International Journal of Modern Physics A © World Scientific Publishing Company

TOWARDS A LARGE-N_C ESTIMATE OF THE O(p^6) CHIRAL LOW ENERGY CONSTANTS

VINCENZO CIRIGLIANO Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125, USA

I discuss recent progress in large-N_C inspired determinations of chiral low energy constants of order p^6. I illustrate the general method and then describe how it works in the case of the ⟨VAP ⟩ three-point function.

Chiral Perturbation Theory^1 (CHPT) is the effective theory of QCD describing the interactions of pseudo-Goldstone modes (π, K, η) associated with the spontaneous breaking of chiral symmetry. CHPT is a fundamental tool in low energy hadron phenomenology. State of the art calculations involve expansions to NNLO (p^6) in external momenta or quark masses^2. At this level the effective CHPT lagrangian^{3,4} involves more than 90 low-energy constants (LECs) in the even-intrinsic parity sector for three flavours. Therefore, in order to do phenomenology to NNLO in the low-energy expansion it is highly desirable to develop a non-perturbative framework to predict such LECs by matching to QCD. Among non-lattice QCD techniques, one common framework is provided by the 1/N_C expansion (for a review see Ref.^5).

Within this scheme, for a given QCD Green function one constructs an hadronic interpolation between the known low and high momentum regimes, dictated respectively by chiral symmetry and the operator product expansion (OPE) for QCD. The procedure of matching between low and high energies is especially transparent for Green functions that are order parameters of chiral symmetry breaking, as a finite number of hadronic states suffices to provide the correct fall-off at high momentum. Working in the chiral limit and at leading order in the 1/N_C expansion, the matching is performed by saturating the operator product expansion (OPE) with a certain number of narrow resonance multiplets^6. While this matching can be performed without reference to a chiral resonance lagrangian, we choose to work with one. Compatibility between the constraints from QCD at high energies and a suitable chiral resonance lagrangian, as already established at O(p^4)^{7,8}, would allow for a consistent lagrangian treatment of resonance contributions at least up to O(p^6). The approach employed here^{9,10} should be seen as an approximation to large-N_C QCD. The modeling consists in the choice of the hadronic content of the theory and the set of QCD short-distance constraints to be satisfied. For the Hadronic ansatz, we include all lowest-lying resonance multiplets that can contribute to the given Green 1

2 Vincenzo Cirigliano

function (one multiplet per channel). This choice relies on the assumption that the low-lying hadronic spectrum determines the chiral LECs that govern the lowenergy behaviour of the Green function. Concerning the Short-distance constraints, it is known that when working with a finite number of resonance multiplets, conflicts may arise between different types of asymptotic constraints^{11}. We assign the highest priority to the constraints dictated by the OPE to leading order in inverse powers of large momenta. We then consider the constraints implied by the highmomentum behaviour of hadronic form factors (as predicted by the quark counting rules^{12}) with on-shell Goldstone modes and photons.

We have constructed the most general chirally invariant resonance lagrangian which, upon integrating out the heavy fields, prduces contributions up to order p^6 in the resulting Goldstone chiral lagrangian. Apart from kinetic and mass terms, it has the structure:

L = L^{Ri}_{(2)} + L^{Ri}_{(4)} + L^{RiRj}_{(2)} + L^{Ri Rj Rk}_{(0)} , (1)

where L^{[...]}_{(n)} is a term of chiral order p^n involving the number of resonances specified in [...]. The full list of resonance couplings and the formal procedure of integrating out heavy fields and obtaining the p^6 LECs will be presented elsewhere^{10}. Here we show that the above chiral resonance lagrangian is fully consistent with a set of QCD constraints for the ⟨VAP ⟩ Green function, and we go on to determine six of the LECs of O(p^6) from V, A and P resonance contributions^9.

The ⟨VAP ⟩ three-point function in momentum space is defined as

(Π_{VAP} )^{abc}_{μν} (p, q) = ∫ d^4x ∫ d^4y e^{i(p·x+q·y)}⟨0|T {V^a_μ (x)A^b_ν (y)P^c(0)}|0⟩ , (2)

with SU(3) octet currents V^a_μ = ψ̄γ_μT^aψ, A^a_μ = ψ̄γ_μγ_5T^aψ, P^a = ψ̄iγ_5T^aψ. The general solution of the chiral Ward identities^{13,14} implies that the dynamics of this correlator is encoded in two invariant functions F(p^2, q^2, (p + q)^2) and G(p^2, q^2, (p + q)^2). The behaviour of the invariant functions F and G at small momentum transfer is governed by the contributions from Goldstone boson intermediate states. The behavior at high energy (one or two large momenta) is dictated by the OPE. The leading contribution is proportional to the quark condensate and is known^{13,14}. Our hadronic lagrangian leads to invariant functions of the form (r = (p + q)):

