arXiv:nucl-th/0507016 v1 7 Jul 2005

Weak Pion Production From Nuclei

S. K. Singh, M. Sajjad Athar and Shakeb Ahmad Department of Physics, Aligarh Muslim University, Aligarh-202 002, India. (Dated: July 7, 2005)

The charged current pion production induced by neutrinos in^{12}C,^{16}O and^{56}F e nuclei has been studied. The calculations have been done for the coherent as well as the incoherent processes assuming Δ dominance and take into account the effect of Pauli blocking, Fermi motion and the renormalization of Δ in the nuclear medium. The pion absorption effects have also been taken into account.

PACS numbers: 25.30Pt,23.40.Bw,13.15.+g

I. INTRODUCTION

The pion production processes from nucleons and nuclei at intermediate energies are important tools to study the hadronic structure. The dynamic models of the hadronic structure are used to calculate the various nucleon and transition form factors which are tested by using the experimental data on photo, electro and weak pion production processes on nucleons. The weak pion production along with the electro pion production from nucleon in the Δresonance region is used to determine the various electroweak N − Δ transition form factors. The neutrino induced pion production experiments performed at CERN[1], ANL[2] and BNL[3] laboratories have been analyzed to obtain informations on these form factors. The early neutrino experiments performed at CERN[1] have low statistics and are done using heavy nuclear targets and their analysis have uncertainties related to the nuclear corrections. The later experiments performed at ANL[2] and BNL[3] are done in hydrogen and deuterium and are free from nuclear medium corrections. These experiments also have high statistics and provide reasonable estimates of the dominant form factors in N −Δ transitions. However, with the availability of the new neutrino beams in intermediate energies at K2K[4] and MiniBooNE[5], it is desirable that various N^⋆ − N weak transition form factors are determined for low lying nuclear resonances like Δ(1232), N^∗(1440), N^∗(1535), etc. There is a considerable activity in this field, specially, in the determination of electromagnetic transition form factors using the photo and electroproduction data from MAINZ, BONN and TJNAF laboratories[6]. It is desirable that such attempts be extended to the determination of weak transition form factors also. Recently, the weak pion production processes have become very important in the analysis of the neutrino oscillation experiments with atmospheric neutrinos. The energy spectrum of atmospheric neutrino at Kamioka site[7], shown in Fig.1 is such that the weak pion production contributes about 20% of the quasielastic lepton production and is a major source of uncertatinty in the identification of electron and muon events. In particular, the neutral current π^0 production contributes to the background of e^± production while π^± production contributes to the background of μ^± production. This is because both the particles i.e. π^0 and e^± are identified through the detection of photons and π^± and μ^± are identified through single track events in the detection of neutrino oscillation experiments. Moreover, the neutral current π^0 production plays very important role in distinguishing between the two oscillation mechanisms ν_μ → ν_τ and ν_μ → ν_s[8].

The neutrino oscillation experiments are generally performed with detectors which use material with nuclei like^{12}C, 16O,^{56}F e, etc. as targets. It is therefore desirable that nuclear medium effects be studied in the production of leptons and pions induced by the atmospheric as well accelerator neutrinos used in these neutrino oscillation experiments.

There have been many attempts in past to calculate the weak pion production[9], but very few attempts have been made to estimate the nuclear effects and their influence on the weak pion production in nuclei[10]. The recent experiments on neutrino oscillation experiments with atmospheric and accelerator neutrinos in the intermediate energy region have started a fresh interest in the study of weak pion production of pions from nuclei[11]-[13]. We report in this paper the results of a calculation of the weak pion production in nucleus assuming Δ dominance. The effect of Pauli blocking, Fermi motion and renormalisation of weak Δ properties in the nuclear medium are taken into account in a local density approximation following the methods of Ref.[13].

In section-2, we describe the matrix elements for the production of Δ resonance from free nucleons using the information about the N − Δ transition form factors as determined from experiments. These matrix elements are then used to calculate the weak pion production in nuclei. We have described and discussed the incoherent weak production of pions in section-3 and the coherent weak pion production in section-4 with conclusion given in section- 5.

