arXiv:nucl-th/0702023v1 7 Feb 2007

Irreducible tensor approach to spin observables in photo production of mesons with arbitrary spin-parity s^π

G. Ramachandran Indian Institute of Astrophysics, Koramangala, Bangalore, 560034, India

M. S. Vidya V/5 RIE Campus, Regional Institute of Education, Mysore 570006, India

J. Balasubramanyam K. S. Institute of Technology, Bangalore, 560062, India Department of Physics, Bangalore University, Bangalore, 560056, India (Dated: February 7, 2007)

A theoretical formalism leading to elegant derivation of formulae for all spin observables is outlined for photo production of mesons with arbitrary spin parity s^π . The salient features of this formalism based on irreducible tensor techniques are i) the number of independent irreducible tensor amplitudes is 4(2s + 1), ii) a single compact formula is sufficient to express these amplitudes in terms of allowed electric and magnetic multipole amplitudes and iii) all the spin observables including beam analyzing powers as well as the differential cross section are expressible in terms of bilinear irreducible tensors of rank 0 to 2(s + 1). The relationship between the irreducible tensor amplitudes and the helicity amplitudes is elucidated in general and explicit expressions for the helicity amplitudes are given in terms of the irreducible tensor amplitudes in the particular cases of pseudoscalar and vector meson photo production. The connection between the irreducible tensor amplitudes introduced here and the well known CGLN amplitudes for photo production of pseudoscalar mesons is also established.

PACS numbers: 25.20.-x, 25.20.Lj, 13.60.Le, 23.20.Js

I. INTRODUCTION

Photo production of heavy mesons on a nucleon is a topic of considerable current interest. Photo meson production has excited attention for more than five decades since the pion was discovered. In the context of developing a relativistic dispersion relation approach to photo pion production, Chew, Goldberger, Low and Nambu [1] have expressed the reaction amplitude F in terms of 4 invariants viz., i σ · ϵ̂, (σ · q̂)(σ · (k̂ × ϵ̂)), i (σ · k̂)(q̂ · ϵ̂) and i (σ · q̂)(q̂ · ϵ̂) and their respective coefficients F_1, F_2, F_3 and F_4. The σ denote Pauli spin matrices of the nucleon, the vectors q and k denote the meson and the photon momenta in the c.m. frame and ϵ̂ denotes the photon polarization. The F_i, i = 1, ..., 4 are functions of the c.m. energy W at which the reaction takes place and the angle θ between q and k. Following the earlier work of Watson [2] and denoting the isospin index of the photo-produced pion by β, each of these amplitudes F_i were expressed in terms of three independent nucleon isospin combinations I^{(+)}_β , I^{(−)}_β and I^{(0)}_β and their re-

spective coefficients F^{(+)}_i , F^{(−)}_i and F^{(0)}_i . Explicit formulae for F_i have been given [1] in terms of the first two derivatives of Legendre polynomials in cos θ and energydependent ‘magnetic’ and ‘electric’ multipole amplitudes denoted respectively by M_{l±} and E_{l±}, where the suffix ± indicates that the total angular momentum j = l ±^1_2 , if l denotes the orbital angular momentum of the emitted meson. This traditional formalism has been reviewed along with the extension [3] to electro production by

Berends, Donnachie and Weaver [4] in a set of three papers. The connection with the helicity formalism [5] for photo production as well as formulae for the differential cross-section and spin observables in terms of the CGLN amplitudes are also found in [4] along with numerical values for the amplitudes up to 500 MeV. The dominance of the first resonance viz., Δ_{33}(1232) is quite conspicuous in this energy region and as such attention has lately been focussed [6, 7] on details such as the quadrupole deformation of this resonance and ratio of E_{1+} over M_{1+}. In view of the necessity of neutron multipoles [8] to determine F^{(+)}, F^{(−)} and F^{(0)} and their importance to decide questions of time reversal violation [9] or the possible existence of isotensor term [10], a careful discussion of target asymmetry and effective neutron polarization was presented [11] as also detailed theoretical analyses to extract the neutron multipoles more precisely from experiments on hydrogen isotopes [12]. Photo pion production has been studied extensively and reviewed by several groups [13]. The current database as well as numerical values for the electric and magnetic multipole amplitudes derived from accumulated data can be found in the Center for Nuclear Studies(CNS) website [14]. Observables have been defined in terms of helicity and transversity amplitudes [15]. The helicity amplitudes [16] can also be constructed from the multipole amplitudes [14] using relations found in [17]. As photon energy is increased, the nucleon resonances P_{11}(1440), D_{13}(1520), S_{11}(1535) and S_{11}(1650) start contributing along with the first and higher Δ resonances [18].

In contrast to the isovector pion, the η meson is isoscalar. Consequently, the Δ resonances do not contribute to photo production of η and as such it is ideally suited to study the nucleon resonances. The enigmatic [6, 19] Roper resonance P_{11}(1440) lies below η production threshold, so that only its high energy tail can contribute. Close to threshold, the contributions of P_{11}(1440) and D_{13}(1520) with larger l values are suppressed compared to the S_{11}(1535) and S_{11}(1650). However, the decay pattern of the first and second S wave nucleon resonances were found to be quite different and are not easily explained in terms of nucleon models. In fact, a variety of nucleon models predict a much richer nucleon excitation spectrum than what has been identified in πN scattering. Considerable interest has, therefore, been evinced in looking for the so-called ‘missing resonances’ [20]. Reference may be made to theoretical studies [21] based on Effective Lagrangian Approach. Excellent reviews [22] exist on these developments and the problem of ‘missing resonances’ in photo production reactions. As η is also a pseudoscalar like the pion, the spin structure of the amplitudes for photo production of η is of the same form as for photo pion production and the corresponding multipole amplitudes can also be found in [14].

The associated strangeness photo production has been studied [23] over the past several decades employing different approaches. In contrast to photo production of pions and eta, kaon photo production can involve nucleon as well as hyperon resonances like S_{01}(1405), S_{01}(1670), P_{01}(1810) and some models include nucleon resonances with spin greater than 3/2. It was remarked [24] recently that S_{11}(1650), P_{13}(1720), D_{13}(1700), D_{13}(2080), F_{15}(1680) and F_{15}(2000) are required to fit one set of experimental data, while P_{13}(1900), D_{13}(2080), D_{15}(1675), F_{15}(1680) and F_{17}(1990) resonances are required to fit another set. Although both the sets do not exhibit the need for P_{11}(1710) and are agreed that the second peak in the cross-sections at W ∼ 1900 MeV originates from the D_{13}(2080) resonance [18] whose mass lies between 1911 MeV and 1936 MeV, fitting to all data simultaneously changes the conclusion and results in a model that is inconsistent to all data sets. It is clear that the delta resonances can also contribute in addition to the nucleon resonances in the case of γp → ΣK. The beam analyzing powers [25] and beam-recoil observables [26] have also been measured very recently. In hyperon photo production, the hyperons have spin parity^1_2^+ just like the nucleons, while kaons are pseudoscalar like the pion. Consequently the spin structure of the amplitudes for hyperon and pion photo production are alike [27], although the isospin considerations are different as with the case of photo production of η.

As photon energy is increased further, the thresholds are reached for ρ, η^′, ω and φ of which η^′ is pseudoscalar and ρ, ω, φ are vector mesons. Experimental studies on photo production of ρ and ω date back to the early sixties and it has been observed that the reaction is governed by diffraction or pomeron exchange at higher energies. The inherent advantages in employing linearly polarized photons [28] have been noted and a detailed formalism to analyze production of vector mesons with polarized photons has also been presented [29], employing twelve complex helicity amplitudes. A historical perspective and a detailed account of the theoretical ideas that motivated early studies on vector meson photo production may be found in [30]. In the case of photo production of a vector meson, the meson polarization itself is an interesting observable which has been studied experimentally in recent years [31] and analyzed using the formalism of [29]. All the polarization observables were expressed as bilinear [32] products of the twelve helicity amplitudes and their behavior near threshold [33] has been examined. It was shown [34] that a two meson decay of a ρ or φ does not determine its vector polarization. More recently [35], it was shown that the three meson decay of ω also does not determine its vector polarization. On the other hand, the π_0γ decay mode of ⃗ω with a smaller branching ratio of 8.92% may be utilized to determine its vecor as well as tensor polarization [36]. The isovector ρ has a large width of 150.2 MeV, as compared to the widths of 8.44 MeV and 4.458 MeV of the isoscalar ω and φ respectively and of 1.18 ×10^{−3} MeV and 0.2 MeV respectively of η and η^′. There are hardly any experimentally known resonances which decay into Nω, except N(1710) which has a branching ratio [18] of ∼ 13%. However, there are theoretical expectations that missing resonances may couple more strongly or even exclusively to the Nω channel in comparison with the Nπ channel. Hence several theoretical studies have been carried out [37] on the contribution of nucleon resonances in ω photo production. Another interesting aspect of vector meson photo production is the ϕ/ω ratio [38] in the context of the violation of OZI rule [39]. This energy region above the threshold for photo production of η, ρ, ω, η^′ and φ is under intense study at present with the advent of the new generation of electron accelerators like CEBEF at JLab, ELSA at Bonn, ESRF at Grenoble, MAMI at Mainz and Spring8 at Osaka which are equipped with tagged photon facilities where the incident photon energies are known event by event within the resolution of the tagging detector. While photon beams are produced by bremsstrahlung at JLab(CLAS), ELSA(SAPHIR) and MAMI, laser back scattering is employed at BNL(LEGS), ESRF(GRAAL) and Spring8(LEPS). Availability of linearly and circularly polarized photons as well as polarized targets enable measurements of beam and target analyzing powers, in addition to the differential cross-section. Such measurements are useful to determine resonance parameters. In future one may look forward to photo production of higher spin mesons [18], like f_2(1270) or a_2(1320) or f^′_2(1525) with spin-parity 2^+, π_2(1670) with spin-parity 2^−, ω_3(1670) or ρ_3(1690) with spin-parity 3^− and a_4(2040) or f_4(2050) with spin-parity 4^+. An exotic baryon state with mass M = 1555 ± 10 MeV and strangeness +1 was observed [40] in photo production from the proton. More recently, a theoretical analysis has been carried out on meson spectra in a generalized constituent quark model [41] which pays attention also to glueballs, hybrids or multiquark states. In view of these developments, it is felt that a supportive theoretical formalism for the spin structure of the amplitudes and their expansion in terms of ‘electric’ and ‘magnetic’ multipoles is needed to analyze measurements of spin observables in photo production of mesons with arbitrary spin-parity s^π.