F(p^2, q^2, r^2) =

⟨ψψ⟩_0 (p^2 − M^2_V )(q^2 − M^2_A) [ a_0 + b_1 + b_2p^2 + b_3q^2 r^2 + c_1 + c_2p^2 + c_3q^2

r^2 − M^2_P ] , G(p^2, q^2, r^2) =

⟨ψψ⟩_0 (p^2 − M^2_V )q^2 [ d_1 + d_2q^2 r^2(q^2 − M^2_A) + f (p + q)^2 − M^2_P ] . (3)

The short-distance conditions allow us to express six of the parameters in terms of b_3: a_0 = −1/2, b_2 = 1 + b_3, d_2 = 2b_3, c_2 = −1/2 − b_3, c_3 = c_2, f = 2c_2. Additional information on the parameters in Eq. (3) can be obtained by putting one or two momenta in the ⟨VAP ⟩ Green function (2) on the pion mass shell The fall-off of the pion form factors and the s.d. constraints from the V V − AA correlator imply^{13}

Towards a large-N_C determination of p^6 ChPT couplings 3

b_1 = M^2_A − M^2_V and d_1 = 2M^2_A. Moreover, within our resonance lagrangian c_1 is related to c_{2,3}. Finally, the remaining dimensionless parameter b_3 can be set to zero by requiring that the axial form factor governing the matrix element ⟨γ|A_μ|π⟩ vanishes at high momentum transfer. The matching described above allows to fully determine six LECs of the p^6 CHPT lagrangian in terms of the pion decay constant (F ) and resonance masses:

C_{78} =

F^2(3M^2_A + 4M^2_V )

8M^4_V M^2_A − F^2 16M^2_V M^2_P

, C_{82} = −

F^2(4M^2_A + 5M^2_V ) 32M^4_V M^2_A − F^2 32M^2_AM^2_P , C_{87} =

F^2(M^4_A + M^4_V + M^2_AM^2_V )

8M^4_V M^4_A

, C_{88} = −

F^2 4M^4_V + F^2 8M^2_V M^2_P , C_{89} =

F^2(3M^2_A + 2M^2_V )

4M^4_V M^2_A

, C_{90} =

F^2 8M^2_V M^2_P . Our large-N_C determination of these LECs cannot reproduce their renormalization scale dependence (a next-to-leading-order effect in the 1/N_C counting). We have checked that in all cases the variation of the renormalized LECs between μ = M_K and μ = 1 GeV remains within a range of 30 %. Although there is no reason a priori that this result will be valid for all LECs, our findings quantify the reliability of these specific resulrs for phenomenological applications.

Acknowledgements

I wish to thank G. Ecker, M. Eidemuller, R. Kaiser, A. Pich, and J. Portoles for collaboration on the topics presented here. This work is supported by a Sherman Fairchild Fellowship from Caltech.

References 1. S. Weinberg, Physica A96 (1979) 327; J. Gasser and H. Leutwyler, Ann. Phys. 158 (1984) 142; Nucl. Phys. B250 (1985) 465.

2. J. Bijnens, hep-ph/0409068.

3. H.W. Fearing and S. Scherer, Phys. Rev. D53 (1996) 315. 4. J. Bijnens, G. Colangelo and G. Ecker, JHEP 02 (1999) 020.

5. A. Pich, in Phenomenology of large N_C QCD, ed. R.F. Lebed [arXiv:hep-ph/0205030]. 6. S. Peris, M. Perrottet, E. de Rafael, JHEP 9805(1998) 011 [hep-ph/9805442]. 7. G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. Phys. B321 (1989) 311. 8. G. Ecker et al., Phys. Lett. B223 (1989) 425.

9. V. Cirigliano et al., Phys. Lett. B 596 (2004) 96 [arXiv:hep-ph/0404004] 10. V. Cirigliano, G. Ecker, M. Eidemuller, R. Kaiser, A. Pich, and J. Portoles, in progress. 11. J. Bijnens, E. Gámiz, E. Lipartia and J. Prades, JHEP 04 (2003) 055. 12. G.P. Lepage and S.J. Brodsky, Phys. Lett. B87 (1979) 359; Phys. Rev. D22 (1980) 2157; Phys. Rev. D24 (1981) 1808.

13. B. Moussallam, Nucl. Phys. B504 (1997) 381. 14. M. Knecht and A. Nyffeler, Eur. Phys. J. C21 (2001) 659.