arXiv:0906.4523v1 [hep-ph] 24 Jun 2009

Spin Content of Λ in QCD Sum Rules

Güray Erkol^∗ Laboratory for Fundamental Research, Ozyegin University, Kusbakisi Cad. No:2 Altunizade Uskudar, Istanbul 34662 Turkey

Makoto Oka^† Department of Physics, H27, Tokyo Institute of Technology, Meguro, Tokyo 152-8551 Japan

We calculate the isoscalar axial-vector coupling constants of the Λ hyperon using the method of QCD sum rules. A determination of these coupling constants reveals the individual contributions of the u, d and the s quarks to the spin content of Λ. Our results for the light-quark contributions are in agreement with those from experiment assuming flavor SU(3). We also find that the flavor-SU(3)- breaking effects are small and the contributions from the u and the d quarks to the Λ polarization are negatively polarized as in the flavor-SU(3) limit.

PACS numbers: 12.38.Lg, 14.20.Jn, 13.88+e

I. INTRODUCTION

According to data from polarized lepton-nucleon deep inelastic scattering (DIS) which was initially reported by the EMC Collaboration [1] and confirmed subsequently by several other experiments [2, 3, 4], only a small fraction of the nucleon spin is carried by the valence quarks. This observation has triggered many research activities and puzzles in understanding the spin content of the nucleon (see e.g. Refs. [5, 6] for a review). In this respect, it has been realized that the polarized Λ, having all spin carried by the s-quark while the u-d quark pair is coupled to S = 0, I = 0, provides a special example in the naive quark model. Contrary to the naive expectations, the interpretation of the experimental data together with the SU(3)_F symmetry is that ∼ 60% of the Λ spin is carried by the s (and s̄) quark, while ∼ −40% originates from u (and ū) and d (and d̄) quarks [7]. One important aspect of this interpretation is that the u-d quark pair has negative polarization. Actually, this result is supported by some model-dependent approaches as well (see Appendix A). An investigation of this interesting issue has the potential to shed light on the “spin crisis” and therefore attracted considerable attention [7, 8, 9, 10, 11, 12]. Experimentally, the polarization of Λ is of special interest because it can be easily measured from the nonleptonic decay Λ → p π [13, 14, 15, 16, 17].

One open question in this framework is how sensitive the Λ spin structure to SU(3)_F breaking effects is. While it is claimed that the SU(3)_F breaking may lead to a change in the sign of the u- and the d-quark polarizations in Λ [11], lattice [12] and some model-dependent works [10] find that Λ is insensitive to SU(3)_F breaking. The isoscalar (g^q_A and g^s_A), octet (g^q_8 ) and singlet (g^q_0 ) axial-vector coupling constants of Λ (shown gener-

∗Electronic address: guray.erkol@ozyegin.edu.tr †Electronic address: oka@th.phys.titech.ac.jp

ically as g_A ≡ g_A(q^2 = 0) throughout the text) can be expressed in terms of the fractional contributions of the quark flavors, Δq, to the Λ spin content as

g^q_A = Δu + Δd, g^s_A = Δs, (1)

g^8_A = Δu + Δd − 2Δs, g^0_A = Δu + Δd + Δs,

in the SU(3)_F limit. Therefore, a determination of these coupling constants reveals the spin content of Λ.

Our primary aim in this paper is to calculate the isoscalar coupling constants g^q_A and g^s_A. For this purpose we use the method of QCD sum rules (QCDSR) [18, 19, 20, 21]. Note that this is reminiscent of the works in Refs. [22, 23, 24, 25, 26, 27, 28], where the axial-vector coupling constants of the nucleon have been calculated. Using this method, we also extract the contributions of the u and the d quarks to Λ spin content in the SU(3)_F - breaking case in order to see how sensitive the results are to symmetry-breaking effects.

We have organized our paper as follows: In section II we derive the QCD sum rules for g_A and give numerical analysis and the results in section III. Finally we conclude in section IV.

II. FORMULATION

We start with the correlation function of two Λ interpolating fields in the presence of an external constant axial-vector field Z_μ, defined by i ∫ d^4x e^{ip·x} ⟨0 |T [η_Λ(x)η_Λ(0)]| 0⟩_Z =

Π(p) + Z · Π^Z (p) + O(Z^2). (2) This correlation function is computed by adding the term ΔL = − ∑ q g_q q Z/ γ_5 q, (3)

to the usual QCD Lagrangian, where g_q is the coupling of the quark field to the external field and we use the notation Z/ = Z^μγ_μ.