The purpose of the present paper is to answer this need. Employing irreducible tensor operator techniques [42] we derive formulae for all spin observables, including beam analyzing powers, associated with photo production of mesons with isospin I_m and arbitrary spin-parity s^π after outlining the basic theoretical formalism in the next section.

II. THEORETICAL FORMALISM

Let q and k denote the meson and the photon momenta in c.m. frame for photo production of arbitrary spin mesons at c.m. energy W . If û_x, û_y denote unit vectors of a right handed Cartesian coordinate system with k along the z-axis, the left and right circular polarized states of the photon may be defined, following Rose [43], through

û_μ = 1 √ 2 (û_x + iμû_y) = −μξ̂_μ, μ = ±1. (1)

When the reaction is initiated by photons polarized in a state û_μ, the differential cross-section in c.m. frame may be written as dσ(μ) dΩ = q k ∑ ∑ av |⟨f|F(μ)|i⟩|^2, (2)

where |i⟩ and |f⟩ denote respectively the initial and final hadron spin states, q and k have polar coordinates (q, θ, φ) and (k, 0, 0) respectively and ∑ denotes summation with respect to final and ∑ av the average with respect to initial hadron spin states.

When a meson with spin s is photo-produced on a nucleon, the channel spin s_f in the final state could assume either of the values |s −^1_2 | and (s +^1_2 ) and the transition to the final hadron system with spin s_f takes place from the initial state of the hadron with spin s_i =^1_2 . We may, therefore write the reaction amplitude F(μ) in the form

F(μ) = (s+ 12 )∑

s_f =|s− 12 |

(s_f + 12 ) ∑ λ=|s_f − 12 | ( S^λ(s_f ,^1_2 ) · F^λ(s_f , μ) ) (3)

in terms of irreducible tensor operators S^λ_{mλ} (s_f , s_i) of rank λ in hadron spin space defined in [42]. To identify the irreducible tensor amplitudes F^λ_{mλ} (s_f , μ), we may evaluate ⟨f|F(μ)|i⟩ by writing it explicitly as

⟨(s^1_2 )s_f m_f ; q |F| kû_μ;^1_2 m_i⟩ = 4π(2π)^12 × ∞∑ l=0 (−i)^l ∞∑ L=1 i^L[L] L+ 12∑

j=L− 12 C(L^1_2 j; μm_im)

×C(ls_f j; m_lm_f m)Y_{lml} (θ, φ)(iμ)^{f+ (L,l)}F^j_{lsf ;L} , (4) using the standard multipole expansion [43] for the photon in the initial state and partial wave expansion for the meson in the final state. We denote √ (2L + 1) by [L].

The rest of the notations follow Rose [43]. Using f_±(L, l) = 1 2 [1 ± π(−1)^{L−l}] (5)

and parity conservation, we may express

F^j_{lsf ;L} ≡ ⟨(l(s^1_2 )s_f )j‖F‖(L^1_2 )j⟩ = M^j_{lsf ;L}f_−(L, l) + E^j_{lsf ;L}f_+(L, l) (6) in terms of ‘magnetic’ and ‘electric’ multipole amplitudes denoted by M^j_{lsf ;L} and E^j_{lsf ;L} respectively. We rewrite the two Clebsch-Gordan coefficients in Eq. (4) as

C(L^1_2 j; μm_im)C(ls_f j; m_lm_f m) = ∑ λ W (L^1_2 ls_f ; jλ)

×[j]^2[s_f ]^{−1}(−1)^{L+l+ 1}2^{−j} (−1)^{mλ} C(lLλ; m_l − μm_λ) ×(−1)^μC(^1_2 λs_f ; m_i − m_λm_f )[λ] (7)

and replace

C(^1_2 λs_f ; m_i − m_λm_f )[λ] = ⟨s_f m_f |S^λ_{−mλ} (s_f ,^1_2 )|^1_2 m_i⟩. (8) Comparing the resulting expression with ⟨f|F(μ)|i⟩ and using Eq. (3) we obtain the elegant and compact formula for the irreducible tensor amplitudes

F^λ_{mλ} (s_f , μ) = 4π(2π)^12 ∞∑ l=0 ∞∑ L=1 (i)^{L−l} ∑ j (−1)^{L+l+ 1}2^{−j}

×[j]^2[L][s_f ]^{−1}W (L^1_2 ls_f ; jλ) ×(iμ)^{f+(L,l)}F^j_{lsf ;L}(−1)^μ ×C(lLλ; m_l − μm_λ)Y_{lml} (θ, φ), (9) in terms of partial wave multipole amplitudes F^j_{lsf ;L} given by Eq. (6) for photo production of mesons with arbitrary spin-parity, s^π.

Isospin considerations lead to

F^j_{lsf ;L} = (I_m + 12 ) ∑ I=|I_m− 12 | C(^1_2 I_mI; ν_f ν_mν)

× 1∑ I_γ =0

C(^1_2 I_γ I; ν_i0ν)F^{Iγ Ij}_{lsf ;L} , (10) where ν_i, ν_f , ν_m denote respectively the isospin projection quantum numbers of the nucleon in the initial and final states and the meson which is photo produced. Dropping the indices j, l, s_f , L common to both sides of Eq. (10), the F^{Iγ I} thus defined for photo pion production may readily be related to the F^{(±)}, F^{(0)} of CGLN [1] as shown in the appendix A. The isospin indices I_γ , I may also be attached using Eq. (10) to the ‘magnetic’ and ‘electric’ multipole amplitudes defined by Eq. (6). If one is looking for the possible existence of an isotensor component [10], the summation over I_γ may readily be extended in Eq. (10) to include I_γ = 2. The advantage in having the index I along with j in this formalism is that it facilitates ready identification with the isospin and spin quantum numbers of the resonances which contribute in the intermediate state to photo production of mesons with arbitrary spin-parity s^π.

It may be noted that the spherical harmonics Y_{lml} in Eq. (9) contain the azimuthal angle φ along with the polar angle θ of the momentum q of the meson. This facilitates the analysis of experiments on photo meson production employing linearly polarized photons where the state of linear polarization of the beam is chosen to be along the x-axis.

A. Irreducible tensor amplitudes in the Madison Frame

In discussing photo meson production with a two body final state, it is quite often convenient to chose the reaction plane containing k and q as the z-x plane in which case the azimuthal angle φ = 0. In fact this choice of the Cartesian coordinate system has generally been recommended by the Madison Convention [44]. We may therefore refer to this Cartesian coordinate system as the Madison Frame (MF ). The irreducible tensor amplitudes F^λ_{mλ} (s_f , μ) in MF are then given by Eq. (9) with φ = 0 , in which case they satisfy F^λ_{−mλ} (s_f , −μ) = π(−1)^{λ−mλ} F^λ_{mλ} (s_f , μ). (11) In view of the above, the total number

N_{tot} = ∑ μ=−1,1

(s+ 12 )∑

s_f =|s− 12 |

(s_f + 12 ) ∑ λ=|s_f − 12 | (2λ+1) = 8(2s+1), (12)

of irreducible tensor amplitudes reduces to 4(2s + 1) independent irreducible tensor amplitudes. This number is exactly in agreement with four [1] for s = 0 and twelve [29] for s = 1 arrived at by using different arguments in those particular cases. In the case of electro production [45], the longitudinal polarization state with μ = 0 contributes additional 2(2s + 1) independent amplitudes and consequently the total number of independent amplitudes for electro production turns out to be 6(2s + 1). It may be noted that M^j_{lsf ;L}, E^j_{lsf ;L} and F^j_{lsf ;L} in [45] are 4π^32 i^{l+L}(−1)^{L+ 12 −j} [L][j]^2[s_f ][s]^{−1} times the M^j_{lsf ;L}, E^j_{lsf ;L} and F^j_{lsf ;L} given by Eq. (6) and that the irreducible tensor amplitudes F^λ_{mλ} (n, μ), n = 0, 1 introduced in [45] may also be expressed in terms of the F^λ_{mλ} (s_f , μ) through

F^λ_{mλ} (n, μ) = 1 √ 2 [n][s]^{−1} ∑ s_f (2s_f + 1)

× W (λ^1_2 s^1_2 ; s_f n)F^λ_{mλ} (s_f , μ), (13)

or conversely

F^λ_{mλ} (s_f , μ) = √ 2[s][s_f ]^{−1} ∑ n W (λ^1_2 s^1_2 ; s_f n)F^λ_{mλ} (n, μ).

