arXiv:nucl-th/0601045 v2 2 Jun 2006

APS/123-Neutrino Interactions

Nuclear Effects in Neutrino Induced Coherent Pion Production at K2K and MiniBooNE Neutrino Energies

S. K. Singh, M. Sajjad Athar and Shakeb Ahmad Department of Physics, Aligarh Muslim University, Aligarh- 202002, India.

The coherent pion production induced by neutrinos in nuclei is studied using a delta hole model in local density approximation taking into account the renormalization of Δ properties in a nuclear medium. The pion absorption effects have been included in an eikonal approximation. These effects give a large reduction in the total cross section. The numerical results for the total cross section are found to be consistent with recent experimental results from K2K and MiniBooNE collaborations and other older experiments in the intermediate energy region.

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

The present experiments at K2K and MiniBooNE are designed to search for ν-oscillations in ν_μ disappearance and ν_e appearance channels. In these experiments, the ν_μ-spectrum is determined by the observed energy spectrum of muons which are predominantly produced in forward direction through the charged current quasielastic reactions induced by ν_μ. In this kinematic region the major background to these events come from the non quasielastic events in which pions are produced through coherent and incoherent processes induced by charged and neutral weak currents in ν-nucleus interactions. The neutral current induced π^0 production is of particular importance as it constitutes a major background to the electron signal in ν_e appearance channel. The analysis of ν-oscillation experiments, therefore, requires a better understanding of pion production processes in ν-nucleus interaction and many experiments are being done to study ν-induced coherent and incoherent production of pions from nuclei [1].

The coherent production of charged pions from^{12}C has been recently studied by the K2K collaboration [2]. The coherent production of neutral pions has been studied by the K2K collaboration for^{16}O [3] and by the Mini- BooNE collaboration for^{12}C [4]. Many experimental groups have earlier studied the coherent production of pions induced by neutrinos from other nuclei at higher energies [5]-[7]. Theoretically various authors [8]-[9] have used Adler’s PCAC theorem to predict the total cross sections for neutrino reactions, which overestimate the experimental cross sections at low energies. In these calculations the nuclear medium effects are included only through the final state interaction of the outgoing pions with the nucleus using a model of pion nucleus scattering. A theoretical framework for treating the nuclear medium effects in the neutrino production of coherent pions using some model of nuclear structure has been recently discussed by some groups [10] but no definite predictions are made for the kinematics of the neutrino oscillation experiments of present interest.

We present in this letter a calculation of the neutrino induced production of coherent pions from nuclei at intermediate neutrino energies. The nuclear medium effects are taken into account in the weak production process as well as in the final state interaction of the outgoing pions with the nucleus. The calculation uses the local density approximation to the delta hole model which has been used earlier to study photo and electro production of pions from nuclei [11]. The final state interaction of pions has been treated in eikonal approximation with the pion optical potential described in terms of the self energy of a pion in a nuclear medium calculated in this model [12].

In the kinematical region between threshold and few hundred MeV excitation energy relevant for the production of pions in neutrino oscillation experiments at intermediate neutrino energies, the dominant contributions are due to the excitation of the Δ resonance. We treat the Δ as a Rarita Schwinger field Ψ_λ and use the on shell form [13] of the Δ propagator given by

Δλσ (P) =

̸P + MΔ P^2 − M^2_Δ + iΓMΔ

P^{3/2}_{λσ} (P) (1)

where Γ is the energy dependent width of Δ and P^{3/2}_{λσ} (P) is the spin-^3_2 projection operator. We use L^{int}_{ΔNπ} = f_{ΔNπ} m_π

Ψ̄_λ∂λϕΨ + h.c. with^{f 2}ΔNπ_{4π} =0.36 to describe the on

shell ΔNπ interaction [13]-[14] and the standard model of weak interactions to describe the Δ-N isovector charge and neutral transition currents corresponding to W and Z exchanges. The matrix element for the charge current π^+ production from the proton, is calculated using the Feynman diagrams shown in Fig. 1, with the Δ propagator given in eq. (1) and the p → Δ^{++} weak transition current J^μ_W(s) in the s-channel, given by