FIG. 1: The atmospheric ν-flux for Kamioka site[7]

II. WEAK PION PRODUCTION FROM NUCLEONS

The weak pion production processes like

ν_l(ν̄_l) + N → l^−(l^+) + N + π^α (1) and ν_l(ν̄_l) + N → ν_l(ν̄_l) + N + π^β (2)

where N can be a proton or neutron and π^α(^β) are the different possible charged states (π^+, π^− and π^0) of the pions produced and are determined by the lepton number and charge conservation in the charged current and neutral current reactions in Eqns.(1) and (2) respectively.

The pion production induced by charged current neutrino interaction is calculated in the standard model of electroweak interactions using the Lagrangian given by L = G_F √ 2 l_μ(x) J^μ(x)^W , where (3) l_μ(x) = ψ̄(k^′)γ_μ(1 − γ_5)ψ(k) and J^μ(x)^W is the hadronic current given by J^μ(x)^W = cosθ_c (V^μ(x) + A^μ(x) + h.c.) for the charged current reactions .

The matrix element of the hadronic current J^{μW} is generally calculated using the nucleon and meson exchanges and the resonance excitation diagrams. However, it has been shown that in the intermediate energy region of about 1GeV, the dominant contribution to the pion production from nucleons as well as from nuclei comes from the Δ resonance due to very strong P wave pion nucleon coupling leading to Δ resonance. Furthermore, the angular distribution and the energy distribution of the pions is dominated by the Δ contribution while the other diagrams contribute to the tail region due to the interference of the nucleon and meson exchange diagrams with the Δ resonance diagram[12].

In this model the matrix element for the neutrino excitation of the Δ resonance through charged current reaction i.e.

ν_l(k) + p(p) → l^−(k^′) + Δ^{++}(p^′)and (4) ν_l(k) + n(p) → l^−(k^′) + Δ^+(p^′) (5) is written as T = G_F √ 2 cos θ_cl_μ (V^μ + A^μ) (6)

where l_μ is the leptonic current and V^μ and A^μ defines the vector and axial vector part of the transition hadronic current between N and Δ states for the charged current interaction. The most general form of the matrix elements of hadronic currents between the p and Δ^{++} states, in Eqn.4 are given by[2],[9],[13]:

< Δ^{++}|V^μ|p > = √ 3ψ̄_α(p^′) [( C^V_3 (q^2) M (g^{αμ} ̸q − q^αγ^μ) + C^V_4 (q^2)

M^2 (g^{αμ}q · p^′ − q^αp^{′μ}) + C^V_5 (q^2)

M^2 (g^{αμ}q · p − q^αp^μ) + C^V_6 (q^2) M^2 q^αq^μ ) γ_5 ] u(p) (7)

< Δ^{++}|A^μ|p > = √ 3ψ̄_α(p^′) [( C^A_3 (q^2) M (g^{αμ} ̸q − q^αγ^μ) + C^A_4 (q^2) M^2 (g^{αμ}q · p^′ − q^αp^{′μ}) + C^A_5 (q^2)g^{αμ} +

C^A_6 (q^2)

M^2 q^αq^μ )] u(p) (8)

Here ψ_α(p^′) and u(p) are the Rarita Schwinger and Dirac spinors for Δ and nucleon of momenta p^′ and p respectively, q(= p^′ − p = k − k^′) is the momentum transfer and C^V_i (i=3-6) are vector and C^A_i (i=3-6) are axial vector transition form factors. The vector form factors C^V_i (i=3-6) are determined by using the conserved vector current(CVC) hypothesis which gives C^V_6 (q^2)=0 and relates C^V_i (i=3,4,5) to the electromagnetic form factors which are determined from photoproduction and electroproduction of Δ’s. Using the analysis of these experiments[12],[14] we take for the vector form factors

C^V_5 = 0, C^V_4 = − M M_Δ

C^V_3 , and

C^V_3 (q^2) =

2.05 (1 −^{q2}_{M 2V} )^2

, M^2_V = 0.54GeV^2 (9)

The axial vector form factor C^A_6 (q^2) is related to C_5^A(q^2) using PCAC and is given by

C^A_6 (q^2) = C_5^A(q^2)

M^2 m_π^2 − q^2

(10)

The remaining axial vector form factor C^A_{i=3,4,5}(q^2) are taken from the experimental analysis of the neutrino experiments producing Δ’s in proton and deuteron targets[2]-[3]. These form factors are not uniquely determined but the following parameterizations give a satisfactory fit to the data.