(14) It may be noted that the irreducible tensor operators S^n_{mn} (^1_2 ,^1_2 ) of rank n in [45] are identified as

S^0_0 (^1_2 ,^1_2 ) = 1

S^1_{±1}(^1_2 ,^1_2 ) = ∓ 1 √ 2 (σ_x ± iσ_y) (15)

S^1_0 (^1_2 ,^1_2 ) = σ_z,

in terms of Pauli matrices. It may perhaps be mentioned that in the case of kaon photo production, the rows and columns of these matrices are to be labeled by the spin states of the hyperon and nucleon respectively. In the particular case of photo production of pseudoscalar mesons, the connection between our amplitudes given by Eq. (9) with ϕ = 0 in the Madison Frame [44] and those of CGLN is established in Appendix A.

B. Irreducible tensor amplitudes in the Transverse Frame

The Transverse Frame (T F ) may be defined as the right handed Cartesian coordinate system with the z-axis chosen along k × q, i.e., transverse to the reaction plane and with the x-axis chosen along k. The explicit form for ⟨f|F(μ)|i⟩, in this frame given by

⟨(s^1_2 )s_f m_f ; q |F| kû_μ;^1_2 m_i⟩ = 4π(2π)^12 × ∞∑ l=0 (−i)^l ∞∑ L=1 i^L[L] L+ 12∑

j=L− 12 (iμ)^{f+(L,l)}F^j_{lsf ;L}

× L∑ M=−L C(L^1_2 j; Mm_im)C(ls_f j; m_lm_f m)

×D^L_{Mμ}(0,^π_2 , 0)Y_{lml} (^π_2 , θ), (16) instead of (4), so that the irreducible tensor amplitudes in T F are given by

F^λ_{mλ} (s_f , μ)_{T F} = 4π(2π)^12 ∞∑ l=0 ∞∑ L=1 (i)^{L−l} ∑ j (−1)^{L+l+ 1}2^{−j}

×[j]^2[L][s_f ]^{−1}W (L^1_2 ls_f ; jλ) ×F^j_{lsf ;L}A^λ_{mλ} (μ, θ), (17) where A^λ_{mλ} (μ, θ) = (iμ)^{f+ (L,l)} ∑ M (−1)^M C(lLλ; m_l − Mm_λ) ×Y_{lml} (^π_2 , θ)d^L_{Mμ}(^π_2 ), (18)

which now defines the angular distribution of the meson as a function of θ in the T F .

The amplitudes (17) are related to F^λ_{mλ} (s_f , μ) in the Madison frame through

F^λ_{mλ} (s_f , μ)_{T F} = +λ∑ m^′_λ=−λ D^λ_m′_{λmλ} (^π_2 ,^π_2 , π)F^λ_{mλ′} (s_f , μ).

(19) In fact, the irreducible tensor amplitudes F^λ_{mλ} (s_f , μ)_{AF} in any frame (AF ) may be expressed in terms of the F^λ_{mλ} (s_f , μ)_{GF} in any given frame (GF ) through

F^λ_{mλ} (s_f , μ)_{AF} = ∑ m^′_λ D^λ_m′_{λmλ} (α, β, γ)F^λ_m′_λ (s_f , μ)_{GF} (20)

if (α, β, γ) denote the Euler angles [43] which characterize rotation connecting AF from GF . The relationship between the irreducible tensor amplitudes and helicity amplitudes is elucidated in Appendix B.

It is sometimes convenient to chose a frame whose zaxis is along q, y-axis is along (k × q) and x-axis is along (k × q) × q, in which case α = 0, β = θ and γ = 0, when GF is identified with MF . The spin states |sm_s⟩ of the meson defined with respect to this frame remain the same, when we make a Lorentz transformation along q to reach the meson rest frame. This Lorentz transformation is needed en-route to Gottfried-Jackson frame [46].

We will express the differential cross-section and all spin observables in the next section in terms of bilinear irreducible tensors B^Λ_{mΛ} of rank Λ constructed out of the F^λ_{mλ} (s_f , μ). It may be noted that the B^Λ_{mΛ} which are related to observables measurable experimentally which may conveniently be obtained in any required frame by choosing irreducible tensor amplitudes in the appropriate frame.

III. DIFFERENTIAL CROSS-SECTION AND SPIN OBSERVABLES

The unpolarized differential cross-section, in c.m. frame, is given by dσ_0 dΩ = 1 2 ∑ μ=−1,1 dσ(μ) dΩ , (21)

where dσ(μ)/dΩ defined by Eq. (2) is readily given, on using Eqs. (3) and (8) by dσ(μ) dΩ = q 2k ∑ s_f (2s_f + 1) ∑ m_λ |F^λ_{mλ} (s_f , μ)|^2. (22)

A. Beam analyzing powers

The beam analyzing power Σ_3 with respect to left and right circular polarized states is readily given by dσ_0 dΩ Σ_3 = dσ(+1) dΩ − dσ(−1) dΩ , (23)

where dσ_0/dΩ and dσ(μ)/dΩ for μ = ±1 are known from Eqs. (21) and (22). It is clear from Eq. (1) that

û_x = 1 √ 2 (û_{+1} + û_{−1}) ; û_y = −i √ 2 (û_{+1} − û_{−1}), (24)

so that photons linearly polarized along an azimuthal angle α are represented by

û_α = û_x cos α + û_y sin α = 1 √ 2 [û_{+1}e^{−iα} + û_{−1}e^{iα}]. (25)

The differential cross-section, when the beam is linearly polarized along α is then given by dσ(α) dΩ = q 4k ∑ s_f (2s_f + 1) ∑ λ ∑ m_λ × |F^λ_{mλ} (s_f , 1)e^{−iα} + F^λ_{mλ} (s_f , −1)e^{iα}|^2 (26)

using which we may readily define the beam analyzing powers Σ_1 and Σ_2, with respect to linearly polarized states, through dσ_0 dΩ Σ_1 = dσ(α = 0) dΩ − dσ(α = π/2) dΩ (27) = q k ∑ s_f [s_f ]^2 ∑ λ ∑ m_λ × ℜ[F^λ_{mλ} (s_f , 1)F^λ_{mλ} (s_f , −1)^∗], (28) dσ_0 dΩ Σ_2 = dσ(α = π/4) dΩ − dσ(α = 3π/4) dΩ (29) = q k ∑ s_f [s_f ]^2 ∑ λ ∑ m_λ × ℑ[F^λ_{mλ} (s_f , 1)F^λ_{mλ} (s_f , −1)^∗], (30) where F^λ_{mλ} (s_f , μ)^∗ denotes the complex conjugate of Eq. (9).

We may note that the analyzing powers Σ_1, Σ_2, Σ_3 correspond respectively to the well known Stokes parameters s_1, s_2, s_3 in terms of which the state of polarization of the beam may be described by the density matrix

ρ^γ = 1 2 [1 + σ^γ_1 s_1 + σ^γ_2 s_2 + σ^γ_3 s_3], (31)

where σ^γ_1 , σ^γ_2 , σ^γ_3 denote Pauli matrices, whose rows and columns are labelled by û_{±1}. We may also note that any arbitrary state of polarization of radiation, represented by a point on the Poincare sphere with polar coordinates (θ_P , φ_P ), may be represented by

ϵ̂(α, β) = û_α cos β + iû_{α+π/2} sin β (32)

with 0 ≤ α = φ_P /2 < π and −π/4 ≤ β = π/4 − θ_P /2 ≤ π/4, corresponding to which the differential cross-section is given by

dσ(α, β) dΩ = q 4k ∑ s_f [s_f ]^2 ∑ λ ∑ m_λ |F^λ_{mλ} (s_f , 1)(cos β + sin β)e^{−iα} + F^λ_{mλ} (s_f , −1)(cos β − sin β)e^{iα}|^2 (33) = q 4k ∑ s_f [s_f ]^2 ∑ λ ∑ m_λ [(1 + sin 2β)|F^λ_{mλ} (s_f , 1)|^2 + (1 − sin 2β)|F^λ_{mλ} (s_f , −1)|^2

+ 2 cos 2β sin 2α ℜ[F^λ_{mλ} (s_f , 1)F^λ_{mλ} (s_f , −1)^∗] + 2 cos 2β sin 2α ℑ[F^λ_{mλ} (s_f , 1)F^λ_{mλ} (s_f , −1)^∗]], (34)

which readily specializes to give Eqs. (21), (22) and (26).

