arXiv:hep-ph/0512056 v1 5 Dec 2005

Zero Modes in Electromagnetic Form Factors of the Nucleon in a Light-Cone Diquark Model

Jun He,^{1,2,3}, Yu-bing Dong^{1,2}

1CCAST (World Lab.), P. O. Box 8730, Beijing 100080

2Institute of High Energy Physics, Chinese Academy of Sciences, P. O. Box 918-4, 100049 Beijing, P.R. China

3Graduate School of the Chinese Academy of Sciences, 100049, Beijing, P.R. China

December 5, 2005

Abstract We use a diquark model of the nucleon to calculate the electromagnetic form factors of the nucleon described as a scalar and axialvector diquark bound state. We provide an analysis of the zero-mode contribution in the diquark model. We find there are zero-mode contributions to the form factors arising from the instantaneous part of the quark propagator, which cannot be neglected compared with the valence contribution but can be removed by the choice of wave function. We also find that the charge and magnetic radii and magnetic moment of the proton can be reproduced, while the magnetic moment of the neutron is too small. The dipole shape of the form factors, G^p_M (Q^2)/μ_p and G^n_M (Q^2)/μ_n, can be reproduced. The ratio μG^p_E /G^p_M decreases with Q^2, but too fast.

1 Introduction

Methods using relativistic formalisms directly without Foldy-Wouthuysen reduction have been suggested [1, 2, 3, 4] to include relativistic effects to all orders, while avoiding truncated power expansions in v/c or p/m. Among these relativistic formalisms, light-cone quark models are widely used. There are several works where the electroweak properties of mesons have been studied using light-cone quark models [5, 6, 7, 8, 9, 10]. Applications of the Bakamjian-Thomas construction of the relativistic few-body system [3, 4, 11, 12] to extend nonrelativistic wave functions to the relativistic domain are close to the naive quark model. Weber et al. [13, 14] give relativistic spin-flavor wave functions of a Lorentz covariant quark model. Araujo et. al. [15] connect these wave functions with the triangle Feyman diagram and give an effective Lagrangian of the nucleon, which corresponds to a field-theoretical formulation of the form factors.

From the Eqs. (9,10) in Ref. [13] (KW, for short. See also Eq. (3) below.), we see that the nucleon wave function is split into two parts as (qq)q. At this point, the diquark model can be introduced naturally. The diquark model has been widely used to study the property of baryons. For example, nucleon properties are studied through the Bethe-Salpeter equation with scalar and axialvector diquark correlations [16]. Kroll et. al. study the electromagnetic form factors of the proton in the time-like region and two-photon annihilation into protonantiproton in the infinite momentum frame [17].

In all investigations of baryon properties [3, 4, 11, 12, 13, 14, 15], zero modes have not been considered. The zero-mode contributions can be interpreted as residues of virtual pair creation processes in the q^+(= q^0 + q^3) → 0 limit of the virtual photon momentum [18, 19]. In the absence of zero-mode contributions, the hadron form factor can be obtained in a straightforward way by taking into account only the valence quark contributions. In an effort to clarify this issue, Jaus [20] and Choi et. al. [21] independently investigated the electroweak form factors of spin-1 mesons in the past few years. Choi et. al. find that the zero-mode contributions in principle depend on the form of the vector-meson vertex Γ^μ = γ^μ − (P_v − 2k)^μ/D; the form factor f(q^2) is found to be free from a zero-mode contribution if the denominator D contains a term proportional to the light-front energy (k^−)^n with a power n > 0. Analogs of Γ^μ occur for the spinor parts of the nucleon current matrix element, as we shall discuss below.

In this paper we calculate the electromagnetic form factors of the nucleon, taken as a scalar and axialvector diquark bound state, and investigate the zero-mode contributions in the quark-diquark model.

In the following section, the nucleon wave function in the diquark model and an effective quark-diquark-nucleon effective Lagrangian are given. Then the extraction of the nucleon form factors from the current matrix elements are given in Section 3. The discussion of the zero mode is given in Section 4. The numerical results for the form factors in the frame where the virtual photon momentum q^+ = 0 are given in Section 5. The summary and discussion are given in the last section.

2 Wave Function of the Nucleon

In the static case the nucleon wave function with SU(6) symmetry can be written as 1 √ 2 (χ_ρΦ_ρ + χ_λΦ_λ)ψ_0, (1)

where χ_ρΦ_ρ corresponds to the scalar-isoscalar component of the nucleon and χ_λΦ_λ to the vector-isovector quark pair part. This wave function can be rewritten in quark-diquark form as |p^↑⟩ = 1 √ 18 [(2V^↑_{11}d^↓ − √ 2V^→_{11} d^↑ − √ 2V^↑_{10}u^↓ + V^→_{10} u^↑) sin α + 3S_{00}u^↑ cos α], (2)

where the V are axial-vector diquark amplitudes and S is the scalar diquark amplitude. The explicit form of the V and S is given in Ref. [22]. If we set α = π/4, then Eq. (2) reduces to Eq. (1), that is, the permutation symmetry is restored.

Following KW [13], the two parts of the wave function in the nonstatic case become

χ_ρΦ_ρ → N_S ( q̄_1γ_5ıτ_2Cq̄^T_2 ) (q̄_3N_λ) ;

χ_λΦ_λ → N_V ( q̄_1γ^μτ ıτ_2Cq̄^T_2 ) · (q̄_3γ_μτ γ_5N_λ) , (3)

where a sum over quark permutations is implied. Here C = ıγ^2γ^0 is the charge conjugation matrix, N_S , N_V are the normalization constants of the diquark wave functions. Also N_λ = [P ]u_λ with u_λ(P ) the Dirac-spinor of the nucleon and [P ] denotes γ · P + m_N with m_N the nucleon mass, q_i = [P ]u_i with u_i the quark spinors; a factor [P ] with each quark spinor appears with the Melosh rotation of the nonrelativistic spin wave function to the light cone. This is derived in detail in Sect. IV.A of Ref. [23].