The most general Λ interpolating field is defined as a mixture of two independent local operators via the mixing parameter t:

η_Λ = − √ 2 3 ϵ_{abc} { 2 [ u^T_a Cγ_5d_b ] s_c + [ u^T_a Cγ_5s_b ] d_c − [ d^T_a Cγ_5s_b ] u_c + t ( 2 [ u^T_a Cd_b ] γ_5s_c + [ u^T_a Cs_b ] γ_5d_c − [ d^T_a Cs_b ] γ_5u_c ) } , (4)

where a, b, c are the color indices, T denotes transposition and C = iγ^2γ^0. The choice t = −1 gives the Ioffe’s current, which is often used in QCDSR calculations. In our numerical analysis, we take t = −1.2 which produces the optimal interpolating field [29]. In Eq. (2), Π(p) is the correlation function when the external field is absent and corresponds to the function that is used to determine the Λ mass, while Π^Z (p) represents the linear response of the correlator to a small external axial-vector field Z_μ. In the presence of an external axial-vector field, Lorentz invariance of the vacuum is broken and new vacuum condensates appear as ⟨q̄γ_μγ_5q⟩_Z = g_q Z_μ χ ⟨q̄q⟩, (5) ⟨q̄g_cG̃_{μν} γ^ν q⟩_Z = g_q Z_μ κ ⟨q̄q⟩, G̃_{μν} = 1 2 ϵ_{μναβ} G^{αβ} , (6) which are defined in terms of the susceptibilities χ and κ with the QCD coupling-constant squared g^2_c = 4πα_s.

We can bring the correlation function in Eq. (2) into the form

Π(p) = Π_1(p^2) + Π_2(p^2) p/, (7)

Z · Π^Z (p) = Π^Z_1 (p^2) iZ_μ σ^{μν} p_ν γ_5

+ Π^Z_2 (p^2) Z · p p/ γ_5 + Π^Z_3 (p^2) Z/ γ_5. (8)

The Operator Product Expansion (OPE) sides of the sum rules are obtained by inserting the interpolating field (4) into the correlation function (2) and evaluating the timeordered contractions of quark fields, which include the quark propagators [22, 23, 25]. On the OPE side, we include the terms up to dimension 8. The perturbativecorrection terms in order of α_s may become important especially at lower Borel-mass region but they are expected to give smaller contribution to the sum rule we choose to work with (see Section III) [29]. Therefore these correction terms are neglected in this work. The phenomenological side is obtained via a dispersion relation, which is written in terms of hadron degrees of freedom. Finally, the QCD sum rules are constructed by matching the OPE sides with the phenomenological sides and applying the Borel transformation. The details of this procedure can be found in the extensive literature on QCDSR. Omitting the details, here we give the final forms of the sum rules for g_A as obtained at three different Lorentz-Dirac structures:

iZ_μ σ^{μν} p_ν γ_5 : [ C_1 a_q M^4 E_0 L^{2/9} + C_2 m_s χ a_q M^4 E_0 L^{−8/9}

+ C_3 χ a^2_q M^2 + C_4 κ a^2_q L^{−32/81}

+ C_5 χ m^2_0 a^2_q L^{−14/27} + C_6 a_q b + C_7 m_s a^2_q ]

× e^{m2Λ/M 2} λ̃2_Λ m_Λ

= (g_A + A M^2),

(9)

Z · p p/ γ_5 : [ C^′_1 M^6 E_1 L^{−4/9} + C^′_2 χ a_q M^4 E_0 L^{−4/9}

+ C^′_3 κ a_q M^2 L^{−68/81} + C^′_4 b M^2 L^{−4/9}

+ C^′_5 m_s a_q M^2 L^{−4/9} + C^′_6 a^2_q L^{4/9}

+ C^′_7 χ a_q b L^{−4/9} + C^′_8 m_s χ a^2_q L^{−4/9}

+ C^′_9 m_s κ a^2_q M^2 L^{−68/81} ] em^2_Λ/M^2

λ̃2_Λ

= (g_A + A^′ M^2),

(10)

Z/ γ_5 : [ C̊_1 M^8 E_2 L^{−4/9} + C̊_2 χ a_q M^6 E_1 L^{−4/9}

+ C̊_3 κ a_q M^4 E_0 L^{−68/81} + C̊_4 b M^4 E_0 L^{−4/9}

+ C̊_5 m_s a_q M^4 E_0 L^{−4/9} + C̊_6 a^2_q M^2 L^{4/9}

+ C̊_7 χ a_q b M^2 L^{−4/9} + C̊_8 m_s χ a^2_q M^2 L^{−4/9}

+ C̊_9 m_s κ a^2_q L^{−68/81}

] em^2_Λ/M^2

λ̃2_Λ (M 2 − 2m2_Λ)