C^A_{i=3,4,5}(q^2) = C^A_i (0) [ 1 + a_iq^2 b_i − q^2 ] ( 1 − q^2 M_A^2 )_{−2} (11)

with C^A_3 (0) = 0, C^A_4 (0) = −0.3, C^A_5 (0) = 1.2, a_4 = a_5 = −1.21, b_4 = b_5 = 2GeV^2, M_A = 1.28GeV . Using the hadronic current given in Eqns.7 and 8, the energy spectrum of the outgoing leptons is given by

d^2σ dE_k′ dΩ_k′ = 1 8π^3 1 M M^′ k^′ E_ν Γ(W ) 2 (W − M^′)^2 +^{Γ2(W )}_{4.}

L_{μν} J^{μν} (12)

where W = √ (p + q)^2 and M^′ is mass of Δ,

L_{μν} = Σ̄Σl_μ^†l_ν = L^S_{μν} + iL^A_{μν} = k_μk^′_ν + k^′_μk_ν − g_{μν}k · k^′ + iϵ_{μναβ}k^αk^{′β}, J^{μν} = Σ̄ΣJ^{μ†}J^ν (13) and is calculated with the use of spin^3_2 projection operator P^{μν} defined as

P^{μν} = ∑ spins ψ^μψ̄^ν and is given by: P^{μν} = − ̸p^′ + M^′ 2M^′ ( g^{μν} − 2 3 p^{′μ}p^{′ν} M^{′2} + 1 3 p^{′μ}γ^ν − p^{′ν}γ_μ M^′ − 1 3 γ^μγ^ν ) (14)

In Eqn.(12), the decay width Γ is taken to be an energy dependent P-wave decay width given by

Γ(W ) = 1 6π ( f_{πNΔ} m_π )_2 M W |q_{cm}|^3Θ(W − M − m_π ) (15)

where |q_{cm}| = √ (W^2 − m^2_π − M^2)^2 − 4m^2_π M^2 2W and M is the mass of nucleon. The step function Θ denotes the fact that the width is zero for the invariant masses below the N π threshold. |q_{cm}| is the pion momentum in the rest frame of the resonance.

III. WEAK PION PRODUCTION IN NUCLEI

The reaction given in Eqns.4 and 5 taking place in the nucleus produces Δ^{++} or Δ^+ which give rise to pions as decay product through Δ → N π channel. In the incoherent pion production process only these pions are observed and no observation is made on other hadrons. However, in the nucleus there is a possibility, that the Δ produced in the reaction decays producing a pion such that the nucleus stays in the ground state. This leads to the process of coherent production of pions which are characterized by the forward production of pions in the direction of the lepton momentum transfer as the recoil of the nucleus is very small and negligible.

In the following we discuss separately the incoherent and coherent production of pions in nuclei.

A. Incoherent Weak Production of Pions

When the reaction given by Eqns.4 or 5 takes place in the nucleus, the neutrino interacts with the nucleon moving inside the nucleus of density ρ(r) with its corresponding momentum ⃗p constrained to be below its Fermi momentum k_{Fn,p} (r) = [ 3π^2ρ_{n,p}(r) ] 1_3 , ρ_n(r) and ρ_p(r) are the neutron and proton nuclear densities. The produced Δ’s have no such constraints on their momentum. These Δ^′s decay through various decay channels in the medium. The production of Δ in the nucleus, leads to pion as it decays into nucleon and pion through Δ → N π channel. However, these nucleons have to be above the Fermi momentum p_F of the nucleon in the nucleus thus inhibiting the decay as compared to the free decay of the Δ described by Γ in Eqn.12. Therefore, in the nuclear medium the decay width Γ in Eqn.15 is to be modified in the nuclear medium.

The modification of Γ due to Pauli blocking of nucleus has been studied in detail in electromagnetic and strong interactions[15]. The modified Δ decay width i.e. Γ̃ is written as[15]:

Γ̃ = 1 6π ( f_{πNΔ} m_π )_2 M |q_{cm}|^3 W F (k_F , E_Δ, k_Δ)Θ(W − M − m_π ) (16)

where F (k_F , E_Δ, k_Δ) is the Pauli correction factor given by

F (k_F , E_Δ, k_Δ) = k_Δ|q_{cm}| + E_ΔE^′_{pcm} − E_F W 2k_Δ|q^′_{cm}|

(17)

where k_F is the Fermi momentum, E_F = √ M^2 + k^2_F , k_Δ is the Δ momentum and E_Δ = √ W + k^2_Δ.

