Lett. 65, 1177 (1990).

[40] M.S. Shifman, A.J. Vainshtein, and V.I. Zakharov, Nucl. Phys. B147, 385 (1979); B147, 448 (1979).

[41] J.S. Bell and R.A. Bertlmann, Nucl. Phys. B177, 218 (1981); B187, 285 (1981).

[42] A. Bradley, C.S. Largensiepen and G. Shaw, Phys. Lett. B102, 359 (1981). [43] S. Narison, Nucl. Phys. B (Proc. Suppl.) 54A, 238 (1997). [44] F.J. Yndurain, Physics Reports 320, 287 (1999).

[45] S. Bertolini, J.O. Eeg, M. Fabbrichesi and E.I. Lashin, Nucl. Phys. B154, 63 (1998). [46] M. Fabbrichesi, Phys. Rev. D62, 097902 (2000).

[47] S. Bertolini, J.O. Eeg, M. Fabbrichesi, Phys. Rev. D63, 056009 (2001). [48] B.L. Ioffe and K.N.Zyablynk, hep-ph/0207183. [49] Ch. Berger et al., Z. Phys. C26, 199 (1984). [50] H. Aihara et al., Phys. Rev. Lett. 57, 404 (1986). [51] A.E. Blinov et al., Z. Phys. C53, 33 (1992). [52] H.J. Behrend et al., Z. Phys. C56, 381 (1992). [53] H. Marsiske et al., Phys. Rev. D41, 3324 (1990). [54] T. Oest et al., Z. Phys. C47, 343 (1990).

[55] V. Elias, A.H. Fariborz, Fang Shi, and T.G.Steele, Nucl. Phys. A633, 279 (1998). [56] S. Narison, Nucl. Phys. B509, 312 (1998).

[57] T.G. Steele, Fang Shi, V. Elias, in Proceedings of the Workshop on Hadron Spectroscopy, Frascati 1999, edited by T. Bressani, A. Feliciello, A. Filipi, Frascati Physics Series Vol.XV, p.217.

[58] F.J. Gilman and H. Harari, Phys. Rev. 165, 1803, (1968). [59] S. Weinberg, private communication, 2001.

[60] Review of Particle Physics, Particle Data Group, Eur. Phys. J. C15, 1 (2000). [61] M. Kaku, Quantum Field Theory - A Modern Introduction, Oxford University Press, 1993.

[62] H. Fujii and D. Kharzeev, Phys. Rev. D60, 1140039 (1999). [63] D. Kharzeev and E. Levin, Nucl. Phys. B578, 351 (2000).

[64] D. Kharzeev, Lectures in Cargese Summer School on QCD Perspectives in Hot and Dense Matter, Cargese, France 2001, hep-ph/0204014.

[65] M.A. Nowak, Lectures in Cargese Summer School on QCD Perspectives in Hot and Dense Matter, Cargese, France 2001, hep-ph/0112296.

[66] T.D. Lee and G.C. Wick, Phys. Rev. D9, 2291 (1974). [67] G.E. Brown and M. Rho, Phys. Rev. Lett. 66, 2730 (1991). [68] G.E. Brown and M. Rho. Phys. Rep. 269, 333 (1996). [69] G.E. Brown and M. Rho, Phys. Rep. 363, 85 (2002).

[70] M.A. Shifman, Vacuum Structure and QCD Sum Rules, North-Holland 1992. [71] M. Gell-Mann, R.J. Oakes and B. Renner, Phys. Rev. 175, 2195 (1968). [72] S. Pislak et al., Phys. Rev. Lett. 87, 221801 (2001).

[73] G. Colangelo, J. Gasser and H. Leutwyler, Phys. Lett. B488, 261 (2000). [74] J. Bijmens, A. Farilla and R. Miskimen, in Chiral Dynamics 2000, Jefferson Lab, Newport News 2000, World Scientific 2001, hep-ph/0012024.

