arXiv:nucl-th/0009054 20 Sep 2000

Neutral weak currents in pion electroproduction on the nucleon.

Michail P. Rekalo^∗ Middle East Technical University, Physics Department, Ankara 06531, Turkey

Jacques Arvieux IPNO, IN2P3, BP 1, 91406 Orsay, France

Egle Tomasi-Gustafsson DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France

Parity violating asymmetry in inclusive scattering of longitudinally polarized electrons by unpolarized protons with π^0 or π^+ meson production, is calculated as a function of the momentum transfer squared Q^2 and the total energy W of the πN-system. This asymmetry, which is induced by the interference of the one-photon exchange amplitude with the parity-odd part of the Z^0-exchange amplitude, is calculated for the γ^∗(Z^∗) + p → N + π processes (γ^∗ is a virtual photon and Z^∗ a virtual Z-boson) considering the Δ-contribution in the s−channel, the standard Born contributions and vector meson (ρ and ω) exchanges in the t−channel. Taking into account the known isotopic properties of the hadron electromagnetic and neutral currents, we show that the P-odd term is the sum of two contributions. The main term is model independent and it can be calculated exactly in terms of fundamental constants. It is found to be linear in Q^2. The second term is a relatively small correction which is determined by the isoscalar component of the electromagnetic current. Near threshold and in the Δ-region, this isoscalar part is much smaller (in absolute value) than the isovector one: its contribution to the asymmetry depend on the polarization state (longitudinal or transverse) of the virtual photon.

I. INTRODUCTION

Parity violation (PV) was discovered in 1956 in nuclear beta-decay by C.S. Wu [1], following a suggestion of T.D. Lee and C. N. Yang [2]. In 1960, Ya. Zeldovich [3] pointed out that PV should lead to parity-odd (P-odd) terms also in electron-hadron interactions. These are now considered as a manifestation of the electroweak interaction, whose properties are dictated by the Standard Model (SM). Several P-odd observables have since been studied , in two types of PV experiments, namely in atomic physics [4,5] (at very low energy and momentum transfer) and in electron scattering (at relatively high energies and non-zero momentum transfers).

At first, these experiments were aiming at testing the SM and measuring the Weinberg angle. A pioneering experiment was performed at SLAC on a deuterium target [6], followed 10 years later by experiments at Mainz on 9Be [7] and Bates on^{12}C [8]. Their determination of the Weinberg angle were confirmed later on, within their stated accuracy of 10%, by high energy experiments. Since sin^2 θ_W is now known to three decimal places [sin^2θ_W = 0.23124(24)] [9], the emphasis of e-p scattering today, is to make use of the SM to learn about the internal structure of the nucleon.

Until recently, it has been assumed that the nucleon was only made of u and d valence or sea quarks, but there are indications that the nucleon carries also hidden strangeness:

• the sigma-term (deduced from the pion-nucleon scattering length) is very different from the theoretical value calculated within the chiral perturbation theory (which is a realization of the SM at low energy), indicating that 35% of the nucleon mass might be carried out by strange quarks [10–12],

• experiments of polarized Deep-Inelastic-Scattering (DIS) of leptons show that up to 10-20% of the nucleon spin could be carried by strange quarks [13–16],

• elastic scattering of neutrinos and anti-neutrinos by protons can only be explained by taking into account strange quarks in the nucleon [17,18],

∗Permanent address: National Science Center KFTI, 310108 Kharkov, Ukraine

• a natural explanation of the strong violation of the OZI-rule in pp annihilation [19,20] and of ϕ- production [21] or η-meson production [22] in nucleon-nucleon interactions takes into account a nucleon (antinucleon) strange sea.

These experiments are sensitive to various aspects of nucleon structure: for example, the sigma-term and the results of N N or N N experiments are sensitive to the scalar part of the hadronic current, polarized DIS and elastic scattering of neutrinos (or anti-neutrinos) by protons are sensitive to the vector-axial current. In this respect, PV in electron-nucleon scattering seems the most attractive way of measuring the strange vector current, thanks to a clean theoretical interpretation through the SM.

The SAMPLE collaboration at MIT-Bates, has measured PV asymmetries in ⃗ep elastic scattering at Q^2= 0.1 (GeV /c)^2 (Q^2 = |k^2| = −k^2, where k is the four-momentum transfer squared) and large angle [23], which allowed them to obtain the first experimental determination of the weak magnetic form-factor of the proton. From this measurement and the knowledge of the proton and neutron electromagnetic form-factors, one could extract a strange magnetic form-factor G^s_M =(0.61 ± 0.17 ± 0.21) μ_N . Note that most calculations based on QCD or quark models predict negative values for G^s_M (see e.g. [24–32]).

Another experiment, done by the HAPPEX collaboration at Jefferson Lab, [33] has done a measurement at Q^2= 0.48 (GeV /c)^2 and small scattering angle θ_e = 35^0 where the sensitivity to the weak electric form factor G^Z_E is enhanced. Here the measured asymmetry A = (−14.2 ± 2.2) · 10^{−6} is consistent with the SM prediction in the absence of < ss̄ > components in the nucleon sea. From this asymmetry, one can deduce the following contribution to the strange form-factor:

G^s_{HAP P EX} = G^s_E + 0.39G^s_M = (0.023 ± 0.034 ± 0.022 ± 0.026) μ_N ,

compatible with zero within the error bars.

These results have stimulated a strong interest and many predictions, for both G^s_E and G^s_M , have been published, whether within quark models [24], Chiral Perturbation Theories [26,27] or Lattice QCD calculations [29]. These calculations predict that while G^s_M is essentially constant as a function of Q^2, G^s_E may vary rapidly. They also indicate that there might be some cancellation between G^s_E and G^s_M which are predicted of different signs. Therefore new e-p experiments are being set up in order to check these predictions: at Q^2 = 0.225 (GeV/c)^2 at Mainz [34], at Q^2 = 0.1 (GeV/c)^2 and forward angles by the HAPPEX collaboration in order to do a Rosenbluth separation of G^s_E and G^s_M in combination with the SAMPLE results, and finally a full separation of G^s_E and G^s_M in the momentum transfer range Q^2 = 0.12-1.0 (GeV/c)^2 is foreseen by the G^0 collaboration at Jefferson Lab [35].

It should be stressed that, due to their present high level of precision and their firm theoretical basis, PV experiments can also be used to answer other important physics questions, besides the existence of a possible < ss̄ > component in the nucleon. Let’s mention for example:

• search and test for new physics beyond the SM [36–42]. Such effects could manifest themselves through, e.g. extra Z^′-bosons (heavier than the standard Z^0 ) or leptoquarks indicating that there are substructures common to both leptons and quarks. The use of the G^0 experimental set-up for such studies is being discussed [43], • study of the axial part of the hadronic weak neutral current: It has been shown that, for the special case of a I = 3/2, J = 3/2 spin-isospin transition (Δ-excitation), there is a particular sensitivity to G^A_{N Δ} , the axial-vector transition form-factor which could be determined independently of PCAC and free of uncertainties from extrapolation of low energy theorems [44],

• measurement of the neutron charge form-factor [45–47].

The reactions e + p → e + p + π^0 and e + p → e + n + π^+ are of practical interest for experimentalists as they may contaminate the elastic peak. It is therefore important to determine their own asymmetries since, if they are much larger than or, even, of different sign from the elastic one, they might be a source of errors or large uncertainties.

In 3-body reactions, besides the weak PV asymmetries, there are also strong (parity-conserving) interactions, due to the so-called 5^{th} response function [48], which are generally much larger (of the order of 10^{−2} − 10^{−3} instead of 10^{−5} − 10^{−7}) than PV asymmetries but which cancel in inclusive reactions or when detectors have an azimuthal symmetry.

Pion production has been studied previously [49,50] in quasi 2-body models with stable Δ isobar. A more complete calculation including background (Born) terms with pseudoscalar πN coupling with the Δ treated as a Rarita- Schwinger field with phenomenological πN electromagnetic transition currents can be found in [51].

In the present study, we calculate PV asymmetries in inclusive N (e, e^′)N π electroproduction, starting from threshold up to the Δ-region in an approach similar to the one of ref. [51], but differing in the following aspects:

• the main improvement consists in including ω- and ρ-exchange in the t-channel for γ^∗(Z^∗) + N → π + N (where γ^∗(Z^∗) is a virtual photon or boson),

• we use a different parametrization for the Δ contribution, and slightly different values of mass and width,

• crossing symmetries are treated differently (and less accurately) than in ref [51],

• we use a pseudoscalar πN N interaction in order to identify possible off-mass-shell effects.

Two remarkable results were found in the calculations of ref. [51], for which no explanation or discussion was given:

– the full (background + resonance) asymmetry A does not depend on the total energy of the hadronic

system, although the separate terms show strong (and opposite) variations,

– A is, to a good approximation, a linear function of Q^2.