Moreover, in the nuclear medium there are additional decay channels now open due to two body and three body absorption processes like ΔN → N N and ΔN N → N N N through which Δ^′s disappear in the nuclear medium without producing a pion while a two body Δ absorption process like ΔN → πN N gives rise to some more pions. These nuclear medium effects on Δ propagation are included by using a Δ propagator in which the Δ propagator is written in terms of Δ self energy Σ_Δ. This is done by using a modified mass and width of Δ in nuclear medium i.e. M_Δ → M_Δ + ReΣ_Δ and Γ̃ → Γ̃ − ImΣ_Δ. There are many calculations of Δ self energy Σ_Δ in the nuclear medium [15]-[18] and we use the results of [15], where the density dependence of real and imaginary parts of Σ_Δ are parametrized in the following form:

ReΣ_Δ = 40 ρ ρ_0 M eV and −ImΣ_Δ = C_Q ( ρ ρ_0 )_α + C_{A2} ( ρ ρ_0 )_β + C_{A3} ( ρ ρ_0 )_γ (18)

In Eqn.18, the term with C_Q accounts for the ΔN → πN N process, the term with C_{A2} for two-body absorption process ΔN → N N and the term with C_{A3} for three-body absorption process ΔN N → N N N . The coefficients C_Q, C_{A2}, C_{A3}, α, β and γ (γ = 2β) are parametrized in the range 80 < T_π < 320M eV (where T_π is the pion kinetic energy) as [15]

C_i(T_π ) = ax^2 + bx + c, for x = T_π m_π (19)

The values of coefficients a, b and c are given in Table-I. taken from ref.[15].

TABLE I: Coefficients of Eqns.18 and 19 for an analytical interpolation of ImΣΔ CQ (MeV) CA2 (MeV) CA3 (MeV) α β a -5.19 1.06 -13.46 0.382 -0.038 b 15.35 -6.64 46.17 -1.322 0.204 c 2.06 22.66 -20.34 1.466 0.613

With these modifications, which incorporate the various nuclear medium effects on Δ propagation, the cross section for pion production on proton target is σ = ∫ ∫ dr 8π^3 dk^′ E_νE_l 1 M M^′ Γ̃ 2 − ImΣ_Δ (W − M^′ − ReΣ_Δ)^2 + (^{Γ̃}_{2.} − ImΣ_Δ)^2 ρ_p(r)L_{μν} J^{μν} (20)

For pion production on neutron target, ρ_p(r) in the above expression is replaced by^1_3 ρ_n(r), where the factor^1_3 with ρ_n comes due to suppression of π^+ production from neutron target as compared to the π^+ production from the proton target.

Therefore, the cross section for π^+ production in the neutrino interaction with the nucleus is given by σ = ∫ ∫ dr 8π^3 dk^′ E_νE_l 1 M M^′ Γ̃ 2 − ImΣ_Δ (W − M^′ − ReΣ_Δ)^2 + (^{Γ̃}_{2.} − ImΣ_Δ )^2 [ ρ_p(r) + 1 3 ρ_n(r) ] L_{μν} J^{μν} (21)

In case of antineutrino reactions the role of ρ_p(r) and ρ_n(r) are interchanged and ρ_p +^1_3 ρ_n in the above expression is replaced by ρ_n +^1_3 ρ_p and L^A_{μν} is replaced by −L^A_{μν} in Eqn 13.

B. Results

For our numerical calculation to evaluate lepton momentum and angular distribution as well as the total scattering cross section we use ρ_n(r) =^{A−Z}_A ρ(r) and ρ_p(r) =^Z_A ρ(r) in Eqn.(21), where the ρ(r) is the nuclear density which we take to be a three parameter Fermi(3pF) for^{12}C and^{16}O nuclei given by ρ(r) = ρ_0(1 + w^{r2}_{α2} ) (1 + exp((r − α)/a)) , (22)

where α=2.355fm , a = 0.5224fm and w = −0.149 for^{12}C nucleus and α=2.608fm , a = 0.513fm and w = −0.051 for^{16}O nucleus and a three parameter Gaussian(3pG) density for^{56}F e nucleus given by ρ(r) = ρ_0(1 + w^{r2}_{α2} ) (1 + exp((r^2 − α^2)/a^2))

, (23) where α=3.475fm , a = 2.33fm and w = 0.401 for^{56}F e nucleus. The parameters are taken from de Jager et al.[19].