Here we recognize q̄_1γ_5ıτ_2Cq̄^T_2 and q̄_1γ^μτ ıτ_2Cq̄^T_2 as the scalar and axialvector diquarks from the NJL model [24]. Thus, the nucleon wave function can be written as (see the initial quark-diquark vertex in Fig. 1) |N⟩ = f_S φ_S (x, k_⊥)u(k)O_S u_λ(P ) + f_V φ_V (x, k_⊥)ϵ^i_αu(k)O^α_V τ^i √ 3 u_λ(P ), (4) O_S = 1, O^α_V = (γ^α + P^α/M)γ_5 , (5)

where φ_S , and φ_V are the scalar and axialvector radial diquark wave functions and ϵ_α is the axialvector diquark polarization vector, and k^μ is the quark four-momentum. If coupling constants f_S and f_V is free completely, there will be a common factor, which will give a non-one charge of proton, so they must be constrained to give correct charge of proton. Our wave function is similar to that of Kroll et al. [17] and its basic diquark properties are consistent with those of other authors [24, 25].

From Eq. (4) we can introduce an effective Lagrangian for the quark-diquark-nucleon coupling as in Ref. [15] for the three-quark model

L_{qDN} = f_S ψ(k_1)O_S ψ_N (P )ϕ_S (k_2)Λ_S + f_V ψ(k_1)O^α_V (k_2) τ √ 3 ψ_N (P ) · ϕ_{V α}(k_2)Λ_V , (6) O_S = 1, O^α_V = (γ^α + ı∂^α/M)γ_5, (7) where ψ, ψ_N , ϕ_S and ϕ^α_V are the quark, nucleon and scalar and axialvector diquark fields, respectively. The vertex functions Λ_S and Λ_V in Eq. (6) will be connected with the wave functions φ_S (x, k_⊥) and φ_V (x, k_⊥) later. In this work we adopt the same form for Λ_S and Λ_V .

The Feynman rules of the diquark are presented in Table 1.

Table 1: Feynman rules of the diquark. S V SqN V qN SγS V γV ı p^2−m^2_S − ıδ_{ij}g_{αβ} p^2−m^2_V ıfS fV O α V τ^i√ 3 1 3 Γ^μ_S T r[τ_ie_qτ_j ]Γ^μ_{V αβ}

The coupling of the virtual photon to a diquark is given as [17, 25]

Γ^μ_S = −ı(p_1 + p_2)^μ, (8) Γ^μ_{V αβ} = ı { g_{αβ} (p_1 + p_2)^μ − (1 + κ)g^μ_α(p_1 − p_2)_β − (1 + κ)g^μ_β (p_2 − p_1)_α } (9) with κ the anomalous contribution of the magnetic moment of the axialvector diquark, p_2 the final momentum and p_1 the initial momentum of the diquark. Here, we have used the ’t Hooft-Feynman gauge parameter ξ = 1, as in Keiner [25], which ensures the zero charge of the neutron.

3 Form Factors of the Nucleon

The electromagnetic form factors of the nucleon are conventionally defined in terms of the electromagnetic current matrix elements, ⟨Nλ^′|J^μ|Nλ⟩ = −ıeū_λ′(P^′) [ γ^μF_1(q^2) + 1 4m_N q_ν [γ^ν , γ^μ]F_2(q^2) ] u_λ(P ) (10)

with q = P^′ − P , P^′ and P the final and initial total momentum.

Figure 1: Feynman diagrams for the nucleon current in case a photon strikes the quark. The case of a photon striking the diquark is analogous.

The form factors F_i(q^2) can be determined from the J^+ matrix elements, F_1 = m_N √ p^+_i p^+_f

J^+_{↑↑} + m_N √ p^+_i p^+_f m_N q^{+2} Q^3_L J^+_{↑↓},

F_2 =

4m^2_N √ p^+_i p^+_f Q^3_L

J^+_{↑↓}, (11) where Q^3_L = (p_{Li}p^+_f + p_{Lf} p^+_i )q^+ − 2p^+_f p^+_i q_L. If q^+ = 0, the form factor is obtained in the so-called Drell-Yan-West frame.

The Sachs form factors are G_E (q^2) = F_1(q^2) + q^2 4m^2_N

F_2(q^2), G_M (q^2) = F_1(q^2) + F_2(q^2). (12) The form factor problem is now reduced to calculating the matrix elements J^+_{λλ}′ = ∫ d^4k (2π)^4

Λ(k^′_2)S^+_{λλ}′ Λ(k_2) D(k^′_2)D(k)D(k_2 )

, (13) as shown in Fig. 1. Here Λ(k^′_2) and Λ(k_2) are the vertex functions Λ_S or Λ_V given in Eq. (6), and D(k) = k^2 − m^2_1 + iε, D(k^′_2) = k^{′2}_2 − m^2 + iε = (P^′ − k)^2 − m^2 + iε, D(k_2) = k^2 − m^2 + iε = (P − k)^2 − m^2 + iε. (14)

The spinor part S^+_{λλ}′ can be obtained from the Feynman rules in Table 1 and Fig. 1. If a photon strikes the quark, the quark is labeled as particle 2, with the spinor parts S^μ_{qS} = −ı⟨f|[k^′_2]e_qγ^μ[k_2]|i⟩, (15)

S^μ_{qV} = ıδ_{ij}g_{αβ} ⟨f|Ō^α_V τ^{i†} √ 3 [k^′_2]e_qγ^μ[k_2]O^β_V τ^j √ 3 |i⟩ (16) in the numerator of Eq. (13) for the current matrix element, where we use the notation [p] = γ · p + m, as earlier for [P ], and Ō = γ^0O^†γ^0.