The present work agrees with these features. Moreover it gives a physical explanation to them as it shows that there is a specific parametrization of the asymmetry which allows to separate the main (isovector) contribution in a model independent way. This contribution only depends on the Fermi constant G_F , the fine structure constant α and sin^2θ_W . Therefore its dependence on the kinematics can be predicted exactly. Small corrections to the main contribution, due to the isoscalar part of the neutral vector and axial currents can then be calculated and their physical importance assessed.

II. P-ODD BEAM ASYMMETRY FOR e^− + N → e^− + N + π

We shall consider here the processes e^− + N → e^− + N + π, where N is a nucleon (p or n) and π is a pion (π^0 or π^+ ). We take into account two standard mechanisms, γ− and Z− boson exchanges (Fig. 1), predicted by the SM. The matrix element can be written in the following form:

M = M_γ + M_Z ,

M_γ = − e^2 k^2 ℓ_μJ^{(em)}_μ , (2.1)

M_Z = G_F 2 √ 2 ( g^{(e)}_v ℓ_μ + g^{(e)}_a ℓ_{μ,5} ) ( J^{(nc)}_μ + J^{(nc)}_{μ,5} ) , where G_F is the Fermi constant of the weak interaction, J^{(em)}_μ is the electromagnetic current for γ^∗ + N → N + π, J^{(nc)}_μ and J^{(nc)}_{μ,5} are the vector and vector-axial parts of the neutral weak current for Z^∗ +N → N +π. The four-vector ℓ_μ and ℓ_{μ,5} are the vector and vector-axial parts of the neutral weak current of a point-like electron:

ℓ_μ = u(k_2)γ_μu(k_1),

ℓ_{μ,5} = u(k_2)γ_5 γ_μu(k_1) (2.2)

where k_1 (k_2) is the four-momentum of the initial (final) electron. The notation for the particle four momenta is explained in Fig. 1. Note that the formula for M_Z, Eq. (2.1), is valid in the so-called local limit, where

−k^2 ≪ M^2_Z ≃ 8100 (GeV/c)^2.

In the Standard Model the constants g^{(e)}_a and g^{(e)}_v are determined by the following expressions:

g^{(e)}_a = 1, g^{(e)}_v = 1 − 4 sin^2 θ_W , (2.3)

where θ_W is the Weinberg angle. Then:

g^{(e)}_v ≃ 0.076, i.e. g^{(e)}_v ≪ g^{(e)}_a . (2.4)

From Eq. (2.1) it appears that P-odd effects in e^− + N → e^− + N + π result from the interference between M_γ and M^{(−)}_Z , which is the parity-violating part of M_Z:

M_Z → M^{(−)}_Z = − G_F 2 √ 2 ( g^{(e)}_v ℓ_μJ^{(nc)}_{μ,5} + g^{(e)}_a ℓ_{μ,5}J^{(nc)}_μ ) . (2.5)

The P-odd asymmetry in the scattering of longitudinally polarized electrons can be written as: A = N_+ − N_− N_+ + N_− = − G_F |k^2| 2 √ 2πα W^− W^{(em)} , (2.6)

with two different contributions to W^−:

W^− = g^{(e)}_a ~W_1 + g^{(e)}_v ~W_2, (2.7)

where W^{(em)} is proportional to |M_γ |^2:

W^{(em)} = ℓ_{μν} W^{(em)}_{μν} , (2.8)

W^{(em)}_{μν} = J^{(em)}_μ J^{(em)∗}_ν , (2.9)

ℓ_{μν} = 2 (k_{1μ}k_{2ν} + k_{1ν}k_{2μ} − g_{μν}k_1 · k_2) , (2.10)

and the overline in Eq. (2.9) stands for the sum over the final nucleon polarizations and the average over the polarizations of the initial nucleon in the process γ^∗ + N → N + π. The quantities ~W_1 and ~W_2 in Eq. (2.7) characterize the interference of the electromagnetic hadronic current J^{(em)} with the vector and axial parts of the weak neutral current:

~W_1 = ℓ_{μν} W^{(v)}_{μν} , (2.11)

W^{(v)}_{μν} = 1 2 J^{(em)}_μ J^{(nc)∗}_ν , (2.12)

~W_2 = ℓ^{(a)}_{μν} W^{(a)}_{μν} , (2.13)

W^{(a)}_{μν} = 1 2 J^{(em)}_μ J^{(nc)∗}_{ν,5} , (2.14) and ℓ^{(a)}_{μν} = 2iϵ_{μναβ}k_{1α}k_{2β}, (2.15)

where ϵ_{μναβ} is the usual antisymmetric tensor.

In the product of the tensors ℓ^{(a)}_{μν} and W^{(a)}_{μν} , only the antisymmetric part of W^{(a)}_{μν} contributes, whereas the quantity ~W_1, Eq. (2.11), is determined by the symmetrical part of the tensor W^{(v)}_{μν} .

According to Eq. (2.4), we can neglect the ~W_2 contribution (the second P-odd contribution, which is induced by the axial part of the neutral weak current, is more model dependent and it will be the object of a detailed analysis in a subsequent paper).

In this approximation, the P-odd asymmetry is solely determined by the vector part of the hadronic neutral weak current: A = − G_F |k^2| 2 √ 2πα ~W_1 W^{(em)} , (2.16)

In order to calculate the ratio ~W_1/W^{(em)}, we shall use the isotopic structure of the vector neutral current, which holds in the SM when neglecting the contributions of the isoscalar quarks (s, c,...):

J^{(nc)}_μ = 2J^{(1)}_μ − 4 sin^2 θ_W J^{(em)}_μ = 2(1 − 2sin^2θ_W )J^{(em)}_μ − 2J^{(0)}_μ , (2.17) where

J^{(em)}_μ = J^{(0)}_μ + J^{(1)}_μ , (2.18)

and J^{(0)}_μ and J^{(1)}_μ are the isoscalar and isovector components of the electromagnetic hadronic current. Considering the specific isotopic structure of J^{(nc)}_μ , Eq. (2.17), the asymmetry A for any process ⃗e + N → e + N + π can be written as: A = − G_F |k^2| 2 √ 2πα [ 1 − 2 sin^2 θ_W + Δ^{(s)} ] , (2.19)

where the quantity Δ^{(s)} results from the interference of the isoscalar component J^{(0)}_μ of the electromagnetic current with the full electromagnetic current in J^{(em)}_μ i.e.:

Δ^{(s)} =

W^{(0)} W^{(em)} , W^{(0)} = −ℓ_{μν} J^{(em)}_μ J^{(0)∗}_ν . (2.20)

One can see from Eq. (2.19) that the isovector part of the electromagnetic current induces a definite contribution to the P-odd asymmetry A, which is model independent and can be predicted in terms of the fundamental constants G_F , α and sin^2 θ_W . Note that this contribution depends only on the variable k^2. Therefore, for reactions such as e^− + N → e^− + Δ, e^− + d → e^− + d + π^0 , where the electromagnetic current is pure isovector (and therefore Δ^{(s)} = 0), the asymmetry can be predicted exactly: A = − G_F |k^2| 2 √ 2πα [ 1 − 2 sin^2 θ_W ] , (2.21)

in agreement with ref. [52] and neglecting the small contributions from the axial hadronic current, which is not considered here (note that G_F 2 √ 2πα = 1.8 · 10^{−4}). In particular, for the reaction e^− + p → e^− + Δ^+ this modelindependent estimate of A together with the possibility of a precise measurement of the P-odd asymmetry, open new ways to look for new physics [39] and to study effects due to the axial current.

In the next section, we will show that the quantity Δ^{(s)}, in the near-threshold region for e^− + N → e^− + N + π, as well as in the region of the Δ excitation, can be considered as a small correction to the main isovector contribution. Therefore, the uncertainty in the estimate of Δ^{(s)} will affect very little the results.

Note that there is a model independent relation between the isoscalar components of the electromagnetic currents, for the considered processes γ^∗ + p → n + π^+ and γ^∗ + p → p + π^0, which holds for any interaction mechanism:

J^{(s)}_μ (γ^∗p → nπ^+ ) = − √ 2J^{(s)}_μ (γ^∗p → pπ^0).

¿From Eq. (2.19) it appears that the inclusive asymmetry A depends on the variables E_1 and W only through the correction Δ^{(s)}:

Δ^{(s)} = Δ^{(s)}(k^2, W, E_1).

