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Chapter 1 

Introduction 

The study of weak quasielastic and pion production processes in the low and intermediate 
energy region is an interesting subject in itself, but the recent interest in the weak production 
cf leptons and pions due to their importance in the neutrino oscillation experiments has started 
considerable activities in this field. The neutrino experiments done in last few years have given 
conclusive evidence for the existence of neutrino oscillations. These neutrino oscillation exper
iments are being performed in the low energy as well as in the intermediate energy region of 
neutrino energies using detectors which use materials with nuclei like ^^C, ^^0, ^®Ar, ^^Fe and 
208p5 etc., as targets. Even though most of these experiments are done in nuclei, no serious 
attempts have been made to study nuclear effects and their possible influence on the weak pion 
production cross section. In these energy regions, the processes which contribute to the lepton 
and pion production are quasielastic processes, inelastic processes where few resonances are 
excited and the deep inelastic processes. It is therefore, desirable, that nuclear effects in the 
neutrino(antineutrino) induced reactions at low and intermediate energies in these processes 
from nuclear targets be calculated. 

Theoretically, there exist calculations in p'ast where various nuclear effects in the quasielastic 
processes induced by neutrinos(antineutrinos) in nuclei in the low as well as in the intermedi
ate energy region have been estimated. Various neutrino generators like NUANCE, NEUGEN, 
NEUT, NUX, GENEVE and FLUKA etc., which are being used to model neutrino nucleus inter
actions to analyze the various neutrino oscillation experiments do not include nuclear effects in 
the calculation of cross sections except for the quasielastic process calculated in nonrelativistic 
Fermi Gas Model (FGM). It is therefore, very important, that a detail study of nuclear effects 
in quasielastic as well as inelastic processes be made at low and intermediate energy neutrino 
scattering processes relevant for the study of neutrino oscillation experiments. 

The major point of concern of this thesis is to study the effects of various nuclear effects 
in the neutrino(antineutrino) induced weak quasielastic and pion production processes at low 
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CHAPTER 1. INTKODUCTION 

and intermediate energies. In this thesis, we have used a local Fermi gas (LFG) model to 

calculate neutrino induced quasielastic processes and inelastic processes (where one pion is 

produced). In the case of quasielastic reactions the nuclear effects like Pauli blocking, Fermi 

motion and nuclear binding are calculated using relativistic Lindhard function corresponding 

to particle-hole(ph) excitations in the nuclei. The effect of nuclear correlation is calculated by 

describing the interaction of particle-hole(ph) excitation, as it propagates through the nuclear 

medium using Random Phase Approximation(RPA). The effect of Coulomb distortion of the 

charged lepton in the final state is calculated using Fermi function at low electron energies 

and a modified effective momentum approximation at higher electron energies. The method 

has been applied to calculate low energy neutrino cross section for various nuclei like ^^C, 

16Q 38^^ 56pg gp j f,3j (jgg^ applied to pion decay at rest neutrinos and also for the case of 

supernova neutrinos. 

In the case of inelastic reaction pion production is calculated through the excitation of A 

resonance which subsequently decays into nucleon and pion. The renormalization of A prop

erties in the medium is included through the modification of A mass and width in the medium 

which is incorporated through the modification of A self-energy in the medium. Finally, the 

final state interaction of pion with the nucleus is taken into account using a Monte Carlo sim

ulation of pion nucleus interaction for incoherent production of pions and a standard eikonal 

approximation for pion distortion for the case of coherent production. The optical model used 

in the eikonal approximation is determined from the self-energy of the pion calculated in the 

nuclear medium. Explicit calculations for coherent, and incoherent production of pions from 

^^C, ^^0 and ^^Fe nuclei have been made. These calculations have also been made for the 

neutrinos and antineutrinos spectra for j3-heam neutrino(antineutrino). 

The thesis comprises of six chapters including an introduction to the subject. The main 

formulation and results for the calculation of quasielastic process are given in chapter-2, while 

the formulation for the inelastic production of leptons and pions is given in chapters-3 and 

4. In chapter-5, wre present our results and discussions of inelastic production of leptons and 

pions. Ail our results have been summarized in chapter-6. In the following we give an abstract 

of various chapters contained in this thesis. 



Chapter 2 

Quasielastic Neutrino Reactions 
With Nucleons and Nuclei 

In this chapter, we discuss the quasielastic neutrino/antineutrino reactions from nucleons and 
nuclei at low as well as at intermediate energy region of neutrino /antineutrino energies. 

In the low energy region it is relevant for the neutrino processes initiated by supernova neutri
nos as well as the laboratory neutrinos obtained by the decay of pions and muons at rest. The 
neutrino energy and the spectrum for these neutrinos is given by the Michel spectrum <f>{E^) 
which is given by 

<l>iE.J = ^El{Eo-E,J, Eo^o2.8 MeV 

The energy distributions for supernova neutrinos is given by a thermal Fermi-Dirac distribution 
with an effective degeneracy parameter a {a=n/Ti„ fj, being the chemical potential and T^ 
being the temperature of the neutrino gas) and is given by 

^u e^Tu ° ' + 1 

where typical value of T^, ~4-5 MeV and a is taken to be either 0 or 3. 

In the intermediate energy region of E^ <1.0 GeV, the charged current quasielastic reaction 
plays a crucial role in atmospheric and accelerator neutrino oscillation studies. Understand
ing charged current quasielastic interactions is necessary to accurately predict signal rates in 
neutrino oscillation experiments. Therefore, precision measurement of the cross section for 
this reaction, including its energy dependence for various target nuclei, is essential in order to 
interpret current and future neutrino oscillation experiments in this energy region. 



4 CHAPTER 2. QUASIELASTIC NEUTRINO REACTIONS WITH NUCLEONS AND NUCLEI 

In this chapter, we describe the formalism of free neutrino/antineutrino nucleon scattering 
and extend it to describe the inclusive quasielastic neutrino/antineutrino nucleus reactions. 
This has been done to investigate the effects of nuclear medium on the differential and the 
total cross sections. We first describe the neutrino (antineutrino) induced charged and neutral 
current quasielastic interactions with free nucleons, 

uiik) + n(p) - . /-(fc') + p(p') I 

uiik) + n(p) -. uiik') + n(p') 
•^lik) + pip) -* uiik!) + pip') 
Diik) + v{p) -^ ui(k') + nip') 
Hk) + pip) -^ Hl^) + Pip') 

(Neutral Current) 

where we have calculated the invariant matrix element and the cross section, using the weak 
interaction part of the standard model (SM) Lagrangian. The various nucleon vector and axial 
vector form factors have been discussed along with their parameterizations which have been 
used in recent years based on the fits to experimental data. 

We have studied the inclusive quasielastic neutrino(antineutrino)-nucleus reactions, 

^lik) + ^Yip) -^ r(fc') + X{p') 

Mk) + iY{p) - . l+ik') + X(p') 

where the neutrino(antineutrino) scatters from a nucleon in the nucleus, the interactions be
come modified by the effects of various medium effects like Pauli blocking of the recoil nucleon. 
binding energy, Fermi motion, and renormalization of the weak coupling constants. To ac
count for these medium effects, we have done the cross section calculations in the local density 
approximation (LDA). In the local density approximation, the cross section is evaluated as a 
function of local Fermi momentum, and integrated over the whole nucleus. Inside the nucleus 
various medium effects like Fermi motion and Pauli blocking effects in nuclei are taken into 
account through the imaginary part of the Lindhard function using relativistic kinematics for 
particle hole (p-h) excitations in the nuclear medium. The renormalization of weak transition 
strengths, which are quite substantial in the spin-isospin channel, are calculated in the random 
phase approximation (RPA) through the interaction of p-h excitations as they propagate in 
the nuclear medium using a nucleon-nucleon potential described by pion and rho exchanges. 
The effect of the Coulomb force on the outgoing charged lepton and Qj^-value of the reaction 
are also properly taken into account. The effect of Coulomb distortion of the lepton produced 
in charged current reactions is taken into account by using the Fermi function F(Z,Ee) at 
low electron energies, where Z is the atomic number and Eg is the outgoing lepton energy, 
as well as in a modified momentum approximation (MEMA) at higher lepton energies, where 



the effect of Coulomb distortion is incorporated by modifying the momentum and energy of 
charged lepton in the Coulomb potential of the final nucleus We obtained the expressions for 
the total cross section and differential cross section in this approximation 

The numerical results for charged current total cross section cr(E^) as a function of neu
trino energy, m the low as well as intermediate energy region, for the inclusive quasielastic 
neutrino-nucleus reactions induced by i/^, and v^ on various nuclei have been presented, which 
are of present interest for atmospheric as well as accelerator neutrino experiments The cal
culations have been done for large number of nuclei m the low energy and in the intermediate 
energy region for ^^C, ^^0 and ^^Fe We discuss separately the effects of various nuclear 
medium effects We see that 

1 The reduction is larger in the total cross section for quasielastic reactions as compared 
to the Fermi gas model The energy dependence of the cross sections for v^ and i/^ are similar 
except for the threshold effects which are seen only at low energies (E^ <500 MeV) 

2 At low energies considered in this work the major suppression in the cross section comes 
due to the consideration of Q^/j-values and Pauli blocking in the nuclear medium The reduc
tion in the cross section a{E) due to these effects decreases with the mcrease of energy 

3 In addition to the Pauli blocking, the consideration of RPA correlation in the nuclear 
medium gives rise to further reduction which increases with the mass number and decreases 
with the increase in energy. 

4 The effect of the Coulomb distortion of the electron is to increase the total cross section 
which depends upon the incident energy of the neutrino and the charge of the final nucleus 
For a fixed Z, this increase m the cross section decreases with the mcrease m energy while 
for a fixed energy the inclusion of Coulomb distortion increases with the charge Z For high Z 
nuclei the Coulomb effect is very large and results in manifold increase in the cross sections. 

5 The use of Fermi function to calculate the Coulomb distortion effects is not appropriate 
at higher electron energies Therefore, we use the modified effective momentum approxima-
tion(MEMA) It is seen that for low mass nuclei, the results for the cross sections in the two 
approximations are qualitatively similar but the MEMA gives slightly higher cross sections for 
the entire energy range considered in this thesis As Z increases the cross sections calculated 
with MEMA remain higher than the cross sections calculated with the Fermi function at lower 
energies but become lower than the cross sections obtained with the Fermi function at higher 
energies This crossover m the cross section for higher Z (Z>18) nuclei occurs at an energy 
Ec which depends upon Z 
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6. In the low energy region, we also present the results of the total cross sections (<T) 

averaged over Michel spectrum for various nuclei, calculated with RPA correlations without 

the Coulonnb effect, with RPA correlations with Coulomb effect and without RPA correlations 

with the Coulomb effect. The results for ^^C. ^®0, ^^Fe and ™^Pb nuclei are compared with 

the available experimental and other theoretical results. We find that there are appreciable 

effects on the cross section due to various nuclear medium effects, and our results are in fair 

agreement with the experimental results and other theoretical calculations. 

7. Based on the theoretical formalism discussed for inclusive quasielastic reactions, we have 

obtained the numerical results for the total scattering cross sections for charged current scat

tering cross section for supernova neutrino and antineutrino with ^ F e nuclei, and are also 

compared with other results available in the literature. 

8. In the intermediate energy region i.e. E^ <3 GeV, we present the numerical results for 
the total cross sections as a function of energy for neutrino reactions on ^^C, ^^0 and ^^Fe. 
We see that with the incorporation of various nuclear effects the total cross section is reduced. 
The reduction is energy dependent, and is large at lower energies but becomes small at higher 
energies. 



Chapter 3 

Weak Pion Production From 
Nucleons 

This chapter is devoted mainly to the weak production of ieptons and single pion from nucleon 
in the intermediate energy region in A dominance model, where we describe the charged 
current and neutral current induced weak production of A resonance from nucleons induced 
by neutrinos/antineutrinos, which subsequently decays into pions and nucleon. 
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We discuss the weak production of pions in an effective Lagrangian formalism. We first 
write explicitly the effective Lagrangians for the different hadronic interactions for the weak 
production of pions. Following the basic weak interaction Lagrangians defined for charged 
current as well as neutral current interactions, we write down the matrix elements in case of 
nonresonant and resonant terms corresponding corresponding to the lowest order non vanishing 
Feynman diagrams contributing to the processes of pion production. For example, the matrix 
elements for N-A transition is written as 

(A+^IV^IN) = v/3 MP) [ ( ^ ^ (9"" A- q'^l") + ^ ^ {g'^'q • P 

-9°^") + % ^ (̂ ""9 • P - 9"^) + % ^ 9"9'') 5̂ u{p) 
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and 

-q^Pn+C^iq^) 9"" + ^ ^ 9 V ) ] "(P) 

where tpa{.P) and u(p) are the Rarita-Schwinger and Dirac spinors for the A and the nucleon 
of momenta P and p respectively, q{= P - p = k - k') is the momentum transfer and M is 
the mass of the nucleon. The following parameterizations have been used for the various N-A 
transition form factors. The expression for the cross section have been derived. 

From the experimental data on these processes, the vector form factors are parametrized 
in a dipole for^^•. 

Criq'') = CriO) ( 1 - 4 ) " ' ; t = 3,4,5. } A 

where My is the vector dipole mass. Other proposed modified forms of the form factors are 
given as' 

criq') = CyiO) (i-^y'v, , i = 3,4,5. } B 

where 

and 

c^i<f)=crio){i-^y{i-£^y'} c 
Along with these vector form factors the axial vector form factors have been used by various 
authors. 

C.̂ (g2) = C.̂ (O) (1 - ^ ) " ' A , r ^ 3,4,5. 1 

^ ' = 1 - ( ^ : ^ = 3,4,5; Ciiq') ^ C^{q') ^ J 

where 03 = 63 = 0, 04 = 05 = -1.21, 64 = 65 —2 GeV^. Other forms of the axial vector form 

factors parameterizations are given as: 

C:'{q')^C,HO) ( l - ^ ) - 2 p . , ^ = 3,4,5; ^ ^ ( l - ^ ) " ' } B & C 



Tabic 3.1: V/calc vector and axial vector couplings at 9^ = 0 and the values of My and 
MA used in the literature, W^ = (p + q)^-

A 
B 
C 

^3^(0) 
2.05 
2.13 
1.95 

Q ( 0 ) 
M 

-MI -1.51 
M 

C^{0) 
0.0 
0.48 
0.0 

^3^(0) 
0.0 
0.0 
0.0 

cm 
-0.3 
-0.25 
-0.25 

C5 (̂0) 
1.2 
1.2 
1.2 

Mi'(GeV) 
0.73 
0.84 
0.84 

M4(GeV) 
1.05 
1.05 
1.05 

where MA is the axial vector dipole mass and m^ is the pion mass. The values of CV'(O) and 
C^{0) in various parameterizations A , B and C are given in table-3.1. 