B. General expression for hadron spin observables

The state of polarization of the target is conveniently specified in terms of the initial spin density matrix

ρ^i = 1 2 [1 + σ · P ], (35)

where σ denote Pauli spin matrices for the nucleon and P its polarization. Using Eqs. (31) and (35), the state of hadron polarization in the final state is, in general, described by the final spin density matrix

ρ^f = ∑ μ,μ^′ =−1,1 F(μ)ρ^iρ^γ_{μμ}′ F^†(μ^′) (36)

where ρ^γ_{μμ}′ denote elements of Eq. (31) and F^†(μ), which denotes the hermitian conjugate of Eq. (3) with respect to hadron spin states may be written as

F^†(μ) = ∑ s_f ∑ λ (−1)^12^{−sf} [s_f ][s_i]^{−1} × ( S^λ(s_i, s_f ) · F^{†λ}(s_f , μ) ) , (37)

where the notation

F^{†λ}_{mλ} (s_f , μ) = (−1)^{mλ} F^λ_{−mλ} (s_f , μ)^∗ (38)

is used. The polarized differential cross-section, in general, is given by dσ dΩ = q k Trρ^f , (39) where Tr denotes the trace or spur. The results of III A are simply particular cases of Eq. (39) with P = 0. Therefore, all the analyzing powers and initial spin correlations may be defined in terms of Eq. (39), whereas comprehensive information with regard to spin transfers as well as final state polarizations and spin correlations are contained in Eq. (36). To proceed further and to derive explicit formulae for the spin observables in terms of the irreducible tensor amplitudes Eq. (9), we introduce the notations

ρ^i = 1 2 1∑ λ_i =0 ( S^{λi} (^1_2 ,^1_2 ) · P^{λi} ) , (40)

where P^0_0 = 1 ; P^1_0 = P_z ; P^1_{±1} = ∓^{1√}_2 [P_x ± iP_y] and

ρ^f (μ, μ^′) = F(μ)ρ_iF^†(μ^′) = ∑ s_f ,s^′_f s_f +s^′_f∑

λ_f =|s_f −s^′_f | ( S^{λf} (s_f , s^′_f ) · t^{λf} ) . (41)

Using the known [42] property (S^{λ2} (s_3, s_2) ⊗ S^{λ1} (s_2, s_1))^λ_{mλ} = (−1)^{λ1+λ2 −λ}[λ_1][λ_2] × [s_2]W (s_1λ_1s_3λ_2; s_2λ) × S^λ_{mλ} (s_3, s_1), (42) of the irreducible tensor operators and standard Racah algebra, we have t^{λf}μ_f = ∑ λ_i,Λ,λ,λ^′ G (P^{λi} ⊗ B^Λ(λs_f ; λ^′s^′_f )_{μμ}′ )^{λf}μ_f , (43)

where B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ denote the bilinear irreducible tensors B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ = (F^λ(s_f , μ) ⊗ F^{† λ′} (s^′_f , μ^′))^Λ_{mΛ} (44) of rank Λ and the geometrical factors G are given by G = 1 √ 2 (−1)^{s′f − 1}2 [s^′_f ][λ_i][λ][λ^′][Λ]

× λ_i +λ^′∑

λ^{′′} =|λ_i −λ^′ | (−1)^{λf −λ′−λ′′ +Λ} [λ^{′′}]^2 × W (s^′_f λ^{′ 1}_2 λ_i;^1_2 λ^{′′})W (s^′_f λ^{′′}s_f λ;^1_2 λ_f ) × W (λ_iλ^′λ_f λ; λ^{′′}Λ). (45)

We may thus express ρ^f in terms of its elements ρ^f_{sf mf ;s}′_{f m}′_f = ∑ λ_f (−1)^{μf} C(s^′_f λ_f s_f ; m^′_f − μ_f m_f )

× [λ_f ]T^{λf}_{μf} , (46)

where the T^{λf}_{μf} are given in general by T^{λf}_{μf} = ∑ μ,μ^′ =−1,1 t^{λf}_{μf} ρ^γ_{μμ}′ , (47)

in terms of t^{λf}_{μf} given by Eq. (43) and ρ^γ specified by Eq. (31). If the target is unpolarized, the T^{λf}_{μf} reduce to

T^{λf}μ_f = 1 2 ∑ λ,λ^′ (−1)^{s′f − 1}2 [λ][λ^′][s^′_f ]

× W (s^′_f λ^′s_f λ;^1_2 λ_f )B^{λf}_{μf} (λs_f ; λ^′s^′_f ), (48)

where B^{λf}_{μf} (λs_f ; λ^′s^′_f ) are given in terms of (44) through

B^Λ_{mΛ} (λs_f ; λ^′s^′_f ) = ∑ μ,μ′=−1,1 B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ ρ^γ_{μμ′},

(49) with Λ = λ_f and m_Λ = μ_f .

If the beam is also unpolarized, we may replace ρ^γ_{μμ}′ by^1_2 δ_{μμ}′ , so that we have

B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_0 =^1_2 ∑ μ=−1,1 B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}. (50)

We may note also that Eq. (49) may then be written as

B^Λ_{mΛ} (λs_f ; λ^′s^′_f ) =^1_2 [B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_0 + 3∑ i=1 s_i B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_i], (51)

where s_1, s_2, s_3 denote the Stokes parameters characterizing the state of polarization of the beam and

B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_i = ∑ μ,μ′=−1,1 B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ (σ_i)_{μμ}′ .

(52) It may be noted that s_0 representing the intensity of the beam is chosen as 1. It is worth noting that the bilinears B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ are known individually, if the B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{i=0,1,2,3} are determined empirically.

C. Target analyzing powers

The differential cross-section Eq. (39) for a polarized target may readily be expressed in the form dσ dΩ = dσ_0 dΩ [1 + A · P ], (53)

where the target analyzing power A is given in terms of its spherical components A^1_0 = A_z ; A^1_{±1} = ∓^{1√}_2 [A_x ± iA_y] by dσ_0 dΩ A^1_ν = 1 √ 2 q k ∑ s_f [s_f ]^2 ∑ λ,λ^′ (−1)^λ[λ][λ^′]

× W (^1_2 1s_f λ;^1_2 λ^′)B^1_ν (λs_f ; λ^′s_f ). (54)

D. Polarization in the final state

Starting with Eq. (46) and effecting a change of basis from the channel spin states to the individual spin states of the meson and the nucleon in the final state through ρ^f_{msmN ;m′sm}′_N = ∑ s_f ,s^′_f C(s^1_2 s_f ; m_sm_N m_f )ρ^f_{sf mf ;s}′_{f m}′_f

× C(s^1_2 s^′_f ; m^′_sm^′_N m^′_f ), (55)

we may express ρ^f in the form

ρ^f = 1 2[s]^2 ∑ λ_s,λ_N ,λ_f ((S^{λs} (s, s)⊗S^{λN} (^1_2 ,^1_2 ))^{λf} ·E^{λf} ) (56)

where E^{λf}μ_f = √ 2 [s] ∑ s_f ,s^′_f (−1)^{s′f −sf} (−1)^{λs+λN −λf}

× [s^′_f ][s_f ]^2[λ_s][λ_N ] s^1_2 s^′_f s^1_2 s_f λ_s λ_N λ_f T^{λf}_{μf} , (57)

and {} denotes the Wigner 9j symbol [47]. The irreducible tensors E^{λf}μ_f describe clearly that the meson and nucleon spins are entangled in the final state through Eq. (57). It is clear from Eqs. (48) to (50) that the entanglement persists even if the target and beam are unpolarized. If no observations are made on the spin state of the recoil nucleon in the final state, the state of polarization of the emitted meson is characterized by the density matrix ρ^s, whose elements are given by

ρ^s_{msm}′_s = 1 2∑ m_N =− 12 ρ^f_{msmN ;m}′_{smN} . (58)

Likewise, if no observations are made on the meson spin state, the recoil nucleon polarization is specified by the density matrix ρ^r whose elements are given by ρ^r_{mN m}′_N = s∑ m_s=−s ρ^f_{msmN ;msm}′_N . (59)

E. Recoil nucleon polarization and nucleon spin transfer

Expressing ρ^r given by Eq. (59) in the form

ρ^r = Trρ^r 2 [1 + σ · R], (60)

the recoil nucleon polarization R is given in terms of its spherical components R^1_0 = R_z ; R^1_{±1} = ∓^{1√}_2 [R_x ± iR_y] by dσ_0 dΩ R^1_{μf} = q k ∑ s_f ,s^′_f G_rT^1_{μf} (61)

where the geometrical factor G_r is given by

G_r = √ 2[s^′_f ][s_f ]^2W (s^1_2 s_f 1; s^′_f^1_2 ). (62)

If the target is polarized, it is clear from Eqs. (43) and (47) that R^1_{μf} is dependent on P and this can be brought out by expressing Eq. (61) in the form dσ_0 dΩ R^1_{μf} = ∑ μ_i R^{′′}_{μf μi} P^1_{μi} (63)

in terms of the nucleon spin transfers R^{′′}_{μf μi} which are readily given by R^{′′}_{μf μi} = q k ∑ Λ C(1Λ1; μ_im_Λμ_f ) ∑ s_f ,s^′_f G_r × ∑ λ,λ^′ G B^Λ_{mΛ} (λs_f ; λ^′s^′_f ), (64)

where G_r, G and B^Λ_{mΛ} (λs_f ; λ^′s^′_f ) are given respectively by Eqs. (62), (45) and (49). It may be noted that the recoil nucleon is polarized even in the absence of target polarization.

F. Meson polarization and target nucleon to meson spin transfer

Using τ^{λs}_{μs} = S^{λs}_{μs} (s, s), we may express ρ^s given by Eq. (58) in the form

ρ^s = Trρ^s 2s + 1 2s∑ λ_s =0

(τ^{λs} · t^{λs} ), (65) in terms of Fano statistical tensors t^{λs}_{μs} of rank λ_s which are given by dσ_0 dΩ t^{λs}_{μs} = q k ∑ s_f ,s^′_f G_sT^{λs}_{μs} , (66)

where the geometrical factor G_s is given by

G_s = (−1)^{sf −s′f} [s_f ]^2[s^′_f ]W (^1_2 ss_f λ_f ; s^′_f s). (67)

Noting from Eqs. (43) and (47), that T^{λs}_{μs} are dependent on P , when the target is polarized, we may define the target nucleon to meson spin transfer T^{λs1}_{μsμi} through dσ_0 dΩ t^{λs}_{μs} = ∑ μ_i T^{λs 1}_{μs μi} P^1_{μi} (68)

so that T^{λs1}_{μs μi} = q k ∑ Λ C(1Λλ_s; μ_im_Λμ_s) × ∑ s_f ,s^′_f G_s ∑ λ,λ^′ G B^Λ_{mΛ} (λs_f ; λs^′_f ). (69)

The meson is polarized even if the target is unpolarized. In such a case, the Fano statistical tensors t^{λs}_{μs} characterizing the meson polarization are given by Eq. (66), where use is made of Eq. (48) for T^{λs}_{μs} on the right hand side of Eq. (66).

