arXiv:hep-ph/0210164 v1 10 Oct 2002

Covariant L-S Scheme for the effective N^∗NM couplings

B. S. Zou^{a,b,c,1}, F. Hussain^{c,2} a) CCAST (World Laboratory), P.O. Box 8730, Beijing 100080 b) Institute of High Energy Physics, CAS, P. O. Box 918(4), Beijing 100039, China c) Abdus Salam International Centre for Theoretical Physics, Trieste, Italy

Abstract

For excited nucleon states N^∗ of arbitrary spin coupling to nucleon (N) and meson (M), we propose a Lorentz covariant orbital-spin (L-S) scheme for the effective N^∗NM couplings. To be used for the partial wave analysis of various N^∗ production and decay processes, it combines merits of two conventional schemes, i.e., covariant effective Lagrangian approach and multipole analysis with amplitudes expanded according to angular momentum L. As examples, explicit formulae are given for N^∗ → Nπ, N^∗ → Nω and ψ → N^∗N̄ processes which are under current experimental studies.

PACS: 11.80.Et, 13.30.Eg, 14.20.Gk, 13.75.-n

1 Introduction

The study of the nucleon and its excited states N^∗ can provide us with critical insights into the nature of QCD in the confinement domain [1]. They are the simplest system in which the three colors of QCD neutralize into colorless objects and the essential nonabelian character of QCD is manifest. However our present knowledge on the N^∗ spectroscopy is still very poor, with information coming almost entirely from the old generation of πN experiments of more than twenty years ago [2] and with many fundamental issues not well understood[3]. Considering its importance for the understanding of the nonperturbative QCD, much effort has been devoted to the study of the N^∗ spectrum. A series of new experiments on N^∗ physics with electromagnetic probes have been started at modern facilities such as TJNAF[4], ELSA[5], GRAAL[6], SPRING8[7] and BEPC[8].

Abundant data have been accumulated for various N^∗ production and decay channels at these facilities in last few years. Now an important task facing us is to perform partial wave amplitude analysis (PWA) of these data to extract properties of N^∗ resonances, such as their spin-parity, mass, width, decay branching ratios,

1zoubs@mail.ihep.ac.cn 2hussainf@ictp.trieste.it

and so on. For πN or γN to meson-nucleon final states, the most commonly used PWA formalism is the multipole analysis with amplitudes expanded according to angular momentum L of meson-nucleon system[9, 10, 11, 12, 13]. This formalism is usually written in the meson-nucleon CM system, not in a covariant form, hence not very convenient to be used for multi-step chain processes, such as J/ψ → N^∗N̄ with N^∗ further decaying to meson-nucleon. For a multi-step chain process, the covariant effective Lagrangian approach[14, 15, 16, 17, 8] is more convenient. In this approach, the effective N^∗NM couplings are constructed by Rarita-Schwinger wave functions for particles of arbitrary spin[18], 4-momenta of involved particles, Dirac γ matrices, etc., with constraint of general symmetries required by the strong interaction. A problem for this approach is that the amplitude is usually a mixture of various orbital angular momenta L. Hence the usual centrifugal barrier (Blatt- Weisskopf) factor[12, 19], commonly used in multipole analysis and mesonic decays, cannot be used here since the barrier factor is L-dependent. Instead vertex form factors with exponential form or other forms are used in the effective Lagrangian approach. This makes comparison to results from usual multipole approach very difficult.

In this paper we propose a covariant L-S Scheme for the effective N^∗NM couplings to be used for the partial wave analysis of N^∗ data. In this scheme, the amplitudes are expanded according to the orbital angular momentum L of two decay products, meanwhile Lorentz invariant. Hence it combines the merits of multipole analysis and the effective Lagrangian approach.

2 General Formalism

In our construction of the covariant L-S Scheme for the effective N^∗NM couplings, we need to combine some knowledge from the covariant tensor formalism for meson decays[19] and covariant wave functions for hadrons of arbitrary spin[20].

For a given hadronic decay process A → BC, in the L-S scheme on hadronic level, the initial state is described by its 4-momentum P_μ and its spin state S_A; the final state is described by the relative orbital angular momentum state of BC system L_{BC} and their spin states (S_B, S_C).