Chapter 4 

Weak Pion Production From 
Nuclei 

In this chapter, we discuss the weak production of leptons and pions from nuclei in the in
termediate energy region using the formalism developed in chapter-3. There are two types of 
production processes from nuclear targets, known as coherent pion production and incoherent 
pion production depending upon the excitation energy of the residual nucleus. In a nucleus, 
the target nucleus can stay in the ground state leading to the coherent production of pions or 
can be excited and/or broken up leading to the incoherent production of pions. 

We discuss separately the neutrino/antineutrino induced coherent and incoherent weak produc
tion of pions from nuclei assuming A-dominance. The calculations have been done assuming 
A-dominance model of one pion production because the contribution of higher resonances in 
tha energy region of interest is sufficiently small. We have considered all the present available 
informations on the weak vector and axial vector form factors in the matrix elements of N-A 
transitions discussed in chapter-3. Nuclear pion production differ from pion production from 
free nucleon since the A produced inside the nuclear medium can decay through pionic decay 
i.e., AIM^NNTr or non-mesonic decay through AN—>NN, which is not available in case of free 
nucleon. In the excitation of A from nuclear targets, there is an additional model dependence 
due to strong interaction of A in the nuclear medium. Inside the nuclear medium A properties 
like its mass and decay width are both modified due to strong interactions. The nuclear effects 
in the A production are important to study the pion production from nuclei. 

Inside the nuclear medium the modification in the mass and width of the A resonance is 
properly taken into account in terms of A self-energy S A in nuclear medium in the local den
sity approximation. The following modifications have been incorporated in the A self-energy 

11 
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2 A : 

RCEA :ii 40.0 

- ImSA Mi) 
MeV 

ii)' 
which is determined mainly by the one pion interactions in the nuclear medium. The different 

coefficients used above are parameterized in the range of energies 80 < TV < 320MeV, where 

Tir is the pion kinetic energy, as: 

C(r^) = ax^ + 6a; + c, 
m. 

where C stands for all the coefficients i.e. CQ, CA2, C^S, a and ^ ( 7 = 2P). The different 
coefficients used above are tabulated in table.4.1. 

Tabic 4.1: Coefficients used for an analytical interpolation of ^ ( 7 ^ ) . 

a 
b 
c 

CqiMeV) 

-5.19 
15.35 
2.06 

CA2{MeV) 

1.06 
-6.64 
22.66 

CA3(.MeV) 

-13.46 
46.17 
-20.34 

a 

0.382 
-1.322 
1.466 

P 
-0.038 
0.204 
0.613 

With these corrections in S A , depending upon the medium, the mass and width have been 
modified to 

M A - » M A ' = M A - l - R e S A , and T - > f - 2lmSA 

where F is the Pauli blocked width of A in the nuclear medium. 

All these effects are taken into account in a local density approximation (LDA). We have 
also discussed the effect of final state interaction of pions with the residual nucleus. This has 
been discussed separately for the coherent and incoherent processes. The final state interaction 
in coherent production of pions is taken into account by replacing the plans wave pion by a 
distorted wave pion. The distortion of the pion is calculated in the eikonal approximation in 
which the distorted pion wave function is written as: 

„j(q-k„) r 
exp z(q - k^) • r Voptih, z')dz' 
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where r = {h,z), q and k , are the momentum transfer and the pion momentum, respectively. 
The pion optical potential Vopt is related with the pion self-energy I I as 11 = 2w Vopt, where w 
is the energy of the pion and |v| = |k , | /u i . The pion self-energy is calculated in local density 
approximation of the A-hole model and is given as 

U{p[h,z')) ^ \ ( ^ ) ' ^ | k . p ^(b,.') G^u{s,p) 

where s is the center of mass energy in the A decay averaged over the Fermi sea and GAh{s, p) 
the A-hole propagator given by 

G^h(s,p(b,/)) = 
v ^ - M A + \it{s,p) - ilmEA(s,/3) - ReEA(s,p) 

We have calculated the charged current and neutral current induced coherent pion production 
from nuclei 

n {Oi) + M ^ 1= {i^i) + U + 7r±(7rO) 

including particle-hole (p-h) and A-h nuclear excitations with the relativistic description of 
A-resonance. We write the relativistic expression of matrix element for delta pole term in 
s-channel and u-channel processes by using the effective form of the ANTT interactions vertices 
by taking the relativistic covariant form of the A propagator of the Rarita-Schwinger spinor 
for a r = I particle. 

^^, ,^ >P + A/A 

P^-Ml + IFMA 
O*̂ " _ -'yl^j" - pl^pi^ _^\P 1 1 P ) 

3 ' ' ZMl 3MA 

where P and M A are the four momenta and mass of the delta, and F is the energy dependent 
P-wave decay width for the A resonance given as 

where 

_ v/(IK2_„,2_M2)2-4m2M2 

The step function 9 denotes the fact that the width is zero for the invariant masses below the 
NTT threshold, W and M are the A invariant mass and nucleon mass respectively, and | k ^ | 
the pion momentum in the rest frame of the resonance. 

We obtained the expressions for the differential cross sections for the coherent weak pion 
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production from nuclei, and the nuclear medium effects have been taken into account by using 
the nuclear form factor ^ ( q — k „ ) given as 

Ĵ (q - k„) = jdh pir) e-'(''-'")'-

with p{r) as the nuclear matter density as a function of nucleon relative coordinates. 

Weak production of A has been studied in order to calculate the incoherent pion produc
tion from nuclei through charged and neutral current processes induced by neutrinos and 
antineutrinos, in which a A resonance is excited which give rise to pions as decay product 
through A —>N7r channel, where only these pions are observed and no observation is made on 
other hadrons. 

•^i.W+pip) - /x-(fc') + A++(P) 

\ p + 7r+ 

\ n + 7r+ ( p + 7r° ) 

The calculations have been done assuming A-dominance model of one pion production in local 

density approximation using a relativistic description of A resonance following the standard 

Rarita-Schwinger formalism. In this work the nuclear effects on the A production in nuclei has 

been studied in the local density approximation (LDA) which takes into account the modifica

tion of mass and decay width of A in the nuclear medium. 

The final state interaction of incoherent pions inside the nuclear medium is calculated through 

the Monte Carlo simulation using probabilities per unit length as the basic input. In this sim

ulation, a pion of given momentum and charge is moved along the z-direction with a random 

impact parameter b, with |b( < R, where R is the nuclear radius which is taken to be a point 

where nuclear density p(R) falls to 10~^po, where po is the central density. To start with, the 

pion is placed at a point (b, 2i„) , where 2,„ = -\/R^ - |bp and then it is moved in small 

steps 61 along the z-direction until it comes out of the nucleus or interact. If P (p „ , r , A) is 

the probability per unit length at the point r of a pion of momentum p,r and charge A, then 

P6l « 1. A random number x is generated such that x e [0,1] and if x > P6l, then it 

is assumed that pion has not interacted while traveling a distance 61. however, if x < P6l 

then the pion has interacted and depending upon the weight factor of each channel given by 

its cross section it is decided that whether the interaction was quasielastic, charge exchange 

reaction, pion production or pion absorption. For example, for the quasielastic scattering 

P v(,rJ^ 7r^');v' — ^N(n>' ir^')N' ^ Pf^ where N is a nucleon, PN is its density and a is the elemen

tary cross section for the reaction TT^ + N —* n^' + N' obtained from the phase shift analysis. 

For a pion to be absorbed, P is expressed in terms of the imaginary part of the pion self energy 
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n i.e. Pabs - - ^ " ' " ° ' " ^ P ' \ where the self energy I I is related to the pion optical potential V^ 
p« opt-

The expressions for the cross section has been derived, and we see that all these nuclear 

effects and the final state interaction effects are found to give important effects on the coher

ent and incoherent weak pion production cross sections. 



Chapter 5 

Results and Discussions for Pion 
Production 

In this chapter, we present all our numerical results for the neutrino induced charged current 
and neutral current coherent and incoherent production of leptons and pions from ^^C, ^^0 
and "̂"Fe target at the intermediate neutrino energies The energy dependence of the total 
scattering cross sections for the charged current and neutral current coherent and incoherent 
pion production from ^^C and ^^0, induced by i/f, is studied, where we have also studied the 
effect of the various weak N-A transition form factors used by various authors The nuclear 
medium effects and the final state interaction effect in the various observables of coherent 
pion spectrum like ( 3 ^ ; $ ^ ) , ( , ^ ) , ( ^ ) and { ^ ^ ) have been studied 
for charged current processes Similar to these, studied for the neutral current case has not 
been shown in the thesis We have also presented and discussed the effects of the nuclear 
medium effects and the final state interaction effect in the various observables of coherent 
lepton spectrum like { , ^ ) . ( ^ ) and ( , ^ ) The Q^-distribution ( ^ ) has 

been studied for coherent and incoherent processes from ^^C and ^^0 The uncertainties in the 
cross sections due to the use of the various weak N-A transition form factors used in literature, 
has also been discussed 

Specifically we have studied 

A. Charged Current Coherent Pion Production 

1 The differential cross section [jn^'^dii^dE^) ^'"' ^^^ neutrino energy Ei.̂ , = l 0 GeV as a 

function of the pion angle 9,r<? measured with respect to the momentum transfer (q) for lepton 

angle G^^.^O" with respect to the neutrino direction, at qo=Ei/ - E,,=300 MeV in ^^C and ^^0 

17 
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2. The differential cross section (37^-3^) as a function of go for the neutrino energy 

E^^=1.0 GeV and 0 , , = 0° from "C and ^^O. 

3. The momentum distribution of pions (^gT") ^^ ̂  function of k,, at E^j.=1.0 GeV from 

12c and 160. 

4. The angular distribution of pions ( j ^ ^ w ) ^^ ^ function of cos9 , , at £^^=1.0 GeV 

from ^'C and ^^0. 

B. Charged Current Coherent Lepton Production 

1. The differential cross section (a^-^g- j for 0^^ = 0° as a function of qo at Ei,̂ =1.0 

GeV from " c and i«0. 

2. The momentum distribution of leptons ( ^ p - ) as a function ofkj, in ^̂ C nuclei at 
E,^=1.0 GeV. 

3. The angular distribution of leptons f̂ ^^^ J as a function of 008 0 .̂̂  in ^̂ C and ^^0 
nuclei at £ ,̂̂ =1.0 GeV. 

C. Q^-Distributions and The Total Cross Sections 

1. The Q^-distributions ( ^ j - j ' i ^̂ C and ^̂ O nuclei, for charged current coherent pion 
production at neutrino energy £ ,̂̂ =1.0 GeV. 

2. The total scattering cross section (T^^(E^^) as a function of neutrino energy E,^^ for 
the coherent charged current reaction induced by i/̂  in ^^C and ^^0 nuclei. 

3. The total scattering cross section a^^{Ey^) as a function of neutrino energy E^^ for 
the coherent neutral current reaction induced by i/̂  in ^̂ C and ^̂ O nuclei. 

4. The total scattering cross section (T^^{EI,^) as a function of neutrino energy Eu^ for 
the charged current incoherent one TT"*" production induced by i/̂  in ^̂ C and ^^0 nuclei. 

5. The charged current incoherent one pion production cross section a^^^Eu,,) as a function 
of neutrino energy E^^ induced by neutrinos on ^̂ C target. We have studied the uncertainty in 
the total cross sections due to the use of various parameterizations of the weak N-A transition 
form factors used in literature. 
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These results have been applied to the following /9-beam neutrino(antineutrino) in ^^0 nu

clei, atmospheric neutrino(antineutrino) in ^^Fe nuclei, and accelerator neutrino(antineutrino) 

in ^K and ^^0 nuclei. 

I. Application to /3-beain neutrino(antineutrino) in ^^O: 

We have studied the neutrino nucleus interaction cross sections in ^®0 for /0-beam neu-
trino(antineutrino) energies corresponding to the Lorentz boost factor 7 in the range of 
60< 7 <250 (150). The energy spectrum of yS-beam neutrinos(antineutrinos) from ^^Ne(^He) 
ion source in the forward angle(0 = 0") geometry, corresponding to the Lorentz boost factor 
7 is given by: 

* (F f)-n\- "^cmJEulll ~ P]) 

^cm{E^) = bElE^p^F{Z\E^)e{E^ - m^) 

where b = ln2lm\jti/2 and Ee, Pe are the energy and momentum of the outgoing electron. 

F{Z',Ee) is the Fermi function. 

We have presented the results of the flux averaged cross section {a) for neutrino and an-

tineutrino reactions for various values of the Lorentz boost factor 7 where we can see the 

relative contributions of the cross sections for quasielastic and inelastic production of leptons 

along with the cross sections for neutral current induced production of neutral pions which is 

the major source of background to the quasielastic events at intermediate energies. 

II. Application to atmospheric neutrino(antineutrino) in ^^Fe: 

We have studied the neutrino nuclear cross section in ^^Fe nuclei which are relevant for the 
atmospheric neutrino experiments. The uncertainty in the nuclear production cross section of 
leptons from ^^Fe nuclei by the atmospheric neutrinos are discussed. The numerical results for 
the relative yield of muon over electron type events R = i?^/e = -^^yf. for quasielastic events, 
inelastic events and the total events have been presented. The lepton yields Vj for lepton of 
flavor I we define as 

Yi = J^^, <T{E^,) dE^, 

where, $p,, is the atmospheric neutrino flux of vi by Honda et al. and Barr et al. for the 
Soudan site and the fluxes of Barr et al. and Plyaskin for the Gransasso site. We study the 
nuclear model dependence as well as the flux dependence of the relative yield. 

We see that there is no appreciable nuclear model dependence on the ratio of total lepton 

yields for the production of muons and electrons. However, there is some dependence of the 
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ratio R on the atmospheric neutrino fluxes, which is mainly due to the quasielastic events. 

We have also presented a quantitative estimate of the relative yield of inelastic events r j defined 

by Ti = ^r-, where Yi^ = Yi^ + V/^ is the lepton yield due to the inelastic events and Yi is the 

total lepton yield due to the quasielastic and inelastic events i.e., Yt = Yi'''-+Yf'-+Yi'^+Yj^. 