If the virtual photon strikes the diquark, the diquark is labeled as particle 2 with the spinor parts S^μ_{DS} = ⟨f|[k]|i⟩ 1 3 Γ^μ_S , (17)

S^μ_{DV} = ⟨f|Ō^α_V τ^{i†} √ 3 [k]O^β_V τ^j √ 3 |i⟩T r[τ_ie_qτ_j ]Γ^μ_{V αβ}, (18) with Γ^μ_S , Γ^μ_{V αβ} from Eqs. (8,9). Compared with the three-quark model, only Fig. 1(a) and 1(d) of Ref. [15] remain in the diquark model because we regard the diquark as a pointlike particle so that such details of its internal structure are no longer relevant.

From an explicit calculation we recognize the same isospin parts as in Kroll et. al. [17]. For example, the isospin part of Eqs. (15-18) for the proton is e_u, e_u + 2e_d, e_{ud}, e_{ud} + 2e_{uu} respectively, where e_{ud}, e_{dd}, e_{uu} are the electric charges of the diquarks as given in Ref. [22].

4 Zero Mode Analysis

In order to search for zero modes, we now integrate the current matrix element over k^− in Eq. 13 in the valence and nonvalence regions corresponding to Fig. 1 (b) and (c) In frame where q^+ > 0.

4.1 Integration in the Valence Region

In the valence region, characterized by 0 < k^+ < P^+, there is only one pole k^− = k^−_{on} = (m^2_1 + k^2_⊥ − ı)/k^+ located in the lower half of the complex k^−-plane. Thus, we can integrate over k^− by Cauchy’s formula which yields

J^+_{λλ}′ = ∫ d^4k (2π)^4 h(k^′_2)S^+_{λλ}′ h(k_2) (k^{′2}_2 − m^2 + ıϵ)(k^{′2}_2 − Λ^{′2} + ıϵ)(k^2 − m^2 + ıϵ)(k^2 − Λ^2 + ıϵ)(k^2 − m^2_1 + ıϵ) = 2πı ∫_1 0 dx dk^2_⊥ 2(2π)^4xx^2x^{′2}_2 h(k^′_2)S^+_{λλ}′ h(k_2)|_k−_{=k}−_{on} (M^2_f − M^{′ 2}_0 )(M^2_f − M^{′ 2}_Λ′ )(M^2_i − M^2_0 )(M^2_i − M^2_Λ)

(19)

where M^2_0 =^{k2⊥+m2}_{x2} +^{k2⊥+m21}_x , M^{′2}_0 =^{k′ 2⊥ +m2}_{x′2} +^{k′ 2⊥ +m21}_{x′} , M^2_Λ =^{k2⊥+Λ2}_{x2} +^{k2⊥ +m21}_x , M^{′ 2}_Λ′ =^{k′ 2⊥ +Λ′ 2}_{x′2} +

k^{′ 2}_⊥ +m^2_1 x^′ with x = k

+/P^+, x_2 = 1 − x, x^′ = k^+/P^{′ +} = x/α, x^′_2 = 1 − x^′, k^′_⊥ = k_⊥ − x^′q_⊥. Here we adopt P_⊥ = 0, and M_f and M_i are the mass of the initial and final states, i. e. the nucleon mass. We use a Pauli-Villars regulator Λ in Λ(k_2) = h(k_2)/(k^2 − Λ^2 + ıϵ), where Λ plays a role of momentum cutoff, to make the integration in Eq. (19) and Eq. (24) below finite [8, 21]. From Eq. (19) we see that, if all the poles arising from Λ(k_2), such as more Pauli-Villars fields, lie in the upper half of the complex k^−-plane, the explicit form of Λ(k_2) has no effect on the result in the valence region provided the definition as Eq. (22) are chosen to include all factor from Λ(k_2) to definition. A more explicit discussion of Pauli-Villars fields can be found in Ref. [26] in detail.

We can connect the integration in the valence region obtained above to the form of Ref. [13] directly by using the spin sum

2m[p] = ∑ λ u_λ(p)ū_λ(p). (20)

For example, S^μ_{qS} √ x^′_2x_2 = −ı⟨f| [k^′_2] √ x^′_2 e_qγ^μ [k_2] √ x_2 |i⟩ ∝ ū_f u(k^′_2) ū(k^′_2) √ k^+_2 e_qγ^μ u(k_2) √ k^{′+}_2 ū(k_2)u_i (21)

obviously is a current density^{ū(k′2)}√_{k+2} e_qγ^{μ u(k2 )}√_{k′+2} between two vertices ū_f u(k^′_2) and ū(k_2)u_i in

Eq. 4. Then we let 1 √ 2(2π)^3 h(k_2) (m^2_N − M^2_0 )x_2(m^2_N − M^2_Λ)

= φ(x_2, k_{2⊥}), (22)

where h(k_2)/[x_2(m^2_N − M^2_Λ)] corresponds to Λ(k_2) before integration. φ(x_2, k_{2⊥}) is just the usual radial wave function in eq. (4). So if we use a Λ(k_2) without pole, our definition of φ(x_2, k_{2⊥}) is the same as the one used by Araujo et. al. [15]. And only with such a definition do the x, x_2 x^′_2 that are left give an invariant phase-space volume element, dΓ = d^2k_⊥d^2k_{2⊥}δ(k_⊥ + k_{2⊥})dxdx_2/(xx_2)δ(x + x_2 − 1) in the Drell-Yan-West frame [13].