The spin states (S_A, S_B, S_C) can be well represented by the relativistic Rarita- Schwinger spin wave functions for particles of arbitrary spin[18, 19, 21, 17]. The spin-^1_2 wavefunction is the standard Dirac spinor u(p,s) or v(p,s) and the spin-1 wave function is the standard spin-1 polarization four-vector ε^μ(p, s) for particle with momentum p and spin projection s. ∑ s=0,±1 ε_μ(p, s)ε^∗_ν (p, s) = −g_{μν} + p_μp_ν p^2 ≡ g̃_{μν} (p). (1)

Spin wave functions for particles of higher spins are constructed from these two basic spin wave functions with C-G coefficients (j_1, j_{1z}; j_2, j_{2z}|j, j_z ) as the following: ε_{μ1 μ2···μn} (p, n, s) = ∑ s_{n−1} ,s_n (n − 1, s_{n−1}; 1, s_n|n, s)ε_{μ1μ2 ···μn−1} (p, n − 1, s_{n−1})ε_{μn} (p, s_n) (2) for a particle with integer spin n ≥ 2, and u_{μ1μ2 ···μn} (p, n + 1 2 , s) = ∑ s_n,s_{n+1} (n, s_n; 1 2 , s_{n+1}|n + 1 2 , s)ε_{μ1μ2···μn} (p, n − 1, s_n)u(p, s_{n+1}) (3) for a particle with half integer spin n +^1_2 of n ≥ 1.

The orbital angular momentum L_{BC} state can be represented by covariant tensor wave functions t̃^{(L)}_{μ1···μL} as the same as for meson decay[19]. Define r = p_B − p_C , then

t̃^{(0)} = 1, (4) t̃^{(1)}_μ = g̃_{μν} (p_A)r^ν ≡ r̃_μ, (5) t̃^{(2)}_{μν} = r̃_μr̃_ν − 1 3 (r̃ · r̃)g̃_{μν} , (6) t̃^{(3)}_{μνλ} = r̃_μr̃_νr̃_λ − 1 5 (r̃ · r̃)(g̃_{μν}r̃_λ + g̃_{νλ}r̃_μ + g̃_{λμ}r̃_ν ), (7) · · · In the L-S scheme, we need to use the conservation relation of total angular momentum:

S_A = S_B + S_C + L_{BC} or − S_A + S_B + S_C + L_{BC} = 0. (8)

Comparing with the pure meson case[19], here for N^∗NM couplings we need to introduce the concept of relativistic total spin of two fermions.

For the case of A as a meson, B as N^∗ with spin n +^1_2 and C as N̄ with spin-^1_2 , the total spin of BC (S_{BC}) can be either n or n + 1. The two S_{BC} states can be represented as ψ^{(n)}_{μ1···μn} = ū_{μ1···μn} (p_B , s_B)γ_5v(p_C , s_C ), (9) Ψ^{(n+1)}_{μ1 ···μn+1} = ū_{μ1···μn} (p_B , s_B)(γ_{μn+1} − r_{μn+1} m_A + m_B + m_C

)v(p_C , s_C ) +(μ_1 ↔ μ_{n+1}) + · · · + (μ_n ↔ μ_{n+1}) (10)

for S_{BC} of n and n + 1, respectively. As a special case of n = 0, we have

ψ^{(0)} = ū(p_B , s_B)γ_5v(p_C , s_C ), (11) Ψ^{(1)}_μ = ū(p_B , s_B)(γ_μ − r_μ m_A + m_B + m_C

)v(p_C , s_C ). (12)

Here r_μ term is necessary to cancel out the p̂-dependent component in the simple ūγ_μv expression. In the A at-rest system, we have

ψ^{(0)} = C_ψ(−1)^{12 −sC} δ_{sB (−sC )}, (13) Ψ^{(1)}_i = C_Ψ(−1)^{12 −sC} χ^†_{sB} σ_iχ_{−sC} (14)

with two-component Pauli spinors χ^†_{1/2} = (1, 0) and χ^†_{−1/2} = (0, 1), and

C_ψ =

(E_B + m_B)(E_C + m_C ) + p^2_C √ 2m_B2m_C (E_B + m_B)(E_C + m_C )

, (15)

C_Ψ = √ (E_B + m_B)(E_C + m_C )

2m_B 2m_C ( 1 + p^2_C (E_B + m_B)(E_C + m_C ) ) . (16)

In the non-relativistic limit, both C_ψ and C_Ψ are equal to 1. Generally both of them have some smooth dependence on the magnitude of momentum. But both ψ^{(0)} and Ψ^{(1)}_μ have no dependence on the direction of the momentum p̂, hence correspond to pure spin states with the total spin of 0 and 1, respectively.

For the case of A as N^∗ with spin n +^1_2 , B as N and C as a meson, one needs to couple −S_A and S_B first to get S_{AB} ≡ −S_A + S_B states, which are ϕ^{(n)}_{μ1···μn} = ū(p_B , s_B)u_{μ1···μn} (p_A, s_A), (17) Φ^{(n+1)}_{μ1 ···μn+1} = ū(p_B , s_B)γ_5γ̃_{μn+1} u_{μ1 ···μn} (p_A, s_A) + (μ_1 ↔ μ_{n+1}) + · · · + (μ_n ↔ μ_{n+1}) (18)

for S_{AB} of n and n + 1, respectively.