III . Application to accelerator neutrino(antineutrino) in ^^C and ^^O: 

The numerical results for i/^ induced coherent and incoherent charged and neutral current 

lepton and pion production in ^*C and ^®0 averaged over the K2K and the MiniBooNE neu

trino spectra have been presented. We have also presented and discussed the results obtained 

by using different N-A transition form factors available in the literature. 

We have presented and discussed 

A. Momentum Distributions 

1. The momentum distribution of coherent pions ( ^ ^ ) as a function of the pion momen

tum k,r. averaged over the MiniBooNE and K2K spectra for Uf^ induced reaction in ^^C, and 

averaged over the K2K spectra for i/fi induced reaction in ^^0. 

2. The comparison of our final result which include both the nuclear medium modification 

and final state interaction effects, for the momentum distribution of coherent pions {jf. ) 

averaged over the MiniBooNE spectrum for u^ induced reaction in ^^C, averaged over the K2K 

spectrum for i/^ induced reaction in ^^C and averaged over the K2K spectrum for i/^ induced 

reaction m 
160. 

3. The momentum distribution of leptons ( ^ ) as a function of the lepton momentum 

p^, averaged over the MiniBooNE and the K2K neutrino spectra, for the incoherent charged 

current reactions induced by i/^ in ^^C and ^^0, respectively. 

4. The uncertainty in the momentum distribution of leptons { ^ ) as a function of the 
lepton momentum p^, averaged over the MiniBooNE and the K2K neutrino spectra, for the 
incoherent charged current reactions induced by i/^ in ^^C and ^^0, respectively, due to use of 
the various weak N-A transition form factors used in the literature. 

B. Angular Distributions 

1. The angular distribution of coherent pions ( ^ ^ S Q , ) as a function of cos 6 , , , averaged 

over the MiniBooNE and K2K spectra for v^ induced reaction in ^^C, and averaged over the 
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K2K spectrum for i/^ induced reaction in ' ^ 0 . 

2. The comparison of our final result which include both the nuclear medium modification 

and final state interaction effects, for the angular distribution of coherent pions ( ^ ^ 6 . )• 

averaged over the MiniBooNE spectrum for i/̂ ^ induced reaction in ^^C, averaged over the 

K2K spectrum for v^ induced reartion in ^'C and averaged over the K2K spectrum for K^ 

induced reaction in ^^0. 

3. The angular distribution of the leptons {^^eT') ^^ ^ function of cos0i,,., averaged 
over the MiniBooNE and K2K spectra for v^ induced induced coherent charged current lepton 
production on ^^C and ^^0, respectively. 

C. Q^-Distributions 

1. The differential cross sections ( ^ 5 - ) . averaged over the MiniBooNE and K2K spectra 

for i/f^ induced coherent charged current pion production on ^^C. and averaged over the K2K 

spectrum for i/^ induced reaction in *®0. 

2. The comparison of our final result w/hich include both the nuclear medium modification 

and final state interaction effects, for the differential cross sections ( ^ 5 - ) , averaged over the 

MiniBooNE spectrum in ^^C, averaged over the K2K spectrum in ^^C and averaged over the 

K2K spectrum in ^®0, for J/^ induced coherent charged current pion production. 

3. The differential cross sections (^57-), averaged over the MiniBooNE and the K2K neu

trino spectra, for the incoherent charged current reactions induced by u^ in ^^C and ^^0, 

respectively. 

4. The uncertainty in the Q^ distribution ( ^ 5 - ) . averaged over the MiniBooNE and the 

K2K neutrino spectra, for the incoherent charged current reactions induced by /̂p in ^^C and 

^^0, respectively, due to use of the various weak N-A transition form factors used in the lit

erature. 

D. Total Cross Sections 

1. The charged current total cross section for coherent pion production from ^^C. We see 
that the various nuclear effects and the final state interaction give a large reduction in the total 
cross section. We have also presented the results for charged current total cross section for 
coherent pion production from ^^C w ĥen a cut of 450 MeV is applied on the muon momentum 
as done in the K2K experiment. We obtain a total cross section of 6.93x 10~'*°cm^ in ^^C 
which corresponds to 0.578x 10"''° ^^^^, and is consistent with the experimental result of 
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o^^ < 0 . 6 4 2 x l 0 - * ° ; ; ^ j in ^^C reported by the K2K collaboration. 

2. The total cross section for the neutral current induced 7r° production from ^^C, ^^0, ^^Al 
and CFsBr (Freon), along with the some older experimental results and from the MiniBooNE 
collaboration. We see that the theoretical results for the neutral current induced coherent TT" 
production are in reasonable agreement with presently available experimental results in the 
intermediate energy region. 

3. The total cross section for u^ induced coherent and incoherent charged and neutral 
current pion production in ^^C and ^^0 averaged over the K2K and the MiniBooNE neutrino 
spectra. 

4. Specifically, we have presented the results for the total cross sections for ITT"*" produc

tion from ^^C and studied the energy dependence of the ratio of single TT"*" production to the 

quasielastic reaction. The results have been compared with some old experimental results and 

with the preliminary results available from MiniBooNE experiment. We see that the theoretical 

results for pion production are in reasonable agreement with presently available experimental 

results in the intermediate energy region. 

5. The variation in the total cross section for the charged current ITT"*" production for v^ 

induced reaction in ^^C due to the variation in the axial vector dipole mass MA in the weak 

N-A transition form factors using the parametrization given in the literature. The results are 

shown for M A = 1 . 0 GeV. MA=1.1 GeV and AfA=1.2 GeV. 

6. The uncertainty in the total cross section for the charged current ITT"*" production for i/^ 

induced reaction in ^^C due to the use of the various weak N-A transition form factors used 

in the literature. 



Chapter 6 

Summary and Conclusions 

This chapter contains the summary and conclusion of ail our results for quasielastic inclusive 
lepton production, and for coherent and incoherent lepton and pion production. We find that 

A. Quasielastic Inclusive Lepton Production: 

1. The role of nuclear effects like Qth value, Paul! blocking and Fermi motion is to reduce 
the cross sections. For a given Z, this reduction becomes smaller with the increase in energy. 
There is a further reduction of the cross section due to the renormalization of weak transition 
strengths in the nuclear medium. For a given Z, this reduction becomes smaller with the in
crease in neutrino energy, while for a given neutrino energy E„, this reduction increases with Z. 

2. The effect of the Coulomb distortion of the final charged lepton in the total cross sec
tion is small except at very low energies and becomes negligible with increase in neutrino energy. 

3. The two methods of treating the Coulomb distortion give similar results for low energy 
neutrinos in the case of low mass nucifei. For intermediate and heavy mass nuclei the cross 
sections with Fermi function are smaller than the cross sections with MEMA upto certain en
ergy Eŷ  after which the the cross sections calculated with Fermi function become larger. At 
the energy E^̂  where this cross over takes place changes with nuclei. For example it is around 
40 MeV for nuclei like ^^Fe in the intermediate mass range and around 18 MeV for nuclei in 
the heavier mass range like ^"^Pb. 

4. The total cross sections averaged over the neutrino spectrum obtained from the muons 
decaying at rest is presented for all nuclei considered here. The results for ^^C, ^^0, ^^Fe and 
^''^Pb nuclei are compared with the available experimental results as well as different theoret
ical calculations. New results have been presented for many other nuclei. 

23 
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5. The reduction is larger in the total cross section for quasieiastic reactions as compared 

to the Fermi gas model. The energy dependence of this reduction in cross section is found to 

be different at threshold energy for v^ and v^ neutrino reactions. However, for E>500 MeV, 

the energy dependence is similar in nature. 

The numerical results for low energy region presented in this thesis can be a very useful 
benchmark for neutrino nucleus cross section measurements being proposed at SNS facilities 
using various nuclei as nuclear targets. The numerical results in the intermediate energy re
gion are also useful to analyze the fully contained events of atmospheric neutrino oscillation 
experiments. 

B. Coherent and Incoherent Production of Leptons and Pions: 

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

2. 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 neu

trino and antineutrino cross sections. 

3. There is a large reduction due to nuclear effects in the coherent as well as incoherent 

production cross sections, and there is a further reduction in the cross sections due to the final 

state interaction of pions w/ith the residual nucleus. 

4. The total cross sections for neutrino induced TT"*" production from free proton are closer 
to the 7r+ production cross sections obtained by the ANL experiment and are smaller than 
the TT"*" production cross sections obtained by the BNL experiment in the Intermediate energy 
region. In this energy region, there is a 10 - 20% theoretical uncertainty in the total cross 
section due to use of various parameterization of N-A transition form factors. 

5. The total cross sections for ITT"*" production is dominated by the incoherent process. The 

contribution of the coherent pion production is about 4-5% in the energy region of 0.7-1.4 GeV. 

6. In the neutrino energy region of 0.7-1.4 GeV, the results for the ratio of cross section of 
l7r+ production to the quasieiastic lepton production is descrioed quite well for Ey <1.0 GeV, 
when nuclear effects in both the processes are taken into account. However, for energies higher 
than E^ >1.0 GeV, the theoretical value of the ratio underestimates the experimental value. 
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7. The role of nuclear medium and pion absorption effects is quite important in bringing 
out the good agreement between the theoretical and experimental results in the energy region 
of 1.0 GeV. The theoretical and experimental value of the ratio for the total cross sections for 
l7r+ production and quasielastic lepton production are in good agreement for neutrino energies 
upto 1.0 GeV. We also found that theoretical results for the neutral current induced coherent 
7r° production are in reasonable agreement with presently available experimental results in the 
intermediate energy region. 

8. The results for charged current and neutral current induced total cross sections in ^^C 
and ^^0 averaged over K2K and MiniBooNE neutrino spectra have been presented for the 
coherent and incoherent pion production. We have also presented the momentum distribution, 
angular distribution and Q^-distribution in ^^C and ^^0 averaged over the MiniBooNE and 
K2K spectra for the incoherent and coherent charged current one pion production with various 
N-A transition form factors. 

The method may be useful to analyze the neutrino induced pion production data at neu
trino energies relevant for neutrino oscillation experiments being done by K2K, MiniBooNE 
and J-PARC collaborations. 
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Chapter 1 

Introduction 

The neutrino experiments done in last few years have given conclusive evidence for the existence 
of neutrino oscillations. These experiments have been performed in the low energy as well as in 
the intermediate energy region of neutrino energies using detectors which use nuclear targets. 
In these energy regions, the major neutrino nuclear processes which are used to model neutrino 
cross sections are the quasielastic and inelastic neutrino processes in which leptons and pions 
are produced in neutrino-nuclear reactions. As the neutrino energy increases, the deep inelastic 
neutrino scattering processes ^Iso become important. 

There are various neutrino generators which are used to simulate neutrino events in these 
experiments. The widely used neutrino generators are NUANCE [1], NEUGEN [2], NEUT [3], 
NUX [4], GENEVE [5] and FLUKA [6] which are being used in the analysis of various exper
iments. Most of these generators use quasieiastii. cross sections of Llewellyn Smith [7] with 
nuclear effects given by Smith and Moniz [8]. For inelastic reactions, where lepton production 
is accompanied by pions, the model of Rein and Sehgal [9] is used for coherent and incoherent 
processes. The deep inelastic scattering processes are modeled by using generalized parton 
distributions given by [10]. 

However, these generators differ in the specific details of the model used and do not include 
nuclear effects in the calculation of cross sections except for the quasielastic process. Even in 
these quasielastic processes, the nuclear effects due to nucleon correlation which have been 
shown to be very important for the low energy processes have not been included at intermediate 
energies, it is therefore, very important, that a detail study of nuclear effects in quasielastic 
as well as inelastic processes be made at low and intermediate energy neutrino scattering 
processes relevant for the study of neutrino oscillation experiments. 

The low energy neutrino experiments have been done with solar neutrinos [11]-[19] and 
reactor antineutrinos [20]-[21], while the intermediate energy neutrino experiments have been 
done with atmospheric neutrinos [22]-[48] and accelerator neutrinos [49]-[65] to determine 
various parameters which enter in the phenomenological study of neutrino oscillations. The 
most simple model used to phenomenologicaily describe the physics of neutrino oscillations 
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assumes that these oscillations are described in terms of neutrino masses (through their mass 

squared differences Am^) and a 3x3 unitary matrix which is parametrized in terms of three 

mixing angles and a phase which is measure of CP violation. All these parameters, are not 

determined by the existing data from neutrino oscillation experiments. It has been, therefore, 

proposed to perform many new experiments in various energy regions, with very high neutrino 

flux, so that experimental data with high statistics is obtained from which these parameters 

can be determined. 

Apart from the conventional sources of solar, reactor, and atmospheric neutrinos (antineu-
trinos) with which first experiments were done leading to the discovery of the phenomenon of 
neutrino osriliations, new neuLrino sources are now being proposed to perform high statistics, 
precession experiments. For this, the conventional proton accelerators, have been used which 
provide neutrinos in various energy regions. The present ongoing and/or proposed experi
ments in intermediate and high energy regions by K2K, T2K, MiniBooNE, BooNE, NOi/A, 
MINERVA, ICARUS, OPERA, NOMAD collaborations make use of such neutrino and antineu-
trino beams obtained from proton accelerator at KEK, Fermiiab, J-PARC, and CERN. New 
neutrino sources, which can be obtained at neutrino factories [66]-[71], Superbeams [72]-[75] 
and /3-beam neutrinos from heavy ion accelerators [76] have also been proposed. Out of 
these new sources, /5-beam neutrinos ?re of special interest as they provide pure neutrino and 
antineutrino beams of fe(i^e) type and have no contamination from i/^(£',j). 

Inthe region of low energy, apart from solar neutrinos aiid reactor antineutnnos, the conven
tional neutrino beams from low energy proton accelerators have been used by LSND [77]-[78] 
and Karmen [79] collaborations. New neutrino beams with low energy have been proposed 
at Oak Ridge National Laboratory(ORNL) with low energy proton accelerator which is mainly 
used for producing Spallation Neutron Source(SNS) [80] and at heavy ion accelerators, which 
provide low energy /3-beam neutrinos [81]-[90]. In the region of low energy, the neutrinos 
are mainly produced from the pions (muons) decaying at rest, the neutrino spectrum is given 
by Michel spectrum with E[J"" <52.8 MeV. The LSND collaboration also used neutrinos 
produced from low energy pion decaying in flight with EJJ"*̂  <300 MeV. In case of these low 
energy neutrinos which are given by Michel spectrum, the leptons are produced mainly through 
quasielastic reactions like i/f^ + n —^ fJ.~ + p, and Vg + n —* e~ + p (and the corresponding 
reactions with antineutrinos) on nuclear targets. The neutrino-nuclear cross sections, which 
are studied in laboratory using various nuclear targets in this energy region are extremely im
portant for the study of supernova simulations. Such an experimental program is proposed 
and approved to run very soon at Oak Ridge National Laboratory(ORNL) using iron and lead 
as targets in initial stage and planned to use various other nuclear targets like ^^C, ^^0, ^A r , 

56pg^ 208p|j gt(. jn future. 