= (g_A + Å M^2),

(11)

where we have defined

C_1 = −

(t − 1) 18 [ (g_u + g_d)(5t + 1) + g_s(t + 3)f ] , C_2 = −

(t − 1)^2 12 (g_u + g_d),

C_3 = −

(t − 1) 18 [ (g_u + g_d)[(f − 5)t − (f + 1)]

+ 2g_s(t + 5)f ] , C_4 =

(t − 1) 324 [ (g_u + g_d)[(13f − 47)t + (5 − 13f)]

+ 2g_s(47 − 5t)f ] , (12)

C_5 =

(t − 1) 144 [ (g_u + g_d)[−(3f + 7)t − (5f + 3)]

+ 2g_s(t + 5)f ] , C_6 = −

(t − 1) 1296 [ (g_u + g_d)(11t + 7) + g_s(35t + 37)f ] , C_7 =

(t − 1) 54 (g_u + g_d) [ 2(t − 1) + (5t + 1)f ] ,

C^′_1 = 1 24 [ (5t^2 + 26t + 5)(g_u + g_d) + (11t^2 + 14t + 11)g_s ] , C^′_2 = 1 18 [ − 2(t^2 + 7t + 1)(g_u + g_d) + (t − 1)^2fg_s ] , C^′_3 = − 1 108 [ (29t^2 + 50t + 29)(g_u + g_d)

+ 2(13t^2 + 10t + 13)fg_s ] , C^′_4 = 1 96 [ (t − 1)^2(g_u + g_d) + (13t^2 + 10t + 13)g_s ] , (13)

C^′_5 = − 1 36 [ (5t + 1)[4(t − 1) + 3(t + 5)f](g_u + g_d) ] , C^′_6 = −

(t − 1) 27 [ (10ft + t + 2f − 1)(g_u + g_d)

+ (2ft + 33t + 10f + 39)g_s ] , C^′_7 = 1 432 [ (7t^2 + 4t + 7)(g_u + g_d) + (t − 1)^2fg_s ] , C^′_8 = 1 9 [ (t^2 + 7t + 1)f(g_u + g_d) ] , C^′_9 = 1 243 [ [(7f + 10)t^2 + (13f − 8)t + 7f − 2](g_u + g_d) ] ,

C̊_1 = 1 24 [ (5t^2 + 26t + 5)(g_u + g_d) + (11t^2 + 14t + 11)g_s ] , C̊_2 = 1 18 [ − (5t^2 + 8t + 5)(g_u + g_d)

− 2(19t^2 + 16t + 19)fg_s ] , C̊_3 = 1 36 [ [(25t^2 − 14t + 25](g_u + g_d)

+ 2(41t^2 + 26t + 41)fg_s ] , C̊_4 = 1 96 [ (t − 1)^2(g_u + g_d) + (13t^2 + 10t + 13)g_s ] , C̊_5 = − (5t + 1) 12 [ [5f + t(f + 4) − 4](g_u + g_d) ] , C̊_6 = − (t − 1) 27 [ [(4f + t(20f − 1) + 1](g_u + g_d)

+ [t(33 − 2f) − 10f + 39]g_s ] , (14)

C̊_7 = − 1 216 [ (5t^2 − t + 5](g_u + g_d)

+ 2(10t^2 + 7t + 10]fg_s ] , C̊_8 = 1 18 [ [(3f + 10)t^2 + 4(3f − 2)t + 3f − 2](g_u + g_d) ] , C̊_9 = 1 162 [ [(7f + 10)t^2 + (13f − 8)t + 7f − 2](g_u + g_d) ] . Here M is the Borel mass and the overlap amplitude is defined via ⟨0|η_Λ|Λ(p)⟩ = λ_Λυ(p) [υ(p) is the Dirac spinor for Λ with momentum p] with λ̃^2_Λ = 32π^4λ^2_Λ. We have also defined the quark condensate a_q = −(2π)^2⟨qq⟩, and the quark-gluon–mixed condensate ⟨qg_cσ·Gq⟩ = m^2_0⟨qq⟩. The flavor-symmetry breaking is accounted for by the factor f = ⟨ss⟩/⟨qq⟩. The continuum contributions are included via the factors E_n ≡ 1 − ( 1 + x + ... + x^n n! ) e^{−x}, (15)

with x = w^2/M^2, where w is the continuum threshold. The corrections that come from the anomalous dimensions of various operators are included with the factors L = log(M^2/Λ^2_{QCD})/ log(μ^2/Λ^2_{QCD}), where μ is the renormalization scale and Λ_{QCD} is the QCD scale parameter.