ϕ^{(0)} = ū(p_B, s_B )u(p_A, s_A), (19) Φ^{(1)}_μ = ū(p_B, s_B )γ_5γ̃_μu(p_A, s_A) (20)

with γ̃_μ = g̃_{μν} (p_A)γ^ν . In the A (N^∗) at-rest system, we have

ϕ^{(0)} = √ (E_A + m_A)(E_B + m_B) 2m_A2m_B δ_{sAsB} , (21) Φ^{(1)}_i = − √ (E_A + m_A)(E_B + m_B) 2m_A2m_B χ^†_{sB} σ_iχ_{sA} . (22)

Both have no dependence on the direction of the momentum p̂.

In effective Lagrangian approaches, the effective N^∗NM couplings are constructed by p_A, r, g^{μν} , γ^μ, u or v, and may be mixture of various orbital angular momentum states. In our proposed covariant L-S scheme, the effective N^∗NM couplings should be composed of p_A, t̃^{(L)}, g^{μν} , ϵ_{αβγδ} (the full anti-symmetric tensor), ψ (Ψ) or ϕ (Φ), corresponding to a pure orbital angular momentum L state. Then the procedure for constructing the effective N^∗NM couplings is very similar to the case for pure mesons[19]. First the parity should be conserved, which means

η_A = η_B η_C (−1)^L (23)

where η_A, η_B and η_C are the intrinsic parities of particles A, B and C, respectively. From this relation, one knows whether L should be even or odd. Then from Eq.(8) one can figure out how many different L-S combinations, which determine the number of independent couplings. For a final state with orbital angular momentum of L, t̃^{(L)} should appear once in the effective coupling without any other t̃ or r. This will guarantee a pure L final state. Then one can easily put into the Blatt-Weisskopf centrifugal barrier factor for each effective coupling with L final state if one wishes. We shall show the concrete procedure by examples in the following section.

3 Examples

We shall start with the simplest case for N^∗ → Nπ process, then for N^∗ → Nω and ψ → N^∗N̄ where ψ can be J/ψ or ψ^′ or any other heavy vector mesons.

3.1 N^∗ → Nπ

For N^∗ → Nπ, it is well known that only one possible L-S coupling for the Nπ final state of each N^∗ decay. Since the nucleon has spin-parity^1_2^+ and pion has spinparity 0^−, N^∗(^1_2^+) can only decay to Nπ in P-wave with S_{AB} = 1 to make −S_A + S_B +S_C +L_{BC} = S_{AB} +L_{BC} = 0 meanwhile satisfying parity conservation relation Eq.(23). Similarly we have N^∗(^1_2^−) → Nπ in S-wave with S_{AB} = 0; N^∗(^3_2^+) → Nπ in P-wave with S_{AB} = 1; N^∗(^3_2^−) → Nπ in D-wave; N^∗(^5_2^+) → Nπ in F-wave with S_{AB} = 3; N^∗(^5_2^−) → Nπ in D-wave with S_{AB} = 2; N^∗(^7_2^+) → Nπ in F-wave with S_{AB} = 3; N^∗(^7_2^−) → Nπ in G-wave with S_{AB} = 4; and so on. Then the effective N^∗Nπ couplings in the covariant L-S scheme are

N^∗( 1 2 + ) → Nπ : Φ^{(1)}_μ t̃^{(1)μ}, (24)

N^∗( 1 2 − ) → Nπ : ϕ^{(0)}t̃^{(0)}, (25)

N^∗( 3 2 + ) → Nπ : ϕ^{(1)}_μ t̃^{(1)μ}, (26)

N^∗( 3 2 − ) → Nπ : Φ^{(2)}_{μν} t̃^{(2)μν} , (27)

N^∗( 5 2 + ) → Nπ : Φ^{(3)}_{μνλ}t̃^{(3)μνλ}, (28)

N^∗( 5 2 − ) → Nπ : ϕ^{(2)}_{μν} t̃^{(2)μν}, (29)

N^∗( 7 2 + ) → Nπ : ϕ^{(3)}_{μνλ}t̃^{(3)μνλ}, (30)

N^∗( 7 2 − ) → Nπ : Φ^{(4)}_{μνλδ}t̃^{(4)μνλδ}. (31)

Here for simplicity we omit the vertex form factors. With properties of Rarita- Schwinger wave functions γ^{μi} u_{···μi ···} = 0 and p^{μi} u_{···μi···}(p, s) = 0 (32) one can easily get the relation between the covariant L-S couplings and the usual effective Lagrangian ones

N^∗( 1 2 + ) → Nπ : Φ^{(1)}_μ t̃^{(1)μ} = ū_N γ_5γ_μu_∗p^μ_π · C_Φ, (33)

N^∗( 1 2 − ) → Nπ : ϕ^{(0)}t̃^{(0)} = ū_N u_∗ · 1, (34)

N^∗( 3 2 + ) → Nπ : ϕ^{(1)}_μ t̃^{(1)μ} = ū_N u_{∗μ}p^μ_π · 2, (35)

N^∗( 3 2 − ) → Nπ : Φ^{(2)}_{μν} t̃^{(2)μν} = ū_N γ_5γ_μu_{∗ν} p^μ_π p^ν_π · 4C_Φ, (36)