In the intermediate energy region, neutrinos(antineutrinos) have been used/proposed to 
perform neutrino oscillation experiments using ^^C, ^^0, ^*Ar, ^^Fe and ^°*Pb targets in Scin
tillator, Cerenkov, Liquid Argon TPC, iron Calorimeter and LANDD detectors. In the energy 
region E^ <5 GeV, there are many processes which contribute to the lepton production. Amcr.g 



them, the main processes which contribute to the lepton production are quasieiastic processes, 
inelastic processes where few resonances are excited and the deep inelastic processes. It is 
therefore, desirable, that nuclear effects in the neutrino(antineutrino) induced reactions at low 
and intermediate energies in these nuclei be calculated. 

Theoretically, calculations of nuclear effects in the inclusive quasieiastic neutrino nucleus 
reactions have been studied by many authors using different nuclear models [7], [8], [91]-
[121]. These calculations generally use a direct summation method (over many nuclear ex
cited states) [91]-[97], a closure approximatio.i [98], [99], Fermi gas model [7], [8], [100]-
[107], relativistic mean field approximation [108], continuum random phase approximation 
(CRPA) [109]-[114] and local density approximation (LDA) [115]-[121]. Some of these meth
ods have also been extended to compute pion production processes through the A dominance 
model [9], [122]-[148]. Recently the contribution of higher resonance excitations to the pro
duction of pions have also been calculated [137], [146]-[148]. 

In this thesis, we have used a local Fermi gas(LFG) model to calculate neutrino induced 
quasieiastic processes and inelastic processes (where one pion is produced). In the case of 
quasieiastic reactions the nuclear effects like Pauli blocking, Fermi motion and nuclear binding 
are calculated using relativistic Lindhard function corresponding to particle-hole(ph) excitations 
in the nuclei. The effect of nuclear correlation is calculated by describing the interaction of 
particle-hole(ph) excitation, as it propagates through the nuclear medium using Random Phase 
Approximation(RPA). The method has been earlier applied successfully to study the electro
magnetic processes induced by photons and electrons and has been described in Refs. [115]-
[118], [149]-[155] for application to weak processes. The effect of Coulomb distortion of the 
charged lepton in the final state is calculated using Fermi function at low electron energies and 
a modified effective momentum approximation at higher electron energies [116]-[119], [156]-
[160]. The method has been applied to calculate low energy neutrino cross section for various 
nuclei like ^^C, ^^0, ^*Ar, ^Fe and has been applied to pion decay at rest neutrinos relevant 
of ORNL proposal [119] and also for the case of supernova neutrinos [117], proposed to be 
studied at various laboratories [77j-[90J. 

In the case of inelastic reaction pion production is calculated through the excitation of 
A resonance which subsequently decays into nucleon and pion. The renormalization of A 
properties in the medium is included through the modification of A mass and width in the 
medium which is incorporated through the modification of A self-energy in the medium [161]-
[173]. Finally, the final state interaction of pion with the nucleus is taken into account using 
a Monte Carlo simulation of pion nucleus interaction [174]-[176] for incoherent production 
of pions and a standard eikonal approximation for pion distortion for the case of coherent 
production [161], [162]. The optical model used in the eikonal approximation is determined 
from the self-energy of the pion calculated in the nuclear medium [161], [162], [169], [170]. 
Explicit calculations for coherent, and incoherent production of pions from ^^C, ^^0 and *®Fe 
nuclei have been made which are relevant for the neutrino oscillation experiments being done 
with Fermilab, KEK and CERN accelerator neutrino sources. These calculations have also been 
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made for the neutrinos and antineutrinos spectra for /3-beam neutrino(antineutrino) which are 

relevant for the proposed SPL-FRcJUS base-line experiments [177]. 

In the above introduction, we have presented the relevance and importance of low and 
medium energy we?k quasielastic and pion production processes from ni'clei. The detailed 
plan of the work presented here is the following; 

In chapter-2., we study the quasielastic neutrino/antineutrino reactions from nucleons and 
nuclei at low as well as at intermediate energy region of neutrino/antineutrino energies. We 
first describe the formalism of free neutrino/antineutrino nucleon scattering and extend it to 
describe the inclusive quasielastic neutrino/antineutrino nucleus reactions. This has been done 
to investigate the effects of nuclear medium on the differential and the total cross sections. 
We have done the cross section calculations in the local density approximation (LDA). in local 
density approximation, the various nuclear medium effects like Pauli blocking, Fermi motion 
and the renormalization of the weak transition strengths due to the presence of the nuclear 
medium are taken into account. Also, the effect of coulomb distortion of the lepton produced 
in charged current reactions is taken into account by using the Fermi function at low electron 
energies and modified effective momentum approximation (MEMA) at higher electron/muon 
energies. The results for the calculations of quasielastic processes have been presented and 
discussed. 

In chapter-3., we discuss the weak production of single pion from nucleon in the intermediate 
energy region in A dominance model, where we describe the weak production of A resonance 
from nucleons induced by neutrinos/antineutrinos, which subsequently decays into pions and 
nucleon. We discuss the weak production of pions in an effective Lagrangian formalism. We 
first write explicitly the effective Lagrangians for the different hadronic interactions for the 
weak production of pions and then write expressions for the matrix elements corresponding 
to the lowest order non vanishing Feynman diagrams contributing to the processes of pion 
production. We discuss briefly also the presently available N-A transition form factors, and 
write the differential cross section for the A production from free nucleon. 

In chapter-4,, we have taken up the weak production of single pion from nuclei in Lhe inter
mediate energy region. We discuss the neutrino/antineutrino induced coherent and incoherent 
weak production of pions from nuclei assuming A-dominance. Nuclear pion production differ 
from pion production from free nucleon because of the various nuclear medium effects like 
Pauli blocking, Fermi motion of the initial nucleon and the renormalization of A properties in 
a nuclear medium that have to be taken into account. All these effects are taken into account 
in a local density approximation (LDA). In this chapter, we also discuss the effect of final 
state interaction of pions with the residual nucleus. This has been discussed separately for the 
coherent and incoherent processes. 



In chapter-5., we present our results and discussion for coherent and incoherent production of 
leptons and pions. In section-5.1, the differential and total cross sections for the charged and 
neut'-a! current coherent and incoherent production of pions and leptons have been presented 
and discussed. These results have been applied to the /3-beam neutrino(antineutrino), atmo
spheric neutrino(antineutrino) and accelerator neutrino(antineutrino) in section-5.2, 5.3 and 
5.4, respectively. The theoretical results have been compared with the experimental results 
and other available theoretical results w^herever they are available. 

Finally, we conclude and summarize our results in chapter-6. Many appendices (Appendices:A-
H) are given at the end of the thesis, which give details of calculations, which have been used 
in the text. 

. * * * * * • • • . 



Chapter 2 

Quasielastic Neutrino Reactions 
With Nucleons and Nuclei 

2.1 Introduction 

The neutrino induced reactions from nucieons and nuclei at low and intermediate energies 
through different interaction channels, like elastic, quasielastic, single pion production, play 
an important role in the study of neutrino properties and their interaction with matter. The 
charged current quasielastic (CCQE) scattering cross section dominates the total neutrino 
nucleus cross sections in the energy region E,/ <1.0 GeV. The single charged lepton that 
is produced in this reaction carries almost all the neutrino energy and the cross section in
creases linearly at lower energy and then saturates around 1 GeV. in this energy region the 
charged current quasielastic reaction plays a crucial role in atmospheric and accelerator neu
trino oscillation studies. Understanding charged current quasielastic interactions is necessary 
to accurately predict signal rates in neutrino oscillation experiments. The charged current 
quasielastic reactions taking place in nuclei i.e. inclusive quasielastic reactions dominates the 
fully contained events in the detectors of neutrino oscillation experiments with atmospheric 
neutrinos. Therefore, in the context of fully contained events in the neutrino oscillation exper
iments, a precise knowledge of the quasielastic inclusive cross section for intermediate energy 
neutrino nucleus scattering is highly desirable. Also, the nucleons form factors, such as F^(g^) 
can be extracted from the charged current quasielastic differential cross section. Therefore, 
precession measurement of the cross section for this reaction, including its energy dependence 
and variation with target nuclei, is essential in order to interpret current and future neutrino 
oscillation experiments in this energy region. 

Studies of quasielastic interactions were among the first ones made from bubble chamber 
neutrino exposures, and are the primary tool for studying the axial component of the weak 
nucleon current. The data were taken on both light nuclear (Hydrogen/Deuterium) and heavy 
nuclear (Neon/Propane/Freon) targets [178]-[188]. 
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Theoretically, calculations of nuclear effects in the inclusive quasielastic neutrino nucleus 

reactions have been studied by many authors using different nuclear models [7], [8], [91]-

[121]. These calculations generally use a direct summation method (over many nuclear excited 

states) [91]-[97], a closure approximation [98], [99], fermi gas model [7], [8], [100]-[107], rela-

tivistic mean field approximation [108], continuum random phase approximation (CRPA) [109]-

[114] and local density approximation (LDA) [115]-[121]. In this •work we have studied the 

inclusive neutrino nucleus reaction using the local density approximation. 

In this chapter we shall describe the quasielastic regime of charged current neutrino and 

antineutrino interactions from nucleons and nuclei. We first discuss the formalism of neutrino 

nucleon scattering in section-2.2. The inclusive quasielastic neutrino nucleus reaction have 

been discussed in section-2.3. The calculations have been done in local density approximation 

(LDA)(see section-2.4). The method has been successfully applied to study the various elec

tromagnetic and weak processes in nuclei at low and intermediate energies [115]-[118], [149]-

[155]. The Fermi motion and Pauli blocking effects in nuclei are taken into account through 

the imaginary part of the Lindhard function for particle hole (p-h) excitations in the nuclear 

medium. The renormalization of weak transition strengths, which are quite substantial in the 

spin-isospin channel, are calculated in the random phase approximation (RPA) through the in

teraction of p-h excitations as they propagate in the nuclear medium using a nucleon-nucleon 

potential described by pion and rho exchanges (see section-2.5). The effect of Coulomb dis

tortion of the lepton produced in charged current reactions is taken into account by using the 

Fermi function F(Z,Ee), where Z is the atomic number and Eg is the outgoing lepton energy, 

as well as in a modified momentum approximation (MEMA) [116]-[119], [156]-[160], where 

the effect of Coulomb distortion is incorporated by modifying the momentum and energy of 

charged lepton in the Coulomb potential of the final nucleus (see section-2.6). In section-2.7, 

the results for the calculation of quasielastic processes have been presented and discussed. 

2.2 Quasielastic Neutrino-Nucleon Reactions 

2.2.1 Matrix Elements and Cross Section 

Neutrinos (i//) and antineutrinos (i?j), where l{= e^,fj.^) is the lepton interacts with free 
nucleons via charged as well as neutral current. Here we consider the neutrino and antineutrino 
induced charged and neutral current quasielastic interactions of the type 

i/,(fc) + n{p) -^ l-{k') -h p{p') 
Hk) + P{P) - i+(fc') + n{p') 

iyi{k) + n{p) -^ ui{k') + n(p') 
Mf^) + P{P) -^ ^<{k') + p{p') 
vi{k) + n{p) -^ ui{k') -1- n(p') 
^i{k) + p{p) ^ P/(fc') + pip') 

(Charged Current) (2.1) 

(Neutral Current) (2.2) 
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where k and k' are the four momenta of the neutrino and the corresponding charged lepton 

and p and p' are four momenta of the incoming and outgoing nucleons. In charged current 

interactions, a charged vector boson W^ is exchanged, while in neutral current interactions a 

neutral vector boson Z " is exchanged. Feynman diagrams corresponding to reactions 2.1 and 

2.2 are shown in Fig.2.1. 

v,(vi) N(n,p) 

Charged Current Neutral Current 

Figure 2.1: Feynman diagreims corresponding to i/(P)-nucleon scattering. 

Using the weak charged current interaction part of the standard model(SM) Lagrangian, the 
invariant matrix element for the charged current reaction of neutrino assuming that the reaction 
is mediated by charged vector boson W"^ can be written as 

l2v/2y U^yV2v/2 

(2.3) 

where we have used the relation g'^/SM^ = GF/V2 for the scattering with low momentum 

transfer {\q^\ « M^). Gp is the Fermi coupling constant (=1.16639xlO~^GeV2) and Uw 

is the W-boson mass. l^{x) the leptonic weak current given by 

i^=m')i''{^-i'')^^ik) (2.4) 

The hadronic current J,i{x) consist of vector and axial vector currents satisfying the Lorentz 
invariance is given as 

J^(x) = cos^c WWn - >1MI"(P)> (2.5) 

where 6c is the Cabibbo angle. The most general form of the hadronic current that is Lorentz 
invariant, constructed out of the four vectors p^, p' and q,i= p'^ — p^ is given as 

J^ = u{p') F{{q')l^ + Fnq')i<^fu,^ + FXiq'h^l, + F^{q-')q^j, u(p) (2.6) 

where, Q^ = -q^ = {k - k'y is the momentum transfer square and M is the nucleon mass. 

In this work we have taken neutron and proton mass to be same. FYiiq^) are the isovector 
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vector, and FA{(^), Fp{q^) are the isovector axial vector and pseudoscalar form factors. These 
nucleon form factors have been discussed in subsection-2.2.2. 