Taking into account the longitudinal and transversal polarizations of the virtual γ and Z-boson, the following representation for the correction Δ^{(s)} can be written (in case of a single channel: e + p → e + p + π^0 or e + p → e + n + π^+ ):

Δ^{(s)} = σ^{(s)}_T + ϵ

(−k^2) ~k2_0 σ^{(s)}_L σ_T + ϵ

(−k^2) ~k2_0 σ_L , (2.22)

ϵ^{−1} = 1 − 2

(−⃗k^2)

k^2 tan^2 θ_e 2 , ~k_0 =

W^2 + k^2 − m^2 2W , where σ_T (k^2, W ) and σ_L(k^2, W ) are the total cross sections of virtual photon absorption in γ^∗ + N → N + π:

σ_L = ∫ | | |J^{(em)}z | | |^2dΩπ, σ_T = ∫ (| | |J^{(em)}x | | |^2 + | | |J^{(em)}y | | |^2 ) dΩ_π, (2.23)

dΩ_π being the element of solid angle of the produced pion (in the CMS of the process γ^∗ + N → N + π). We use here a coordinate system in which the z-axis is along the three momentum of the virtual photon, and J^{(em)}x , J^{(em)}y and J^{(em)}z are the space components of the hadronic electromagnetic current.

The interference contributions σ^{(s)}_L and σ^{(s)}_T are defined as follows:

σ^{(s)}_L (k^2, W ) = ∫ dΩ_πRe J^{(em)}z J^{(0)∗}z ,

σ^{(s)}_T (k^2, W ) = ∫ dΩ_πRe [ J^{(em)}_x J^{(0)∗}_x + J^{(em)}_y J^{(0)∗}_y ] , (2.24)

where ⃗J^{(0)} ( J^{(0)}x , J^{(0)}y , J^{(0)}z ) are the space components of the isoscalar part of the hadronic electromagnetic current.

The lines above the products of the components of the electromagnetic currents mean the sum over the polarizations of the final nucleons and the average over the polarizations of the initial nucleons.

The inclusive asymmetry for p(⃗e, e^′)N π with the contribution of two channels p + π^0 and n + π^+ in the final state, is determined by the following expressions: A = − G_F |k^2| 2 √ 2πα [ 1 − 2 sin^2 θ_W + Δ^{(s)}_{incl} ] ,

Δ^{(s)}_{incl} =

Δ^{(s)}(γ^∗p → nπ^+) + RΔ^{(s)}(γ^∗p → pπ^0) (1 + R)

, (2.25)

with

R = σ_T (γ^∗p → pπ^0) + ϵ

(−k^2) ~k2_0 σ_L(γ^∗p → pπ^0)

σ_T (γ^∗p → nπ^+ ) + ϵ

(−k^2) ~k2_0 σ_L(γ^∗p → nπ^+ ) .

Therefore, the P-odd inclusive asymmetry A for p(⃗e, e^′)N π, N π = (p + π^0) + (n + π^+ ) is determined by a set of four total cross sections:

σ_T (k^2, W ), σ_L(k^2, W ), σ^{(s)}_T (k^2, W ), and σ^{(s)}_L (k^2, W ),

for each γ^∗ + p → n + π^+ and γ + p → p + π^0 processes (8 in total), as functions of two independent kinematical variables k^2 and W . The polarization parameter ϵ, 0 ≤ ϵ ≤ 1, which represents the linear polarization of the virtual photon, contains the dependence on the kinematical conditions of the electrons in the initial and final states (i.e. initial energy and scattering angle).

In the present calculation we shall use the following parametrization of the spin structure of the matrix element for γ^∗ + N → N + π, in terms of six standard contributions: M(γ^∗N → N π) = χ^†_2Fχ_1, F = i⃗e · ^⃗k × ^⃗qf_1 + ⃗σ · ⃗ef_2 + ⃗σ · ^⃗k ⃗e · ^⃗qf_3 + ⃗σ · ^⃗q ⃗e · ^⃗qf_4 (2.26)

+⃗e · ^⃗k(⃗σ · ^⃗kf_5 + ⃗σ · ^⃗qf_6), where χ_1 and χ_2 are the two-component spinors of the initial and final nucleons, ⃗e is the three-vector of the virtual photon polarization, ^⃗k and ^⃗q are the unit vectors along the 3-momentum of the γ^∗ and π in the CMS of the γ^∗ + N → N + π- reaction. The complex scalar amplitudes f_i, which are functions of three independent kinematical variables, f_i = f_i(k^2, W, cosθ_π ), can be related to the usual set of amplitudes, F_i, when the operator ⃗σ · ^⃗q ⃗σ ·⃗e × ^⃗k is used instead of i⃗e · ^⃗k × ^⃗q: f_1 = F_1,

f_2 = F_1 − cosθ_π F_2,

f_3 = F_2 + F_3,

f_4 = F_4.

The results of averaging over the polarization states of the initial nucleon and summing over the polarizations of the produced nucleon gives:

|J^{(em)}_x |^2 + |J^{(em)}_y |^2 = 2|f_2|^2 + sin^2 θ_π (|f_1|^2 + |f_3|^2 + |f_4|^2+

+2Re(f_2 f^∗_4 + cos θ_π f_3f^∗_4 )),

|J^{(em)}_z |^2 = |f_2 + cos θ_π f_3 + f_5|^2 + | cos θ_π f_4 + f_6|^2 + 2 cos θ_π Re(f_2 + cos θ_π f_3 + f_5)(cos θ_π f_4 + f_6)^∗. (2.27) To calculate the cross sections σ^{(s)}_T and σ^{(s)}_L , in Eqs. (2.27) the following substitutions are made: |f_i|^2 → Ref_if^{(s)}_i , 2Ref_if^∗_j → Re(f_if_j^{(s)∗} + f_j f_i^{(s)∗}), i, j = 1, ..6, (2.28) where f^{(s)}_i are the scalar amplitudes, describing the isoscalar part of the hadronic electromagnetic current J^{(em)}_μ .

III. MODEL FOR e^− + N → e^− + N + π We use here the standard approach for the calculation of the electromagnetic current for the γ^∗ + N → N + π processes, which describes satisfactorily well the existing photo- and electro-production data, in the region of W starting from threshold, W = m + m_π , up to W ≃ 1.3 GeV (the Δ excitation region). This approach takes into account the following three contributions:

• Born terms in the s, t and u channels, • vector meson ( ω and ρ) exchanges in the t-channel, • Δ-isobar excitation in the s channel.

Using the isotopic structure of the ’strong’ vertices on the diagrams (Fig. 2), the scalar amplitudes for each γ^∗ + N → N + π process can be written as: f_i = √ (E_1 + m)(E_2 + m) [a_sf_{i,s} + a_uf_{i,u} + a_tf_{i,t} + a_ρf_{i,ρ} + a_ωf_{i,ω} + a_Δ f_{i,Δ}] , (3.1) where f_{i,s}...f_{i,Δ} characterize the contributions of the different Feynmann diagrams to the scalar amplitudes f_i, i = 1−6. The energies E_1 and E_2 of the initial and final nucleons are determined by the following formulae:

E_1 = s + m^2 − k^2 2 √ s , E_2 = s + m^2 − m^2_π 2 √ s .

The isotopic numerical coefficients a_s...a_Δ for the two processes γ^∗ + p → p + π^0 and γ^∗ + p → n + π^+ are shown in Table 1.

The scalar amplitudes for the isoscalar part of the electromagnetic current can be written as follows:

f^{(s)}_i (γ^∗p → pπ^0) = − ( f^{(s)}_{i,s} + f^{(s)}_{i,u} + f_{i,ρ} ) √ (E_1 + m)(E_2 + m),

where f^{(s)}_{i,s} and f^{(s)}_{i,u} are the amplitudes for the isoscalar part of the s- and u- channel Born diagrams.

One can see now that, in the framework of the considered approach, the main contributions to J^{(em)}_μ have an isovector nature:

• Δ-excitation in π^+ and π^0 production,

• π^+-exchange for π^+ production,

• ω-exchange for π^0 production,

• contact term for π^+ production (in the case of a pseudovector πN N -interaction),

• s + u Born contributions.

Therefore, the isoscalar electromagnetic current can only contain the following contributions:

• ρ−exchange for π^0 and π^+ -production,

• the isoscalar part of the s + u-diagrams.

However these isoscalar contributions are small in comparison with the corresponding isovector ones. Indeed, the ρ-exchange term is smaller than the ω -exchange term, due to the following reasons: • g_{ρπγ} ≃ 1 3 g_{ωπγ} : suppression at electromagnetic vertices; • g_{ρNN} ≃ 1 6 g_{ωNN} : suppression at the strong vertex.

In the same way, the isoscalar Born contribution due to the nucleon magnetic moment, for example, is smaller than the isovector contribution: |μ_p + μ_n| |μ_p − μ_n| = |1.79 − 1.91| 1.79 + 1.91

≈ 10^{−2}

This clearly shows that Δ^{(s)} can be considered a small correction to the model-independant prediction of Eq. (2.21). Let us briefly discuss now the properties of the suggested model, for the γ^∗ + p → N + π processes.