N^∗( 5 2 + ) → Nπ : Φ^{(3)}_{μνλ}t̃^{(3)μνλ} = ū_N γ_5γ_μu_{∗νλ}p^μ_π p^ν_π p^λ_π · 12C_Φ , (37)

N^∗( 5 2 − ) → Nπ : ϕ^{(2)}_{μν} t̃^{(2)μν} = ū_N u_{∗μν} p^μ_π p^ν_π · 4, (38)

N^∗( 7 2 + ) → Nπ : ϕ^{(3)}_{μνλ}t̃^{(3)μνλ} = ū_N u_{∗μνλ}p^μ_π p^ν_π p^λ_π · 8, (39)

N^∗( 7 2 − ) → Nπ : Φ^{(4)}_{μνλδ}t̃^{(4)μνλδ} = ū_N γ_5γ_μu_{∗νλδ}p^μ_π p^ν_π p^λ_π p^δ_π · 48C_Φ (40)

with C_Φ = (1 + m_N m_∗ − m^2_π m^2_∗ + m_∗m_N

), (41)

u_N , u_∗ the Rarita-Schwinger wave functions of N and N^∗, respectively; m_N , m_∗ the mass of N and N^∗, respectively; p_π the four-momentum of the pion. We see the two approaches are equivalent here up to some constants or a smooth m_∗ dependent factor C_Φ. This is because for any N^∗ → Nπ process there is only one possible L-S coupling and hence only one independent coupling.

3.2 N^∗ → Nω

Unlike pion with spin 0, here ω has spin 1. For N^∗ with spin^1_2 there are two independent L-S couplings conserving parity (23) and total angular momentum (8);

for N^∗ with spin larger than^1_2 , there are three independent L-S couplings. Here we list them for N^∗ with spin up to^7_2 . (S_C , S_{AB} , L_{BC} ) : S_{AB} + S_C + L_{BC} = 0 N^∗( 1 2 + ) → Nω (1, 0, 1) : ϕ^{(0)}ε^∗_μt̃^{(1)μ}, (42) (1, 1, 1) : iΦ^{(1)}_μ ϵ^{μνλσ}ε^∗_νt̃^{(1)}_λ p̂_{∗σ} , (43) N^∗( 1 2 − ) → Nω (1, 1, 0) : Φ^{(1)}_μ ε^{∗μ}, (44) (1, 1, 2) : Φ^{(1)}_μ ε^∗_νt̃^{(2)μν} , (45) N^∗( 3 2 + ) → Nω (1, 1, 1) : iϕ^{(1)}_μ ϵ^{μνλσ} ε^∗_νt̃^{(1)}_λ p̂_{∗σ}, (46) (1, 2, 1) : Φ^{(2)}_{μν} ε^{∗μ}t̃^{(1)ν}, (47) (1, 2, 3) : Φ^{(2)}_{μν} ε^∗_λt̃^{(3)μνλ}, (48) N^∗( 3 2 − ) → Nω (1, 1, 0) : ϕ^{(1)}_μ ε^{∗μ}, (49) (1, 1, 2) : ϕ^{(1)}_μ ε^∗_νt̃^{(2)μν}, (50) (1, 2, 2) : iΦ^{(2)}_{μα} ϵ^{μνλσ}ε^∗_νt̃^{(2)α}_λ p̂_{∗σ}, (51) N^∗( 5 2 + ) → Nω (1, 2, 1) : ϕ^{(2)}_{μν} ε^{∗μ}t̃^{(1)ν} , (52) (1, 2, 3) : ϕ^{(2)}_{μν} ε^∗_λt̃^{(3)μνλ}, (53) (1, 3, 3) : iΦ^{(3)}_{μαβ} ϵ^{μνλσ}ε^∗_νt̃^{(3)αβ}_λ p̂_{∗σ}, (54) N^∗( 5 2 − ) → Nω (1, 2, 2) : iϕ^{(2)}_{μα}ϵ^{μνλσ} ε^∗_νt̃^{(2)α}_λ p̂_{∗σ} , (55) (1, 3, 2) : Φ^{(3)}_{μνλ}ε^{∗μ}t̃^{(2)νλ}, (56) (1, 3, 4) : Φ^{(3)}_{μνλ}ε^∗_σt̃^{(4)μνλσ}, (57) N^∗( 7 2 + ) → Nω (1, 3, 3) : iϕ^{(3)}_{μαβ}ϵ^{μνλσ} ε^∗_νt̃^{(3)αβ}_λ p̂_{∗σ} , (58) (1, 4, 3) : Φ^{(4)}_{μνλσ} ε^{∗μ}t̃^{(3)νλσ}, (59) (1, 4, 5) : Φ^{(4)}_{μνλσ} ε^∗_δt̃^{(5)μνλσδ}, (60) N^∗( 7 2 − ) → Nω (1, 3, 2) : ϕ^{(3)}_{μνλ}ε^{∗μ}t̃^{(2)νλ}, (61) (1, 3, 4) : ϕ^{(3)}_{μνλ}ε^∗_σt̃^{(4)μνλσ}, (62) (1, 4, 4) : iΦ^{(4)}_{μαβγ} ϵ^{μνλσ}ε^∗_νt̃^{(4)αβγ}_λ p̂_{∗σ}. (63) where p̂_{∗σ} = p_{∗σ} /m_∗. In the N^∗ at-rest system, p̂_∗ = (1, 0, 0, 0); ϵ^{μνλσ}S_μL_ν J_λp̂_{∗σ} = (S × L) · J is the standard form for forming a total angular momentum |J| = 1 from two other angular momenta (S,L) of absolute value 1. In the covariant L-S tensor formalism, for S-L-J coupling, if S+L+J is an odd number, then the ϵ^{μνλσ}p̂_{Aσ} is needed. These are the only possible independent couplings because the fact that p_{∗σ} t^{(n)σμ...} = 0, p_{∗σ}ϕ^{(n)σμ...} = 0 and p_{∗σ} Φ^{(n)σμ...} = 0. The corresponding couplings from the simple effective Lagrangian approach are give in Ref.[17]. They have the same number of independent couplings as here and are linear combinations of couplings here. For example, for N^{∗ 3}_2^− → Nω, the full amplitude in the covariant L-S scheme is

