arXiv:hep-ph/0510192 v1 14 Oct 2005

Correlators of hadron currents: the model and the ALEPH data on τ-decay.

V. D. Orlovsky

State Research Center Institute of Theoretical and Experimental Physics, B. Cheremushkinskaya 25 117218 Moscow, Russia

Moscow Engineering Physics Institute (State University), 115409 Moscow, Russia

e-mail: orlovskii@itep.ru

Abstract

The model with the meson spectrum, consisting of zero-width equidistant resonances, is considered with connection to current correlators in coordinate space. The comparison of the explicit expressions for the correlators, obtained in this model, with the experimental data of ALEPH collaboration on τ-decay is made and good agreement is found.

1 Introduction

The main objects of our studies are correlators of charged hadron currents with the value of isospin I = 1 P^{(c)}_{μν} (x) = ⟨j^{(c)}_μ (x)j^{(c)}_ν (0)^†⟩ (1)

for vector and axial channels, i. e. for

j^{(v)}_μ (x) = ūγ_μd; j^{(a)}_μ (x) = ūγ_μγ_5d. (2)

These objects play important role in QCD, since they contain information of two kinds: one is the spectral features of hadrons – the set of the mass poles m^2_n and the corresponding quark coupling constants c_n, which define behavior of the correlators for large x, on the other hand, at small distances, where perturbation theory works, and OPE is assumed to be valid, the coefficients of the correlation functions expansion give us matrix elements of local field operators – the vacuum condensates like ⟨G^2_{μν} ⟩.

Current correlators were studied long ago in the framework of perturbation theory, which works at small x because of asymptotic freedom of QCD [1]. Power corrections to this behavior, expressed in terms of gluon and quark condensates, were found with the help of OPE, which is consistent also only for small enough distances [2]. There are many papers, where calculations of (1) are given on the base of different approaches. So, the random instanton liquid model, where it is supposed, that the nonperturbative QCD-vacuum is dominated by strong classical field configuration – instantons, whose position and color orientations are distributed randomly, – gives good result for the difference of the correlation functions in all region of distances (0 < x < 1.5 fm) [3]. Correlation functions and their moments in momentum space are considered in some papers with the purpose of extraction from them the values of the lowest OPE condensates [4], [5], [6]. There is another model – the so-called Minimal Hadronic Ansatz (MHA), in which the spectral density consists of the pion state, a vector state and an axial state plus continuum. In this this approximation one can compute corresponding condensates [7] or compare the moments of the polarization operators with the experimental data [8]. The method of calculation of correlators, more general, than MHA, was proposed in the paper [9]. This method, as well as MHA, assumes the limit of large number of colors N_c, when the hadronic spectrum is represented by the set of zero-width levels. One can calculate the spectrum quasiclassically [10], restore the correlator in momentum space by this spectrum and by residues and then go to coordinate space. In the same paper was made the comparison of obtained expressions for the correlators with the lattice data [11] and [12] and good agreement of the results was found.

This paper continues the line of research, started in [9]. We will be interested in explicit expressions for current correlators (1) in the model with equidistant spectrum, and the main purpose is to compare these expressions with the real experimental data of ALEPH collaboration [13] on hadronic τ -decay. Note also, that the model of zero-width equidistant resonances has been considered with respect to correlation function in [14], [15], where the main attention was spared to the momentum-space representation and the corresponding OPE coefficients were estimated.

We will be interested in the current correlators, calculated in the Euclidean coordinate space and compare them directly with the experimental curves.

2 Current correlator: the model and experiment

We work with QCD in the limit of large number of colors N_c. In the framework of this limit the hadronic spectrum is a set of zero-width resonances. Masses m_n and residues c_n of current correlators are stable at large N_c limit and define the imaginary part of the polarization operators (see Appendix): 1 π ImΠ(s) = ∞∑ n=0 c_nδ(s − m^2_n), (3)

On the other hand, one can obtain the equidistant mass spectrum and the set of residues in analytic form for all n quasiclassically, solving the corresponding Hamiltonian problem for two quarks [9, 10]:

(m^{(c)}_n )^2 = m^2n + m^2_c , c_n = N_c 12π^2 m^2, (4)

where m^2_c are the masses of low lying resonances in each channel, and the quantity m^2 = 4πσ is defined universally for all channels, where σ is physical string tension.

In that way one can easily find with the help of (3) the correlation function in the momentum space and then go to the coordinate one (see Appendix).

It is convenient to consider the normalized correlation functions and to define the ratio R^{(c)}(x) as R^{(c)}(x) =

P^{(c)}(x) P_{f ree}(x) ≡ g^{μν} P^{(c)}μν (x) P_{f ree}(x) , (5)

where P_{f ree}(x) = 6 π^4x^6

. (6)

Experimental data provide us with information about the spectral functions v_1(q^2) and a_1(q^2) in the interval 0 < s < s_0 = 3.5 GeV^2:

ImΠ^{(v)}(s) = 1 2π v_1(s), ImΠ_1(s) = 1 2π a_1(s), (7)

i. e. about the imaginary parts of polarization operators Π^{(v)}(q^2) and Π_1(q^2), defining the correlation functions in momentum space (16) and (17).