III. RESULTS

In principle one can use any of the three sum rules to calculate g_A, however, not all of them work equally well due to continuum effects and insufficient OPE convergence. For the calculation of the nucleon axial-vector coupling constants, the sum rule at the structure Z · p p/ γ_5 has been favored over the others in the literature. On the other hand, it has been found in Ref. [28] that this sum rule fails to have a valid Borel region whereas the sum rule at the structure iZ_μ σ^{μν} p_ν γ_5 satisfies OPE convergence and pole dominance, therefore has a valid Borel window.

The valid Borel regions are determined so that the highest-dimensional operator contributes no more than about 10% to the OPE side, which gives the lower limit and ensures OPE convergence. The upper limit is determined using a restrictive criterion such that the continuum-plus-excited-state contributions are less than about 30% of the phenomenological side, which is imposed so as to warrant the pole dominance. Using these criteria we have similarly found that the sum rule in (9) has a valid Borel window while those in (10) and (11) are seriously contaminated by continuum contributions. Therefore we choose to work with the sum rule at the structure iZ_μ σ^{μν} p_ν γ_5 in (9). In order to obtain the corresponding sum rules for g^q_A (g^s_A) we set g_u = g_d = 1 (g_u = g_d = 0) and g_s = 0 (g_s = 1).

We determine the uncertainties in the extracted parameters via the Monte Carlo–based analysis introduced in Ref. [29]. In this analysis, randomly selected, Gaussianly distributed sets are generated from the uncertainties in the QCD input parameters. Here we use a_q = 0.52 ± 0.05 GeV^3, b ≡ ⟨ g^2_c G^2 ⟩ = 1.2 ± 0.6 GeV^4, m^2_0 = 0.72 ± 0.08 GeV^2, and Λ_{QCD} = 0.15 ± 0.04 GeV. The flavor-symmetry breaking parameter and the mass of the s-quark are taken as f ≡ ⟨ss⟩/⟨uu⟩ = 1 and m_s = 0, respectively, in the SU(3)_F limit. In the SU(3)_F -broken case, we take these parameter values as f = 0.83 ± 0.05 and m_s = 0.11±0.02 GeV. The values of the vacuum susceptibilities have been estimated in Refs. [22, 27, 30, 31]. We consider the values χa_q = 0.60 GeV^2 and κa_q = 0.05 GeV^4 for g^q_A and g^s_A. The continuum threshold is taken as w = 1.5 GeV in the SU(3)_F limit and as w = 1.7 GeV in the SU(3)_F -breaking case.

FIG. 1: The left-hand (solid red curves) and the fitted righthand (dotted lines) sides of the sum rules (9) for g^q_A and g^s_A in their valid Borel regions. The bands show the errors as obtained from the Monte Carlo-based analysis and the diamonds mark the values based on expectations from experimental results assuming SU(3)F .

For normalization of the sum rule (9), we use the chiralodd mass sum rule, which is obtained using the invariant function Π_1(p^2) as follows:

C̃_1 a_q M^4 E_1 + C̃_2 m^2_0 a_q M^2 E_0 + C̃_3 a_q b

+ C̃_4 m_s M^6 E_2 + C̃_5 m_s a^2_q + C̃_6 m_s b M^2 E_0 = λ̃2_Λ 2 m_Λ e^{−m2Λ/M 2} ,

(16)

where

Ĉ_1 = − (t − 1) 12 [ 11f + 10 + (13f + 2)t ] , Ĉ_2 = (t − 1) 24 [ 7f + 11 + (11f + 7)t ] , Ĉ_3 = − (t − 1) 288 [ 13f + 2 + (11f + 10)t ] , Ĉ_4 = − (t − 1) 12 (13t + 11),

Ĉ_5 = 1 18 [ 3(5t^2 + 2t + 5) + (t − 1)(t + 5)f ] , Ĉ_6 = − (t − 1) 96 (11t + 13).

(17)

Note that the chiral-odd mass sum rule has been found to be more reliable than the chiral-even one [29].