A = g_1ϕ^{(1)}_μ ε^μ + g_2ϕ^{(1)}_μ ε_νt̃^{(2)μν} + g_3iΦ^{(2)}_{μα}ϵ^{μνλσ} ε_νt̃^{(2)α}_λ p_{∗σ} (64)

with vertex form factors g_1, g_2 and g_3, while in the simple effective Lagrangian approach[17] is

A = f_1ū_N u_{∗μ}ε^μ + f_2ū_N γ_ν u_{∗μ}p^μ_N ε^ν + f_3ū_N u_{∗μ}p^μ_ω ε_ν p^ν_N (65)

with vertex form factors f_1, f_2 and f_3. These Vertex form factors are smooth functions of m_∗ with practically constant m_N and m_ω; they have no dependence on angular variable. With some simple algebra and the following identity[22]: iϵ_{μabc} = γ_5(γ_μγ_aγ_bγ_c − γ_μγ_ag_{bc} + γ_μγ_bg_{ac} − γ_μγ_cg_{ab} −γ_aγ_bg_{μc} + γ_aγ_cg_{μb} − γ_bγ_cg_{μa} + g_{μa}g_{bc} − g_{μb}g_{ac} + g_{μc}g_{ab}), (66) we have

ϕ^{(1)}_μ ε^μ = ū_N u_{∗μ}ε^μ, (67)

ϕ^{(1)}_μ ε_νt̃^{(2)μν} = 2(−1 + m^2_N − m^2_ω m^2_∗

)ū_N u_{∗μ}p^μ_ω ε_ν p^ν_N + 1 3 r^2ū_N u_{∗μ}ε^μ, (68)

iΦ^{(2)}_{μα}ϵ^{μνλσ}ε_νt̃^{(2)α}_λ p̂_{∗σ} = 2(−3 + m^2_N − m^2_ω m^2_∗

)ū_N u_{∗μ}p^μ_ω ε_ν p^ν_N + r^2ū_N u_{∗μ}ε^μ +4 (m_∗ + m_N )^2 − m^2_ω m_∗ ū_N γ_ν u_{∗μ}p^μ_N ε^ν , (69)

which give the relation between g_i and f_i vertex form factors:

f_1 = g_1 + 1 3 r^2g_2 + r^2g_3, (70)

f_2 = 4

(m_∗ + m_N )^2 − m^2_ω m_∗ g_3 (71)

f_3 = 2(−1 + m^2_N − m^2_ω

m^2_∗

)g_2 + 2(−3 + m^2_N − m^2_ω m^2_∗

)g_3. (72)

The g_i and f_i are related by some smooth m_∗ dependence factors. For an N^∗ with very broad width, this may cause some model dependence on the determination of their mass and width.