Using the dispersion relation

Π(q^2) = ∞∫ 0 dt 1 t − q^2 1 π ImΠ(t) (8) and the known representation for the McDonald function K_1(z) for z = √ −sx^2, it is easy to obtain the spectral representation for correlation functions in coordinate space:

P^{(c)}(x_E) = ∞∫ 0 s ρ^{(c)}(s)D( √ s, x_E )ds, (9)

where x_E = √ −x^2 is a distance in Euclidean space, ρ^{(v\a)}(s) = 3 2π^2 v_1(s) \ a_1(s) are corresponding spectral functions, and D( √ s, x_E) = √ s 4π^2x_E

K_1( √ sx_E ). (10)

One should take care of the term q_μq_ν Π_2(q^2) from (17), which corresponds to the contribution of the pion state. It is taken into account by adding to P^{(a)}(x_E) the term (see, e. g. [9])

P^{(a)}_π (x_E) = −f^2_π m^2_πD(m_π , x_E). (11)

The integrals in considered combinations P_{v±a}(x_E) = ∞∫ 0 s ρ_{v±a}(s)D( √ s, x_E )ds ∓ f^2_π m^2_πD(m_π , x_E), (12)

where ρ_{v±a}(s) = ρ^{(v)}(s) ± ρ^{(a)}(s), P_{v±a} = P^{(v)} ± P^{(a)}, were taken numerically by Simpson method, using the experimental data for difference and sum of the spectral functions in the region 0 < s < s_0. The spectral functions ρ_{v±a}(s) were replaced by the parton model prediction for s > s_0, i. e. v_1(s) + a_1(s) = 1, v_1(s) − a_1(s) = 0 for s > s_0. Under this replacement we do not take into account perturbation theory corrections, which change little behavior of the sum of the current correlators for small x. However, this perturbative corrections, corresponding to the hybrid states in the spectral sum in terms of our model, are not taken into account also, so the disregarding of them in the experimental curves is coordinated with the model calculations.

The experimental curves, normalized to the free answer (6), and the corresponding model predictions are shown on the Fig. 1 for two values of the cut-off scale s_0 = 2.3 GeV^2 and s_0 = 3.1 GeV^2. Notice, that the choice of the cut-off parameter s_0 changes noticeably behavior of P_{v+a} (x_E) only in the intermediate region of x, pushing away the theoretical curve from the experimental one. In addition, the error bars increase with increasing s_0 in this region because of large uncertainties of the experimental data for s_0 > 2.8 GeV^2, so agreement of the experimental curves with the model predictions remains acceptable even on the quantitative level.

On the other hand, using meson masses and decay constants as fitting parameters, one can place the curves, obtained in the framework of the model at large N_c, inside the error corridors completely (see Fig. 2). The corresponding values

m^2_ρ = 0.62 GeV^2, λ^2_ρ = 0.048 GeV^2, m_π = 135 MeV, f_π = 89 MeV, (13) m_{a1} = 1.18 GeV reproduce the table values (21) with 2 − 4% accuracy.

The errors was computed with the help of experimental covariance matrices ρ_{v±a}(s, s^′) = ⟨Δρ_{v±a}(s) Δρ_{v±a}(s^′)⟩ (14) by the standard expression

ΔP_{v±a}(x_E) = [⟨P^2_{v±a}⟩ − ⟨P_{v±a}⟩^2]^{1/2} =

s_0∫

0 ds s_0∫

0 ds^′ ρ_{v±a}(s, s^′) s D( √ s, x_E) s^′ D( √ s^′, x_E) 1/2 . (15)

3 Conclusion

We have considered the model, based on QCD in the limit of large number of colors N_c, in which the meson spectrum is taken as the series of zero-width equidistant levels. This model is surely far from the real physical world and is over simplified. However, as can be seen from the results of comparison of the calculations, performed in the framework of this model, with the high precision experimental data of ALEPH collaboration for the correlators of hadron currents, the knowledge of several spectral features (in our case, these are the data about low lying resonances in corresponding channels and the correct behavior of the mass spectrum and of the set of residues for n → ∞) is enough to reproduce correctly on qualitative and even on quantitative level such integral objects (in a sense of the spectral density) as correlation functions (1). Besides, note also, that all the parameters of the model (meson masses, decay constants, string tension) are fixed by their physical values, and calculated correlation function have in principle a form of a fixed prediction without any fitting parameters, however, having shifted quite a little the values of this input parameters (∼ 2 − 3%), one can reach a very good agreement with the experimental data.