We find for the valence region results similar to Ref. [13]. In the three-quark model the results with the integration as in this work are the same as the results in Ref. [13] because all terms with [p] are on-shell so that they can be evaluated as ∑ λ u_λ(p)ū_λ(p).

In the q^+ = 0 frame, that is, the Drell-Yan-West frame, J^+_{λλ}′ can be obtained by the limit J^{+DY W} λλ^′ = limα→1 J + λλ^′ . (23)

In the valence region corresponding to Fig. 1 (b), when α → 1, then x^′ → x, x^′_2 → x_2, and so on. We then find that J^{+DY W}_{λλ}′ is obtained from the wave function in Eq. (2) and the free quark current density^{ū(k′2)}√_{k+2} e_qγ^{μ u(k2 )}√_{k′+2} or the diquark current in Eqs. (8, 9) as usual. From Eq. (19) we see that, if a pole of Λ(k_2) arises from (k^2 − m^2 + ıϵ), where m = m_2, Λ, etc, it will lie in the upper half of the complex k^−-plane. Thus, the explicit form of Λ(k_2) has no effect on the integration in the valence-quark region provided the diquark structure function h(k_2) is chosen appropriately, as will be discussed below.

4.2 Integration in the Nonvalence Region

The nonvalence region is characterized by P^+ < k^+ < P^{′+} kinematically. We can recognize Fig. 1 (c) as a pair creation process in the nonvalence region from the orientation of the momentum. Thus, the nonvalence contribution corresponds to a Z-diagram in the threequark model if the virtual photon strikes a quark and corresponds to a double Z-diagram if the virtual photon strikes the diquark. Thus dynamically, the nonvalence region can no longer be described by a wave function. In the Drell-Yan-West frame there is no such contribution to the J^+ current component, so it must vanish when q^+ → 0, that is, α → 1. Otherwise there would be a so-called zero mode contribution.

In the nonvalence region there are two poles located in the lower half of the complex k^−-plane when we integrate the current density over k^− by Cauchy’s formula to yield

J^+_{λλ}′ = ∫ d^4k (2π)^4 h(k^′_2)S^+_{λλ}′ h(k_2) (k^{′2}_2 − m^2 + ıϵ)(k^{′2}_2 − Λ^{′2} + ıϵ)(k^2 − m^2 + ıϵ)(k^2 − Λ^2 + ıϵ)(k^2 − m^2_1 + ıϵ) = 2πı ∫_α 1 dx dk^2_⊥ 2(2π)^4xx^{′′2}x^′_2 1 Λ^{′2} − m^2 { h(k^′_2)S^+_{λλ}′ h(k_2)|_{k−=p}−_{f −k}′ −_{2on} (M^2_f − M^{′2}_0 )(q^2 − M_{m2 m2} )(q^2 − M_{m2 Λ}) − h(k^′_2)S^+_{λλ}′ h(k_2)|_{k−=p}−_{f −k}′ −_{2Λ} (M^2_f − M^{′2}_Λ′ )(q^2 − M_Λ′_{m2} )(q^2 − M_Λ′_Λ)

}, (24)

where x^{′′} = x_2/(1−α), k^{′′}_⊥ = k_⊥ −x^{′′}q_⊥, M_{m2 m2} =^k ′′ 2 ⊥ +m^2 1−x^{′′} + k^{′′ 2}_⊥ +m^2 x^{′′} , Mm^2 Λ = k^{′′ 2}_⊥ +m^2 1−x^{′′} + k^{′′ 2}_⊥ +Λ^2 x^{′′} , M_Λ′_{m2} =^{k′′ 2⊥ +Λ′ 2}_{1−x′′} +^{k′′ 2⊥ +m2}_{x′′} , M_Λ′_Λ =^{k′′ 2⊥ +Λ′ 2}_{1−x′′} +^{k′′ 2⊥ +Λ2}_{x′′} .

If there are more Pauli- Villars fields used, that is, Λ(k_2) = h(k_2)/ ∏ i(k^2 − Λ^2_i + ıϵ), we can use relation 1 (k^2 − Λ^2_i + ıϵ)(k^2 − Λ^2_j + ıϵ) = 1 Λ^2_i − Λ^2_j ( 1 k^2 − Λ^2_i + ıϵ − 1 k^2 − Λ^2_j + ıϵ ) (25)

to split the integration to the sum of integration as Eq. (24).

Now we connect the integration in the nonvalence region contribution to the form of Ref. [13]. In the valence region we used the spin sum 2m[p] = ∑ λ u_λ(p)ū_λ(p). However, in the nonvalence region we have x_i = x − 1 for initial part, so we should define k_2 as k − P, and not P − k as k_2, that is, all k_2 should be replaced by −k_2. For example, S^μ_{qS} √ x^′_2x_2 = −ı⟨f| [k^′_2] √ x^′_2 e_qγ^μ [−k_2] √ x_2 |i⟩ ∝ ū_f u(k^′_2) ū(k^′_2) √ k^+_2 e_qγ^μ v(k_2) √ k^{′+}_2 v̄(k_2)u_i (26)

using the spin sum 2m[−p] = − ∑ λ v_λ(p)v̄_λ(p). (27)

Obviously, this is a current density^{ū(k′2)}√_{k+2} e_qγ^{μ v(k2 )}√_{k′ +2} between two vertices ū_f u(k^′_2) and v̄(k_2)u_i. Hence the nonvalence region contribution is just the virtual pair creation process.