[75] D.M. Asner et al., Phys. Rev. D61, 012002 (1999). [76] E. Aitala et al., Phys. Rev. Lett. 86, 770 (2001). [77] J. Gunter, A. Dzierba et al., Phys. Rev. D64, 072003 (2001). [78] M. Svec, A. de Lesquen and L. van Rossum, Phys. Rev. D45, 1518 (1992). [79] E. van Beveren et al., Zeit. f. Physik, C30, 615 (1986). [80] S. Ishida et al., Prog. Theor. Phys. 98, 1005 (1997).

[81] M. Ishida, Prog. Theor. Phys. 101, 661 (1999).

[82] D. Black, A.H. Fariborz, F. Sannino and J. Schechter, Phys. Rev. D58, 054012 (1998). [83] D. Black, A.H. Fariborz, S. Moussa, S. Nasri and J. Schechter, Phys. Rev. D64, 014031 (2001).

[84] J.A. Oller, E. Oset and J.R. Pelaez, Phys. Rev. D59, 074001 (1999). [85] J.A. Oller and E. Oset, Phys. Rev. D60, 074023 (1999). [86] Fang Shi, T.G. Steele, V. Elias et al, Nucl. Phys. A671, 416 (2000). [87] S. Narison, hep-ph/0208081. [88] M. Svec, Phys. Rev. D55, 4355 (1997). [89] R. Schützhold, Phys. Rev. Lett. 89, 081302 (2002).

[90] T. Damour, F. Piazza, G. Veneziano, Phys. Rev. Lett. 89, 081601 (2002). [91] A. Zhuk, hep-ph/0204195.

[92] J.M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998). [93] J.M. Maldacena, Int. J. Mod. Phys. A15 S1, 840 (2000). [94] H. Boschi - Filho and N.R.F. Braga, hep-ph/0207071, hep-ph/0209080. [95] C.J. Morningstar and M. Pearson, Phys. Rev. D60, 034509 (1999). [96] C. McNeile and C. Michael, Phys. Rev. D63, 114503 (2001). [97] P. Hernandez, K. Jansen and L. Lellouch, hep-lat/0203029. [98] J.W. Dash and H. Navelet, Phys. Rev. D13, 1940 (1976). [99] G. Girardi and H. Navelet, Phys. Rev. D14, 280 (1976). [100] R. Peschanski, hep-th/0209258.

[101] S.R. Beane and U. van Kolck, Phys. Lett. B328, 137 (1994).

[102] M. Svec, in High-Energy Spin Physics: The Eigth International Symposium, AIP Conf. Proc. No.187 (AIP, New York,1989), Vol. 2, p.1181.

[103] M. Svec, in Proceedings of Workshop on Future Directions in Particle Physics at Multi- GeV Facilities, Brookhaven National Laboratory1993, p.401 [104] http://www-jhf.kek.jp/NP02/.

FIGURES

FIG. 1. The measured transversity amplitudes |S|^2Σ and |S|^2Σ. The curves are the best simultaneous fits to four solution combinations using analyticity based parametrization of transversity amplitudes S and S. The Fits A and B yield virtually identical curves.

FIG. 2. Helicity nonflip amplitude S_0 and helicity flip amplitude S_1 for Fits A and B in the four solution combinations (1, 1), (2, 1), (1, 2) and (2, 2). The fit A_m corresponds to the total absence of σ(770) in the helicity flip amplitude S_1.

TABLES

TABLE I. Mass m_σ and width Γ_σ from simultaneous fits to amplitudes |S|^2Σ and |S|^2Σ in four combinations of solutions of |S|^2Σ and |S|^2Σ. The gluon condensate G_0 and the width Γ(σ → γγ) are calculated from Ellis -Lanik relations (1.5) and (1.6) with ξ =^2_3 .

Fit (1, 1) (2, 1) (1, 2) (2, 2) m_σ(MeV ) 769 ± 13 774 ± 12 787 ± 19 780 ± 18 Γ_σ (MeV ) 154 ± 22 121 ± 23 165 ± 45 126 ± 40 G_0(GeV^4) 0.0174 ± 0.0042 0.0227 ± 0.0063 0.0183 ± 0.0084 0.0228 ± 0.0074 Γ_{γγ} (eV ) 16.5 12.9 17.6 13.5

Figure 1

Figure 2a

Figure 2b

Figure 2c

Figure 2d