3.3 ψ → N^∗N̄

Here we give an example of a vector meson decaying into N^∗N̄ final state. (S_A, S_{BC} , L_{BC} ) : −S_A + S_{BC} + L_{BC} = 0 ψ → N^∗( 1 2 + )N̄ (1, 1, 0) : Ψ^{(1)}_μ ε^μ, (73) (1, 1, 2) : Ψ^{(1)}_μ ε_νt̃^{(2)μν} , (74) ψ → N^∗( 1 2 − )N̄ (1, 0, 1) : ψ^{(0)}ε_μt̃^{(1)μ}, (75) (1, 1, 1) : iΨ^{(1)}_μ ϵ^{μνλσ} ε_νt̃^{(1)}_λ p̂_{(ψ)σ} , (76) ψ → N^∗( 3 2 + )N̄ (1, 1, 0) : ψ^{(1)}_μ ε^μ, (77) (1, 1, 2) : ψ^{(1)}_μ ε_νt̃^{(2)μν}, (78) (1, 2, 2) : iΨ^{(2)}_{μα}ϵ^{μνλσ} ε_νt̃^{(2)α}_λ p̂_{(ψ)σ}, (79) ψ → N^∗( 3 2 − )N̄ (1, 1, 1) : iψ^{(1)}_μ ϵ^{μνλσ}ε_νt̃^{(1)}_λ p̂_{(ψ)σ}, (80) (1, 2, 1) : Ψ^{(2)}_{μν} ε^μt̃^{(1)ν}, (81) (1, 2, 3) : Ψ^{(2)}_{μν} ε_λt̃^{(3)μνλ}, (82) ψ → N^∗( 5 2 + )N̄ (1, 2, 2) : iψ^{(2)}_{μα} ϵ^{μνλσ}ε_νt̃^{(2)α}_λ p̂_{(ψ)σ} , (83) (1, 3, 2) : Ψ^{(3)}_{μνλ}ε^μt̃^{(2)νλ}, (84) (1, 3, 4) : Ψ^{(3)}_{μνλ}ε_σt̃^{(4)μνλσ}, (85) ψ → N^∗( 5 2 − )N̄ (1, 2, 1) : ψ^{(2)}_{μν} ε^μt̃^{(1)ν} , (86) (1, 2, 3) : ψ^{(2)}_{μν} ε_λt̃^{(3)μνλ}, (87) (1, 3, 3) : iΨ^{(3)}_{μαβ}ϵ^{μνλσ}ε_νt̃^{(3)αβ}_λ p̂_{(ψ)σ} , (88) ψ → N^∗( 7 2 + )N̄ (1, 3, 2) : ψ^{(3)}_{μνλ}ε^μt̃^{(2)νλ}, (89) (1, 3, 4) : ψ^{(3)}_{μνλ}ε_σt̃^{(4)μνλσ}, (90) (1, 4, 4) : iΨ^{(4)}_{μαβγ}ϵ^{μνλσ}ε_νt̃^{(4)αβγ}_λ p̂_{(ψ)σ}, (91) ψ → N^∗( 7 2 − )N̄ (1, 3, 3) : iψ^{(3)}_{μαβ}ϵ^{μνλσ} ε_νt̃^{(3)αβ}_λ p̂_{(ψ)σ} , (92) (1, 4, 3) : Ψ^{(4)}_{μνλσ}ε^μt̃^{(3)νλσ}, (93) (1, 4, 5) : Ψ^{(4)}_{μνλσ}ε_δt̃^{(5)μνλσδ}. (94)

Corresponding couplings in the effective Lagrangian approach are give in Ref.[17]. In the multipole approach, the amplitude for ψ → N^∗N̄ generally takes the form A = ∑ L,m_L,S,m_S (L, m_L; S, m_S |1, m_ψ)(S_B , m_B; S_C , m_C |S, m_S )Y_{LmL} (p̂_N)G_{LS} |p_N|^Lf_L(|p_N|)

(95) where G_{LS} is the coupling constant for the final state with orbital angular momentum L and total spin S, p_N is the momentum of N̄ in the rest frame of ψ and f_L(|p_N|) is the vertex form factor. Taking ψ → N^∗(^1_2^+)N̄ as an example, the amplitude is as the following

A = ( 1 2 , m_B; 1 2 m_C |1, m_ψ)Y_{00}(p̂_N)G_{01}f_0(|p_N|)

+ (2, m_L; 1, m_S |1, m_ψ)( 1 2 , m_B; 1 2 m_C |1, m_S )Y_{2mL} (p̂_N)G_{21}|p_N|^2f_2(|p_N|) (96)

with m_S = m_B + m_C and m_L = m_ψ − m_S . With some simple algebra, the corresponding amplitude in the covariant L-S scheme can be reduced to the similar form:

A = g_0Ψ^{(1)}_μ ε^μf_0(|p_N|) + g_2Ψ^{(1)}_μ ε_νt̃^{(2)μν}f_2(|p_N|) = ( 1 2 , m_B; 1 2 m_C |1, m_ψ)Y_{00}(p̂_N)g_0 √ 8πC_Ψf_0(|p_N|)

+(2, m_L; 1, m_S |1, m_ψ)( 1 2 , m_B; 1 2 m_C |1, m_S )Y_{2mL} (p̂_N)g_2 8 3 √ 4πC_Ψ|p_N|^2f_2(|p_N|). (97)

Comparing Eq.(96) and Eq.(97), we have

G_{01} = g_0 √ 8πC_Ψ, (98)

G_{21} = g_2 8 3 √ 4πC_Ψ. (99)

In non-relativistic limit, C_Ψ = 1, and the covariant L-S scheme gives G_{01} and G_{21} as constants; but generally speaking, the covariant L-S scheme results in G_{01} and G_{21} smoothly dependent on |p_N|.