Because h(k_2) functions in both regions are from the same one in Eq. (13) we can still define h(k_2) as 1 √ 2(2π)^3 h(k_2) (m^2_N − M^2_0 )x_2(m^2_N − M^2_Λ)

= φ(x_2, k_{2⊥}). (28)

However in Eq. (24) only (M^2_f − M^{′2}_0 ) and (M^2_f − M^{′ 2}_Λ′ ) occur for the final state. The vertex in the initial state is the so-called no-wave function vertex which, via Eq. (7), has a spin part different from the nucleon wave function but still a radial nucleon wave function. This vertex was also studied in Refs. [27, 28, 29]. In the work by Choi et. al. they use BS equation to connect the nonwave function vertex with the normal vertex with a kernel. In our work, we do not make explicit calculation of nonvalence contribution, so we use the results without using BS equation directly.

4.3 Recognition of Zero Modes

Now we proceed to look for a zero mode of the nucleon, that is, the spin-1/2 case. The zero mode contribution is defined as in Ref. [21]

J^+_{λλ}′_{Z.M.} = lim_{α→1} J^+_{λλ}′_{nv} . (29)

No singularities, hence zero modes, arise at x = 0. To isolate the zero mode contribution at x = 1 or x = α, we first make a transformation of the longitudinal integration variable, J^+_{λλ}′_{Z.M.} ∼ lim_{α→1} ∫_α 1 dx x(α − x)[x^{′′}(1 − x^{′′})]^2 xx^{′′2}x^′_2 h(k^′_2)S^+_{λλ}′ h(k_2)[...]

= lim_{α→1} ∫_α 1 dx α(α − x)^2 (1 − α)^2 h(k^′_2)S^+_{λλ}′ h(k_2)[...]

= lim_{α→1}

∫_1 0 dz α(α − 1)(1 − z)^2h(k^′_2)S^+_{λλ}′ h(k_2)[...] (30)

where x = 1 − z(1 − α) and x^{′′} = (1 − x)/(1 − α) = z. So, both α − x and 1 − x can give a factor 1 − α. Hereafter we identify α − x and 1 − x, when we consider the zero mode contribution. Our analysis at the endpoint 1 − x will be based on counting powers of 1 − x in the integrand of Eq. (30).

Now we take

φ(x_2, k_{2⊥}) = 1 √ 2(2π)^3

Λ^2 (m^2_N − M^2_0 )x_2(m^2_N − M^2_Λ)

. (31)

that is, h(k_2) = Λ^2 and h(k^′_2) = Λ^{′2}, which is just the form used by Choi et. al [21] as a starting point of their analysis, because this is the simplest choice and it means that there is no complicated internal structure in the vertex. Then the key to recognizing a zero-mode contribution is the spinor part S^+_{λλ}′ in Eq. (13). Using Table IV in Ref. [13], it is easy to count (1 − x)^n factors in S^+_{λλ}′ , with (1 − x) coming from x^′_2 or x_2. Every [k_{2on}] or [k^′_{2on}] in S^+_{λλ}′ leads to a term with the factor (1 − x)^{−1}, where k_{2on} or k^′_{2on} are the momenta before and after the photon strikes the quark or diquark. Adjacent [k_{2on}] and [k^′_{2on}] terms (that is, without another [p_{on}] between them) give a single factor (1 − x) because A^±_{ik} or K^{R,L}_{ik} in Eq. (A11) in Ref. [14] will give a (1 − x) factor when q → 0. The γ^+ and γ^− between [k_{2on}] and [k^′_{2on}] give a factor (1 − x) and (1 − x)^{−1}, respectively, and γ^+ between [k_{2on}] and [k^′_{2on}] gives a factor (1 − x). In contrast, γ^+ and γ^− in other cases and other γ’s, such as γ_5, γ^L, do not give rise to terms with factors (1 − x)^n.

Applying this power counting technique to the following example, when the spinor part is given by [21]

S^+_h = T r[[k^′_2]γ^+(1 − γ_5)[k_2][k]γ_5ϵ^∗ · Γ] = T r[[k^′_{2on}]γ^+(1 − γ_5)[k_{2on}][k_{on}]ϵ^∗ · Γγ_5] + T r[[k^′_{2on}]γ^+(1 − γ_5)[k_{2on}]γ^+ϵ^∗ · Γγ_5] 1 2 (k^− − k_{on}), (32)

where Γ^μ = γ^μ − (k + k^′)^μ/D and ϵ_α is a polarization vector, then in both lines after the second equality sign, the (1 − x)^{−2} from [k^′_{2on}] and [k_{2on}] is canceled by γ^+(1 − γ_5) and the adjacent [k^′_{2on}] and [k_{2on}] terms. For the ϵ^∗ · γ part of ϵ^∗ · Γ in the first line, there will be (1 + x) and (1 − x)^0 from ϵ^{∗−}γ^+γ_5 (or ϵ^{∗−}γ^−γ_5) and ϵ^∗ · γγ_5 respectively. However ϵ^∗ · (k + k^′) in the D term will give a (1 − x)^{−1} term. For the ϵ^∗ · γ part of ϵ^∗ · Γ in the second line, the γ^+ from ϵ^∗ · Γ disappears because of the other γ^+ using γ^{+2} = γ^+. The trace will let [k^′_{2on}] and [k_{2on}] become adjacent again. So, the (1 − x)^{−1} from^1_2 (k^− − k_{on}) will be canceled. Then there will be (1 − x) and (1 − x)^0 from γ^+ϵ^∗ · γγ_5 and γ^+ϵ^{∗+}γ^−γ_5, respectively. Thus, a zero mode has to come from D in Γ^μ in (1 − x)^0 order.