A. Born contribution: s−channel

Using a pseudoscalar πN N -interaction, we can write the relativistic invariant expression for the matrix element of the γ + p → n + π^+ reaction in the following form:

M_B = eg(M_s + M_u + M_t),

M_s = u(p_2)γ_5 p̂_2 + q̂ + m s − m^2 ( F_{1p}ê + F_{2p} σ_{μν} e_μk_ν 2m ) u(p_1),

M_u = u(p_2) ( F_{1n}ê + F_{2n} σ_{μν} e_μk_ν 2m ) p̂_2 + q̂ − m u − m^2 γ_5 u(p_1),

M_t = (2e · q − e · k) t − m^2_π u(p_2)γ_5u(p_1),

where s, t, and u are the standard Mandelstam variables:

s = (p_2 + q)^2, t = (p_1 − p_2)^2, u = (p_2 − k)^2,

k, q, p_1 and p_2 are the four-momenta of γ^∗, π, initial and final nucleons, e is the four-vector of the virtual photon polarization, g is the πN N coupling constant (for a pseudoscalar interaction), F_{1p}(k^2) and F_{2p}(k^2) (F_{1n}(k^2) and F_{2n}(k^2)) are the Dirac and Pauli electromagnetic form factors of the proton (neutron). The electromagnetic form factor of the nucleon is usually parametrized in form of a k^2-dependence of the electric (G_{EN} ) and magnetic (G_{MN} ) nucleonic form factors:

F_{1N} (k^2) =

G_{EN} (k^2) − τ G_{MN} (k^2) 1 − τ ,

F_{2N} (k^2) =

−G_{EN} (k^2) + G_{MN} (k^2) 1 − τ , τ = k^2 4m^2 .

G_{Ep}(k^2) = G_{Mp}(k^2)/μ_p = G_{Mn}(k^2)/μ_n = 1 [ 1 − k^2 0.71(GeV /c)^2 ]_2 ,

with μ_p = 2.79, μ_n = −1.91, has been considered a good parametrization of the existing experimental data, in a wide region of space-like momentum transfer while G_{En}(k^2) = 0. However a very recent direct measurement [53] of the ratio G_{Ep}/G_{Mp} shows some deviation of G_{Ep} from a dipole behavior, in the region 0 ≤ −k^2 ≤ 3.5 (GeV/c)^2 . This high precision experiment is based on the measurement of the polarization of the final protons in ⃗e + p → e + ⃗p, in the elastic scattering of longitudinally polarized electrons [54].

This effect should be taken into account in future calculations, as well as the fact that G_{En} deviates from zero, at least in the region k^2 ≤ 1(GeV /c)^2. The last direct measurement of G_{En}, in ⃗e + ⃗d → e + X [55] confirms some previous estimates of the neutron form factor based on the Saclay ed elastic scattering data [56].

In the Vector Dominance Model (VDM) approach, the pion electromagnetic form factor F_π(k^2) is described by:

F_π (k^2) = ( 1 − k^2 m_ρ^2 )_{−1} , where m_ρ is the ρ-meson mass.

Note that the electromagnetic current for the reaction γ^∗ + p → p + π^0, corresponding to the sum of the Born diagrams in the s and u-channels, is conserved for any form factors F_{1p} and F_{2p} in the whole kinematical region. This is not the case for the reaction γ^∗ + p → n + π^+ (2.26), as one can show that the divergence of the corresponding electromagnetic current (in the Born approximation, for the sum of the s, t, and u-contributions) is proportional to the following combination of the electromagnetic form factors:

k · J^{(B)}(γ^∗p → nπ^+ ) = eg √ 2 (F_{1p} − F_{1n} − F_π) u(p_2)γ_5 u(p_1).

The simplest way to conserve the hadronic electromagnetic current, is to extend to all values of k^2 the following relation:

F_{1p}(k^2) = F_{1n}(k^2) + F_π(k^2), (3.2)

which is in general valid only for k^2 = 0. However existing data on pion and nucleon form factors are in contradiction with relation (3.2). A possible way to avoid this difficulty is to renormalize the matrix element M_B (γ^∗p → nπ^+ ) in the following way:

M_B → M^′_B = M_B + eg e · k k^2 u(p_2)γ_5u(p_1) (−F_{1p} + F_{1n} + F_π) , (3.3)

The electromagnetic current, corresponding to the new Born matrix element M^′_B is conserved for any form factor. Note that such a procedure changes only σ_L, without any effect on the transversal cross-sections σ_T (k^2, W ) and σ^{(s)}_T (k^2, W ). In our considerations we shall use the procedure (3.3), while relation (3.2) was taken in ref. [57].

The scalar amplitudes f_i, corresponding to different diagrams of the Born mechanism, are given in the Appendix.

B. Vector meson exchange

The matrix element M_V , corresponding to vector meson exchange in the t−channel can be written in the following form:

M_V = eg_{V πγ}� (k^2) t − m^2_V ϵ_{μναβ}e_μk_νJ^{(V )}_α q_β, (3.4)

J^{(V )}_α = u(p_2) [ γ_αF^V_1 (t) −

F^V_2 (t) 2m σ_{αβ}(p_1 − p_2)_β ] u(p_1)

where g_{V πγ}� (k^2) is the electromagnetic form factor for the V πγ^∗-vertex, m_V is the vector meson mass, F^V_1 (t) and F^V_2 (t) are the ”strong” form factors for the V^∗N N vertex (with a virtual V-meson). In principle the ”static” values of these form factors (i.e. for t = 0), are related to the ωN N and ρN N coupling constants:

F^V_1 (0) = g_{V NN} , F^V_2 (0)/F^V_1 (0) = κ_V .

An estimate for the ωN N coupling constants, based on the Bonn potential [58], gives: g^2_{ωNN} 4π = 20, κ_ω = 0

The ρN N coupling constants can be estimated from pion photoproduction data [57]: g^2_{ρNN} 4π = 0.55, κ_ρ = 3.7

Note that the constants κ_V can be identified in VDM, with the values of the isoscalar and isovector anomalous magnetic moment of the nucleon. The VDM allows to write the following parametrization for the k^2 dependence of the electromagnetic form factor for the γ^∗ + V → π vertex:

g_{V πγ}� (k^2) = g_{V πγ} (0) 1 − k^2/m^2_V , where m_V is the mass of the ρ or ω vector meson.

The g_{V πγ} (0) coupling constant can be fixed by the width of the radiative decay V → πγ, through the following formula: Γ(V → πγ) = α 24 |g_{V πγ} (0)|^2 ( 1 − m^2_π m^2_V

)_3 . The numerical estimate, is based on the following values [59]:

Br(ω → π^0γ) = Γ(ω → πγ)/Γ_ω = (8.5 ± 0.5)10^{−2},

Γ_ω = (8.41 ± 0.09) MeV,

Br(ρ^0 → π^0γ) = (6.8 ± 1.7) · 10^{−4},

Br(ρ^± → π^±γ) = (4.5 ± 0.5) · 10^{−4},

Γ_ρ = (150.7 ± 1.1) MeV.

The following relation holds for the hadronic electromagnetic current, : Br(ρ^± → π^±γ) = Br(ρ^0 → π^0γ),

Therefore any violation of this relation is an indication of the presence of an isotensor component of the electromagnetic current, which is absent, however, at the quark level. So, a precise experiment with the simultaneous determination of the two coupling constants for ρ^0 → π^0γ and ρ^± → π^±γ would be very important. It would not only constitute a test of the isotopic properties of the hadronic electromagnetic current, but also have application in the calculation of the meson exchange current contributions (MEC) to the deuteron electromagnetic form factors. Such contributions are considered to be very important at high momentum transfer.

Note in this respect that the t-dependence of the form factors F^ω_1 (t) and F^ω_2 (t) is also important, for the correct calculation of MEC, in case of elastic electron-deuteron scattering. Moreover, the relative sign of the V −exchange and Born contributions to the γ^∗ + p → N + π processes, is generally not known. So, we shall consider here both relative signs. The determination of this sign is also important for MEC calculations, because in both cases (e + d → e + d and γ^∗ + p → N + π) the set of constants and form factors are the same.

Finally we stress that the electromagnetic current, corresponding to vector meson exchange in the processes γ^∗ +p → N + π is automatically conserved, independently of the parametrization of the strong form factors F_1(t) and F_2(t) and the electromagnetic form factor g_{V πγ}� (k^2).