Acknowledgments

I am grateful to Dr. V. I. Shevchenko for numerous discussions of the problems, considered in the paper. I wish to thank Prof. Yu. A. Simonov and Dr. K. N. Zyablyuk for useful discussions. I am also thankful to the "Dynasty" foundation for financial support.

Appendix

For conserved vector current one can write the following expression in momentum space:

P^{(v)}_{μν} (q) = i ∫ d^4xP^{(v)}_{μν} (x) exp(iqx) = (q_μq_ν − q^2g_{μν} )Π^{(v)}(q^2). (16)

There are two Lorentz structure in the axial channel:

P^{(a)}_{μν} (q) = i ∫ d^4xP^{(a)}_{μν} (x) exp(iqx) = (q_μq_ν − q^2g_{μν} )Π_1(q^2) + q_μq_ν Π_2(q^2). (17)

The normalized correlation functions in the Euclidean coordinate space are given by following expressions in accordance with result of [9]:

R^{(v)}(z_v) = ξz^5_v K_1(z_v) + b_vz^6_v 2^7 p̄(b_v, z_v) (18)

R^{(a)}(z_a) = − π^2 12 f^2γ^3z^5_aK_1(γz_a) + b_az^6_a 2^7 p̄(b_a, z_a), (19)

which are depend on the dimensionless coordinates z_c = √ −x^2m_c, where m_c are the masses of the resonances in vector (ρ - meson) and axial (a_1 - meson) channels. The contributions of the pion and the ρ - meson states are taken into account separately and are described by the first members in R^{(c)}(x). The parameters

b_c = 4πσ m^2_c , ξ = π^2 8 ( λ^2_ρ m^2_v − b_v 4π^2 ) , γ = m_π m_a , f = f_π m_a (20)

are fixed by the physical values of meson masses, decay constants and string tension constant:

m^2_ρ = 0.6 GeV^2, λ^2_ρ = 0.047 GeV^2,

m_π = 140 MeV, f_π = 92 MeV, (21) m_{a1} = 1.23 GeV, σ = 0.17 GeV^2.

Remaining terms, containing the function p̄(b, z) = ∞∫ 0 du u^2 exp ( − z^2 4u − u ) 1 + exp(−bu)(b − 1) (1 − exp(−bu))^2

, (22)

are determined by contribution of a set of the equidistant levels with the masses

(m^{(c)}_n )^2 = m^2n + m^2_c , m^2 = 4πσ. (23)

References

[1] F. J. Yndurain, Quantum Chromodynamics: The Theory of Quark and Gluon Interactions, Springer, 1999.

[2] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 147 (1979)385; 448. [3] T. Schafer, E. V. Shuryak, Phys. Rev. Lett. 86 (2001) 3973, [arXiv: hep-ph/0010116]. [4] B. L. Ioffe and K. N. Zyablyuk, Nucl. Phys. A 687 (2001) 437 [arXiv: hep-ph/0010089]. [5] B. L. Ioffe and K. N. Zyablyuk, Eur. Phys. J. C 27 (2003) 229 [arXiv: hep-ph/0207183]. [6] S. Narison, [arXiv: hep-ph/0412152].

[7] S. Friot, D. Greynat and E. de Rafael, J. High Energy Phys. 10 (2004) 043, [arXiv:

hep-ph/0408281].

[8] S. Peris, B. Phily and E. de Rafael, Phys. Rev. Lett. 86 (2001) 14, [arXiv: hep-ph/0007338]. [9] V. I. Shevchenko, Yu. A. Simonov, Phys. Rev. D 70 (2004) 074012 [arXiv:hep-ph/0406276]. [10] Yu. A. Simonov, Phus. Atom. Nucl. 66 (2003) 2038 [Yad. Phys. 66 (2003) 2088] [arXiv:hep-ph/0210309]; A. M. Badalian, B. L. .G. Bakker and Yu. A. Simonov, Phys. Rev. D 66 (2002) 034026 [arXiv:hep-ph/0204088].

[11] M. C. Chu, J. M. Grandy, S. Huang and J. W. Negele, Nucl. Phys. Proc. Suppl. 30 (1993) 495 [arXiv:hep-lat/9211012].

[12] T. DeGrand, Phys. Rev. D 64 (2001) 094508 [arXiv:hep-lat/0106001]. [13] R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C4 (1998) 409. [14] M. Golterman, S. Peris, B. Phily and E. De Rafael, JHEP 0201 (2002) 024 [arXiv:hep-ph/0112042]; M. Golterman and S. Peris, JHEP 0101 (2001) 028 [arXiv:hep-ph/0101098] [15] S. R. Beane, Phys. Rev. D 64 (2001) 116010 [arXiv:hep-ph/0106022]

Fig. 1. Normalized Euclidean coordinate space correlation functions P_{v±a}(x) for s_0 = 2.3 GeV^2 and s_0 = 3.1 GeV^2.

Fig. 2. Normalized Euclidean coordinate space correlation functions P_{v±a}(x) for the set of parameters (13) and s_0 = 2.5 GeV^2.