We now use the same method to analyze S_{qS} , S_{qV} , S_{DS} , S_{DV} of Eqs. (15-18). For S_{qS} the analog of Eq. (32) is [k^′_2]e_qγ^μ[k_2] from Eq. (15) in which the (1 − x)^{−2} from [k^′_{2on}] and [k_{2on}] is canceled by the γ^+ matrix element and the adjacent [k^′_{2on}] and [k_{2on}] terms. The same applies to S_{qV} , where the analog of Eq. (32) is Ō^α_V [k^′_2]e_qγ^μ[k_2]O^α_V from Eq. (16). For S_{DS} in Eq. (17), the instantaneous part of the term [k], which comes from the quark propagator, is γ^+(M^2 − M^{′2})/2P^{′ +}, which will give a (1 − x)^{−1} factor. This (1 − x)^{−1} factor will be canceled by that from (k_2 + k^′_2)^+. Since there is already a factor 1 − α in Eq. 30, there will be no zero mode from S_{qS} , S_{qV} and S_{DS} .

Now we consider the spinor part S_{DV} whose analog of Eq. (32) is Ō^α_V^{τ i†√}_3 [k]O^β_V^{τ j√}_3 T r[τ_ie_qτ_j ]Γ^μ_{αβ} of Eq. (16) with Γ^μ_{αβ} from Eq. (9). As far as g_{αβ}(p_1 + p_2)^μ in Γ^μ_{αβ} is concerned, (p_1 + p_2)^μ can cancel the (1 − x)^{−1} factor from [k] as in S_{DS} . However, for (1 + κ)(g^μ_αq_β − g^μ_β q_α), the factor (1 − x)^{−1} can not be canceled. Hence, if we remember that h(k^′_2) and h(k_2) are constant, as in Choi et. al. [21], there is a zero mode contribution in (1 − x)^0 order from S_{DV} .

From the above analysis, with a constant h(k_2), there will be zero mode. Obviously, if we choose φ(x_2, k_{2⊥}) to let h(k_2) have a pole, that is, have a factor (1 − x)^n with n < 0, there will be a higher order zero mode while if h(k_2) has a factor (1 − x)^n with n > 0, which could reduce h(k_2) after the transformation in Eq. (30) to zero, the zero modes will disappear.

In the current matrix element, Eq. (24), the term [k] comes from the quark propagator whose instantaneous part is γ^+(M^2 − M^{′2})/2P^{′ +}. Hence the corresponding instantaneous spinor part S^+_{DV inst} = ⟨f|Ō^α_V τ^{i†} √ 3 [k]_{inst}O^β_V τ^j √ 3 |i⟩T r[τ_ie_qτ_j ]Γ^+_{αβ}

= ı⟨N| τ^{i†} √ 3 τ^j √ 3 |N⟩T r[τ_ie_qτ_j ](M^2 − M^{′ 2})/2P^{′ +} · ū_λ′ γ_5(γ^α + P^{′ α}/M)γ^+ (γ^β + P^β/M)γ_5 u_λ · { g_{αβ}(p_1 + p_2)^+ + (1 + κ)g^+_α (k^′_2 − k_2)_β − (1 + κ)g^+_β (k^′_2 − k_2)_α }

∼ ı(1 + κ)⟨N| τ^{i†} √ 3 τ^j √ 3 |N⟩T r[τ_ie_qτ_j ](M^2 − M^{′2})/2M · ū_λ′ [γ^+γ · q − γ · qγ^+ − γ^+q^2/M]u_λ = C(1 + κ)(M^2 − M^{′2})

P^+q^2/M^2, λ^′ = 1/2, λ = 1/2 2P^+q_L/M, λ^′ = 1/2, λ = −1/2

(33)

where C = ı⟨N|^{τ i†√}_3^{τ j√}_3 |N⟩T r[τ_ie_qτ_j ], M^{′ 2} = M^{′ 2}_0 or M^{′2}_Λ′ . After ∼, we have omitted all higher order terms of (1 − α) because they will vanish when q^+ → 0. Hence there is clearly a zero mode in S_{DV} , when q^+ → 0.

4.4 Numerical Estimate of the Zero Mode

To give an estimate of the zero mode, in Fig 2 we present the valence and nonvalence contribution of J^+_{DV} (Q^2)/J^+_{DV} (0) in the q^+ → 0 limit with h(k^′_2) and h(k_2) taken as constants using Eqs. (19, 24, 33). The valence contribution can be calculated using Eqs. (18, 19) directly. The nonvalence contribution can be obtained from Eqs. (18, 24) and the terms involving a zero mode have been given in Eq. (33). Here we use a mass m_q = 0.43 GeV for the u (d) quark as in Refs. [19, 21] and a diquark mass of m_D = 0.6 GeV . We also adopt Λ = Λ^′ = 1.5 GeV . For both cases, the nonvalence contribution is visible. In the case λ = 1/2,λ^′ = 1/2 in Fig. 2(a), the nonvalence contribution increases with Q^2 and will cross the valence contribution at about −q^2 = 4 GeV^2. The non valence contributions will decrease slowly after about Q^2 = 8 GeV^2. Hence the zero mode is far from negligible.

This power counting method we used is not required in the spin-1 meson case because the trace can be evaluated. However in the spin-1/2 case, this is difficult to do especially in the three quark model.

Figure 2: J^+_{DV} (Q^2) in the valence and nonvalence regions divided by J^+_{DV} (0) in the valence region. (a) is for the case λ = 1/2,λ^′ = 1/2 and (b) for the case λ = 1/2,λ^′ = −1/2. The full line is for the valence contribution, the dashed line for the nonvalence contribution.

5 Numerical Results

In Sec. 4, we have found that if the wave functions are chosen to let h(k_2) and h(k^′_2) be constants, there will be a zero mode arising when q^+ → 0, i. e. the Drell-Yan-West frame is used, which indicates that the nonvalence contribution must be considered. In the meson case, there are many works calculating a nonvalence contribution [27, 28, 29]. It would also be interesting to study the nonvalence contribution in the timelike region where q^2 > 0 so that we must use a frame with q^+ > 0. However in this paper, we focus on the spacelike region where q^2 < 0 so that Drell-Yan-West frame can be used. In case h(k_2) and h(k^′_2) are not constant, from the analysis in Sec. 4 we can choose these wave functions to remove zero modes.