C. Δ-excitation

This contribution can be analyzed in a relativistic framework [51], considering a virtual Δ as a Rarita-Schwinger field with spin 3/2 but in this approach it is difficult to treat off-shell effects. First of all, this means that Δ−exchange may contain contributions from a state with spin 1/2 as well as antibaryonic terms with negative P-parity and s=1/2 and 3/2. Therefore the description of the Δ−isobar, with J^P = 3/2^+, especially in the s−channel is not straightforward. To avoid these complications, we choose here a direct parametrization of the Δ contribution. Note that the CMS for γ^∗ + p → Δ^+ → N + π is the optimal frame, because the three-momentum of the Δ is zero, so that the Δ can be described by a two-component spinor, with a vector index, ⃗χ, which satisfies the following auxiliary condition: ⃗σ · ⃗χ = 0, typical for a pure spin 3/2 state. Using this condition, it is possible to find the following expression for the Δ-density matrix:

ρ_{ab} = χ_aχ^†_b = 2 3 (δ_{ab} − i 2 ϵ_{abc}σ_c), (3.5)

with the normalization condition: T rρ_{αα} = 2s_Δ + 1 = 4.

In this formalism the ΔN π-vertex can be parametrized as follows: M_{ΔNπ} = g_{ΔNπ} χ^†⃗χ · ^⃗q, (3.6) where χ is the 2-component spinor of the nucleon in the decay Δ → N + π, ^⃗q is the unit vector along the pion three momentum, in the Δ rest frame, and the constant g_{ΔNπ} characterizes the width of the strong decay Δ → N + π.

Taking into account the conservation of the total angular momentum and of the P-parity in the electromagnetic decay Δ → N + γ with production of M1 photons, the following expression can be written for the matrix element: M_{ΔNγ} = eg_{ΔNγ} χ^†⃗χ · ⃗e × ^⃗k, (3.7) where g_{ΔNγ} is the constant of the magnetic dipole radiation (or the magnetic moment for the transition Δ → N + γ), ⃗e and ^⃗k are the photon polarization three-vector and unit momentum vector along the three-momentum of γ, respectively.

In the general case, the transition γ^∗ + N → Δ must be described by three different form factors, corresponding to the absorption of M 1, E2_t (transversal) and E2_ℓ (longitudinal) virtual photons. But the existing experimental data about pion photo and electro-production of pions on the nucleons (in the Δ resonance region) indicate that the M 1 term is dominant [60], therefore in our analysis we will consider only this form factor.

Using expressions (3.6) and (3.7) for both the ΔN π and ΔN γ vertices, one can write the matrix element of the Δ−contribution in the s−channel (Fig. 2e) as follows:

M_{ΔNγ} = eG(k^2)|⃗q| M^2_Δ − s − iΓ_Δ M_Δ √ (E_1 + m)(E_2 + m)χ^†_2(2δ_{ab} − iϵ_{abc}σ_c)χ_1q̂_a(⃗e × ^⃗k)_b, (3.8) where M_Δ and Γ_Δ are the mass and width of Δ and G(k^2) is proportional to the magnetic form factor of the γ^∗ + N → Δ transition.

The following Δ contributions to the scalar amplitudes, f^Δ_i can be derived:

f^Δ_1 = 2Π(s, k^2)

f^Δ_2 = cos θ_π Π(s, k^2),

f^Δ_3 = −Π(s, k^2),

f^Δ_4 = f^Δ_5 = f^Δ_6 = 0,

where we use the notation:

Π(s, k^2) = G(k^2)|⃗q| M^2_Δ − s − iΓ_ΔM_Δ . The role of the factor ⃗q is to correctly describe the threshold behavior of the M 1 amplitude for γ + p → N + π, according to the P-wave nature of the produced pion. We shall use the following formula for the k^2-dependence of the transition electromagnetic form factors:

G(k^2) =

G(0) ( 1 − k^2 0.71 (GeV /c)^2 )_2 ( 1 − k^2 m^2_x

) . (3.9)

The factor (1 − k^2 m^2_x

)^{−1}, with m_x = 6 GeV^2, is included in order to take into account a steeper decreasing of G(k^2) in comparison with the dipole behavior of the elastic electromagnetic form factors of the nucleons [60].

The normalization constant G(0) can be found according to the following procedure. Using Eq. (3.8), let us calculate first the differential cross section for π^0-photoproduction: dσ dΩ (γp → pπ^0) = α 32π q^3_Δ k_Δ

(E_{1Δ} + m)(E_{2Δ} + m) M^4_Δ Γ^2_Δ

G^2(0)(5 − 3 cos^2 θ_π ), (3.10)

at s = M^2_Δ , where the Δ-excitation in the s−channel is the main mechanism. So, our parametrization of the Δ-

contribution describes correctly the angular dependence (5 − 3 cos^2 θ_π ), typical for the magnetic excitation of a 3 2 + state in γ + p → Δ^+ → N + π. Therefore, the total cross section can be written as:

σ_t(γp → pπ^0) = α 2 q^3_Δ k_Δ

(E_{1Δ} + m)(E_{2Δ} + m) M^4_Δ Γ^2_Δ

G^2(0),

where:

E_{1Δ} =

M^2_Δ + m^2 2M_Δ

, E_{2Δ} =

M^2_Δ + m^2 − m^2_π 2M_Δ ,

k_Δ =

M^2_Δ − m^2

2M_Δ

, q_Δ = √ E^2_{2Δ} − m^2.

We can approximate with a good accuracy σ_t(γp → pπ^0) by a single Δ−resonance contribution. For a numerical estimate of G(0) we use σ_t ≃ 250 · 10^{−30} cm^2.

Note again that this procedure cannot determine the sign of G(0). However for the γ + p → n + π^+ reaction, there is a strong interference between the pion diagram and the Δ−contribution. The comparison of the calculations using different signs with the experimental θ_π -dependence in the resonance region allows to fix the corresponding relative sign. Two remarks should be done about this procedure:

• there is no ambiguity concerning off-mass shell effects for the Δ-contribution, at least in the s−channel,

• this special contribution is gauge invariant.

We neglect in our consideration the Δ-exchange in the u−channel. The main reason to include this contribution is to have the crossing symmetry of the model. This is in principle an important property of the photoproduction amplitude, in particular in connection with the dispersion relation approach. However in the framework of phenomenological approaches, this symmetry is strongly violated. For example, the s−channel Δ− contribution induces an amplitude which is mostly complex (with a typical Breit-Wigner behavior), whereas the u-channel contribution results in a real amplitude. The inclusion of different form factors for the s− and u−channel violates the crossing symmetry, which is important for the Born contributions. This appears clearly for the reaction γ + p → p + π^0, because here the crossing symmetry is correlated with the gauge invariance of the electromagnetic interaction, and the violation of the crossing symmetry has for direct consequence the violation of the current conservation. On the contrary, for the Δ-contribution, this important correlation is absent.

IV. NUMERICAL PREDICTIONS AND DISCUSSION

Having determined all the parameters of the model, it is possible in principle to calculate all observables for the processes e^− + N → e^− + N + π (on proton and neutron targets) in the kinematical region from threshold to the Δ-resonance region (W ≤ 1300 MeV), for any value of the pion production angle, θ_π , (in the CMS of the πN -system,) and of the four momentum transfer k^2.

In order to test the present model, we used existing experimental data on the angular dependence of the differential cross sections for both the γ + p → p + π^0 and γ + p → n + π^+ reactions. This comparison allowed to fix empirically the relative sign of the different contributions: Born, Δ-excitation (in the s−channel) and vector meson exchange (in the t− channel). The relative sign of all three diagrams for the Born approximation in the case of the process γ +p → n+π^+ are fixed by gauge invariance, but it is necessary to find the relative signs between the Born amplitudes, on one side, and the Δ-isobar and vector meson exchange contributions, on another side. The γ + p → n + π^+ reaction is more sensitive to the signs of the Δ-contribution and ρ^+ -exchange. Then the data about the differential cross sections for γ + p → p + π^0 allow a further check and give a constrain for the ω−exchange amplitude.

Note that the sign of the ρ−exchange contribution relative to the Born contribution (in both the γ + p → p + π^0 and γ + p → n + π^+ reactions) has to be the same as the relative sign of meson exchange currents (due to the ρπγ^∗ meson-exchange mechanism in the calculation of the electromagnetic form factors of the deuteron) with respect to the amplitude in the impulse approximation for elastic ed−scattering. This represents an important link between very different physical problems.

In order to obtain a good description of the experimental data for γ + p → p + π^0 and γ + p → n + π^+ we introduced small corrections to the different contributions. For the reaction γ + p → p + π^0 a form factor was added to the Born contribution. The u−channel nucleon contribution for γ + p → n + π^+ can be neglected without violating gauge invariance, because its magnetic content satisfies alone the current conservation condition. As a matter of fact this contribution has a diverging behavior at large angle, which is typically corrected by introducing an adhoc form factor. We choose to replace this contribution with a somewhat simplified phenomenological (S-wave like)

contribution: a ( 1 − t 1.2 ) 1.2 GeV W , where a is a parameter which is adjusted in order to reproduce at best the π^0

photoproduction data.