Using the leptonic and hadronic currents given in Eq.2.4 and Eq.2.C, respectively, we can 
write the matrix element square as: 

2 

with the leptonic tensor L ' ' " calculated to be 

L'̂ " = EEZ'̂ ti" = Tr[(/: + m^)7''(l-7')(yfc' + mi)7' ' ( l-7 ')] 
= L's+iL'^j;, where (2.8) 

L^" = 8 [if'fc"'+ if'̂ fc" - g*^ it • fc'] and 

L 7 = 8 e"""^ kak'p (2.9) 

\M\^ = ^cos^ecL'^J,n, (2.7) 

The subscript S and A refer to the symmetry under interchange of the Lorentz indices /x and 
u. For antineutrino the antisymmetric part of the leptonic tensor gets a minus sign. In general 
we can write the leptonic tensor L*^" to be 

L' '" = L f ± a'X, ( + for u, - for P) (2.10) 

The hadronic tensor J^,^ is given by: 

= ^Tr[(ii' + M)r^(ii + M)f,] (2.11) 

(2.12) 

where 

r.= FYiq^h^ + F^{q'Y<^^^ + FWW-^^ + FW)I^I^ 

and f^ = 70 vl 70 

The explicit expression for J^^ is given in Eq.A.4 (Appendix-A). From this we obtain the 
differential cross section dajixp- for free neutrino-nucleon scattering given in Eq.2.1 in the 
laboratory system. In general the differential cross section for the reaction i/((A;) + nl^^ -+ 
/~(A;') + "pip') can be written as 

'" = l ~ ~ 2 — j 4V{k-kr-miM^. (2.)̂ 2£U2.)̂ 2i., y ^"^^'^' 
(2.13) 

where |A^P = L'^'^J^u and k+p = k' +p', q = k - k'. Using the relations 

4\/(fc • k'y - mlMl = Ap-k = AMnE^ (2.14) 
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d^k' = | k f d|k| dOfc/ = Ek' |k'| dEk' dfifc' 

and |A^p from Appendix-A, the differential cross section is given as 

da _ GJ.M'^cos'^ec 
dg2 ~ SirEl 

M^)^B(,^)i^,C(^)i^ 
21 

(2.15) 

(2.16) 

(2.17) 

where Mp = Mn = M and s-u = 4M„Ev = 9^ - ^f- The factors A{q^), B{q^) and C{q^) 
are given as: 

«2 

^(9^) = 4JW2 \ My FW)-{4 + M2 (^n-^)) - j ^ (1 + 4M2 

5(9^) 

(^2^(9^))^ - ^,Fr{q')Fnq') - ^ ((F,^(9^) + FYiq'))' 

+ (F^(g=') + 2 F , ( 9 ^ ) ) ^ + ( ^ - 4 ) F > 2 ) y 

C(9^) = T /^i(9=) + ( i ^ i ^ 9 ^ ) ) ^ - 4 | ^ ( i ^ 2 V ) ) ^ 

(2.18) 

(2.19) 

(2.20) 

The cross section is given in terms of the form factors Fl'{q'^), FY{q^), FA{q^) and Fp{q^). We 
can see that the pseudoscalar form factors is multiplied by mf/M'^ so at relatively high neutrino 
energies where the experiments are performed, the lepton mass mi can be neglected and then 
the pseudoscalar term does not contribute. In fact, the cross section is valid for all flavors of 
neutrino as it has dependence on the lepton mass, but the contribution of pseudoscalar term 
will be .negligible for Ue and i/^ and is important for i/r- The negative (positive) sign in front 
of the B{q'^) term refers to neutrino (antineutrino) scattering. 

2.2.2 Nucleon Vector and Axial Form Factors 

The hadronic current in Eq.2.6 contains two isovector form factors F]^2(9^) °^ ^^^ nucleons, 
which can be related to the isovector combination of the Dirac and Pauli form factors of proton 
and neutron by the relation 

F^.7{g')=Fl,iq')-F^^,{q^) (2.21) 

where ^^^2(9^) and i^2(9^) are the Dirac and Pauli form factors of proton and neutron. These 
Dirac and Pauli form factors further can be written in terms of the experimentally determined 
Sach's electric G£"(9^) and magnetic G^ f (g^) form factors of the nucleons. These electric 
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and magnetic Sach's form factors by their pronounced Q^-dependence, show clear evidence for 

the extended charge and current distributions of the nucleons, respectively. 

G^ATC?') - i ^ r ( 9 ' ) - i t ' " ( 9 ' ) (2.22) 

GTiQ') = Fr{g') + ^Fr{q') (2.23) 

V lJ2\ With this, one gets the isovector form factors FI2{T) ' I the form: 

- 1 ,2 

oW)-ipOW) (2.24) 

'"'"<«'' = {'--^y \°W)-CW)\ (2.25) 
where G^{q^) and G^iq^) are the vector electric and magnetic form factors. Through the 

conserved vector current hypothesis (CVC), these vector electric and magnetic form factors are 

related to the elastic nucleon form factors G^^il^)' ^'ki^^)' ^Af(9^) ^"'^ ^ ^ ( 9 ^ ) measured 

in electron scattering, given by 

GW) = Gl{q^)-G-E{q') and G^) = ̂ W) - (^Mi^') (2-26) 

The axial part of the hadronic current given in Eq.2.6 has structure dependent form factors 

F^{q^) and Fp{q^), known as the axial vector and pseudoscalar form factors, respectively. 

The axial vector form factor has been studied in considerable details, while the pseudoscalar 

form factor, is much harder to study, being negligible at the momentum transfer of j9-decay. 

It is nevertheless very important. 

The pseudoscalar form factor Fp{<p') is dominated by the pion pole and is given in terms of 

the Golberger-Treiman relation near Q^ = -q^ « 0 if partially conserved axial current (PCAC) 

are assumed. It is assumed that the same relation is valid for high q^ as well and given as 

F,%^).'-Mim ,2.27) 
P ml - q^ 

2.2.3 Form Factor Parameterizations 

Now with four unknown form factors F}^2il^)' Fjiiq^) and Fp{q^), we are left with the 

electromagnetic Sach's form factors G^"(9^) and G^"(g^) of the nucleon which are known 

from electron scattering, and the axial form factors F^iq^) which can only be determined 

through weak interaction processes. 

These electromagnetic Sach's form factors are given as 

GW) = GDiq% Gl{q')=f.nY^Gn{q% T = ^ . (2.28) 

GUl^) = f^pGMq^), G^^,iq^) = finGDiq^) (2-29) 
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with proton and neutron magnetic moments as fip=2.793fiN and /*n=-l-913/xiv, respectively 

given in units of the nuclear magneton, fiN = e/2Mp and A=5.6. Goiq^) is given as 

9 T - 2 

Gviq') = 1 -
M2 

(2.30) 

with the vector mass MY=0.71 GeV^. The above combination of form factors are known as 

dipole form factors. The axial form factor is parametrized as 

FA{q^) = 9A{0) 1 - M\ 
(2.31) 

and is extracted from the quasieiastic neutrino and antineutrino scattering. This form factor 
can also be extracted from pion electroproduction data. Previous neutrino experiments used 
the axial vector constant 3.4(0)=-1.23, while the best current value is -1.267. The value of 
axial mass from the average of all neutrino scattering is Myi=1.026±0.020 GeV [189]. 

Many new parameterizations for these electromagnetic form factors have been developed in 
recent years based on fits to experimental data [190]-[194]. These days the best fit parameter
izations are from Budd et al. [191] known as BBA-03 form factors and by Bradford et al. [194] 
known as BBBA-05 form factors. These parameterizations takes into account the recent elec
tron scattering data at Jefferson Lab [195] to obtain updated values for the electromagnetic 
Sach's form factors with which they fitted gain the old neutrino data and updated also the 
axial mass which is the largest uncertainty in neutrino nucleon scattering. 

In BBA-03 [191] parametrization, electron scattering data are fitted for each of the form 
factors to an inverse polynomials given as 

'E,M iQ') = 
GIMIO) 

1 -I- a2Q2 + aiQ* + aeQ^ + ogQS -I- aioQ'° + aiiQ^^ 
(2.32) 

Table 2.1: The coefficients of the inverse polynomiaJ fits (Eq.2.32) for the G^^{Q^), G5^(Q^) 
and G^(Q^) in BBA-03 parametrization. 

Observables 

GUQ') 
GlriQ') 
GUQ') 

0.2 

3.253 
3.104 
3.043 

04 

1.422 
1.428 

0.8548 

ae 
0.08582 
0.1112 
0.6806 

as 
0.3318 

-0.006981 
-0.1287 

OlO 

-0.09371 
0.0003705 
0.008912 

ai2 

0.01076 
-0.7063E-05 

-

Table.2.1, shows the parameters of the fit. G^j^^(O) are those of the dipole form factors at 

Q^=0. Their normalizations at Q^=0 are given by the nucleon charges and magnetic moments: 

Proton : G^,(0) = 1, GP^(O) = /Xp - 2.793 

Neutron : G^(0) = 0, G^(0) = /i„ - -1.913 (2.33) 
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Since the neutron has no charge, C^iQ^) must be zero at Q^=Q, and previous neutrino 
experiments assumed G^{Q^)=0 for all Q^ values. However, it is non zero aw»ay from Q^=0. 
At intermediate Q"^, recent polarization transfer data give precise values of G^{Q^). The 
parametrization used in BBA-03 analysis is of krutov et al. [196]: 

G'kiQ'') = -Mn 
OT 

l+br 
G D ( Q ' ) , T = 

4M2 
(2.34) 

with a=0.942 and 6=4.61. Th'? parametrization is very similar to that of Galster et al. [197]. 
The axial form factor in BBA-03 analysis is of the same dipole form as in Eq.2.31 with updated 
value of axial mass M/i=1.00±0.020 GeV [191] which is in good agreement with the value 
obtained from pion electroproduction of Myi=1.014±0.016 GeV [189]. 

The BBBA-05 parametrization [194] is the updated parametrization of the earlier work [191], 
[193] developed by fitt ing a single functional form for all four elastic form factors. The func
tional form is given by 

'E,M iQ') = l + EUbkr"' 
T = 

4Af2 
(2.35) 

where n(=0, l ,2) for parameter o and it is n(=l,2,3,4) for parameter b. The coefficients for 
the fit of the functional form in Eq.2.35 is given in Table.2.2 

Table 2.2: The coefBcients of the functional form fit (Eq.2.35) for the G^(Q2), G^{Q'^), 
GlfiQ"^) and G^jiQ'^) in BBBA-05 parametrization. 

Form 
Factors 

G'FXQ'') 

GUQ-') 
GW') 

GX/(Q'0 

ao 

1 
1 
0 

1 

ai 

-0.0578±0.166 
0.150±0.312E-1 

1.25±0.36S 

1.81±0.402 

0.2 

• 

-
1.30 

±1.99 
-

bi 

11.1±0.217 
11.1±0.103 
-9.86±6.46 

14.1±0.597 

b2 

13.6±1.39 
19.6±0.281 
305±28.t) 

20.7±2.55 

bi 

33.0±8.95 
7.54±0.967 
-758±77.5 

68.7±14.1 

64 

-
-

802 
±156 

-

This form of the G^ f^{Q^) in Eq.2.35 has been used by other parameterizations in the 

past [193], which provides excellent fits to G%{Q^), Gl,{Q^)/np and GlfiQ^)/n„ using only 

four parameters each given in Table.2.3. 

However, this approach is less successful for G'^{Q'^) and for this Galster parametrization 

has been used [197] given as 

G'kiQ^) = 
AT 

1 + BT 
GD{Q% r = 4M2 

(2.36) 
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Table 2.3: The coefficients of the functional form fit (Eq.2.35) for the G ^ ( Q 2 ) , G\i{Q'^)lnp 
and G^{Q^)/un in parametrization [193]. 

Observables 

GUQ') 
GUQ'')/f^v 
G^iAQ'^y/^n 

OQ 

1 
1 
1 

ai 

-0.24±0.12 
0.12±0.04 
2.33±1.4 

bi 
10.98±0.19 
10.97±0.11 
14.72±1.7 

62 
12.82±1.1 
18.86±0.28 
24.20±9.8 

bs 
21.97±6.8 
6.55±1.2 
84.1±41 

with A=1.70±0.QA and 5=3.30±0.32, and GD{Q^) is the dipole form factor given in Eq.2.30. 

Another parametrization is done by P. E. Bosted [190] fitting all three form factors C^iQ^), 

G^j^{Q'^)/fip and G1f{Q^)/nn with a single function assuming form factor scaling. The func

tions are given as 

1 
1 + 0.62Q + 0.68Q62 + 2.80Q3 + 0.83Q4 

1 

G"MQ') 

Mn 

1 + 0.35g + 2.44Q2 + 0.50Q3 + 1.04Q4 + 0.34Q5 
1 

1 - 1.74Q + 9.29Q2 _ 7.63g3 + 4.63Q'' 

(2.37) 

(2.38) 

(2.39) 

with (7^(0)=1 and G5^(0)/ / fp=l . The number of free parameters was increased until good 
fits were obtained. This fit for G^^{Q^) is only valid for Q'^=7 GeV^. They also tried a fit 
assuming form factor scaling for the proton to obtain 

GPJQ^) = ^ M M = 
Up 1 + 0.14Q + 3.01Q2 + 0.02(53 + 1.20Q4 + 0.32g5 

the neutron electric form factor G'^(Q'^) is piven as 

with a=1.25±0.13 and 6=18.3±3.4, and GoiQ^) is the dipole form factor given in Eq.2.30 

(2.40) 

(2.41) 

2.3 Inclusive Quasielastic Neutrino-Nucleus Reactions 

The study of weak processes in nuclei induced by neutrinos and antineutrinos has significant 
importance in current experimental studies of neutrino oscillations. The neutrino oscillation 
experiments use nuclei as targets in neutrino detectors so that the knowledge of reactions 
induced by neutrinos on nuclei are important for the interpretation of experiments on neutrino 
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oscillations. There are mainly two types of nuclear processes induced by neutrinos. First one 
is the exclusive reaction 

>^m + iXip) ^ l-{k') + ^^r(p'), (2.42) 

where Zi{Z/) is the charge of initial(finaf) nucleus. In this case the final nucleus is left either in 
the ground state or in an excited state, which decays into some final states, which are observed 
individually. Second one is the inclusive reaction in which the final nucleus is left either in the 
ground state r.r many nuclear states are sxcited in the final nucleus and different particle 
production may take place. In these inclusive reactions only the energy and the scattering 
angle of the outgoing lepton are measured. 

The process under consideration is the charged current neutrino and antineutrino induced 
quasielastic inclusive reactions 

i^iik) + ^Y{p) -. /-(/:') + X{p') (2.43) 

i^m + in?) - l^{k') + X{p') (2.44) 

in which a neutrino or antineutrino with four momentum k scatters from a nucleon inside the 
nucleus with four momentum p. The outgoing lepton has four momentum k' and the hadronic 
final state X is left with four momentum p'. X stands for the hadror.ic debris produced in the 
inclusive inelastic collision. 