We calculate numerical results in the Drell-Yan-West frame defined by q^+ = 0. In this work we use for the wave functions φ_S (x, k_⊥) and φ_V (x, k_⊥) in Eq. 4 both the Gaussian parametrization

φ(x, k_⊥) = N exp(−M^2_0 /8β^2) , (34) and the negative power parametrization indicated by the form factor of Ref [30].

φ(x, k_⊥) = N (ω^2 + M^2_0 )^{−3.5} , (35)

where N is a normalization constant. Inserting the Eq. (34) to Eqs. (31, 24), from Eq. (30), we can find that the Gaussian form removes any zero mode because of M^2_0 ∼ (x − 1)^{−1} (Here we note that in the nonvalence region x_{2i} = x − 1 ≥ 0 and x_{2f} = α − x ≥ 0 as given in fig. 1(b), which ensures M^2_0 > 0 when q^+ → 0). The negative power shape wave functions will also remove the zero mode because h(k_2) and h(k^′_2) determined by this wave function will generate a (x − 1)^5 factor in Eq. (30).

The mass of the quark and diquark are chosen as m_N /3 and 2m_N /3, respectively, and κ = 1.6 as in Ref. [25] (in fact, the results are not sensitive to κ). From our calculations we find the results are more sensitive to the coupling constants f_S and f_V . In the works using direct Melosh rotation[11, 31], the proton charge can be obtained automatically. However, as discussed in Sec 2, we let the scalar diquark coupling constant f_S determined by G^p_C (0) = 1. In Refs. [13, 32], they also normalized the wave function to charge one of proton. The free parameters left are f_V , β for the Gaussian type and ω for negative power type wave functions. The zero charge of the neutron is guaranteed by the formula we used, that is, it is not fitted.

The parameters characterizing various fits are given in Table II.

Table 2: Parameters for Gaussian type wave function (Gau) and for negative power one (NP). m_q(MeV ) m_D(MeV ) κ β(MeV ) ω(MeV ) Gau 313 626 1.6 225 −− NP 313 626 1.6 −− 100

We present the charge and magnetic radii and magnetic moment of the nucleon with different f_V in Table III.

Table 3: Charge and magnetic radii and magnetic moments for different values f_V . The data are from Refs [33, 34, 35, 36].

f_V (MeV ) r^p_C (fm) r^p_M (fm) r^{2n}_C (fm^2) r^n_M (fm) μ_p(μ_N ) μ_n(μ_N ) Gau I 80 0.804 0.834 −0.262 0.861 2.225 −1.009 NP I 80 0.821 0.855 −0.274 0.882 2.228 −1.013 Gau II 100 0.821 0.820 −0.284 0.850 2.427 −1.075 NP II 100 0.836 0.837 −0.295 0.868 2.428 −1.078 Gau III 130 0.854 0.796 −0.325 0.832 2.814 −1.201 NP III 130 0.872 0.816 −0.339 0.852 2.811 −1.203 Exp. −− 0.870(8) 0.855(35) −0.116(2) 0.873(11) 2.793 −1.913

As in the work of Kroll et al. [17], the results for the proton are better than those for the neutron. The charge and magnetic radii and magnetic moment are close to the data with f_V = 130 MeV . The magnetic moment of the neutron is too small, while the charge radius is too large, as is the case with other authors.

The electromagnetic form factors of the nucleon are shown in Fig. 3. Since the experimental magnetic form factors and the electric form factor of the proton are well described by a dipole fit

G^p_E (Q^2) = G^p_M (Q^2)/μ_p = G^n_M (Q^2)/μ_n = F_D(Q^2) = ( 1 + Q^2 m^2_D )_{−2} (36)

with m^2_D = 0.71 GeV^2.

In Fig. 3, we present G^p_E (Q^2), G^p_M (Q^2)/μ_p and G^n_M (Q^2)/μ_n divided by F_D(Q^2) and the charge form factor of the neutron, G^n_E (Q^2)/μ_p, with f_V = 100 MeV . The magnetic form factors of the proton and neutron are close to the dipole form with both wave functions while G^p_M (Q^2)/μ_n is lower than the dipole form, which is consistent with Jefferson Lab

Figure 3: Form factors of the nucleon. (a) and (b) are for the Gaussian type and negative power type wave functions with f_V = 100 MeV, respectively.

data [37, 38, 39]. The magnetic form factor of the neutron is a bit too high.

In Fig. (4), we present the ratio μG^p_E /G^p_M with different f_V compared with recent data from Jefferson Lab. With all f_V , the ratio will decrease in the higher Q^2 region and the falloff is too fast. There are similar results for the three-quark model in Ref [15]. The difference between the data and experiments may arise from the simplistic wave functions we use and omission of the intrinsic form factors of quarks and diquarks. In Fig. (4) we also find that the momentum transfer Q^2, where the electric form factor of the proton crosses zero, increases with increasing f_V .

6 Summary and Discussion

We have given a relativistic diquark model of the nucleon using the KW method. We calculate the electromagnetic form factors of the nucleon taken as a scalar and axialvector diquark bound state. In this work we do not consider the effect of scalar-vector transitions and pion or gluon exchange effects, which may improve the numerical results. The charge and magnetic

Figure 4: The ratio μG^p_E /G^p_M . The thick and thin lines are for the Gaussian type and negative power type wave functions with f_V = 80 MeV (full), 100 MeV (dashed), 130 MeV (dotted) respectively. Experimental data are from Refs. [37, 38, 39].

radii and magnetic moment of the proton can be reproduced, while the magnetic moment of the neutron is too small. The shape of the form factors G^p_M (Q^2)/μ_p and G^n_M (Q^2)/μ_n can be reproduced also. The zero charge form factor of neutron at Q^2 = 0 (neutron charge) is guaranteed by the formalism we used.