IV. SUMMARY AND OUTLOOK

Photo production of mesons with arbitrary spin-parity s^π is described in terms of a set of 4(2s + 1) independent irreducible tensor amplitudes, which are expressible in terms of a single compact formula given by Eq. (9) in terms of the ‘magnetic’ and ‘electric’ multipole amplitudes M^j_{lsf ;L} and E^j_{lsf ;L} respectively introduced through Eq. (6). All hadron spin observables viz., the target analyzing power, meson and recoil nucleon polarizations, target to meson and target to recoil nucleon spin transfers and spin correlations and beam analyzing powers have been expressed in terms of the bilinear tensors B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ of rank Λ = 0, ..., 2(s + 1) defined by Eq. (44). The unpolarized differential crosssection itself is clearly proportional to B^0 (λs_f ; λs_f )_0, while hadron spin observables in experiments with an unpolarized beam are given by B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_0 in accordance with Eq. (50). It is also clear from Eqs. (51) and (52) that each element B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_{μμ}′ for μ, μ^′ = ±1 is known if the four B^Λ_{mΛ} (λs_f ; λ^′s^′_f )_i for i = 0, 1, 2, 3 with unpolarized and appropriate partially polarized beams are measured for a given Λ and m_Λ. Thus our approach employing irreducible tensor amplitudes leads to a systematic and elegant procedure to analyze experimental data on all spin and polarization observables including beam analyzing powers and the differential cross-section for photo production of mesons with arbitrary spin-parity s^π. Further work is in progress.

Acknowledgments

One of us (G.R.) is grateful to Professors B.V. Sreekantan, R. Cowsik, J.H. Sastry, R. Srinivasan and S.S. Hasan for facilities provided for research at the Indian Institute of Astrophysics and another (J.B.) acknowledges much encouragement for research given by the Principal Dr. T.G.S. Moorthy and the Management of K.S. Institute of Technology.

APPENDIX A: CONNECTION BETWEEN IRREDUCIBLE TENSOR AMPLITUDES AND CGLN AMPLITUDES FOR PION PRODUCTION

For the particular case of pseudoscalar meson photo production, the final state channel spin can take only one value namely s_f =^1_2 since s = 0. It is clear that F^λ_{mλ} (^1_2 , μ) for λ = 0, 1 represent respectively the nucleon spin independent and spin dependent amplitudes. The CGLN amplitudes F_i, i = 1, ..., 4 in terms of which the reaction amplitude F is expressed by Eq. (7.2) of [1] are well known. Re-writing Eq. (7.2) of [1] conveniently as F = L + i σ · K, (A1) in terms of the nucleon spin independent and spin dependent amplitudes L and K respectively, we may note

L = q̂ · (k̂ × ϵ̂) F_2 (A2)

K = ϵ̂ (F_1 − F_2 cos θ)

+(q̂ · ϵ̂)[q̂ F_4 + k̂ (F_2 + F_3)], (A3) where ϵ̂ denotes photon polarization which is orthogonal to k̂. We may define L(μ) and K^1_{mλ} (μ) by substituting ϵ̂ = û_μ in (A2) and (A3) respectively after expressing K in terms of its spherical components K^1_0 = K_z ; K^1_{±1} = ∓^{1√}_2 (K_x ± iK_y)). We thus have

F^0_0 (^1_2 , ±1) = L(±1) = ∓ i √ 2 F_2 sin θ (A4)

F^1_0 (^1_2 , ±1) = i K^1_0 (±1) = i √ 2 sin θ[F_2 + F_3 + F_4 cos θ] (A5)

F^1_{−1}(^1_2 , ±1) = i K^1_{−1}(±1)

= ±i [F_1 − F_2 cos θ + F_4 sin^2 θ 2 ] (A6)

F^1_1 (^1_2 , ±1) = i K^1_1 (±1) = ∓iF_4 sin^2 θ 2 , (A7)

where the irreducible tensor amplitudes are explicitly given, on using Eq. (9), with φ = 0 in Madison Frame by

F^0_0 (^1_2 , ±1) = ∓ 4π √ 2 sin θ ∑ l P^′_l 1 √ l(l + 1)

[(l + 1)M^{l+} 1 2 l,l + lM^{l−} 1 2 l,l ] (A8)

F^1_0 (^1_2 , ±1) = 4π √ 2 sin θ ∑ l P^′_l [− M^{l+} 1 2 l,l √ l(l + 1) + M^{l−} 1 2 l,l √ l(l + 1) − √ (l + 2) (l + 1) E^{l+} 1 2 l,l+1 + √ (l − 1) l E^{l−} 1 2 l,l−1] (A9) F^1_{−1}(^1_2 , ±1) = ±2π ∑ l P_l[ √ l(l + 1)(M^{l+} 1 2 l,l − M^{l−} 1 2 l,l ) − √ (l + 2)(l + 1)E^{l+} 1 2 l,l+1 − √ l(l − 1)E^{l−} 1 2 l,l−1] (A10)

F^1_1 (^1_2 , ±1) = ±2π sin^2 θ ∑ l P^{′′}_l [− M^{l+} 1 2 l,l √ l(l + 1) + M^{l−} 1 2 l,l √ l(l + 1) − E^{l+} 1 2 l,l+1 √ (l + 2)(l + 1) − E^{l−} 1 2 l,l−1 √ l(l − 1) ]. (A11)

Comparing (A4) to (A7) with (A8) to (A11) and using Eqs. (7.3) to (7.6) of CGLN [1], for F_i, i = 1, ..., 4, we may identify

M^{l±} 1 2 l,L = i √ L(L + 1) 4π M_{l±} (A12) E^{l±} 1 2 l,L = −i √ L(L + 1) 4π E_{l±} (A13) in terms of the multipole amplitudes, M_{l±} and E_{l±} of CGLN [1].

The photo production amplitudes for specific reactions are readily obtained using Eq. (10)

⟨nπ^+|F|γp⟩ = −^{√2}_3 [F^{1 1}2 − F^{1 3}2 + √ 3F^{0 1}2 ] (A14) ⟨pπ^0|F|γp⟩ =^1_3 [2F^{1 3}2 + F^{1 1}2 + √ 3F^{0 1}2 ] (A15) ⟨pπ^−|F|γn⟩ =^{√2}_3 [F^{1 3}2 − F^{1 1}2 + √ 3F^{0 1}2 ] (A16) ⟨nπ^0|F|γn⟩ =^1_3 [2F^{1 3}2 + F^{1 1}2 − √ 3F^{0 1}2 ]. (A17) It may be noted that if the different charge states of the pion are defined in the real three dimensional isospin space through

π^0 = π_z ; π^± = 1 √ 2 (π_x ± i π_y ), (A18)

an extra overall minus sign has to be attached to (A14), since the three charged state of the pion are identified through |1ν_m⟩, ν_m = 0, ±1 in deriving (A14) to (A17). We may then compare the above with ⟨nπ^+|F|γp⟩ = √ 2[F^{(−)} + F^{(0)}] (A19) ⟨pπ^0|F|γp⟩ = F^{(+)} + F^{(0)} (A20) ⟨pπ^−|F|γn⟩ = − √ 2[F^{(−)} − F^{(0)}] (A21) ⟨nπ^0|F|γn⟩ = F^{(+)} − F^{(0)} (A22) in terms of the traditional isospin amplitudes of CGLN and hence identify

F^{(0)} = 1 √ 3 F^{0 1}2 (A23)

F^{(+)} =^1_3 [F^{1 1}2 + 2F^{1 3}2 ] (A24) F^{(−)} =^1_3 [F^{1 1}2 − F^{1 3}2 ]. (A25)

APPENDIX B: HELICITY AMPLITUDES

The helicity amplitudes may be defined through H_{μsμf ;μiμ} ≡ ⟨sμ_s;^1_2 μ_f |F|^1_2 μ_i; 1μ⟩ (B1) where μ and μ_s denote the photon and meson spin projections along k and q respectively, while |^1_2 μ_i⟩ and |^1_2 μ_f ⟩ denote initial and final helicity states with conventional phases following [5] and having spin projections μ_i and μ_f along −k and −q respectively. We may note that the helicity eigenstate of the photon is given by |1μ⟩ ≡ ξ̂_μ = −μû_μ; μ = ±1, (B2) following Eq. (1). We also observe that

|sμ_s;^1_2 μ_f ⟩ = ∑ s_f C(s^1_2 s_f ; μ_s − μ_f μ^′_f )|(s^1_2 )s_f μ^′_f ⟩ (B3) in terms of channel spin states |(s^1_2 )s_f μ^′_f ⟩ which are expressed as

|(s^1_2 )s_f μ^′_f ⟩ = ∑ m_f d^{sf}_{mf μ}′_f (θ)|(s^1_2 )s_f m_f ⟩ (B4)

with respect to q as the quantization axis. The polar co-ordinates of q are (q, θ, 0) in the Madison frame [44] where the plane containing q and k is chosen as the reaction plane with the z axis along k. Thus, we have H_{μsμf ;μi μ} = −μ ∑ s_f m_f C(s^1_2 s_f ; μ_s − μ_f μ^′_f )d^{sf}_{mf μ}′_f (θ) × ∑ m_i ⟨(s^1_2 )s_f m_f |F(μ)|^1_2 m_i⟩δ_{mi ,−μi}(B5)

where the matrix elements are expressible as

⟨(s^1_2 )s_f m_f |F(μ)|^1_2 m_i⟩ = ∑ λ C(^1_2 λs_f ; m_i − m_λm_f )