When the neutrino scatters from a nucleon in the nucleus, the interactions become modified 
by the effects of various medium effects like Pauli blocking of the recoil nucleon, binding en
ergy, Fermi motion, and renormalization of the weak coupling constants. To account for these 
medium effects various methods are used (91]-[121]. Some of these methods are direct sum
mation method (over many nuclear excited states) [91]-[97], a closure approximation [98], [99], 
Fermi gas model [7]-[8], relativistic mean field approximation [108], continuum random phase 
approximation (CRPA) [109]-[114] and local density approximation (LDA) [115]-[121]. In the 
present work local density approximation has been used, which has been briefly outlined below. 

2.4 Local Density Approximation (LDA) 

in the local density approximation, the cross section is evaluated as a function of local Fermi 
momentum, P F ( ^ ) and integrated over the whole nucleus. Inside the nucleus various medium 
effects like Fermi motion and Pauli blocking effects in nuclei are taken into account through 
the imaginary part of the Lindhard function using relativistic kinematics [198]-[202] for particle 
hole (p-h) excitations in the nuclear medium. The effect of the Coulomb force on the outgoing 
charged lepton and Qth-va\ue of the reaction are also properly taken into account. The 
renormalization of weak transition strengths, are calculated in the random phase approximation 
(RPA) through the interaction of p-h excitations as they propagate in the nuclear medium 
using a nucleon-nucleon potential described by pion and rho exchanges. We shall obtain the 
expressions for the total cross section and differential cross section in this approximation. 
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In a nucleus, the neutrino scatters from a neutron or a proton moving in the finite nucleus 
whose local density in the medium is Pnif) or Ppir) respectively with its corresponding Fermi 
momenta distribution. In the local density approximation, the local Fermi momenta of neutrons 
and protons are given by 

P f „ = [37r2p„(r)] ' / ' ; pr^ = [37rVp(r)] '^^ (2.45) 

The scattering cross section, in the local density approximation is written as (115]-[116], [149] 

aiEiA) = Jpnir) dh aoiEiA) (2.46) 

where cro(£/, Oi) is the double differential cross section for the charged current free neutrino-
nucleon scattering (Eq.2.1) in the laboratory system given as 

where X^53|A^)^ is the square modulus of the transition amplitude given in Eq.2.7, averaged 
over the initial and summed over the final spins of the nucleons calculated in Appendix-A. 

In symmetric nuclear matter, each nucleon occupies a volume of (2Trh) . However, because 
of two possible spin orientations of nucleons, each unit cell in configuration space is occupied 
by two nucleons. Thus the number of nucleons in a certain volume is (ft = 1) [200] 

N " ' " i " ! ? ' " ''(••)=7=V(^"""'-'> <"*' 
where n „ ( p , r ) is the local neutron occupation number. n „ ( p , r ) = : l f o rp <p ; r „ and is equal 
to zero for p > p f „ , where p f „ is local Fermi momentum of neutron. 

Hence, 

ao{E,,e,) = 2 Jd^r-^ n„{p,T) aoiEi,ei) (2.49) 

(2.50) 

To ensure that the reaction has taken place in the nucleus, there are several modifications that 
have to be done to the above formula. While integrating over the energy conserving S function 
in Eq.2.50 it has to be kept in mind that the initial and final nucleons are no longer free. They 
are now moving in the Fermi sea of neutrons and protons in the initial and final nuclei. 

The neutron energy En and proton energy Ep in the delta function are now function of 
momenta of neutron and proton in the nucleus, i.e., E„ and Ep are replaced by £;„()p„|) and 
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JSp(|p„ + q|) where p „ is the momentum of the target neutron inside the nucleus. In the 
nucleus the neutrons and protons are not free and their momenta are constrained to satisfy 
the Pauli principle which is implemented in this model by requiring that the initial nucleon 
momentum p„ < PF„ and final nucleon momentum p'p{= |Pn + Q|) > PFp< where PF„ and pf^, 
are the local Fermi momenta of neutrons and protons at the interaction point in the nucleus 
defined in terms of their respective nuclear densities as given Eq.2.45. This constraint is the 
Pauli blocking condition and it is incorporated while performing the integration over the initial 
nucleon momentum in Eq.2.49 by replacing the factor 

/ 
d'^r 

<fp 
(27r)3 

nn(p,r) (2.51) 

occurring in Eq.2.50 by -( l /7r) lm(/ jv(go,q). where Uff{qo,q) is the Lindhard function corre
sponding to the particle hole(ph) excitations induced by weak interaction process through W-
boson exchange shown in Fig.2.2(a). In the large mass limit of the li^-boson, i.e. Mw —> oc, 
Fig.2.2(a) is reduced to Fig.2.2(b) for which the Lindhard function is given by (198]-[202] 

F«X3(i) Fi(JJ(b) 

Figure 2.2: Diagrammatic representatioa of the neutrino self-energy diagram correspond

ing to the ph-excitation leading to ui + n —^ l~ + p in nuclei. In the large mass limit of 

I'he IVB {Mw —^ oo) the diagram (a) is reduced to (b) which is used to calculate \M\^ in 

Eq.2.47. 

UN{qo,ci)^2 j (fpn MnMp nn(Pn) [1 - "pCPn + q)] 

(27r)3 Er^Ep qo + En{Pn) - Epipn + q) + ie 
(2.52) 

where qo=E„ - Ei, n „ ( p „ ) and np(p„- |-q) are occupation numbers for neutrons and protons, 
respectively, in the Fermi sea. To incorporate the conditions of Fermi motion and Pauli 
blocking, we take the imaginary part of the Lindhard function f/7v(go,q). expression for which 
has been obtained in Appendix-B. This is given by 

lmC/Ar(9o,q) = 
1 MpMn 

27: Iql 
[EF^ - A] with (2.53) 
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-9o + | q | v ^ 
q^<0, Ef,-qo<Ep, and ^ — < E, 

4M^ 

Fi (2.54) 

where 

Epr = y/pF„^ + M„2, EF, ^ y/pF,^ + Mp"" and 

A — Max M„, EF2 - %, 
-Qo + \g\Ji kiyi 4M2 

(2.55) 

Otherwise, lmC/A(go.c[)=0. 
The energies E„ and Ep of the neutron and proton in the Lindhard function, refers to 

the local Fermi sea of the nudeons in the initial and final nucleus. Since in the Fermi sea, 
there is no energy gap for transition between the occupied and unoccupied states therefore, 
particle-hole(ph) excitations can be produced with an infinitesimal energy. However, in case of 
finite nuclei, this is not the case, there exists certain energy gap between ground state of initial 
and final nuclei. This is the minimum excitation excitation energy, needed for transition to the 
ground state of the final nucleus. This is the threshold energy Qth of the reaction. Therefore, 
in nuclei the correction related to the threshold value of the reaction Qth has to be taken into 
account in order to get a reliable value of the cross section for low energy neutrinos. 

We have incorporated the threshold energy Q^/i of the nuclear reactions in these calculations 
by replacing the energy conserving (5 function i.e., 6[qo + En — Ep] in Eq.2.47 by 6[qo+En{p) — 
Ep{p + q) - Qth] and evaluating the Lindhard function in Eq.2.53 at 90 - Qth instead of go-
Also to account for the unequal Fermi sea for neutrons and protons for N ^ Z nuclei the 
factor of Q[^ = Epn ~ ^Fp 's added to qo in the Lindhard function. Thus % is replaced 
by go - Qth + Q'th = E^ - Ei — Qth + Q'th in the Lindhard function. Because of its nature, 
this method only applies to inclusive processes by summing over relatively many final states. 
Therefore, the implementatioi of this modification requires a reasonable choice for threshold 
value of the nuclear reaction Qth to perform numerical evaluation of the cross sections. The 
threshold value of the energy, Qth, for the neutrino reaction is taken to be the energy difference 
corresponding to the lowest allowed Fermi or Gamow-Teller transitions. However, in some cases 
the standard Qth of the reaction corresponding to the ground state to ground state(gs-gs) 
transition is also taken [203], [204]. 

With inclusion of these nuclear effects the neutrino nuclear cross section CT(E„ ) is written 
as 

2Glcos^ec 
a{Eu) = 

7r 
/ r^dr / pi^dpi / 

X {L'^'J^u ImU^lE^ 

7 

El 

d{cose) 

QthM) 

Eu.Ee 

(2.56) 
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2.5 Nuclear Renormalization Effects 

In the nucleus the strength of the electroweak couplings may change from their free nucleon 

values due to the presence of strongly interacting nucleons. Conservation of Vector Current 

(CVC) forbids any change in the charge coupling while magnetic and axial vector couplings 

are likely to change from their free nucleon values. This is so because axial current is related 

to the pion field due to PCAC and pion field is the mediator of strong interaction. Thus the 

effect of strong interaction in the nuclear medium changes the axial and pseudoscalar coupling 

constants. These changes are calculated by considering the interaction of particie-hole (ph) 

excitations in the nuclear medium. While propagating through the medium, the article-hoie(ph) 

excitations interact through the nucleon-nucleon potential and create other particle-hole(ph) 

and Ah excitations as shown in Fig.2.3. 

Figure 2.3: Mainy body Feynman diagrams (drawn in the limit Mw 
the medium polarization effects contributing to the process fi + n -

-»oo) accounting for 
l~ +p transitions. 

The effect of these excitations are calculated in Random Phase Approximation (RPA) which 
is described in Ref. [116], [149]. The diagram shown in Fig.2.3 simulaies the effects of the 
strongly interacting nuclear medium at the weak vertex. The ph-ph interaction is shown by 
the wavy line in Fig.2.3 and is described by the n and p exchanges modulated by the effect of 
short range correlations. 

The repulsive short range part of the strong interaction is described by IT and p ex
changes [198]. The irNfi interaction gives longitudinal part of the interaction given as [205] 

Vr{q) (mjj |q|= gigjgtg 

L<7g i 2 _ q " - m j + IE 

and the pNN interaction gives the transverse part of interaction which is given by [205] 

(2.57) 

('̂ IJ - g»gj)gi '^3 
T • r (2.58) 
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V„{q)+Vp{q) provides the spin-isospin part of the nucleon-nucleon interaction in the meson 

exchange model. We also include vertex form factors to account for the off shell mesons. 

These â e given Uy the monopole form for each TTNN and pUN vertices [198]: 

F,iq') A?-o2 
(2.59) 

where, q^ = qo~ q^, A T = 1 2 5 0 MeV and Ap=2500 MeV. The modification in the spin-isospin 
part of the nucleon-nucleon interaction due to the effect of short range correlations are taken 
into account by adding a term g'[cri • <T2)(TI • T2) to the potential V.^ + Vp, where g" is the 
Landau-Migdal parameter taken to be 0.7 which has been used quite successfully to explain 
many electromagnetic and weak processes in nuclei [116], [150], [152], [153]. With all these 
effects the nucleon-nucleon potential in the momentum space is written as [198], [200] 

Viq) = [VtiqMj - Mj) + yi{q)Mj] {<^.o,){f-T) 

where 

mi 

mi 

|qP 
9o' -q^ mi 

|qP m.z 
4 - <i' m± 

+ 9' 

+ 9' 

with g/=0.6-0.7, and 

Co = ml 1 

(2.60) 

(2.61) 

(2.62) 

(2.63) 

Here V{q) is the ph-ph interaction mediated by TT and p exchanges. Vj and VJ are the strength 
of the nucleon-nucleon potential in longitudinal and transverse channels, calculated with TT and 
p exchanges and modulaced by the landau Migdal parameter g' to lake into account the shori 
range correlation effects. 

The effect of the A degrees of freedom in the nuclear medium is included in the calculation 
of the RPA response by considering the effcct of ph-Ah and Ah-Ah excitations as shown 
in Fig.2.3. The ph-Ah or Ah-Ah interaction is obtained from Eqs.2.60-2.62 by substituting 
I? —» 5, f ^ T and / —• / *=2.15f for any A which replaces a nucleon line in the Fig.2.3. 5 
and T are the spin, isospin NA transition operators. 

Inclusion of the induced interaction driven by V-risi) a"d ^p(9) leads to Fig.2.3 from Fig.2.2. 
The decomposition of the potential in longitudinal and transverse parts (Eq.2.60) helps in 
summing the geometric series in Fig.2.3 [198]. For example the contribution of Fig.2.3 is given 
by 

t^(7) = [f^('?)+f/('7)Kj(9)ff.ffjf/(g)+[^(g)V;fc(g)a.afe[/(g)Kfcj(q)afca,[/(<7)-h..]ff(2.64) 
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where Ky = ^ti^ij — QiQj) + V/g,9j. The longitudinal and transverse parts can be separated 
by using the following relationship. 

(fJ.j - Qi4j){^ji - 4A) = ^xi - Ml 1 

4iq34]4i = 4i4i > (2.65) 
i^i] - 4i4j)4}4i = 0 J 

Because of the last identity in Eq.2.65, there is no cross term of the longitudinal and transverse 
channels. We can write for example the longitudinal part of Eq.2.64 as 

i^(Q) = Piq) + U{q)Viq,qja,ajU(q) + U{q)V,q4k<^,akU{q)V,q'kqjak(TjU(q) + ....] f • f 

= mq) + Uiq)ViU(q) + Uiq)VtU{q)ViU{q) + ...] q,q, a^a^ f • f 

= U{q)[\ + ViU{q) + {ViU{q)f + ] q,q, OiO, r • f 

U{q) 
l-U{q)Vi 

Similarly, the transverse part is given by 

U{q) 

q^q, a^<Tj T • r (2.66) 

U{q) = 
\-\J{q)Vt\ 

Therefore, we can write Eq.2.64 as: 

(<^ij - M j ) f^xOj T-f 

'̂<" = [(i^)'^--'*^(r^) 9.9j 

(2.67) 

(2.68) 
U{q)ViJ 

where U^ —* U = UN + U^, with f//v and U^ as the Lindhard function for particle-hole(ph) 

and Ah excitations, respectively, in the medium and the expressions for UN and UA are taken 

from [154j-[155]. The different couplings of N and A are incorporated in f/^v and UA and 

then the same interaction strengths Vi{q) and Vt{q) are used to calculate the RPA response. 

This is discussed in some detail in Ref. [149]. 