There will be a zero mode in electromagnetic form factors of the nucleon arising from the instantaneous part of the quark propagator if we adopt φ(x_2, k_{2⊥}) to let h(k_2) have (1 − x)^n with n ≤ 0. In our numerical calculation, we find that the zero mode cannot be neglected. Hence the quark-diquark-nucleon vertex functions must be chosen to remove the zero mode to ensure the correct results in the Drell-Yan-West frame.

Acknowledgements

We thank Tobias Frederico for a useful discussion. This work is supported by the National Natural Science Foundation of China (No. 10075056 and No. 90103020), by CAS Knowledge

Innovation Project No. KC2-SW-N02.

References

[1] Dirac P A M 1949 Rev. Mod. Phys. 49 392 [2] Carbonell J, Desplanques B, Karmanov V and Mathiot J-F 1998 Phys. Rep. 300 215 [3] Lev F M 1993 Riv. Nuovo Cim. 16 1

Lev F M 1995 Ann. Phys. (N.Y.) 237 355 [4] Keister B D and Polyzou W N 1991 Adv. Nucl. Phys. 20 225 [5] Dziembowski Z and Mankiewicz L 1987 Phys. Rev. Lett. 58 2157 [6] Chung P L, Coester F and Polyzou W N 1988 Phys. Lett. B558 545 Chung P L, Coester F and Polyzou W N 2005 Phys. Rev. C71 028202 [7] Jaus W 1990 Phys. Rev. D41 3394

Jaus W 1996 Phys. Rev. D53 1349-1365, 1996 Erratum-ibid.D54 5904 [8] Melo J P B C de and Frederico T 1990 Phys. Rev. C55 2043

Melo J P B C de, Frederico T, Pace E and Salme G 2004 Phys. Lett. B581 75-81 [9] Cardarelli F, et al. 1995 Phys. Lett. B349 393

Melikhov D and Simula S 2002 Phys. Rev. D65 094043 [10] Krutov A F and Troitsky V E 2002 Phys. Rev. C65 045501 [11] Capstick S and Keister B D 1995 Phys. Rev. D51 3598 [12] Chung P L and Coester F 1991 Phys. Rev. D44 229 [13] Konen W and Weber H J 1990 Phys. Rev. D41 2201

[14] Stanley R H and Weber H J 1995 Phys. Rev. C52 435 [15] Araujo W R B de, Suisso E F, Frederico T, Beyer M and Weber H J 2000 Phys. Lett.

B478 86-93 Araujo W R B de, Suisso E F, Frederico T, Beyer M and Weber H J 2001 Nucl. Phys. A694 351-371 [16] Oettel M, Alkofer R and Smekal L von 2000 Eur. Phys. J. A8 553-566 Cloet I C , Bentz W and Thomas A W 2005 preprint hep-ph/0504229 [17] Kroll P, Pilsner T, Schurmann M, and Schweiger W 1993 Phys. Lett. B316 546-554 [18] Melo J P B C de, Sales J H, Frederico T and Sauer P U 1998 Nucl. Phys.A631 574C [19] Melo J P B C de, Frederico T, Naus H W L and Sauer P U 1999 Nucl. Phys. A660 219-231 [20] Jaus W 1999 Phys. Rev. D60 054026

Jaus W 2003 Phys. Rev. D67 094010 [21] Bakker B L G, Choi H M and Ji C-R 2002 Phys. Rev. D65 116001

Bakker B L G, Choi H M and Ji C-R 2003 Phys. Rev. D67 113007 Choi H M, and C-R Ji 2004 Phys. Rev. D70 0530015 Choi H M, and C-R Ji 2005 Phys. Rev. D72 013004 [22] Pavković M I 1976 Phys. Rev. D13 2128 [23] Beyer M, Kuhrts C and Weber H J 1998 Ann. Phys. (N.Y.) 269 129 [24] Reinhardt H 1990 Phys. Lett. B244 316

Meyer H 1994 Phys. Lett. B337 37 Ishii N, Bentz W and Yazaki K 1995 Nucl. Phys. A 578 617 [25] Keiner V 1996 Phys. Rev. C54 3232-3239

[26] Paston S A and Franke V A 1997 Theor.Math.Phys.1121117 [27] Cheung C Y, Hwang CW and Zhang W M 1996 Z. Phys. C75 657 [28] Ji C R and Choi HM 2001 Phys. Lett. B513 330 [29] Hwang C W 2002 Phys Lett B530 93 [30] Santopinto E, Iachello F and Giannini M M 1998 Eur. Phys. J. A1 307 [31] Cardarelli F, Pace E, Salme E and Simula S 1995 Phys.Lett.B357267 [32] Gross F and Abgapke P, e-Print Archive: nuc-th/0411090 [33] Eidelman S, et. al. 2004 Phys. Lett. B592 1 [34] Sick I 2003 Phys. Lett. B576 62 [35] Kubon G, et. al. 2002 Phys. Lett. B524 26 [36] Hammer H W and Meissner Ulf-G 2004 Eur. Phys. J. A20 469 [37] Jones M K et al. 2002 Phys. Rev. Lett. 84 1398 [38] Gayou O et al 2001 Phys. Rev. C64 038202. [39] Gayou O et al. 2002 Phys. Rev. Lett. 88 092301