In Fig.2, we present the results for the lepton momentum distribution^{dσ}_{dpl} in^{16}O as a function of lepton momentum at a fixed neutrino energy E_ν = 1GeV . The results for the momentum distribution without the nuclear medium effects have been shown by solid lines and with the nuclear medium effects have been shown by dashed lines. We find a reduction of about 15 − 30% around the peak region of the momentum distribution. Further we find that around 80 − 85% of these Δ^′s produce pions and the rest of them produce particle hole excitations. This is calculated by using^{Γ̃}_2 and C_3 term in ImΣ_Δ for the production of pion and for medium absorption of Δ, C_1 and C_2 terms in ImΣ_Δ in Eqn.(21). Therefore, the total effect of the medium modification is a reduction of ≈ 30 − 35% in the peak region. However, pions once produced inside the nucleus, rescatter and some of them may be absorbed while coming out of the nucleus. We have estimated this absorption effect in an Eikonal arrroximation using the energy dependent mean free path of pions taken from Ref.[15]. We find a further reduction in the momentum distribution of the muon spectrum to be around 15 − 20% in the peak region. In Fig.3, the results for the angular distribution^{dσ}_{dcosθ} , where θ is the angle between the outgoing lepton and the neutrino, has been shown for neutrino energy E_ν = 1GeV . We find a reduction of around 10% in the forward direction when nuclear medium modification effects are encorporated. When the pion absorption effects are taken into account there is a further reduction of about 10% in the forward direction.

In Fig.4, we have shown the effects of medium modification and pion absorption for the total scattering cross section σ in^{16}O. The solid line is the result for the cross section without nuclear medium effects, the dashed line shows the effect of medium modification and dotted line shows the effect when pion absorption is also taken into account. We find that the effect of medium modification results in a reduction of the cross section of around 10% at E_ν = 1GeV which further decreases with the increase in the neutrino energy. When pion absorption effects are taken into account there is a further reduction of around 10% at E_ν = 1GeV . In Fig.5, we have shown the results with the nuclear medium modification and final state pion interaction effects for the total scattering cross section σ in^{12}C(dotted line),^{16}O(dashed line) and^{56}F e(solid line).

IV. COHERENT WEAK PION PRODUCTION

The coherent pion production is the process in which the nucleus remains in the ground state. The study of such processes in electromagnetic interactions has shown that these are also dominated by Δ-excitation in the intermediate energy region. Therefore, the weak pion production is also calculated using Δ dominance model. In this energy region the coherent pion production induced by neutrinos has been studied by Kelkar et al.[20] in a non-relativistic approach and by Kim et al.[11] in a relativistic mean field theory of the nucleus. At very high energies, the coherent pion production has been studied using PCAC and the Adler’s theorem for forward production and extrapolating the results to non-zero Q^2 [21]. Recently these calculations have been updated by Paschos and Kartavtsev[22] using a generalized PCAC.

We calculate the coherent pion production induced by charged current interaction i.e. ν(ν̄)+^A_Z X → l^−(l^+)+π^+ +^A_Z X. The calculations are done in a local density approximation using Δ dominance in which the diagrams shown in Fig 6., contribute.

The matrix elements corresponding to the Feynman diagrams shown in Fig.6 is given by T = G_F √ 2 ū(k^′)γ^μ(1 − γ_5)u(k) (J^μ_{direct} + J^μ_{exchange})F (q − p_π) (24) where J^μ_{direct} = √ 3 G_F √ 2 cos θ_C f_{πNΔ} m_π t^π_σ ∑ s Ψ̄^s(p^′)Δ^{σλ}O_{λμ}Ψ^s(p) (25)

J^μ_{exchange} = √ 3 G_F √ 2 cos θ_C f_{πNΔ} m_π ∑ s Ψ̄^s(p^′)t^π_σ O^{σλ}Δ_{λμ}Ψ^s(p) (26)

F (q − p_π ) = ∫ d^3r(ρ_p(r) + 1 3 ρ_n(r))e^{i(q−pπ ).r} (27)

Δ^{σλ} or Δ_{λμ} is the relativistic Δ propagator given by Eqn.(14) and O_{λμ} or O^{σλ} is the weak N − Δ transition vertex given as the sum of V^μ + A^μ using Eqns.7 and 8.