J^μ_W (s) = √ 3ūα(P) [( C^V_1 (q^2) M (g^{αμ} ̸q − q^αγ^μ) + C^V_2 (q^2 )

M^2

(g^{αμ}q · P − q^α P^μ) +

C^V_3 (q^2 ) M^2

(g^{αμ} q · p − q^α p^μ) ) γ5 + ( C^A_1 (q^2 ) M (g^{αμ} ̸q − q^α γ^μ) + C^A_2 (q^2) M^2

(g^{αμ} q · P − q^α P^μ) + C^A_3 (q^2)g^{αμ} +

C^A_4 (q^2) M^2 q^α q^μ )] u(p) (2) and a similar isospin rotated p → Δ^0 transition current J^μ_W(u) for the u-channel diagram. u_α(P) and u(p) are the Rarita Schwinger and Dirac spinors for Δ and nucleon. The form factors C^V_j (j=1-3) and C^A_j (j=1-4) are taken

FIG. 1: Feynman diagrams

from the experimental analysis of neutrino production of pions from proton and deuteron targets [15]-[16]. The q^2 dependence of these form factors has been discussed in the literature by many authors [17]-[18]. We use a dipole parametrization for the vector form factors and a modified dipole parameterization for the axial vector form factors given in Refs. [15], [17] with a vector dipole mass M_V = 0.73 GeV and an axial vector dipole mass M_A = 1.05 GeV.

The transition current for the charged pion production from neutron targets is calculated in a similar manner using the n → Δ^+ transition current for the s-channel and n → Δ^− for the u-channel diagrams at the weak vertex. For the neutral current induced reaction, we obtain the transition current in a similar manner using the p → Δ^+ transition current for the production of π^0 from protons and the n → Δ^0 transition current for the production of π^0 from neutrons in s and u channels. With these considerations, the nuclear transition current J^μ_{W(Z)} for the coherent charged (neutral) pion production from a nucleus^AX is obtained by summing over all the occupied nucleons in the amplitude and is written as

J^μ_{W,Z} = ∑ i=s,u

T^μ_{W,Z} (i)

M^2 P^2_i − M^2_Δ + iΓMΔ ∫ ρ^i_{W,Z}(r)e^{i(⃗q−⃗pπ )·⃗r} d⃗r (3) P_i is the momentum of the Δ resonance in i(=s,u) channel. T^μ_{W,Z}(i) is the nonpole part of the kinematic factors involving transition form factors C^{V,A}_j (q^2), ρ^i_{W,Z}(r) is the linear combination of proton and neutron densities incorporating the isospin factors for charged and neutral pion production from proton and neutron targets corresponding to W and Z exchange diagrams in i(=s,u) channel.

The mass and width of the Δ appearing in eq. (3) may be modified in the nuclear medium due to inhibition of the Δ decay caused by the Pauli blocking of nucleons in the Δ →Nπ decay and due to two and three body Δ absorption processes like ΔN→NN, ΔN→ ΔNπ and ΔNN→NNN, which may take place in the nuclear medium. These modifications in the Δ properties have been studied by many authors [12], [19] by calculating the self energy Σ_Δ of Δ in the nuclear medium leading to density dependent changes in M_Δ and Γ, given by

FIG. 2: σ(Eν ) vs Eν for coherent π^+ production in^{12}C (see text for details).