×(−1)^{mλ} [λ]F^λ_{mλ} (s_f , μ)(B6)

in terms of the irreducible tensor amplitudes given by Eq. (9) with ϕ = 0. Using (B5) and Eq. (11), we obtain the symmetry relation, H_{−μs−μf ;−μi−μ} = −π(−1)^{s+μs +μi−μf} H_{μsμf ;μi μ} . (B7) In the particular case of psuedoscalar meson photo production with s = μ_s = 0, s_f =^1_2 and π = −1, the helicity amplitudes are explicitly given by

H_− 1_{2 ;−} 1_{2 1} = √ 2 sin^θ_2 F^1_1 (^1_2 , 1) − cos^θ_2 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] (B8) H_− 1_{2 ;} 1_{2 1} = − √ 2 cos^θ_2 F^1_{−1}(^1_2 , 1) − sin^θ_2 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)] (B9) H 1_{2 ;−} 1_{2 1} = √ 2 cos^θ_2 F^1_1 (^1_2 , 1) + sin^θ_2 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] (B10) H 1_{2 ;} 1_{2 1} = √ 2 sin^θ_2 F^1_{−1}(^1_2 , 1) − cos^θ_2 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)], (B11)

satisfying H_{−μf ;−μi−μ} = (−1)^{μi−μf} H_{μf ;μiμ}, (B12) in exact agreement with Walker [16], where the notation H_1, H_2, H_3 and H_4 is used respectively for the 4 independent helicity amplitudes (B8),...,(B11). Using (A8) to (A11) in (B6), we readily obtain the helicity amplitudes in terms of the CGLN amplitudes as

H_1 = − 1 √ 2 sin θ cos^θ_2 [F_3 + F_4] (B13)

H_2 = √ 2 cos^θ_2 [(F_2 − F_1) + 1 2 (1 − cos θ)(F_3 − F_4)] (B14)

H_3 = 1 √ 2 sin θ sin^θ_2 (F_3 − F_4) (B15)

H_4 = √ 2 sin^θ_2 [(F_1 + F_2) + 1 2 (1 + cos θ)(F_3 + F_4)] (B16) which are in exact agreement with Walker [16].

In the case of vector meson photo production with s = 1, we may once again use (B6) in (B5) to obtain explicitly the 12 independent helicity amplitudes in terms of the irreducible tensor amplitudes as

H_{−1} 1_{2 ;−} 1_{2 1} = cos^θ_2 [−

√_3

2 (1 − cos θ)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − (1 + cos θ)F^2_2 (^3_2 , 1)]

+ sin^θ_2 [−^{√3}_2 (1 − cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] −^{√3}_2 (1 + cos θ)[F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]] (B17)

H_0 1_{2 ;−} 1_{2 1} = cos^θ_2 [

√_2

3 F^1_1 (^1_2 , 1) +

√_3

2 (1 − cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] +^{1√}_6 (3 cos θ − 1)

× [F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]]

+ sin^θ_2 [^{1√}_3 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] +^{1√}_3 (3 cos θ + 1)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − √ 2(1 + cos θ)F^2_2 (^3_2 , 1)] (B18)

H_1 1_{2 ;−} 1_{2 1} = cos^θ_2 [−

√_2

3 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] −^{1√}_6 (3 cos θ − 1)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − (1 − cos θ)F^2_2 (^3_2 , 1)]

+ sin^θ_2 [^{2√}_3 F^1_1 (^1_2 , 1) −^{√3}_2 (1 + cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] +^1_2^√_3 (3 cos θ + 1)

× [F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]] (B19)

H_{−1} 1_{2 ;} 1_{2 1} = cos^θ_2 [^{√3}_2 (1 − cos θ)[F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)] +^{√3}_2 (1 + cos θ)[F^1_1 (^3_2 , 1) −^{1√}_3 F^2_1 (^3_2 , 1)]]

+ sin^θ_2 [

√_3 2 (1 + cos θ)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] − (1 − cos θ)F^2_{−2}(^3_2 , 1)] (B20)

H_0 1_{2 ;} 1_{2 1} = cos^θ_2 [−^{1√}_3 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)] −^{1√}_3 (3 cos θ − 1)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] + √ 2(1 − cos θ)F^2_{−2}(^3_2 , 1)]

+ sin^θ_2 [

√_2 3 F^1_{−1}(^1_2 , 1) +

√_3 2 (1 + cos θ)[F^1_1 (^3_2 , 1) −^{1√}_3 F^2_1 (^3_2 , 1)] −^{1√}_6 (3 cos θ + 1)

× [F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)]] (B21)

H_1 1_{2 ;} 1_{2 1} = cos^θ_2 [−^2√_3 F^1_{−1}(^1_2 , 1) +^{√3}_2 (1 − cos θ)[F^1_1 (^3_2 , 1) −^1√_3 F^2_1 (^3_2 , 1)] +^1_2√_3 (3 cos θ − 1)

× [F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)]]

+ sin^θ_2 [−

√_2

3 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)] −^{1√}_6 (3 cos θ + 1)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] − (1 + cos θ)F^2_{−2}(^3_2 , 1)] (B22)

H_{−1−} 1_{2 ;−} 1_{2 1} = cos^θ_2 [−^{2√}_3 F^1_1 (^1_2 , 1) +^{√3}_2 (1 − cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] +^1_2^√_3 (3 cos θ − 1)

× [F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]]

+ sin^θ_2 [−

√_2

3 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] +^{1√}_6 (3 cos θ + 1)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − (1 + cos θ)F^2_2 (^3_2 , 1)] (B23)

H_{0−} 1_{2 ;−} 1_{2 1} = cos^θ_2 [^1√_3 [F^0_0 (^1_2 , 1) + F^1_0 (^1_2 , 1)] −^1√_3 (3 cos θ − 1)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − √ 2(1 − cos θ)F^2_2 (^3_2 , 1)]

+ sin^θ_2 [−

√_2

3 F^1_1 (^1_2 , 1) −

√_3

2 (1 + cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] +^{1√}_6 (3 cos θ + 1)

× [F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]] (B24)

H_{1−} 1_{2 ;−} 1_{2 1} = cos^θ_2 [^{√3}_2 (1 + cos θ)[F^1_{−1}(^3_2 , 1) +^{1√}_3 F^2_{−1}(^3_2 , 1)] +^{√3}_2 (1 − cos θ)[F^1_1 (^3_2 , 1) + √ 3F^2_1 (^3_2 , 1)]]

+ sin^θ_2 [−

√_3

2 (1 + cos θ)[F^1_0 (^3_2 , 1) + F^2_0 (^3_2 , 1)] − (1 − cos θ)F^2_2 (^3_2 , 1)] (B25)

12 H_{−1−} 1_{2 ;} 1_{2 1} = cos^θ_2 [

√_2 3 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)] −^{1√}_6 (3 cos θ − 1)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] + (1 − cos θ)F^2_{−2}(^3_2 , 1)]

+ sin^θ_2 [−^{2√}_3 F^1_{−1}(^1_2 , 1) +^{√3}_2 (1 + cos θ)[F^1_1 (^3_2 , 1) −^{1√}_3 F^2_1 (^3_2 , 1)] −^1_2^√_3 (3 cos θ + 1)

× [F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)]] (B26)

H_{0−} 1_{2 ;} 1_{2 1} = cos^θ_2 [

√_2 3 F^1_{−1}(^1_2 , 1) +

√_3 2 (1 − cos θ)[F^1_1 (^3_2 , 1) −^{1√}_3 F^2_1 (^3_2 , 1)] +^{1√}_6 (3 cos θ − 1)

× [F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)]]

+ sin^θ_2 [^{1√}_3 [F^0_0 (^1_2 , 1) − F^1_0 (^1_2 , 1)] −^{1√}_3 (3 cos θ + 1)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] − √ 2(1 + cos θ)F^2_{−2}(^3_2 , 1)] (B27)

H_{1−} 1_{2 ;} 1_{2 1} = cos^θ_2 [−

√_3 2 (1 − cos θ)[F^1_0 (^3_2 , 1) − F^2_0 (^3_2 , 1)] + (1 + cos θ)F^2_{−2}(^3_2 , 1)]

+ sin^θ_2 [^{√3}_2 (1 + cos θ)[F^1_{−1}(^3_2 , 1) − √ 3F^2_{−1}(^3_2 , 1)] +^{√3}_2 (1 − cos θ)[F^1_1 (^3_2 , 1) −^{1√}_3 F^2_1 (^3_2 , 1)]], (B28)

which are identifiable respectively with Hi,μ_s , i = 1, ..., 4 of [32]. It may be noted that the above formulae are not restricted to threshold production but are applicable at higher energies as well. Even at low energies, the higher order partial waves could be expected to play a role in determining the spin observables.