As a concrete example, here we study the angular distribution and the relative ratio of D-wave and S-wave in the final states of e^+e^− → J/ψ → pp̄. For this process of positron-electron collision, J/ψ spin projection is limited to be ±1 along the beam direction. The differential decay rate of the J/ψ is related to the amplitude A as dΓ dΩ = 1 32π^2 |A|^2 |p_N| M^2_ψ

. (100)

With A given by Eq.(97), we have

|A|^2 = m^2_ψ m^2_p ( 1 2 C^2_S + 20 9 C^2_D − 2 3 C_S C_Dcosβ)(1 + αcos^2θ) (101) where α = 2C_S C_Dcosβ −^4_3 C^2_D 1 2 C^2_S +^{20}_9 C^2_D −^2_3 C_S C_Dcosβ

(102)

with C_S ≡ |g_0|f_0(|p_N|), C_D ≡ |g_2|p^2_Nf_2(|p_N|) and β the relative phase between C_S and C_D. If C_D = 0, then α = 0 as expected for a pure S-wave decay; if C_S = 0, then α = −^3_5 for the pure D-wave decay.

The relative ratio R_{D/S} of D-wave and S-wave decay rates is R_{D/S} ≡ Γ_D Γ_S = 32C^2_D C^2_S

. (103)

The experimental value of α for the e^+e^− → J/ψ → pp̄ process is about 0.62[23]. This gives the ratio R_{D/S} to be in the range of 0.09 ∼ 1.9. The large uncertainty is due to the unknown relative phase β between S-wave and D-wave amplitudes. For a full determination of the ratio R_{D/S} , the polarization information of final state particles is needed.

4 Discussion

Comparing with the simple effective Lagrangian approach, each coupling in the covariant L-S scheme corresponds to a single L final states while a coupling in the simple effective Lagrangian approach may be a mixture of two L final states. The number of independent couplings is same in the two approaches as it should be. In the simple effective Lagrangian approach, the independent couplings are not necessary to be orthogonal to each other; while in the covariant L-S scheme, they are orthogonal and make the partial wave analysis easier. The construction of the full amplitude in the covariant L-S scheme for a multi-step process, e.g., J/ψ → N^∗N̄ → ωNN̄ , is similar to the simple effective Lagrangian approach[17]. The coupling constants for each couplings are fitted to the data in the procedure of partial wave analysis[8].

For the partial wave analysis, we only demand very basic requirements, i.e., Lorentz, CPT, C and P invariance, for the amplitude and we make formalism more general. Various theories or models or assumptions can bring more constraints to the relations of various couplings, hence reduce the number of independent couplings. For example, a chiral quark model calculation[24] results in a single coupling form for the N^∗(1675)(^5_2^−)Nω coupling, which corresponds to our (1,2,2) coupling of Eq.(55), while other quark model[25] gives different prediction. This can be checked in the future by partial wave analysis of processes involving N^∗(1675)(^5_2^−) → Nω. Some people[16] assume N^∗(^3_2^±)Nω couplings to have the same structure as N^∗(^3_2^±)Nγ hence only two independent couplings. In our general scheme, we have three independent couplings for N^∗(^3_2^±)Nω couplings; gauge invariance requirement for the

N^∗(^3_2^±)Nγ couplings reduces the number of independent couplings to two for the N^∗(^3_2^±)Nγ couplings.

In this paper we have given explicit formulae for N^∗ → Nπ, N^∗ → Nω and ψ → N^∗N̄ as examples since the relevant processes are understudy by experimental groups. For any baryon resonance decaying to a^1_2^+ baryon plus a pseudoscalar meson through strong interaction, e.g., N^∗ → ΛK, N^∗ → ΣK, Λ^∗ → NK, Λ^∗ → Σπ, etc., the coupling has the same form as for N^∗ → Nπ, the only difference is the coupling constants. For any baryon resonance strong decaying to a^1_2^+ baryon plus a vector meson, the coupling has the same form as for N^∗ → Nω. For any vector meson strong decaying to a baryon resonance plus an anti-(^1_2^+)baryon, the coupling has the same form as for ψ → N^∗N̄. Extension to other processes are straightforward by following the basic rules outlined in this work.