We did not attempt to reproduce with a good accuracy the threshold behavior of the γ+p → p+π^0 and γ+p → n+π^+ amplitudes. A precise description of this behavior, in particular for the process γ + p → p + π^0, can be obtained, for example, in the framework of the Chiral Perturbative Theory approach [61]. For inclusive calculations, a qualitative description of the data in the threshold region is sufficient.

The quality of our model is shown in Fig. 3, where we present the comparison of our predictions with the experimental data on the differential cross sections for the γ + p → p + π^0 and γ + p → n + π^+ reactions, in the kinematical region where our model can be considered a reasonable approach. Indeed the unpolarized differential cross sections are well described. We did not apply the model to polarization observables. In particular different T −odd observables, such as, for example, the target asymmetry or the polarization of the final nucleons, are very sensitive to the relative phases of the different contributions. A good description requires a very precise treatment of the unitarity condition as well as of T-invariance of the hadron electromagnetic interaction, which are not so important for the differential or total cross section.

Therefore, after having determined the relative signs of the different contributions, our model can be generalized to pion electroproduction. Our aim is the calculation of the inclusive P-odd asymmetry A, in p(⃗e, e^′)X, for the sum of two possible channels, X = p + π^0 and X = n + π^+ . One can see, from Eq. (2.25), that such asymmetry is determined by the following ratios of inclusive cross sections:

R^{(s)}_L = σ^{(s)}_L (k^2, W ) σ_T (k^2, W )

, R^{(s)}_T = σ^{(s)}_T (k^2, W ) σ_T (k^2, W ) , R_{LT} = σ_L(k^2, W ) σ_T (k^2, W ) , for both channels, γ^∗ + p → p + π^0 and γ^∗ + p → n + π^+ , and R_{pn} = σ_T (γ^∗p → pπ^0) σ_T (γ^∗p → nπ^+ ) , which characterizes the relative role of the two channels. The 2-dimensional plots of these ratios as functions of k^2 and W are shown in Fig. 4 and 5, for the reactions γ^∗ + p → p + π^0 and γ^∗ + p → n + π^+ , respectively.

For π^0-electroproduction, both R^{(s)}_L and R^{(s)}_T are small corrections to A. In the considered kinematical region, they are positive and tend to decrease in the region of the Δ resonance, due to the dominance of the isovector resonance contribution. The behavior of all these ratios in the threshold region can be improved, as we discussed above.

In the case of the γ^∗ + p → n + π^+ reaction, the corresponding corrections are also small, especially R^{(s)}_L . Note that R^{(s)}_T is negative in the whole region of k^2 and W .

Combining these results it is possible to calculate the resulting asymmetry A for the sum of both channels, again in a 2-dimensional representation (Fig. 6). The dependence on the detailed electron kinematics for p(⃗e, e^′)X (energies of the initial and final electron and electron scattering angle) is contained in the single parameter ϵ, for which we used three different values: ϵ = 0, 1/2 and 1. In order to extract the strong k^2 dependence of A, the ”reduced” asymmetry A_0 = −A/|k^2| is shown.

In this picture one can see that the behavior of A versus k^2 and W , in the region 1.08 ≤ W ≤ 1.26 GeV and in a wide region of momentum transfer k^2, is smooth everywhere and negative (note the −1/|k^2| factor in the formula). Such a behavior results from the isovector nature of the electroproduction processes which we have considered.

The role of the different contributions is illustrated in Figs. 7, 8 and 9. In Fig. 7 (Fig. 8) the ratio of the cross sections R^{(s)}_L and R^{(s)}_T is reported as a function of W, for two fixed values of |k^2|, (a) |k^2| = 0.5 and (b) 1.0 (GeV/c)^2 , for the reaction γ^∗ + p → p + π^0 (γ^∗ + p → n + π^+ ). The Δ contribution (dashed-dotted line) vanishes, while the Born terms (dotted line) give the largest contribution at forward angles. The contribution given by the vector meson (ρ and ω) exchange diagrams is not so essential here.

The different contributions to the total asymmetry A are shown in Fig. 9. Fig. 9 is a projection of Fig. 6 showing the resulting reduced asymmetries A_0 = −A/|k^2| as a function of W at a fixed value of the virtual photon polarization ϵ = 0.5 and for two values of the momentum transfer (a) |k^2| = 0.5 (GeV/c)^2; (b) 1.0 (GeV/c)^2. The Δ-contribution only is constant as a function of W due to its isovector dominance, the vector-meson exchange gives a rather small contribution at low W (below 1.2 GeV ) and it is negligible above. The full calculation gives values of A varying smoothly from −7 · 10^{−5} at W =1.1 GeV (close to the elastic region) to −8 · 10^{−5} at W =1.25 GeV, in the region of the Δ at |k^2| = 1 (GeV/c)^2.

One purpose of the present paper is to give an estimate of a possible contamination of the elastic peak by πproduction and to assess its effect on the measured asymmetry. Although a detailed comparison of elastic and inelastic channels can only be made for specific geometries at the same incident energies and scattering angles (or equivalently, same k^2 and ϵ), a rough estimate can be made using inclusive cross-sections.

Weak asymmetries have been calculated in the Standard Weinberg-Salam model assuming no strangeness in the nucleon. The results depend on the electromagnetic form factors for protons and neutrons, and give therefore different predictions depending on which values are taken. Calculations of ref. [65] give A/|k^2| = −(1.4÷1.5·10^{−5}), at |k^2|=0.1 (GeV/c)^2 up to −(2.2 − 2.8 · 10−5), at |k^2|=0.3 (GeV/c)^2 for E_e= 2 GeV.

The SAMPLE Collaboration [23] has measured A = −4.92 ± 0.61 ± 0.73 · 10^{−6} at |k^2|=0.1 (GeV/c)^2 and backward angle. Weak asymmetry calculations have been done for the G^0 [35], PVA4-Mainz [34] and HAPPEX [33] experimental conditions, predicting values ranging from −0.3 · 10^{−5} at |k^2|=0.1 (GeV/c)^2 to −2.0 · 10^{−5} at |k^2|=0.5 (GeV/c)^2 [66].

As one can see all calculations agree to predict negative asymmetries except one [52] where small positive values have been obtained in an extension of the SM when taking right-handed doublets of t and d quarks into account (in this early paper, sin^2(θ_W ) is taken equal to 1/3). Note that one can also find in this paper a simple explanation of the negative sign of the asymmetry in terms of Z^0 coupling to quarks and leptons.

Now comparing elastic scattering and inclusive π-production (Fig. 9), we see that they are both negative and of the same order of magnitude. Moreover A is smaller in the region W =1.1 GeV (close to elastic scattering) and larger in the Δ region. Therefore we can conclude that a small admixture of π-production events in the region of the elastic peak, is not going to produce a large uncertainty in the elastic PV asymmetry. Specific cases can be computed using Fig. 6 or from the corresponding numerical values available from the authors.

V. CONCLUSIONS

We have derived the dependence of the P-odd asymmetry for inclusive scattering of longitudinally polarized electrons by unpolarized protons with production of neutral and positive pions p(⃗e, e^′)X, with X = p+π^0 or X = n+π^+ . Using the known isotopic properties of the electromagnetic current for the γ^∗ + p → p + π^0 and γ^∗ + p → n + π^+ processes and the vector part of the hadronic weak neutral current for the Z^∗ + p → p + π^0 and Z^∗ + n → n + π^+ processes, we derived an original expression for the inclusive asymmetry A. Without approximations, it is possible to disentangle the main contribution to A, which depends only on k^2. The calculation of A is then reduced to the analysis of specific isoscalar contributions to the electromagnetic currents. Such contributions appear, then, as corrections to the main term, which can be calculated exactly.

We have calculated the amplitudes for γ^∗ + p → N + π, taking into account three standard contributions: Born+vector meson exchange+ Δ-excitation. All the necessary parameters: interaction constants and different electromagnetic form factors are taken from other sources. Small adjustements in this basic approach were done in order to obtain a good description of the differential cross section data for the γ + p → p + π^0 and γ + p → n + π^+ reactions. The model gives the vector part of the hadronic weak neutral current which is the main contribution to P-odd effects in e + N → e + N + π.

The reduced weak asymmetry A_0 varies very little as a function of the two basic kinematical variables, k^2 and W . In our approach this appears naturally from the fact that the isoscalar content of the electromagnetic current for γ + N → N + π is very small in the considered kinematical region. It is of the same sign and size as the ep elastic PV asymmetry, and will, therefore, not much contribute to the experimental uncertainty of the former.

A straightforward extension of the present model would open a way to use P-odd observables in elastic and inelastic electron-proton scattering for the study of the axial contributions. We plan to discuss this in a forthcoming paper.