FIG. 3: σ(Eν ) vs Eν for coherent π^0 production in^{12} C(solid), 27Al(dashed) and Freon(dotted) with nuclear medium and pion absorption effects, along with the experimental results [4]-[6]

~M_Δ = M_Δ + ReΣ_Δ and^{~Γ}_2 =^{Γ̄}_2 − ImΣ_Δ, where Γ̄ is the Δ width modified due to Pauli blocking. We use the expressions of Oset and Salcedo [12] for ~Γ, ReΣ_Δ and ImΣ_Δ where the density dependence of Σ_Δ and ~Γ in the nuclear medium has been studied in a local density approximation to the delta hole model. Thus incorporating the nuclear medium effects, the Δ-dependent hadronic factors in eq. (3) become density dependent and the nuclear transition current J^μ_{W,Z} is now modified to

J^μ_{W,Z} = ∑ i=s,u ∫ T^μ_W(i)

M^2

P^2_i − ~M^2_Δ + i~Γ ~MΔ ρ^i_{W,Z} (r)e^{i(⃗q−⃗pπ )·⃗r} d⃗r (4) The final state interaction of the pion is taken into account by replacing the plane wave pion by a distorted wave pion. The distortion of the pion is calculated in the eikonal approximation in which the distorted pion wave

FIG. 4:^{dσ}_{dq2} vs − q^2 at Eν =1 GeV, for coherent π^+ production in^{12}C nucleus without(dotted), with(dashed) nuclear medium effects and with nuclear medium and pion absorption effects(solid). In the inset the final results for <^{dσ}_{dq2} vs −q^2 averaged over the K2K and MiniBooNE spectrum are shown.

FIG. 5:^{dσ}_{dpπ} vs pπ at Eν =1 GeV. The various curves correspond to the cases described in Fig. 4

function is written as ~ϕ_π (⃗r) = e^{−i⃗p}π^{·⃗r} e^{−i ∫ ∞}z^12p_π^{Π(ρ(⃗b,z′))dz′} (5) where ⃗r = (⃗b, z). Π(ρ) is the self energy of the pion calculated in the local density approximation of the delta hole model and is taken from Ref. [12]

Π(ρ) = 4 9 ( fπNΔ mπ )_2 M^2 W^2

|p_π |^2ρ 1 W − ~MΔ +^{i~Γ}_2 (6)

Note that we use the nonrelativistic form of the energy denominator in the delta propagator for calculating the pion self energy.

The nuclear transition current operators J^μ_{W,Z} discussed above in eq. (3), with incorporation of nuclear medium effects through eq. (4) and the final state interaction effects through eq. (5), are used to numerically evaluate the total cross sections σ(E_ν), differential cross sections^{dσ}_{dQ2} and^{dσ}_{dpπ} for^{12}C,^{27}Al and Freon(CF_3Br). We take the proton density ρ_p(r) =^Z_A ρ(r) and the neutron density ρ_n(r) =^{A−Z}_A ρ(r) which should be appropriate for describing nucleon densities in intermediate mass nuclei. The nuclear densities ρ(r) are taken from Ref. [20].

In Fig. 2, we have presented the results for the total scattering cross section (σ^{CC}) for the coherent charged current reaction induced by ν_μ in^{12}C. The results for σ^{CC}(E_ν )(scaled by a factor of^1_2 ) vs E_ν are shown without nuclear medium effects and with nuclear medium effects. When the pion absorption and nuclear medium effects, are both taken into account the results for σ^{CC}(E_ν ) are shown by the solid lines. We see that the nuclear medium effects lead to a reduction of 30-35% around E_ν =1-1.5 GeV in σ^{CC}(E_ν) while the reduction due to final state interaction is quite large. We have also shown in this figure the results for σ^{CC}(E_ν ) vs E_ν when a cut of 450 MeV is applied on the muon momentum as done in the K2K experiment. We obtain a total cross section of 6.93×10^{−40}cm^2 in^{12}C which corresponds to 0.578×10^{−40 cm2}_{nucleon} , and is consistent with the experimental result of σ^{CC} <0.642×10^{−40 cm2}_{nucleon} in^{12}C reported by the K2K collaboration [2]. Our calculations show that:

(i) the contribution to the cross section comes mainly from the s-channel diagram(> 90%) which is dominated by on shell Δ, thus making the off shell correction quite small. The inclusion of off shell effects by introducing a form factor at the πN Δ vertex [13]-[14] leads to a reduction in the cross section which is estimated to be 4-6 % in the energy region of 1-2 GeV.