TABLE I: The isoscalar (g^q_A and g^s_A) axial-vector coupling constants of Λ as obtained from QCDSR. For comparison, we also give the coupling constants from naive SU(3)F assuming ⟨N|s̄γμγ5s|N⟩ = 0 (denoted by SU(3)F [naive]), and those from DIS data assuming SU(3)F (denoted by SU(3)F [DIS]), which are obtained by inserting Σ = 3F − D and Σ = 0.33 (central value as reported by the HERMES Collaboration [4]), respectively, into the SU(3)F relations. As for the SU(3)F parameters we use F/D = 0.575 and F + D = 1.269 [32].

gA SU(3)F [naive] SU(3)F [DIS] QCDSR g^q_A −0.15 −0.32 −0.37 ± 0.13 g^s_A 0.73 0.65 0.51 ± 0.11

We first concentrate on the sum rules for the isoscalar coupling constants g^q_A and g^s_A in the SU(3)_F limit. The Monte Carlo-based analyses of the sum rules are performed by first fitting the mass sum rule (16) to simultaneously obtain m_Λ and λ̃_Λ, and the obtained value for the overlap amplitude is used in the sum rules of g_A for each corresponding parameter set. In Fig. 1, we plot the lefthand and the fitted right-hand sides of the sum rules (9) in their valid Borel regions. The bands show the errors as obtained from the Monte Carlo–based analysis.

Our numerical results are given in Table I. For comparison, we also give the coupling constants from SU(3)_F assuming ⟨N|s̄γ_μγ_5s|N⟩ = 0, and those from DIS data assuming SU(3)_F relations given as g^q_A = 2/3(Σ − D) and g^s_A = 1/3(Σ + 2D), where Σ is equivalent to the flavorsinglet axial-vector coupling constant, g^0_A. The value we obtain for g^q_A in QCDSR, namely g^q_A = −0.37 ± 0.13, is in nice agreement with the experimental result, while g^s_A lies slightly lower.

FIG. 2: Same as Fig. 1 but for g^q_A in the SU(3)F -broken case.

The SU(3)_F -breaking effects are accounted for by restoring the physical values of the parameters m_s and f in the sum rules (9) and (16). We consider only the sum rule for g^q_A since the susceptibilities associated with this coupling are unaffected with SU(3)_F breaking. We apply a similar procedure as above where we obtain λ̃_Λ from the mass sum rule in (16) with the SU(3)_F -breaking effects and this value is used in the sum rules of g_A for each corresponding parameter set. In Fig. 2, we plot the left-hand and the fitted right-hand side of the sum rule (9) for g^q_A in the SU(3)_F -broken case. We obtain g^q_A = −0.29±0.22, which is consistent with the value obtained in the SU(3)_F limit. This implies that the SU(3)_F -breaking effects are small and the contributions from the u and the d quarks to the Λ polarization are negatively polarized as in the SU(3)_F limit.

IV. CONCLUSION

In conclusion, we have calculated the isoscalar axialvector coupling constants of Λ using the method of QCDSR. This information reveals the individual contributions of the u, d and s quarks to the spin content of Λ. We have found that in the SU(3)_F limit our results for g^q_A are in agreement with expectations based on experiment assuming SU(3)_F symmetry while the value we obtain for g^s_A slightly deviates from the empirical one. We have also analyzed the isoscalar coupling g^q_A with SU(3)_F breaking effects and have found that the light-quark contributions remain mainly unaffected and negatively polarized as in the SU(3)_F limit.

APPENDIX A

A simple model for the Λ baryon is that it is contaminated by Σ baryon together with a π having orbital angular momentum L = 1 in order to conserve parity. In the naive quark model the Σ is composed of a u-d quark pair coupled to S = 1 and a s-quark with S = 1/2. In this picture, the quark-spin configurations of Σ are given as |Σ(+1/2)⟩ = √ 2/3|[ud](+1), s(−1/2)⟩ − √ 1/3|[ud](0), s(+1/2)⟩, (A1) |Σ(−1/2)⟩ = − √ 2/3|[ud](−1), s(+1/2)⟩ + √ 1/3|[ud](0), s(−1/2)⟩, (A2)

using the appropriate Clebsch-Gordan coefficients. Similarly, the Σ-π mixed state is written as |Σ, π; J = 1/2⟩ = − √ 2/3|Σ(−1/2), L_π(+1)⟩ + √ 1/3|Σ(+1/2), L_π(0)⟩. (A3)

Inserting the spin configurations in Eqs. (A1) and (A2) into Eq. (A3), we obtain |Σ, π; J = 1/2⟩ = 2/3|[ud](−1), s(+1/2), L_π(+1)⟩ − √ 2/3|[ud](0), s(−1/2), L_π(+1)⟩ + √ 2/3|[ud](+1), s(−1/2), L_π(0)⟩ − 1/3|[ud](0), s(+1/2), L_π(0)⟩. (A4)

It is then straightforward to calculate the spin probabilities of the u-d quark pair in the Σ-π mixed state as 2/9, 3/9 and 4/9 corresponding to [ud](+1), [ud](0) and [ud](−1) configurations, respectively, which results in an expectation value of −2/9 for the spin of the u-d pair.