VI. APPENDIX

A. Born contribution: s-channel

The scalar amplitudes, for γ^∗ + p → p + π^0 are defined as

f_{1s} = f_{3s} = − g W − m |⃗k||⃗q| (E_1 + m)(E_2 + m) [ F_{1p}(k^2) + F_{2p}(k^2) W + m 2m ] ,

f_{2s} = g W − m [ F_{1p}(k^2) − F_{2p}(k^2) W − m 2m ] ,

+ g W − m ⃗k · ⃗q (E_1 + m)(E_2 + m) [ F_{1p}(k^2) + F_{2p}(k^2) W + m 2m ] , f_{4s} = 0,

f_{5s} = g (W + m)(E_1 + m) [ −F_{1p}(k^2) + F_{2p}(k^2)

E_1 + m 2m ] ,

f_{6s} = g (W − m)(E_2 + m) |⃗k| |⃗q| [ −F_{1p}(k^2) + F_{2p}(k^2)

E_1 − m 2m ] , with |⃗k| = √ E^2_1 − m^2 and |⃗q| = √ E^2_2 − m^2.

B. Born contribution: u-channel

f_{1u} = g|⃗k||⃗q| u − m^2 { F_{1p}(k^2) W + m (E_1 + m)(E_2 + m)

− F_{2p}(k^2) 2m(E_1 + m) [ W + m + ( m + m^2 − k^2 W ) E_π E_2 + m + 2⃗k · ⃗q E_2 + m ]} ,

f_{2u} = g u − m^2 [ F_{1p}(k^2) ( W − m + ⃗k · ⃗q W + m (E_1 + m)(E_2 + m) )

− F_{2p}(k^2) 2m ( (E_1 − m)(W − m) + k̃_0 ( m + m^2 − m^2_π W )

( −2⃗k · ⃗q + ( m + m^2 − k^2 W ) ( m + m^2 − m^2_π W )) ⃗ k · ⃗q (E_1 + m)(E_2 + m) )] ,

f_{3u} = g u − m^2 g|⃗k||⃗q| E_1 + m [ − F_{1p}(k^2) E_2 + m ( −m + m^2_π − m^2 W )

− F_{2p}(k^2) 2m ( −W − m + ( m + m^2 − k^2 W ) E_π E_2 + m + 2⃗k · ⃗q E_2 + m )] ,

f_{4u} = g u − m^2 (E_2 − m) [ −2F_{1p}(k^2) + F_{2p}(k^2) ( −1 + W m )] ,

f_{5u} = − g (u − m^2)(E_1 + m) [( −F_{1p}(k^2) + F_{2p}(k^2)

E_1 + m 2m ) ( m + m^2_π − m^2 W )

+F_{2p}(k^2) ⃗k · ⃗q m ] ,

f_{6u} = g (u − m^2)(E_2 + m) |⃗q| |⃗k| [ − ( F_{1p}(k^2) + F_{2p}(k^2)

E_1 − m 2m ) ( m − m^2_π − m^2 W ) + F_{2p}(k^2) ⃗k · ⃗q m ] , where

u − m^2 = k^2 − 2k̃_0E_2 − 2⃗k · ⃗q, k̃_0 =

W^2 + k^2 − m^2 2W , and E_π = W − E_2.

C. Vector meson exchange: t-channel

f_{1V} = g_{V πγ}� (k^2)g_V |⃗k||⃗q| m_V (t − m^2_V ) {[ 1 + ( 1 + W m ) κ_V ] ( −1 + ⃗k · ⃗q (E_1 + m)(E_2 + m) ) + (1 + κ_V )(W + m) ( 1 E_1 + m + 1 E_2 + m )} ,

f_{2V} = g_{V πγ}� (k^2) g_V m_V (t − m^2_V ) { (1 + κ_v) [ k̃_0(E_2 − m) + E_π(E_1 − m) − ⃗k · ⃗q ( k̃_0 E_1 + m + E_π E_2 + m )]

+ [ 1 + ( 1 + W m ) κ_V ] ⃗ k^2⃗q^2 − (⃗k · ⃗q)^2 (E_1 + m)(E_2 + m) } ,

f_{3V} = g_{V πγ}� (k^2) g_V |⃗k||⃗q| m_V (t − m^2_V ) { (1 + κ_V ) E_π E_2 + m + [ 1 + ( 1 + W m ) κ_V ] (⃗k · ⃗q) (E_1 + m)(E_2 + m) } ,

f_{4V} = −g_{V πγ}� (k^2) g_V m_V (E_1 + m)(E_2 + m) t − m^2_V [ 1 + ( 1 + W m ) κ_V +

(1 + κ_V ) E_1 − m k̃_0 ] ,

f_{5V} = g_{V πγ}� (k^2) g_V m_V (t − m^2_V )

1 + κ_V E_1 + m [ t + ( k^2 − m^2_π ) m W ] ,

f_{6V} = −g_{V πγ}� (k^2) g_V m_V (t − m^2_V )

1 + κ_V E_1 + m |⃗k||⃗q| m_V (t − m^2_V ) [ t + ( k^2 − m^2_π ) m W ] , where

t − m^2_V = m^2_π − m^2_V − 2k̃_0E_π + 2⃗k · ⃗q + k^2.

D. One pion contribution: t-channel

f_{1t} = f_{2t} = 0, f_{3t} = g 2|⃗k||⃗q| t − m^2_π F_π(k^2) E_1 + m ,

f_{4t} = −2g

E_2 − m t − m^2_π F_π(k^2),

f_{5t} = − g t − m^2_π F_π(k^2)

2E_π − k_0 E_1 + m ,

f_{6t} = − g t − m^2_π F_π (k^2) |⃗k||⃗q| t − m^2_π 2E_π − k_0 E_2 + m , where

F_π(k^2) = 1 1 − k^2/m^2_ρ is the pion electromagnetic form factor, given in the framework of VDM, m_ρ = 0.77 GeV is the ρ-meson mass.

E. Calculation of the isoscalar amplitudes f^{(s)}_i (γ^∗p → pπ^0)

The isoscalar amplitudes are: f^{(s)}_i (γ^∗ p → pπ^0) = −f^{(s)}_{i,s} − f^{(s)}_{i,u} − f_{i,ρ} where the contributions f^{(s)}_{i,s} and f^{(s)}_{i,u} are determined by the corresponding formulas, with the following substitutions:

F_{1p} → F_{1s} =

F_{1p} + F_{1n} 2 ,

F_{2p} → F_{2s} =

F_{2p} + F_{2n} 2 , with

F_{1n} = G_{En} − τ G_{Mn} 1 − τ , F_{2n} = −G_{En} + G_{Mn} 1 − τ .

F. Gauge invariance of the suggested model

In the framework of the considered model, for the process of neutral pion electroproduction, e + p → e + p + π^0 , the corresponding hadronic electromagnetic current is conserved:k · J^{(em)}_μ = 0 for any form factor in γ^∗N N ,γ^∗ππ,γ^∗V π, and γ^∗N Δ-vertices.

In case of charged pion electroproduction, e + p → e + n + π^+ , a special contribution must be added to the matrix element: ΔM = − √ 2g e · k k^2 γ_5(F_{1p} − F_{1n} − F_π )

which results in additional contributions to the scalar amplitudes: Δf_i(γp → nπ^+ ):

Δf_1 = Δf_2 = Δf_2 = Δf_4 = 0

Δf_5 = √ 2g(E_1 − m)[F_{1p}(k^2) − F_{1n}(k^2) − F_π(k^2)]/k^2

Δf_6 = − √ 2g(E_2 − m)[F_{1p}(k^2) − F_{1n}(k^2) − F_π(k^2)]/k^2

[1] C.S. Wu et al., Phys. Rev. 105, 1413 (1957). [2] T.D. Lee and C.N. Yang, Phys. Rev. 104, 254 (1956). [3] Ya.B. Zeldovich, JETP 9, 682 (1959).

[4] C.S. Wood et al., Science 274, 1759 (1997); D. Chauvat et al. Eur. Phys. J. D 1, 169 (1998); E.N. Fortson et al., Phys.

Rev. Lett 70, 2383 (1993).

[5] A recent review of the field can also be found in M.-A. Bouchiat and C. Bouchiat, Rep. Prog. Phys. 60, 1351 (1997). [6] C.Y. Prescott et al., Phys. Lett. B 77, 347 (1978); Phys. Lett. B 84, 24 (1979). [7] W. Heil et al., Nucl. Phys. B327, 1 (1979). [8] P.A. Souder, Phys. Rev. Lett. 65, 694 (1990).

[9] CODATA recommended values of the Fundamental Physical Constants, http://physics.nist.gov/cgi-bin/cuu. [10] T. P. Cheng, Phys. Rev. D 13, 2161 (1976).