Now the renormalization of the various weak coupling constants can be calculated using the 

Feynman diagrams shown in Fig.2.3. The renormalization of these coupling constants is seen 

in the non-relativistic reduction of w/eak current [116]. The weak nucleon current described 

by Eq.2.6 gives, in nonrelativistic limit, terms like FAaT+ and i F 2 ^ ^ r + (Appendix-C) which 

generate spin-isospin transitions in nuclei. While the term iF^^^r^ couples to the transverse 

excitations, the term FA^T^ couples to the transverse as well as longitudinal channels. These 

channels produce different RPA responses in the longitudinal and transverse channels when 

the diagrams of Fig.2.3 are summed over. 

For example, consider the renormalization of the axial vector term of the hadronic current 

in Eq.2.6. The nonrelativistic reduction of the axial vector term written as 

(Jo, J.) = FA(q^) [«(p')7o75"(p), u(p')7.-r5u(p)] 

<̂  • (P + P) (^ <^t{^ • P){S • 9) 

"(p')^/l7p75u(p) = 

= FA{q^) 
2E 

(2.69) 
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Note that it reads F/t(g^)<T, in leading order (Eq.(C.6)). One of the contributions of this 

term to the hadronic tensor J,-, in the medium is proportional to F^{q^)5ij\mU which is split 

between the longitudinal and transverse components as 

Fl{q-')S,j\mU ^ Fl{q^) [M, + (S,, - q,qj)] \mU (2.70) 

The RPA response of this term after summing the higher order diagrams like Fig.2.3 is modified 

and is given by J , - ^ ^ (Appendix-D. section-D.2): 

^ - . J . 7 - = Fl{q^)\rnU 
Qi4] <̂ ij - 4i4j 

}l-UVi\^ \l-UVt\'^ 
(2.71) 

where Vi and Vt are the longitudinal and transverse part of the nucleon-nucleon potential cal

culated with TT and p exchanges and are given in Eqs.2.61 and 2.62. Taking g'along z-direction, 

Eq.2.7l, implies that F^{q^)S,j contribution to the transverse {xx, yy) and longitudinal {zz) 

components of the hadronic tensor get renormalized by factors 1/|1—t/Vjp versus l / | l - C / V i p . 

This modified tensor J^^^ when contracted with the leptonic tensor L*-' gives the contribution 

of the F\{q^) term to the RPA response (Appendix-D, section-D.3). All different contribu

tions to the charged current hadronic tensor J^j, have been examined and renormalized by 

summing up the RPA series in Fig.2.3. The terms upto 0(q/M)^ have been retained as shown 

in Appendix-D (section-D.2). 

In this approach, an alternative way of including the RPA corrections in the hadronic tensor 

Ji^v has been recencly given by Nieves et al. [151]. In this scheme, the hadronic tensor J^„ 

given in Eq.A.4 (Appendix-A) has been expanded in longitudinal and transverse components 

with respect to q which has been taken along z-axis. Once this separation has been made, 

the RPA corrections have been incorporated in the longitudinal and transverse components 

by multiplying the longitudinal component with factor CL = 1/|1 - £7Vjp and the transverse 

component by a factor CT = 1/|1 - UVt]"^, respectively in J^^ coming from spin dependent 

components of J^. Similarly, the contribution of spin independent terms in J ^ to J^ is 

multiplied by a factor C/v = 1/|1 - f - W i v p , where U^ is the Lindhard function for particle-

hole(ph) excitation, and V^ 's ..he potential in the spin independent isovector channel given in 

Ref. [151]. In this wav the RPA corrections are incorporated upto 0{q/M)'^, while the higher 

order terms like (qop/M-) and (qaq/M^) etc., which are essentially 0{q/M)^ are retained 

without RPA corrections. This is an improvement over the method described earlier but the 

effect of additional terms is found to be quite small at the energies considered here. The 

results are given in Appendix-D. 

2.6 Coulomb Effects 

One of the important aspects of charge current neutrino interactions is the treatment of 
Coulomb distortion of the produced lepton in the Coulomb field of the final nucleus. At low 
energies of the electron relevant to /? decays in nuclei the Coulomb distortion of electron in 
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the nuclear field is taken into account by multiplying the momentum distribution of lepton in 

Eq.2.56 by a Fermi function F{Z,Ei), where F{Z,Ei) is given by[206]: 

-1 

F{Z,Ei) = 

where 

l - | ( l - 7 0 ) f{Z,Ei) (2.72) 

f{Z, E,) = 2(1 + , , ) ( 2 f t i ? ) - 2 ( i - ^ o ) | ^ ± i ^ (2.73) 

Here R is the nuclear radius and 70 = v^ l - (OLZ)"^, rj = aZc/v. This approximation works 
quite well at low energies, but it is not appropriate at higher energies, specially for high Z 
nuclei [156], [157]. Therefore, at higher lepton energies a different approach is needed to 
describe the Coulomb distortion effect of the lepton. For this purpose, we apply the methods 
of electron scattering where various approximations have been used to take into account 
the Coulomb distortion effects of the initial and final electron [207]-[213]. One of them is 
the Modified Effective Momentum Approximation(MEMA) in which the electron momentum 
and energy are modified by taking into account the Coulomb energy. We have used this 
approach in the case of charged current quasielastic neutrino scattering and the energy and 
momentum of the lepton present in the final state is modified in the Coulomb field of the final 
nucleus [150], [157]. In the local density approximation, the effective energy of the electron in 
the Coulomb field of the final nucleus is given by: 

Eeff = Ei + Vcir) (2.74) 

with Vc{r) is the Coulomb potential taken to be of the form 

V^ir) = Z,ZjaAn ( 1 J ^ ^ r ' ^ d r ' + J^°° ^ r ' d r ' ) (2.75) 

where Zt is the charge of the lepton produced in the reaction and Pp{r) is the proton density 
in the final nucleus. This modification amounts to the evaluation of the Lindhard function in 
Eq.2.53 at [qo - (Qth + V^(r)),q] instead of (go,q). 

Thus, in presence of nuclear medium effects the total cross section (J{E^), with the inclusion 
of Coulomb distortion effects taken into account by Fermi function (MEMA), is written as 

^J—{L'"'J^f^) lm[/(9)^^(*^^^'^>. (2.76) 
EuEi 

where 

lmC/^^(g) = FiZ,Ei)\mU{E^-Ei-Qth, q] and (2.77) 
lmC/^^^^(7) = \mU[E^-E,-QtH-V,(r),q] (2.78) 
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2.7 Results and Discussions 

2.7.1 Low Energy Neutrino-Nucleus Reactions 

In this section, we present the numerical results for the charged current total cross section 

a(E„) as a function of neutrino energy, in the low as well as intermediate energy region, for 

the quasielastic inclusive neutrino processes from various nuclei. 

In the low energy region, we present the results for the total cross section (T(E) as a function 

of energy and the flux averaged cross section {a) for various nuclei which have been presently 

proposed to be studied at Spallation Neutron Source facility (SNS) at the Oak Ridge national 

laboratory (ORNL) using neutrinos from stopped muon decays [214]. The neutrino energy and 

the spectrum for these neutrinos is given by the Michel spectrum <f>{Eu) which is written as 

^(^fJ = ^Ai^ - E.J, Eo = 52.8MeV (2.79) 

and is shown in Fig.2.4. The cross sections have been calculated using Eq.2.76. For the 
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Figure 2.4: Michel spectrum for fg obtained from muon decay at rest. 

numerical calculation of the cross section, we have classified the nuclei in three groups according 

to their nuclear densities used in the calculation which has been presented along with the Qth 

value for the reaction in Tables-2.4-2.6. 

In Table-2.4, we present the nuclear density parameters for ^^C, ̂ *N and ^^0 nuclei using 

a 2-parameter harmonic oscillator(H.O.) density given by 

, ( r ) ^ , o ( l + a ( I ) ^ ) e x p ( - ( 9 ^ ) , (2.80) 
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Tabic 2.4: Qth-valuc and the density parameters used in the numerical evaluation of the 
cross sections, a and a are the parameters for H.O. density used in Eq.2.80. 

Nucleus 

16Q 

Qt/,(transition)(MeV) 
17.84 (0+ - 1+) 
6.60 (1+ ^ 0+) 

19.76 (0+ -+ 1+) 

a 
1.69 
1.76 
1.80 

a(fm) 
1.07 
1.23 
1.52 

In Table-2.5 we present the nuclear density parameters for ^^F, ^^tii, " A l , ^^S\, ^^P, ^^Cl. 
40Ar, 51V. 52Cr. 55Mn, ^Fe. s^Co. ^iGa, ^^Y. ^^Nb. ^SMO, ^^^\n. 127|. i39La. i s i j a . 208pb and 
^^B\ nuclei using a 2-parameter Fermi density (2pF) given by 

P{r) Po 

(1 + exp({r - a)/a)) 
(2.81) 

In Table-2.6, we present the nuclear density parameters for ^^S, ^^K and ''°Ca nuclei using a 
three parameter Fermi(3pF) density given by 

p(r) = 
Po (l + û  ^ j 

(1 + exp{{r - a)/a))' (2.82) 

The parameters have been taken from de Vries et al. [215] except for ^^^In and ^^''l which have 

been taken from Ref. [115], The Qth values presented in these tables correspond to the lowest 

allowed Fermi or Gamow-Teller transitions for the above mentioned nuclei except for the case 

of '^''Ca and ^^Mo for which the Qth value corresponding to the ground state to ground state 

transitions have been taken [203], [204]. 

2.7.2 Nuclear Med ium Effects 

When the reaction v^^ n —* e~ + p takes place in the nucleus, the first consideration is 
the threshold energy Qth which inhibits the reaction in the nucleus. This inhibition is quite 
substantial in the low energy region considered here for the nuclei like ^^C, ^^0, ^*Si, ^^S 
and ''"Ca for which the Qth values are rather large {Qth «13-20MeV). In addition to this, the 
effect of Pauli blocking which is taken into account through the imaginary part of the Lindhard 
function is to further reduce the cross section. Finally the renormalization of weak coupling 
constants which is generated in our model through RPA correlations and is taken into account 
by calculating the cross section with the modified hadronic tensor J^"* defined in Eqs.D.40-
D.44(Appendix-D) also reduces the cross sections. The total cross sections are calculated 
using Eq.2.56 without RPA. The effect of RPA is included through Eq.2.76. In Fig.2.5, we 
have shown the reduction due to these effects separately for some representative nuclei like 
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Table 2.5: Qt/i-value and the density parameters used in the numerical evaluation of the 
cross sections, a and a are the parameters used in Eq.2.81 for 2pF density. 

Nucleus 
19p 

23Na 

27A1 
28Si 
31p 

"CI 
40 Ar 
Sly 
52Cr 

s^Mn 
56pe 

59Co 

7iGa 
89Y 

93Nb 
98MO 

iisjn 
127j 

"9La 

i8iTa 
208pb 
209Bi 

Qy, (transition) (MeV) 

3.75 ( r - T) 
4.56 (i^ - 1+) 
5 . 3 2 ( | + _ | + ) 
14.80 (0+ ^ 0+) 
5.91 (i-^ - f ) 
1.32 (1+ - §+) 
4.3 (0+ -+ 1+) 
1.26 ( I - -> D 
5.22 (0+ -» 1+) 
0.74 (§- ^ §-) 
6.82 (0+ ^ 1+) 

1.92 ( r -. §-) 
0.74 ( | - - i - ) 
4.44 ( i - - f-) 

0.91 (f + -. T) 
2.20(0+ -> 6+) 
0.008 ( f - . l^) 
1.42 (f -. f ) 
0.78 (i+ - . f ) 
0.70 Cf ^ §-) 
5.20 (0+ -^ 1+) 

3.80 ( r -> D 

a 
2.59 

2.81 
3.07 
2.93 

3.21 

3.53 
3.39 

3.94 
4.01 

3.89 
3.97 

4.08 
4.44 

4.76 

4.87 
5.10 

5.36 

5.40 

5.71 

6.38 
6.62 

6.75 

a(fm) 

0.56 

0.54 

0.52 
0.57 

0,56 

0.52 
0.61 

0.50 
0.50 

0.57 
0.59 

0.57 

0.58 

0.57 

0.57 
0.57 

0.56 

0.55 

0.53 

0.64 
0.50 

0.47 

Table 2.6: Qj/i-value and the density parameters used in the numerical evaluation of the 
cross sections, a, a and w are the parameters used in Eq.2.82 for the 3pF density. 

Nucleus 
32s 

39K 

40Ca 

Qth (transition) (MeV) 
13.20 (0+ -^ 1+) 
7.04 (1+ ^ §+) 
14.80(0+ -> 4-) 

a 
3.50 
3.74 
3.67 

a(fm) 
0.63 
0.58 
0.58 

w 
-0.25 

-0.201 
-0.1017 
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Figure 2 5 Quasielastic cross section (7(E )̂ vs E„ for neutrino reaction in some nuclei. 
The dashed (dotted) lines represent neutrino nucleus cross section without (with) RPA 
correlations to be compared with the free nucleon cross section (solid linps) 

^^C, ^®Fe, ^̂ ^1 and ^°^Pb in various mass ranges We see that at low energies considered in this 

work the major suppression in the cross section comes due to the consideration of (5(/,-values 

and Pauli blocking m the nuclear medium The reduction in the cross section a{E) due to these 

effects decreases with the increase of energy For example at E^=50 MeV, this suppression is 

:» 93% for ^^c and « 75 - 77% for other nuclei like '̂̂ Fe, ^^^j and ^o^Pb (compare the solid 

lines with the dashed line m Fig 2 5) This suppression reduces to 40 - 45% in all these nuclei 

at Eu=200 MeV(not shown in Fig 2 5) 

In addition to the Pauli blocking, the consideration of RPA correlation in the nuclear medium 
gives rise to further reduction which increases with the mass number and decreases with the 
mcrease .n energy (compare the dashed line with the dotted line m Fig 2 5) For example at 
E^=50 MeV the RPA correlations give a further reduction of 50%> for ^^C, 60% for ^°Fe and 
around 70% for '^''l and 2°^Pb As the energy increases it becomes smaller and at Ej.=200 
MeV the reduction is 35% for ^^c, 40% for ^Spe and around 50% for ^ " i and 208pb (not 
shown here) It should be noted that 40 - 60% reduction due to the medium polarisation 
effects calculated through the RPA correlations in our model is similar to using ffe///94=0 7 
in nuclear medium m some shell model calculations [102], [159], [216], [217] 
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Figure 2.6: Quasielastic cross section (T{E„) VS E^ for neutrino reaction in some nuclei. 
The dashed (soUd) lines show the cross section calculated with RPA correlations and 
Coulomb efifects using Fermi function (MEMA) to be compared with the cross section 
without Coulomb effects (dotted lines). 