Likewise, in anticipation of future experimental developments, explicit expressions for the helicity amplitudes for photo production of higher spin mesons may also be obtained, not only at threshold but also at all energies using (B6) in (B5). Our approach thus provides incidentally an elegant methodology to obtain the helicity amplitudes in terms of the partial wave multipole amplitudes for all orders not only in the case of vector meson photo production but also for photo production of mesons with arbitrary spin parity s^π , even if s is greater than 1.

[1] G. F. Chew, M. L. Goldberger, F. E. Low and Y. Nambu Phys. Rev. 106, 1345 (1957).

[2] K. M. Watson, Phys. Rev. 85, 852 (1952); K. M. Watson, Phys. Rev. 95, 228 (1954).

[3] Ph. Dennery, Phys. Rev. 124, 2000 (1961). [4] F. A. Berends, A. Donnachie and D. L. Weaver Nucl.

Phys. B4, 1, 54, 103 (1967).

[5] M. Jacob and G. C. Wick, Ann. Phys. (NY) 7, 404 (1959).

[6] V. D. Burkert, Eur. Phys. J. A17, 303 (2003). [7] R. Beck et al., Phys. Rev. Lett. 78, 606(1997); G. Blanpied et al., Phys. Rev. Lett. 79, 4337 (1997); K. Joo et al., Phys. Rev. C 68, 032201 (2003); S. S. Kamalov and Shin Nan Yang, Phys. Rev. Lett. 83, 4494 (1999); Sabit S. Kamalov, Shin Nan Yang, Dieter Drechsel, Olaf Hanstein, and Lothar Tiator Phys. Rev. C 64, 032201(R) (2001); A. J. Buchmann and E. M. Henley, Phys. Rev. D 65, 073017 (2002); Shin Nan Yang and Sabit S. Kamalov, Mod. Phys. Lett. 18, 248 (2003); Vladimir Pascalutsa, Carl E. Carlson and Marc Vanderhaeghen, Phys. Rev. Lett. 96, 012301 (2006); H. Egiyan et al., Phys. Rev. C 73, 025204 (2006).

[8] R. G. Moorehouse, H. Oberlack and A. Rosenfeld, Phys.

Rev. D9, 1 (1974); W. J. Metcalf and R. L. Walker, Nucl. Phys. B76, 253 (1974); F. A. Berends and A. Donnachie, Nucl. Phys. B84, 342 (1975); Alexander W. Smith and N. Zagury, Phys. Rev. D 21, 2514 (1980).

[9] A. Donnachie and Graham Shaw, Phys. Rev. D8, 4198 (1973); P. A. Berardo, R. P. Haddock, B. M. K. Nefkens, L. J. Verhey, M. E. Zeller, A. S. L. Parsons and P. Truoel, Phys. Rev. D 9, 621 (1974); L. H. Guex et al., Phys. Lett. 55B, 101 (1975); J. C. Comiso, D. J. Blasberg, R. P. Haddock, B. M. K. Nefkens, P. Truoel, and L. J. Verhey, Phys. Rev. D 12, 719 (1975).

[10] A. I. Sanda and Graham Shaw, Phys. Rev. Lett. 24, 1310 (1970); Phys. Rev. D 3, 243 (1971); M. T. Tran et al., Nucl. Phys. A324, 301 (1979).

[11] G. Ramachandran, R. S. Keshavamurhty and M. V. N.

Murthy, Phys. Lett. B87, 252 (1979).

[12] G. Ramachandran, R. S. Keshavamurhty and M. V. N.

Murthy, J. Phys. G. Nucl. Phys. 5, 1525 (1979); R. S. Keshavamurhty and G. Ramachandran, J. Phys. G. Nucl. Phys. 7, 867 (1981).

[13] D. Schwela, H. Rollnik, R. Weizel and W. Korth, Z.

Physik, 202, 452 (1967); D. Schwela and R. Weizel, Z. Physik, 221, 71 (1969); D. Schwela, Z. Physik 221, 158 (1969); P. Noelle, W. Pfeil and D. Schwela, Nucl. Phys. B26, 461 (1971); W. Pfeil and D. Schwela, Nucl. Phys. B45, 379 (1972); D. Menze, W. Pfeil and R. Wilcke, Physikalisches Instituts Universität Bonn. Daten. 7-1 (1977); N. M. Kroll and M. A. Ruderman, Phys. Rev. 93, 233 (1954); W. Weinberg, Phys. Rev. Lett. 18, 188 (1967), Phys. Rev. 166, 1568 (1968); M. S. Bhatia and P. Narayanaswamy, Phys. Rev. 172, 1742 (1968); R. D. Peccei, Phys. Rev. 181, 1902 (1969); A. Donnachie and G. Shaw, Ann, Phys. (NY), 37, 333 (1966); A. Donnachie, Proc. 11th Scottish University Summer School (Academic Press, NY, 1970); A. Donnachie, High Energy Physics, ed. by E. H. S. Burhop (Academic Press, NY, 1972) Vol. 5, p. 1; A. Donnachie and G. Shaw, Electromagnetic Interactions of Hadrons, (Plenum Press NY, 1978); F. A. Berends and A. Donnachie, Nucl. Phys. B95, 347 (1975); B136, 317 (1978); N. Hiroshige, Prog. Theor. Phys. 59, 1974 (1978); E. Amaldi, S. Fubini and G. Furlan, it Pion Electroproduction, Springer-Tracts, 83 (Springer, Berlin, 1979); M. G. Olsson and E. T. Osypowski, Nucl. Phys. B87, 399 (1975); Phys. Rev. D 17, 174 (1978); G. Kälbermann and J. M. Eisenberg, Phys. Rev. D 28, 71

(1983); Paul Stoler, Phys. Rev. D 44, 73 (1999); Phys. Rep. 226, 103 (1993); G. Sterman and P. Stoler, Ann. Rev. Nucl. Sci. 47, 193 (1997); Greg Keaton and Ron Workman, Phys. Rev. C 53, 1434 (1996); Wen- Tai Chiang and Frank Tabakin, Phys. Rev. C 55, 2054 (1997); S. N. Yang, J. Phys. G. 11, L205 (1985); H. Tanabe and K. Ohta, Phys. Rev. C 31, 1876 (1985); Yohanes Surya and Franz Gross, Phys. Rev. C 53, 2422 (1996); T. Sato and T. -S. H. Lee, Phys. Rev. C 54, 2660 (1996); S. J. Brodsky, G. P. Lepage, and S. A. A. Zaidi, Phys. Rev. D 23, 1152 (1981); S. J. Brodsky and G. P. Lepage, Phys. Rev. D 24, 2848 (1981); Carl E. Carlson, Phys. Rev. D 34, 2704 (1986); C. Karlson and N. C. Mukhopadhyay, Phys. Rev. Lett. 381, 2646 (1998); Greg Keaton and Ron Workman, Phys. Rev. C 53, 1434 (1996); S. S. Kamalov, G. -Y. Chen, S. N. Yang, D. Drechsel, and L. Tiator, Phys. Lett. B522, 27 (2001); G. -Y. Chen, S. S. Kamalov, S. N. Yang, D. Drechsel, and L. Tiator, Nucl. Phys. A723, 447 (2003); W. -T. Chiang, S. N. Yang, L. Tiator, M. Vanderhaeghen and D. Drechsel, Phys. Rev. C 68, 045202 (2003); S. N. Yang, Guan-Yeu Chen, S. S. Kamalov, D. Drechsel, and L. Tiator, Nucl. Phys. A737, 248 (2004); I. Blomqvist and J. M. Laget, Nucl. Phys. A280, 405 (1977); J. M. Laget, Phys. Rep., 69, 1 (1981); B. H. Bransden and R. G. Moorehouse, Pion-Nucleon Systems (Princeton Univ. Press, NJ, 1973); Ichiro Arai and Hirofumi Fujii, Nucl. Phys. B194, 251 (1982); F. Foster and G. Hughes, Rep. Prog. Phys. 46, 1445 (1983); K. Ukai and T. Nakemura, Institute for nuclear study (INSJ): University of Tokyo, Report No. INS. TECZ2 (1985); A. A. Komar (Ed.) Photoproduction of Pions on Nucleons and Nuclei (Nova Science Publishers, New York, 1989); D. Dreschsel and L. Tiator, J. Phys. G: Nucl. Part. Phys., 18, 449 (1992); Zhujun Li, Richard A. Arndt, L. David Roper, and Ron L. Workman, Phys. Rev. C 47, 2759 (1993); R. A. Arndt, I. I. Strakovsky, and R. L. Workman, Phys. Rev. C 56, 577 (1997); O. Hanstein, D. Drechsel and L. Tiator, Nucl. Phys. A632, 561 (1998); D. Drechsel, O. Hanstein S. S. Kamalov and L. Tiator, Nucl. Phys. A645, 145 (1999); S. S. Kamalov, L. Tiator, D. Drechsel, R. A. Arndt, C. Bennhold, I. I. Strakovsky, and R. L. Workman, Phys. Rev. C 66, 065206 (2002); P. Grabmayr and A. T. Buchmann, Phys. Rev. Lett. 86, 2237 (2001); R. A. Arndt, W. J. Briscoe, I. I. Strakovsky, and R. L. Workman, C 66, 055213 (2002); I. G. Aznauryan, Phys. Rev. C 67, 015209 (2003); L.Y. Zhu, Phys. Rev. Lett. 91, 022003 (2003); K. Joo et. al., Phys. Rev. C 68, 032201 (2003); Haiyan Gao and Lingyan Zhu, Plenary talk presented at the HiX2004 Workshop, July 26-28, Marseille, France, arxiv:nucl-ex/0411015 (2004).