[11] J.F. Donoghue and C.K. Nappi, Phys. Lett. 168B, 105 (1976). [12] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253, 252 (1991). [13] J. Ashman et al., Phys. Lett. B 206, 364 (1988); Nucl. Phys. B328, 1 (1989). [14] D. Adams et al. Phys. Lett. B 329, 399 (1994); Phys. Lett. B 339, 332 (1994). [15] K. Abe et al., Phys. Rev. Lett. 74, 346 (1995); Phys. Rev. Lett. 75, 25 (1995). [16] P. Adeva et al., Phys. Lett. B 302, 533 (1993); Phys. Lett. B 329, 399 (1994). [17] L. A. Ahrens et al., Phys. Rev. D 35, 785 (1987).

[18] G.T. Garvey, W.C. Louis and D.H. White, Phys. Rev. C 48, 761 (1993). [19] J. Ellis, M. Karliner, D.E. Kharzeev and M.G. Sapozhnikov, Phys. Lett. B 353, 319 (1995). [20] M.P. Rekalo, J. Arvieux and E. Tomasi-Gustafsson, Z. Phys. A 357, 133 (1997). [21] M.P. Rekalo, J. Arvieux and E. Tomasi-Gustafsson, Phys. Rev. C 56, 2238 (1997). [22] M.P. Rekalo, J. Arvieux and E. Tomasi-Gustafsson, Phys. Rev. C 55, 2630 (1997). [23] D.T. Spayde et al. Phys. Rev. Lett. 84, 1106 (2000). [24] R. Jaffe et al., Phys. Lett. B 229, 275 (1989). [25] M.J. Musolf and M. Burkardt, Z. Phys. C 61, 433 (1994). [26] H. Weigel et al., Phys. Lett. B 353, 20 (1995). [27] H.W. Hammer et al., Phys. Lett. B 367, 323 (1996). [28] H.C. Kim, T. Watabe and K. Goeke, Nucl. Phys. A616, 606 (1997). [29] D. Leinweber, Phys. Rev. D 55, 5115 (1996). [30] M. Musolf and H. Ito, Phys. Rev. C 55, 3066 (1997).

[31] R.D. McKeown, in Parity-Violation in Atoms and Polarized Electron Scattering, Eds. B. Frois and M.-A. Bouchiat, World Scientific, 423 (1999).

[32] S.J. Dong, K.F. Liu and A.G. Williams, Phys. Rev. D 58, 074504 (1998). [33] K. Aniol et al., Phys. Rev. Lett. 82, 1096 (1999).

[34] P. Achenbach et al., MAMI proposal A4/1-93, D. V. Harrach, spokesperson.

[35] Jefferson Laboratory proposal E-91-017 (1991), D.H. Beck, spokesperson, http://www.npl.uiuc.edu/exp/G0/. [36] J.L. Rosner, Comments Nucl. Part. Phys., 22, 205 (1998). [37] M.T. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1996). [38] W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1996). [39] M.J. Musolf et al., Phys. Rep. 239, 1 (1994). [40] N. Mukhopadhyay et al., Nucl. Phys. A633, 481 (1998).

[41] M.J. Ramsey-Musolf, Phys. Rev. C 60, 045204 (1999); Phys. Rev.C 60, 045205 (1999). [42] J. Erler and P. Langacker, hep-ph/9910315, (1999). [43] R. Carlini, private communication.

[44] S.P. Wells et al., Measurement of the Parity Violating Asymmetry in the N −→ Δ transition, Jefferson Laboratory proposal E-97-104 (1997).

[45] G. Feinberg, Phys. Rev. D 12, 3575 (1975). [46] J.D. Walecka, Nucl. Phys. A285, 349 (1977).

[47] W.M. Alberico and A. Molinari, in Parity-Violation in Atoms and Polarized Electron Scattering, Eds. B. Frois and M.-A.

Bouchiat, World Scientific, 1999.

[48] A. Picklesimer and J.W. Van Orden, Phys. Rev. C 40, 290 (1989). [49] L.M. Nath, K.M. Schiller, M. Krestzschmar, Phys. Rev. D 25, 2300 (1982). [50] D.R.T. Jones and S.T. Petcov, Phys. Lett. B 91, 137 (1980). [51] H.-W. Hammer and D. Drechsel, Z. Phys. A 353, 321 (1995). [52] R.N. Cahn and F.J. Gilman, Phys. Rev. D 17, 313 (1978) [53] M. K. Jones et al. Phys. Rev. Lett. 84, 1398 (2000).

[54] A. Akhiezer and M. P. Rekalo, Dokl. Akad. Nauk USSR, 180, 1081 (1968) and Sov. J. Part. Nucl. 3, 277 (1974). [55] (1994);

T. Eden et al. Phys. Rev. C 50, R1749 (1995);

M. Ostrick et al. Phys. Rev. D. Rohe et al., Phys. Rev. Lett. 83, 4257 (1999).

[56] S. Platchkov et al. Nucl. Phys A510, 740 (1990).

[57] M. Vanderhaeghen, K. Heyde, J. Ryckebusch and M. Waroquier, Nucl. Phys. A595, 219 (1995). [58] R. Machleidt, K. Holinde and Ch. Elster, Phys. Rep. 149, 1 (1987). [59] C. Caso et al., Eur. Phys. J. C 3, 1 (1998). [60] V. V. Frolov et al., Phys. Rev. Lett. 82, 45 (1999). [61] V. Bernard, N. Kaiser, Ulf-G. Meissner, Phys. Lett. B 378, 337 [62] G. Fischer, H. Fischer, G. von Holtey, H. Kämpgen, G. Knop, P. Schulz, and H. Wessels, Z. Phys. 245, 225 (1971). [63] G. Fischer, G. von Holtey, G. Knop and J. Stümpfig, Z. Phys. 253, 38 (1972). [64] H. Genzel, E. Hilger, G. Knop, H. Kemen and R. Wedemeyer Z. Phys. 268, 43 (1974). [65] J. Napolitano, Phys. Rev. C 43, 1473 (1991). [66] D.H. Beck, Phys. Rev. D 39, 3248 (1989).

Reaction as au at aρ aω aΔ γ^∗ + p → p + π^0 -1 -1 0 +1 +1 √ 2 γ^∗ + p → n + π^+ √ 2 √ 2 √ 2 √ 2 0 +1

TABLE I. Numerical coefficients for the different contributions to the Feynmann diagrams

FIG. 1. Feynman diagrams for γ^∗- and Z^∗-boson exchanges in the processes e^− + p → e^− + N + π.

FIG. 2. Feynman diagrams for γ^∗ + p → N + π- processes.

FIG. 3. The angular dependence of the differential cross sections for the photoproduction processes: (a) and (b) γ^∗ + p → p + π^0; open stars: data from ref. [63], open crosses: data from ref. [64], (c) γ^∗ + p → n + π^+; data are from ref. [62]; the dashed line is the prediction of the present model.

FIG. 4. The k^2 and W -dependences of the ratios of the total cross sections for the e^− + p → e^− + p + π^0 reaction: (a) R^{(s)}_L (k^2, W ) = σ^{(s)}_L (k^2, W )/σT (k^2, W ); (b) R^{(s)}_T (k^2, W ) = σ^{(s)}_T (k^2, W )/σT (k^2, W ); (c) RLT (k^2, W ) = σL(k^2, W )/σT (k^2, W ); (d) Rnp = σT (pπ^0)/σT (nπ^+).

FIG. 5. The k^2 and W -dependences of the ratios of the total cross sections for the e^− + p → e^− + n + π^+ reaction. Same conventions as in Fig. 4.

FIG. 6. The k^2 and W dependences of the reduced asymmetry A0 = −A/|k^2| (where A is the theoretical asymmetry to be compared to experimental data) for p(⃗e, e^′)X at three different values of the virtual photon polarization ϵ: (a) ϵ = 0; (b) ϵ = 0.5; (c) ϵ = 1.

FIG. 7. The W -dependence of the ratios R^{(s)}_L (k^2, W ) and R^{(s)}_T (k^2, W ) for fixed values of k^2 a)) and c) −k^2 = 0.5 (GeV/c)^2; b) and d) −k^2 = 1.0 (GeV/c)^2 for the e^− + p → e^− + p + π^0 reaction. The curves represent the full calculation (full line), Δ-contribution only (dashed-dotted line), Δ + Born terms (dashed line), Δ + vector mesons (dotted line).

FIG. 8. The same as Fig. 7, for the e^− + p → e^− + n + π^+ reaction

FIG. 9. The W -dependence of the reduced asymmetry A0 for ϵ = 0.5 and two values of k^2: (a) −k^2 = 0.5; (b) 1.0 (GeV/c)^2. Same conventions as in Fig. 7.