Using these expressions the following form of the double differential cross section for pion production is obtained d^2σ dΩ_πdE_π = 1 8 1 (2π)^5

(E_ν − E_π) E_ν |p_π| ∑ |T |^2 (28)

where |T |^2 is obtained by squaring the terms given in Eqn.24. Similar expressions are derived for the lepton differential spectrum for the process induced by the charged currents.

The numerical evaluation of the cross section given in Eq.28 has been done for^{12}C,^{16}O and^{56}F e using nuclear densities from Eqns.22 and 23 and the results are presented in Fig.7 to Fig.10. It is found that for coherent production the axial vector current gives dominant contribution and the contribution from the vector current is almost negligible. Therefore, the results for the neutrino and antineutrino reactions are almost similar. This is in agreement with the results obtained by Kim et al.[11] and Kelkar et al.[20].

In Fig.7, we present the results for the momentum distribution^{dσ}_{dpπ} in^{16}O as a function of pion momentum at a fixed neutrino energy E_ν = 1GeV . The results for the momentum distribution without the nuclear medium effects have been shown by solid lines and with the nuclear medium effects have been shown by dashed lines. We find a reduction of about 60 − 80% around the peak region of the momentum distribution. We find a further reduction in the pion momentum distribution to be around 15 − 30% in the peak region due to pion absorption effects as shown by dotted lines in this figure. In Fig.8, the results for the angular distribution^{dσ}_{dcosπ} has been shown for neutrino energy E_ν = 1GeV . The angular distribution has been found to be very sharply peaked in the forward direction. The results without(with) medium modification effects have been shown by solid line(dashed line). We find a reduction of around 15 − 20% in the forward direction when nuclear medium modification effects are encorporated. When the pion absorption effects are taken into account, which has been shown here by dotted line, there is a further reduction of about 8 − 10% in the forward direction.

In Fig.9, we have presented the results of the total scattering cross section σ(E_ν) for the charged current coherent process in^{16}O. The result of σ(E_ν ) without the nuclear medium effects has been shown by solid line and with the nuclear medium effects has been shown by dashed line. We find the reduction in the cross section because of the medium modification on Δ to be quite substantial at low energies. For example at E_ν = 0.7GeV , it is ≈ 40% which decareses with the increase in energy and this reduction becomes 30% at E_ν = 1GeV and 20% at E_ν = 1.5GeV . When pion absorption effects are taken into account, there is a further reduction of 25 − 30% at these energies. In Fig.10 we show the results for the total cross section σ(E_ν) for coherent pion production in nuclei like^{12}C(dotted line),^{16}O(dashed line) and^{56}F e(solid line).

V. CONCLUSIONS

We have calculated the weak pion production induced by charged currents in neutrino resctions at intermediate neutrino energies of E_ν ≈ 1GeV . This is relevant for the neutrino oscillation experiments being done with atmospheric neutrinos and the accelerator neutrinos at K2K and MiniBooNE.

The incoherent and coherent pion production have been calculated for^{12}C,^{16}O and^{56}F e and the numerical results have been presented. The nuclear medium effects have been calculated using the renormalisation of Δ properties in the nuclear medium and the pion distortion effects using the energy dependent mean free path of pions as determined from the electromagnetic and strong interaction processes in this energy region. The numerical results for the momentum distribution, angular distribution for lepton and/or pions and the total cross section have been presented and discussed.

Acknowledgments

This work was financially supported by the Department of Science and Technology, Govt. of India under grant number DST SP/S2/K-07/2000. One of the authors(SA) would like to thank CSIR for the financial support.

[1] P.Allen et al., Nucl. Phys. B176 (1979) 269; J.Bell et al., Phys. Rev. Lett. 41 (1978) 1008; W.Lee et al., Phys. Rev. Lett.

38 (1977) 202.

[2] S.J.Barish et al., Phys. Rev. D19 2521 (1979); G.M.Radecky et al., Phys. Rev. D25 1161(1982). [3] T.Kitagaki et al., Phys.Rev. D42 1331(1990); ibid 34 2554(1986). [4] M.H.Ahn et al., Phys. Rev. Lett. 90 041801(2003). [5] J.Monroe, hep-ex/0408019 (2004).