ACKNOWLEDGMENTS

This work was supported in part by KAKENHI (17070002 and 19540275).

[1] J. Ashman et al. (European Muon), Phys. Lett. B206, 364 (1988).

[2] B. Adeva et al. (Spin Muon), Phys. Rev. D58, 112001 (1998).

[3] K. Abe et al. (E143), Phys. Rev. D58, 112003 (1998), hep-ph/9802357.

[4] A. Airapetian et al. (HERMES), Phys. Rev. D75, 012007 (2007), hep-ex/0609039.

[5] B. W. Filippone and X.-D. Ji, Adv. Nucl. Phys. 26, 1 (2001), hep-ph/0101224.

[6] S. D. Bass, Rev. Mod. Phys. 77, 1257 (2005), hepph/0411005.

[7] M. Burkardt and R. L. Jaffe, Phys. Rev. Lett. 70, 2537 (1993), hep-ph/9302232.

[8] R. L. Jaffe, Phys. Rev. D54, 6581 (1996), hepph/9605456.

[9] C. Boros and Z.-t. Liang, Phys. Rev. D57, 4491 (1998), hep-ph/9803225.

[10] D. Ashery and H. J. Lipkin, Phys. Lett. B469, 263 (1999), hep-ph/9908355.

[11] J.-J. Yang, Phys. Lett. B512, 57 (2001), hepph/0107222.

[12] M. Gockeler et al. (QCDSF), Phys. Lett. B545, 112 (2002), hep-lat/0208017.

[13] D. Buskulic et al. (ALEPH), Phys. Lett. B374, 319 (1996).

[14] K. Ackerstaff et al. (OPAL), Eur. Phys. J. C2, 49 (1998), hep-ex/9708027.

[15] A. Airapetian et al. (HERMES), Phys. Rev. D64, 112005 (2001), hep-ex/9911017.

[16] M. R. Adams et al. (E665), Eur. Phys. J. C17, 263 (2000), hep-ex/9911004.

[17] A. Airapetian et al. (HERMES), Phys. Rev. D74, 072004 (2006), hep-ex/0607004.

[18] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B147, 385 (1979).

[19] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B147, 448 (1979).

[20] L. J. Reinders, H. Rubinstein, and S. Yazaki, Phys. Rept.

127, 1 (1985).

[21] B. L. Ioffe and A. V. Smilga, Nucl. Phys. B232, 109 (1984).

[22] V. M. Belyaev, B. L. Ioffe, and Y. I. Kogan, Phys. Lett.

B151, 290 (1985).

[23] C. B. Chiu, J. Pasupathy, and S. L. Wilson, Phys. Rev.

D33, 1961 (1986).

[24] S. Gupta, M. V. N. Murthy, and J. Pasupathy, Phys.

Rev. D39, 2547 (1989).

[25] E. M. Henley, W. Y. P. Hwang, and L. S. Kisslinger, Phys. Rev. D46, 431 (1992).

[26] B. L. Ioffe and A. G. Oganesian, Phys. Rev. D57, 6590 (1998), hep-ph/9801345.

[27] J. Pasupathy and R. K. Singh, Int. J. Mod. Phys. A21,

5099 (2006), hep-ph/0312304.

[28] F. X. Lee, D. B. Leinweber, and X.-m. Jin, Phys. Rev.

D55, 4066 (1997), nucl-th/9611011.

[29] D. B. Leinweber, Annals Phys. 254, 328 (1997), nuclth/9510051.

[30] J. Pasupathy, J. P. Singh, C. B. Chiu, and S. L. Wilson, Phys. Rev. D36, 1442 (1987).

[31] B. L. Ioffe, Prog. Part. Nucl. Phys. 56, 232 (2006), hepph/0502148.

[32] C. Amsler et al. (Particle Data Group), Phys. Lett.

B667, 1 (2008).