(ii) the contribution to the cross section from the vector current is negligibly small (<2 %) and the major contribution comes from the axial current only, leading to near equality of neutrino and antineutrino cross sections.

We show in Fig. 3, the total cross section σ^{NC}(E_ν ) for the neutral current induced π^0 production from^{12}C, 27Al and CF_3Br(Freon), along with the experimental results from the MiniBooNE collaboration for^{12}C [4], from the Aachen collaboration for^{27}Al [5] and from the Gargamelle collaboration for Freon [6]. We see that the theoretical results for the neutral current induced coherent π^0 production are in reasonable agreement with presently available experimental results in the intermediate energy region.

We also present in Figs. 4 and 5 the differential cross sections^{dσ}_{dq2} and^{dσ}_{dpπ} for charged pion production at E_ν =1 GeV where nuclear medium and final state interactions effects are shown explicitly. In the inset we exhibit the differential cross sections <^{dσ}_{dq2} > and <^{dσ}_{dpπ} > averaged over the K2K and MiniBooNE neutrino spectra without applying any cuts on the muon momentum.

We would like to emphasize the important role of nuclear medium effects which reduce the total cross sections and help to obtain reasonable agreement with the experimental values. The uncertainty in calculating these nuclear effects comes mainly from uncertainties in the value of the Δ-self energy which is calculated [12] within an accuracy of 15-20 %. This leads to an uncertainty of 8 − 12% in the total cross section. There is an additional uncertainty due to various parameterizations used in the literature for the weak transition form factors [18], which is small (3-5 %) as this process is dominated by differential cross sections at very low q^2(Fig. 4). Thus the total uncertainty in the present calculation is estimated to be about 15%.

Similar results for σ^{CC,NC} (E_ν ) in^{12}C have been recently obtained by Paschos and Kartavtsev [9] who have calculated only the axial vector contributions to the total cross sections. They use Adler’s PCAC theorem [8] to relate the forward neutrino cross section to the π-^{12}C elastic scattering and extend it to non-zero Q^2(≤ 0.2 GeV^2). The experimental data on π-^{12}C elastic scattering cross sections have been used, which are available only in a limited region of pion energy and momentum transfer. Moreover, for other nuclei where no experimental cross sections are available an approximate scaling law for the A-dependence of pion-nucleus elastic scattering cross sections has been used to obtain cross sections for these nuclei from^{12}C data. In their model no nuclear effects are included in the weak pion production process and the final state interaction of pions is included only through the dynamics of pion-^{12}C elastic scattering. On the other hand, in the present work the results obtained from a microscopic study of the Δ-nucleus and pionnucleus dynamics have been used to evaluate various nuclear medium effects in the weak pion production process as well as in the final state interactions of pions with a nucleus.

To summarize, we have studied in this letter total cross section σ(E_ν ), differential cross sections^{dσ}_{dq2} and^{dσ}_{dpπ} for the neutrino induced coherent production of charged and neutral pions in a model, which takes into account nuclear medium effects in the weak pion production process through Δ dominance treated in local density approximation. The final state interaction of pions with the nucleus is described in an eikonal approximation with a pion optical potential derived in terms of the pion self energy in the nuclear medium. The good agreement between the theoretical and experimental results in the energy region of 1 GeV is obtained mainly due to inclusion of nuclear medium and pion absorption effects. The method may be useful to analyze the neutrino induced pion production data at neutrino energies relevant for neutrino oscillation experiments being done by K2K, MiniBooNE and J-PARC collaborations.

This work is financially supported by D.S.T., Govt. of India (Grant number DST-SP/S2/K-07/2000).

[1] See various articles in Nucl. Phys. B 139(2005); ibid 112 (2002).