In our present L-S scheme for N^∗ decays, we have added the spin of the incoming nucleon resonance and the final nucleon. This is different with the usual L-S scheme where it is always the spin of the final state particles which are added to make the total spin S. The two schemes are simply related by recoupling various angular momenta involved. With recoupling technique in Ref.[26], we have the relation between the two schemes as the following:

[[S_A × S_B]_{SAB} × S_C ]_{LM} = ∑ S_{BC} √ (2S_{AB} + 1)(2S_{BC} + 1)W (S_AS_BLS_C ; S_{AB} S_{BC} )

[S_A × [S_B × S_C ]_{SBC} ]_{LM} (104)

where W (S_AS_BLS_C ; S_{AB} S_{BC}) is the usual Racah coefficients[26]. From this relation, after we get the coupling constants in our scheme, g(S_{AB}, L), we can easily get the corresponding coupling constants in the usual L-S scheme, G(S_{BC} , L), as G(S_{BC} , L) = ∑ S_{AB} g(S_{AB} , L) √ (2S_{AB} + 1)(2S_{BC} + 1)W (S_AS_BLS_C ; S_{AB}S_{BC} ). (105)

Since the covariant L-S scheme combines merits of two conventional schemes, i.e., covariant effective Lagrangian approach and multipole analysis with amplitudes expanded according to angular momentum L, we recommend it to be used in future partial wave analysis.

Acknowledgements: We thank D.V.Bugg, J.G. Körner, T.S.H.Lee, P.N.Shen, J.X.Wang and J.J.Zhu for useful discussions. This work is partly supported by the National Science Foundation of China and by the CAS Knowledge Innovation Project KJCX2-SW-N02.

References

[1] N.Isgur, nucl-th/0007008, in Excited nucleons and hadronic structure, ed V.

Burkert et al., (Singapore: World Scientific). [2] Particle Data Group, Euro. Phys. J. C15, 1 (2000). [3] S.Capstick and W.Robert, Prog. Part. Nucl. Phys. 45, S241 (2000). [4] CLAS Collaboration, Phys. Rev. Lett. 86, 1702 (2001). [5] SAPHIR Collaboration, M.Q.Tran et al., Phys. Lett. B445, 20 (1998). [6] GRAAL Collaboration, F. Renard et al., Phys. Lett. B528, 215 (2002). [7] T.Nakano et al., Nucl. Phys. A670, 332c (2000). [8] BES Collaboration, J.Z. Bai et al., Phys. Lett. B510, 75 (2001). [9] G.Höhler, in Pion-Nucleon Scattering, edited by H.Schopper, Landolt-Börnstein, New Sieries, Group 1, vol. 9, Pt. b (Springer, New York, 1983); R.E.Cutkosky et al., Phys. Rev. D20, 2804 (1979).

[10] R.A.Arndt, W.J.Briscoe, I.I.Strakovsky and R.L.Workman, nucl-th/0205067;

R.A.Ardnt, R.L.Workman, Z.Li and L.D.Roper, Phys. Rev. C42, 1853 (1990); ibid., 1864 (1990).

[11] O.Hanstein, D.Drechsel and L.Tiator, Nucl. Phys. A632, 561 (1998). [12] D.M. Manley, E.M. Saleski, Phys. Rev. D45, 4002 (1992). [13] T.P. Vrana, S.A. Dytman, T.S.H. Lee, Phys. Rept. 328, 181 (2000). [14] M.Benmerrouche, N.C.Mukhopadhyay and J.F.Zhang, Phys. Rev. Lett. 77, 4716 (1996); Phys. Rev. D51, 3237 (1995).

[15] M.G.Olsson and E.T.Osypowski, Nucl. Phys. B87, 399 (1975); Phys. Rev. D17, 174 (1978); M.G.Olsson et al., ibid., 2938 (1978).

[16] A.I.Titov, T.S.H.Lee, nucl-th/0205052; K.Nakayama, J.Speth, T.S.H.Lee, Phys. Rev. C65, 045210 (2002); A.I.Titov, B.Kämpfer, B.L.Reznik, Phys. Rev. C65, 065202 (2002).

[17] W.H.Liang, P.N.Shen, J.X.Wang, B.S.Zou, J. Phys. G28, 333 (2002). [18] W.Rarita, J.Schwinger, Phys. Rev. 60, 61 (1941); E.Behtends and C.Fronsdal, Phys. Rev. 106, 345 (1957).

[19] S.U.Chung, Phys. Rev. D48, 1225 (1993); Phys. Rev. D57, 431 (1998).

[20] F.Hussain, G.Thompson, hep-ph/9311309; S.Balk, F.Hussain, J.G.Körner, G.Thompson, Z. Phys. C59, 283 (1993); F.Hussain, J.G.Körner, G.Thompson, Ann. Phys. 206, 334 (1991).

[21] J.J.Zhu, T.N.Ruan, Commun. Theor. Phys. 32, 293 (1999); ibid 435 (1999). [22] J.G. Körner, P. Sieben, Nucl. Phys. B363, 65 (1991). [23] DM2 Collaboration, Nucl. Phys. B292, 653 (1987). [24] D.O.Riska, G.E.Brown, Nucl. Phys. A679, 577 (2001).

[25] S.Capstick, Phys. Rev. D46, 2864 (1992); S.Capstick and W.Roberts, Phys.

Rev. D49, 4570 (1994).

[26] R.D.Lawson, Theory of the Nuclear Shell Model, Claredon Press, Oxford, (1980).