FIG. 2:^{dσ}_{dpl} vs pl at Eν = 1.0GeV for the charged current lepton production in oxygen with (dashed line) and without (solid line) nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 3:^{dσ}_{dcosl} vs cosθl at Eν = 1.0GeV for the charged current lepton production in oxygen with (dashed line) and without (solid line) nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 4: Total scattering cross section σ(Eν ) for the charged current lepton production in^{16}O nucleus without(solid line) and with(dashed line) the nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 5: Total scattering cross section σ(Eν ) for the charged current lepton production in^{12} C(dotted line),^{16}O(dashed line) and^{56}F e(solid line) with nuclear medium and pion absorption effects.

FIG. 6: Direct and exchange diagrams for the reaction νl(k) + p(p) → l^−(k^′) + p(p^′ ) + π^+ (t).

FIG. 7:^{dσ}_{dpπ} vs pπ at Eν = 1.0GeV for the charged current coherent pion production in oxygen with (dashed line) and without (solid line) nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 8:^{dσ}_{dcosπ} vs cosθπ at Eν = 1.0GeV for the charged current coherent pion production in oxygen with (dashed line) and without (solid line) nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 9: Total cross section σ(Eν ) for the charged current coherent pion production in^{16} O nucleus without(solid line) and with(dashed line) nuclear medium effects. The result with nuclear medium and pion absorption effects is shown by dotted line.

FIG. 10: Total scattering cross section σ(Eν ) for the charged current coherent pion production in^{12}C(dotted line),^{16}O(dashed line) and^{56} F e(solid line) with nuclear medium and pion absorption effects.

[6] D.Drechsel and L.Tiator, Ed. NSTAR 2001, World Scientific, New Jersey (2001). [7] M.Honda, T.Kajita, K.Kasahara and S.Midorikawa, Phys. Rev. D 52 4985(1995). [8] F.Vissani and A.Yu Smirnov, Phys. Lett. B 432 376(1998).

[9] S.L.Adler, Ann. Phys. (N.Y.)50 189(1968); P.A.Schreiner and F.Von Hippel, Nucl. Phys.B 58 333(1973); G.L.Fogli and G.Nardulli, Nucl. Phys. B 160 116(1979); ibid 165 162(1980); D.Rein, L.M.Sehgal, Ann. Phys. 133 79 (1981).

[10] S.L.Adler, S.Nussinov and E.A.Paschos, Phys. Rev. D9 2125 (1974). [11] H.Kim, S.Schramm and C.J.Horowitz, Phys. Rev. C53 2468 and 3131(1996).

[12] E.A.Paschos, J.Y.Yu and M.Sakuda, hep-ph/0308130 (2003); J.Y.Yu, E.A.Paschos, D.P.Roy and I.Scheinbein, hep-ph/0312123 (2003).

[13] S.K.Singh, M.J.Vicente Vacas and E.Oset, Phys. Lett. B 416 23(1998); M.Sajjad Athar, S.Ahmed and S.K.Singh, Eur. J.

of Phys. A 24, 459(2005).

[14] A.J.Dufner and Y.S.Tsai, Phys. Rev. 168 1801 (1968); G.Olsson et al., Phys. Rev.D 17 2938 (1978). [15] E.Oset and L.L.Salcedo, Nucl. Phys. A468 631 (1987); C.Garcia Recio, E.Oset, L.L.Salcedo, D. Strottman and M.J.Lopez, Nucl. Phys. A526 685 (1991).

[16] H.M.Hofmann, Z.Phys. A289 273 (1979); M.Hirata, F.Lenz and K.Yazaki, Ann. of Phys. 120 205(1979). [17] E.Oset and W.Weise, Phys. Lett. B77 159(1978); Nucl. Phys. A319 477(1979); E.Oset, Y.Futami and H.Toki, Nucl. Phys.

A448 597(1986).

[18] E.Oset, H.Toki and W.Weise, Phys. Rep.83 282(1982); E.Oset, L.L.Salcedo and D.Strottman, Phys. Lett. B165 13(1985). [19] C.W.de Jager, H.de Vries,and C.de Vries At. Data Nucl. Data Tables 14 479 (1974). [20] N.G.Kelkar, E.Oset and P. Fernandez de Cordoba, Phys. Rev. C55 (1997) 1964.

[21] A.A.Belkov and B.Z.Kopeliovich, Sov. J. Nucl. Phys. 46 (1987)499; D. Rein and L. H. Sehgal, Nucl. Phys. B223, 29 (1983).

[22] E.A.Paschos and A.Kartavtsev, hep-ph/0309148 (2003).