[2] M. Hasegawa et al., Phys. Rev. Lett. 95, 252301(2005). [3] C. M. Mauger, Ph.D. Thesis, SUNY at Stony Brook (2002); S. Nakayama, Nucl. Phys. B 139, 41(2005).

[4] J.L. Raaf, Ph.D. Thesis, Fermilab-Thesis-2005-20 (2005). [5] H. Faissner et al., Phys. Lett. B 125, 230(1983). [6] E. Isiksal, D. Rein and J.G. Morfin, Phys. Rev. Lett. 52, 1096(1984).

[7] P. Marage et al., Z. Phys. C 31, 191(1986); H.J. Grabosch et al., Z. Phys. C 31, 203(1986); P.P. Allport et al., Z. Phys. C 43, 523(1989); P. Vilian et al., Phys. Lett. B 313, 267(1993); S. Willcoq et al., Phys. Rev. D 47, 2661(1993).

[8] S.L. Adler, Phys. Rev. 135, B963(1964); K.S. Lackner, Nucl. Phys. B 153, 571(1970); D. Rein and L. M. Sehgal, Nucl. Phys. B 223, 29(1983); A.A. Belkov and B.Z. Kopeliovich, Sov. J. Nucl. Phys. 46, 499(1987).

[9] E.A. Paschos and A. Kartavtsev, hep-ph/0512139. [10] H. Kim, S. Schramm and C.J. Horowitz, Phys. Rev. C 53, 3131(1996); N.G. Kelkar, E. Oset and P. Fernandez de Cordoba, Phys. Rev. C 55, 1964(1997); J. Marteau, J. Delorme and M. Ericson, Nucl. Instrum. Meth. A 451, 76(2000).

[11] R.C. Carrasco, J. Nieves and E. Oset, Nucl. Phys. A 565, 797(1993); H. Hirenzaki, J. Nieves, E. Oset and M.J. Vicente Vacas, Phys. Lett. B 304, 198(1993).

[12] E. Oset and L.L. Salcedo, Nucl. Phys. A 468, 631 (1987);

C. Garcia Recio, E. Oset, L.L. Salcedo, D. Strottman and M.J. Lopez, Nucl. Phys. A 526, 685 (1991).

[13] While we use the on shell form of the Δ propagator, the off shell effects at ΔNπ vertex has been studied using: fπN Δ(P^2) =^{Λ4}

Λ4+(P 2 −M 2Δ)2 fπN Δ with Λ = 1 GeV [14].

[14] G. Penner and U. Mosel, Phys. Rev. C 66 055211(2002);

M. Post, Ph.D. Thesis, Universitat Giessen (2004). [15] S.J. Barish et al., Phys. Rev. D 19, 2521 (1979). [16] G.M. Radecky et al., Phys. Rev. D 25, 1161(1982); T.

Kitagaki et al., Phys. Rev. D34, 2554(1986); ibid 42, 1331(1990).

[17] P.A. Schreiner and F. von Hippel, Nucl. Phys. B 58, 333(1973); S.K. Singh, M.J. Vicente Vacas and E. Oset, Phys. Lett. B 416, 23(1998).

[18] T. Sato and T.-S.H. Lee, Phys. Rev. C 63, 055201(2001);

E. A. Paschos, M. Sakuda, I. Schienbein and J. Y. Yu, Nucl. Phys. B 139, 125(2005); O. Lalakulich, E.A. Paschos and G.Piranishivili, hep-ph/0602210.

[19] M. Hirata, F. Lenz and K. Yazaki, Ann. Phys. (N.Y.)

120, 205(1979); E. Oset, H. Toki and W. Weise, Phys. Rep. 83, 282(1982); J.H. Koch, E.J. Moniz and N. Ohtsuka, Ann. of Phys. 154, 99(1984).

[20] C.W. de Jager, H. de Vries,and C. de Vries At. Data Nucl. Data Tables 14, 479 (1974); ibid 36, 495 (1987).