[14] SAID homepage, http://gwdac.phys.gwu.edu. [15] I. S. Barker, A. Donnachie and J. K. Storrow, Nucl. Phys.

B95, 347 (1975).

[16] R. L. Walker, Phys. Rev. 182, 1729 (1969). [17] R. A. Arndt, R. L. Workman, Z. Li and L. D. Roper, Phys. Rev. C 42, 1853 (1990).

[18] W.-M. Yao et. al., J. Phys. G: Nucl. Part. Phys. 33, 1 (2006).

[19] L. D. Roper, Phys. Rev. Lett. 12, 340 (1964); Zhenping Li, Volker Burkert, and Zhujun Li, Phys. Rev. D 46, 70 (1992); F. Cano, P. Gonzales, Phys. Lett. B431, 270 (1998). O. Krehl, C. Hanhart, S. Krewald, and J. Speth, Phys. Rev. C 62, 25207 (2000); Robert Jaffe and Frank

Wilczek, Phys. Rev. Lett. 91, 232003 (2003); N. Mathur, Y. Chen, S. J. Dong, T. Draper, I. Horvth, F.X. Lee, K.F. Liu and J.B. Zhang, Phys. Lett. B605, 137 (2005).

[20] T. Barns and H. P. Morsch (Eds.), Baryon Excitations, Lectures of COSY workshop held at Forschungszentrum Jülich, 2-3 May 2000, ISBN 3-89336-273-8 (2000); C. Carlson and B. Mecking, in Proceedings of the International Conference on the structure of Baryons, BARYONS 2002, Newport News, VA, 3-8 March 2002 (World Scientific, Singapore, 2003); S. A. Dytman and E. S. Swanson, Proceedings of NSTAR 2002 Workshop, Pittsburg, PA, 9-12 October 2002 (World Scientific, Singapore, 2003); B. Saghai, arXiv: nucl-th/0408054 v1 (2004).

[21] N. C. Mukhopadhyay, J. F. Zhang and M. Benmerrouche, Phys. Lett. B3, 1 (1995); M. Benmerrouche, N. C. Mukhopadhyay and J. F. Zhang, Phys. Rev. D 51, 3237 (1995); N. C. Mukhopadhyay and N. Mathur, Phys. Lett. B444, 7 (1998); R. M. Davidson, N. Mathur and N. C. Mukhopadhyay, Phys. Rev. C 62, 058201 (2000).

[22] B. Krusche and S. Schadmand, Prog. Part. Nucl. Phys.

51, 399 (2003); V. D. Burkert and T. -S. H. Lee, Int. J. Mod. Phys. E 13, 1035 (2004).

[23] F. M. Renard and Y. Renard, Nucl. Phys. B25, 490 (1971); S.S. Hsiao, S. R. Cotanch, Phys. Rev. C 28, 1668 (1983); R. A. Adelseck, C. Bennhold and L. E. Wright, Phys. Rev. C 32, 1681 (1985); R. A. Adelseck and B. Saghai, Phys. Rev. C 42, 108 (1990); J. C. David, C. Fayard, G. H. Lamot, B. Saghai, Phys. Rev. C 53, 2613 (1996); R. A. Williams, C. R. Ji and S. R. Cotanch, Phys. Rev. C 43, 452 (1991); R. A. Williams, C. R. Ji and S. R. Cotanch, Phys. Rev. C 46, 1617 (1992); B. S. Han, M. K. Cheoun, K. S. Kim and I. T. Cheon, Nucl. Phys. A691, 713 (2001); S. Janssen, D. G. Ireland, J. Ryckebusch, Phys. Lett. B562, 51 (2003); S. Janssen, J. Ryckebusch, T. Van Cauteren, Phys. Rev. C 67, 052201 (2003); Z. Li, Phys. Rev. C 52, 1648 (1995); D. Lu, R. H. Landau and S. G. Phatak, Phys. Rev. C 52, 1662 (1995); T. Feuster and U. Mosel, Phys. Rev. C 59, 460 (1999); T. Mart and C. Benhold, Phys. Rev. C 61, 012201(R) (1999); T. Mart, Phys. Rev. C 62, 038201 (2000); W. T. Chiang, F. Tabakin, T. S. H. Lee and B. Saghai, Phys. Lett. B517, 101 (2001); J. W. C. McNabb (CLAS Collaboration), Phys. Rev. C 69, 042201(R) (2004); T. K. Choi, M. K. Cheoun, K. S. Kim, and B. G. Yu, Proceedings of the International Symposium On Electrophoto-Production of Strangeness on Nucleons and Nuclei (SENDAI 03), 16-18 June 2003, Sendai, Japan, edited by K. Maida, H. Tamura, S. N. Nakamura, and O. Hashimoto (World Scientific, Singapore, 2004), pp. 85. O. Bartholomy (CB-ELSA Collabortion), Phys. Rev. Lett. 94, 012003 (2005); A. V. Anisovich, Eur. Phys. J. A 25, 427 (2005); T. Corthels, J. Ryckebasch and T. Vancauteren, Phys. Rev. C 73, 045207 (2006); B. Julia-Diaz, B. Saghai, T. S. H. Lee and F. Tabakin, Phys. Rev. C 73, 055204 (2006); C. Bennhold, H. Haberzettl and T. Mart, arXiv: nucl-th/9909022 (1999); T. Mart, C. Bennhold, H. Haberzettl and L. Tiator, Kaon-Maid, available at http://www.kph.uni-mainz.de/MAID/kaon/kaonmaid.html [24] T. Mart and A. Sulaksono, Phys. Rev. C 74, 055203 (2006).

[25] R. G. T. Zegers et. al., Phys. Rev. Lett. 91, 092001 (2003); M. Sumihama (LEPS Collaboration) Phys. Rev.

C 73, 035214 (2006).

[26] R. Bradford et. al., arxiv:nucl-ex/0611034 (2006); R.

Schumacher, arxiv:nucl-ex/0611035 (2006).

[27] C. G. Fasano, Frank Tabakin and Bijan Saghai, Phys.

Rev. C 46, 2430 (1992).

[28] Fred Cooper, Phys. Rev. 170, 1602 (1968). [29] K. Schiling, P. Seyboth and G. Wolf, Nucl. Phys. B15, 397 (1970).

[30] T. H. Bauer, R. D. Spital and D. R. Yennie, Rev. Mod.

Phys. 50, 261 (1978).

[31] J. Barth et. al., Eur. Phys. J. A 18, 117 (2003); K. Mc- Comick, et. al., Phys. Rev. C 69, 032203 (2004); C. Wu et. al., Eur. Phys. J. A 23, 317 (2005); A. Aktas et. al., Phys. Lett. B638, 422 (2006).

[32] M. Pichowsky, C. Savkli and F. Tabakin, Phys. Rev. C 53, 593 (1996).

[33] C. Savkli, F. Tabakin and S. N. Yang, Phys. Rev. C 53, 1132 (1996).

[34] W. M. Kloet, Wen-Tai Chiang and F. Tabakin, Phys.

Rev. C 58, 1086 (1998).

[35] G. Ramachandran, J. Balasubramanyam, S. P.

Shilpashree and G Padmanabha, arxiv:nucl-th/0610070 (2006), J. Phys. G. Nucl. Part. Phys. (in print).

[36] G. Ramachandran, M. S. Vidya, P. N. Deepak, J.

Balasubramanyam and Venkataraya Phys. Rev. C 72, 031001R (2005).

[37] Q. Zhao, Z. Li and C. Benhold, Phys. Rev. C 58, 2393 (1998); Yongseok Oh, Alexander I. Titov and T. -S. H.

Lee, Phys. Rev. C 63, 025201 (2001); Y. Oh and T. -S. H. Lee, Phys. Rev. C 66, 045201 (2002); G. Penner and U. Mosel, Phys. Rev. C 66, 055211 (2002); 055212 (2002).

[38] A. Sibirtsev, Ulf-G Meiβner and A. W. Thomas, Phys.

Rev. D 71, 094011 (2005).

[39] S. Okubo, Phys. Lett. B5, 165 (1963); G. Zweig, CERN Report, 8419/TH412 (1964); I. Iizuka, Prog. Theor. Phys. Suppl. 37-38, 21 (1966).

[40] V. Kubarovsky et. al., (CLAS Collaboration) Phys. Rev.

Lett. 92, 032001 (2004).

[41] J. Vijande, F. Fernandez and A. Valcarce, J. Phys. G.

Nucl. Part. Phys. 31, 481 (2005).

[42] G. Ramachandran and M. S. Vidya, Phys. Rev. C 56, R12 (1997).

[43] M. E. Rose, Elementary theory of angular momentum (Wiley, New York, 1957).

[44] G. R. Satchler et al., Proc. of Int. Symp. on Polarization phenomena, eds. H. H. Barschall and W. Haeberli, (Madison, University of Wisconsin Press, 1970).

[45] G. Ramachandran, M. S. Vidya and J. Balasubramanyam, Pramana - J. Phys. 68, 31 (2007).

[46] K. Gottfried and J. D. Jackson, Nuovo Cim. 33, 309 (1964).

[47] V. A. Varshalovich, A. N. Moskalev and V. K. Khersonskii, Quantum Theory of Angular Momentum (World Scientific, Singapore, 1988).