2.7.3 Effects of Coulomb distortion 

The effect of Coulomb distortion is calculated using Fermi function F{Z,Ee) as well as with 

the modified effective momentum apprQximation(MEMA). The results for some representative 

nuclei like ^^C, ®^Fe, ^^^1 and 208pb ;„ various mass range are shown in Fig.2.6. The general 

effect of the Coulomb distortion of the electron is to increase the total cross section which 

depends upon the incident energy of the neutrino and the charge of the final nucleus. 

For a fixed Z, this increase in the cross section decreases with the increase in energy while 
for a fixed energy the inclusion of Coulomb distortion increases with the charge Z. For example 
for ^^c this is 15% at E„=50 MeV which becomes 10% at E^=200 MeV. For high Z nuclei the 
Coulomb effect is very large and results in manifold increase in the cross sections. This can be 
seen by comparing the cross section without Coulomb effect shown by dotted lines and the cross 
sections with Coulomb effects using the Fermi function F{Z, E^) shown by dashed lines. For 
example in the case of ^^Fe nucleus the increase due to Coulomb distortion is 83% at Et,=50 
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MeV which becomes 75% at E^—200 MeV. However, as discussed in Chapter-2, Section-2.6, 

the use of Fermi function to calculate the Coulomb distortion effects overestimates the cross 

sections and is not appropriate at higher electron energies. Therefore, we use the modified 

effective momentum approximation(MEMA) and present the results for (T(E) in Fig.2.6 with 

solid lines. It is seen that for ^^C, the results for the cross sections in the two approximations 

are quantitative similar but the MEMA gives slightly higher cross sections for the entire energy 

range presented here. This is also the case with other low Z nuclei, like ^^N, ̂ ^0, ^^F and ^^Na 

studied in this work. As Z increases the cross sections calculated with MEMA remain higher 

than the cross sections calculated with the Fermi function at lower energies but become lower 

than the cross sections obtained with the Fermi function at higher energies. This crossover 

in the cross section for higher Z (Z>18) nuclei occurs at an energy Ec which depends upon 

Z. For example, the cross over energy Ec is 41 MeV, 21 MeV and 17 MeV for ^Fe , ^^^1 and 

^"^Pb respectively as seen from Fig.2.6 It is observed that this energy Ec where the cross 

over takes place, decreases with Z but there are some exceptions which occur for nuclei like 

^*Si, ^^K, ^°Ca, 208pb, etc. It is interesting to note that these are singly or doubly closed shell 

nuclei and this anomaly in the Z dependence of Ec may be related to the shell closure effects. 

A microscopic understanding of this dependence needs further study. 

In the above discussions in this section, we have provided a quantitative description of 

the nuclear medium effects and Coulomb distortion. We now present our final results in 

Figs.2.7-2.10 for the total cross section CT(E,/) as a function of neutrino energy E^ for some 

representative nuclei from various mass ranges taken from Tabies-2.4-2.6. In these figures the 

dashed lines show the cross sections without RPA correlations and dotted lines show the cross 

sections with RPA correlations using Fermi function for the Coulomb distortion. The solid 

lines show the cross section with RPA correlations where the Coulomb distortion effects are 

calculated with MEMA. In these figures a comparison of dashed lines and dotted lines shows 

the effect of RPA correlations while a comparison of dotted lines and solid lines shows the 

effect of Coulomb distortion calculated using Fermi function and MEMA. 

2.7.4 Flux averaged cross sections in various nuclei appl'ed to SNS neu
trinos 

We calculate the flux averaged cross section {a) defined as 

(a) = I (j>{Eu)cj{E^)dE^ (2.83) 

where (j){Eu) is given by Eq.2.79. The results for {a) are presented in Tables-2.7 and 2.8, where 
we show by {o)^^^ the flux averaged cross sections with nuclear medium effects without any 
Coulomb distortion effects. When Coulomb distortion effects are taken into account the cross 
sections without RPA correlations are shown by {a)^ and the results with RPA correlations 
are shown by (cr)^^^. We evaluate (CT)^ and {a)^^^ in a hybrid model where at lower 
energies fT(E^) calculated with the Fermi function and at higher energies (T{EV) calculated 
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Figure 2 7 Quasielastic cross section a{Eu) vs E„ for neutrino reaction in various nuclei. 
The dotted (solid) lines show the cross section calculated with RPA correlations and 
Coulomb effect using Fermi function (MEMA) to be compared with the cross section 
calculated with Coulomb effect using Fermi function and without RPA correlations (dashed 
hnes-shown here after multiplying by 0 6) 

with MEMA is used to perform the flux averaging in Eq.2.83 Thus, in hybrid model, it is the 
lower value of the cross section which is used for calculating (a). For low Z nuclei like ^^C, 
^^0, etc. considered here, the flux averaged cross sections evaluated with the cross section 
<T(E) calculated with the Fermi function for Coulomb effect has been used because these cross 
sections are always smaller than the cross sections calculated with the MEMA for the entire 
range of the Michel spectrum i e E„ <52 8 MeV We see from this table that the effect of the 
Coulomb distortion is to increase the cross section and this increase is quite large for high Z 
nuclei like ^Fe, ^"^Pb, etc In case of ^^C, it is small but plays an important role in explaining 
the experimental result(Compare column 1 and column 3 in Table5-2.7 and 2 8) A comparison 
of column 2 and column 3 in this table shows the strong reduction due to RPA correlations 
which increases with mass number 

In Table-2 9, we compare our results with the results of some other calculations In this 
energy region of the neutrinos, there are many theoretical calculations done for the inclusive 
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Figure 2.8: Quasiclastic cross section a{Ev) vs Eu for neutrino reaction in various nuclei. 

The dotted (solid) lines show the cross section calculated with RPA correlations and 

Coulomb effect using Fermi function (MEMA) to be compared with the cross section 

calculated with Coulomb effect using Fermi function and without RPA correlations (dashed 

hncs-shown here after multiplying by 0.6). 

neutrino reactions m '^c [102], [110], [115]-[116], [15G]r[151], [216], [218]-[220], while there 
are few calculations for ^^o [ n o ] , ^H& [159], [221] and ^ospb [158]-[160], [217], [222]-[223] 
and some other nuclei [115] Some calculations are similar to the calculations presented in 
thesis [115], [151] while others make use of Shell Model [102], [216]-[217], random phase 
approximation(RPA) with pairing correlations [110], [158]-[160], [216], [218], [223] and ele
mentary particle approach [221], [224]-[225]. We see that for ^^C and ^^Fe our results are in fair 
agreement with the experimental results and other theoretical calculations. For ^^^Pb nucleus 
our results for (a) is comparatively smaller than the results of Refs. ( [159]-[160], [217], [222]). 
This is mainly due to the different approaches of taking into account the nuclear effects. How
ever, among the different calculations of the inclusive cross section {p) in ^°^Pb, the results 
do not agree among themselves ( []59]-[160], [217] [222] ). Therefore, more work is needed 
for calculating the cross section m -̂ '"̂ Pb at low energies. 
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Figure 2.9: Quasielastic cross section a{EJ) vs E^ for neutrino reaction in various nuclei. 
The dotted (solid) lines show the cross section calculated with RPA correlations and 
Coulomb effect using Fermi function (MEMA) to be compared with the cross section 
calculated with Coulomb effect using Fermi function and without RPA correlations (dashed 
lines-shown here after multiplying by 0.6). 

Figure 2.10: Quasielastic cross section a{Ev) vs Ev for neutrino reaction in various nuclei. 
The dotted (solid) lines show the cross section calculated with RPA correlations and 
Coulomb effect using Fermi function (MEMA) to be compared with the cross section 
calculated with Coulomb effect using Fermi function and without RPA correlations (dashed 
lines-shown heie after multiplying by 0.6). 
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Table 2.7: Total cross section (a)(m lO'^'^cm?) averaged over the Michel spectrum. 
(CT)JVC''̂  is the averaged cross section calculated with RPA correlations without the 
Coulomb effect, (o)^^^ is the averaged cross section calculated with RPA correlations 
with Coulomb effect and (<T)^ is the averaged cross section calculated without RPA cor
relations with the Coulomb effect. 

Nucleus 
Up 
6 ^ 

1 T'N 

Ifo 
U ' F 

|??Na 

1 fa'Na 1 

1 llsi 1 
1 31p i 
1 15^ 1 
i 32q 1 
1 16^ 1 

1 ??ci 1 
1 fgAr 1 
1 39Tf 1 
1 19^ 1 

1 20^* 1 

l̂ ^v 1 
1 aiCr 1 
1 25^^" 1 

! iFe 1 
1 pCo 1 
|}Ga 1 
89v 1 
39^ 1 

IfNb 1 

9|Mo 1 

i^'ln i 

{-)Z^ 
11.80 

44.60 

12.00 

77.80 

94.70 

82.17 

33.17 

89.34 

44.10 

154.70 

166.50 

78.80 

38.00 

198.40 

157.10 

250.40 1 

161.40 

244.70 1 

335.70 1 

307.10 1 

370.00 1 

417.60 1 

516.60 1 

(^>^ 
28.10 

107.91 

30.43 

201.07 

263.50 

247.13 

95.18 

276.60 

141.38 

531.18 

560.49 

285.14 

135.32 

879.18 

643.18 

1144.52 

685.25 

1148.62 

1762.91 

1912.11 

2332.71 

2661.25 

3836.37 

(->r^ 
13.60 

52.65 1 

14.55 

96.35 1 

120.50 

111.62 1 

46.25 

127.10 

64.40 1 

216.00 1 

228.00 1 

123.55 1 

61.25 1 

323.20 1 

254.70 1 

412.40 I 

277.00 1 

418.70 1 

596.00 1 

633.50 1 

760.10 1 

854.00 1 

1133.00 1 
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Table 2.8: Total cross section (a)(in lO""* ĉm )̂ averaged over the Michel spectrum. 
(^)wc^ '̂  *̂ ^̂  averaged cross section calculated with RPA^ correlations without the 
Coulomb effect, {(^)Q^^ is the averaged cross section calculated with RPA correlations 
with Coulomb effect and (a)^ is the averaged cross section calculated without RPA cor
relations with the Coulomb effect. 

Nucleus 

^fl 
^fLa 

Jf̂ Ta 
|o«Pb 

ifBi 

( ->^^ 
545.40 

581.50 

907.30 

902.10 

824.38 

<-)^ 
4262.30 

4787.43 

7912.80 

7857.37 

8257.85 

<-.)r^ 
1253.00 

1400.00 

2358.00 

2643.00 

2497.00 

Table 2.9: (o')(10 cmr) for the inclusive reaction for some nuclei. 

Nucleus Experimental 
results 

, 

Theoretical 
results 
14.00 [115], 14.00 [151] 

Present 
calculation 
13.60 

12c 

160 

13.2 ± 0.5 ± 1.3 [78] I 16.40 [216], 12.30 [102] | 

14.8 ± 0.7 ± 1.4 [219] I 14.40 [218], 12.90, 17.60 [110] j 

I 16.90, 17.20 [110] I 14.55 

56Fe 

208pb 

256 ± 108 ± 43 [220] 240 [159], 214 [221] 

4100 [222], 3620 [159], 
2954, 3204 [217], 4439 [160] 

277 

2643 
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2.7.5 Applicat ion to Supernova Neutr ino Cross Sections in ^ F e 

Based on the theoretical formalism discussed for inclusive quasielastic reactions, we have ob

tained the numerical results for the total scattering cross sections for charged current scattering 

cross section for supernova neutrino and antineutrino with ^Fe nuclei. The energy distributions 

of these neutrinos shown in Fig.2.11 are well approximated by a thermal Fermi-Dirac distribu

tion with an effective degeneracy parameter a {a=(i/Tu, fi being the chemical potential and 

Tu being the temperature of the neutrino gas) and is written as 

<I>{E^) = / , ^ ^ ^ , (2.84) 

where ^2(0) is determined by the normalization factor given as 

''n(a) = / 
Jo e(i-a) ^ I 

Using this expression, the average energy {E„) is given by 

(2.85) 

F2{a) V 

= (3.1514-I-0.125a-(-0.0429a2-f- )T^ (2.86) 

For a given value of the degeneracy parameter a, the neutrino temperature Tu is fixed using 
the relation between average neutrino energy {E„) and Tv given in Eq.2.86. The numerical 
simulations studies of supernova dynamics predict a hierarchai structure for average energies 
for various flavor of neutrino to be {E^^ ~ 10-11 MeV, (£p^) ~ 15-16 MeV, and (E,/^) ~ 
23-25 MeV, where x = e, fi, T [ 2 2 D H 2 2 8 ] . 

The interaction of these supernova neutrinos with ^Fe plays a very important role in the 
dynamics of supernova explosion and the process of nucleosynthesis. This is also of great 
importance as ^^Fe is proposed to be used as target material in number of experiments, like 
the proposed OMNIS detector [229] to be made out of steel and lead while large volume 
detector(LVD) in the INFN Gran Sasso National Laboratory consisting of iron and liquid scin
tillator [230]. iron is also used in the MINOS experiment [2], [231] presently being done for 
neutrino oscillation studies, for very high energy neutrinos. 

We have calculated the inclusive cross section for charged current neutrino and antineutrino 
reactions with the iron nuclei i.e., Ueii^e) +^ Fe -> e-(e+) -f-^ Co* (^Mn*). 

The results for supernova neutrino and antineutrino with a neutrino spectrum given by 
Eq.2.84 corresponding to the various values of T and a which reproduce the correct average 
energies given in Eq.2.86 for neutrino and antineutrino of various flavors are shown in Table-
2.10 and 2.11 for neutrinos and antineutrinos where they are also compared with other results 
available in the literature. 

A comparison of the various results presented in Tables-2.10 and 2.11 show that our method 
predicts a value of (cr) for neutrino which is qualitatively in reasonable agreement with the 



2.7 RESULTS AND DISCUSSIONS 37 

r 
i< 
I 

T, >= 4 MeV, 0 = 0 
T, = 5 MeV. a = 0 J 
T^ = 4 MeV, a = 3 
T„ = 5 MeV, a = 3 

E, ( MeV ) 

Figure 2.11: Supernova Spectrum 

calculations of Kolbe and Langanke [159], [232] and Toivanen et al. [233]. However, there 

are some discrepancies with the results of Woosley et al. [234]. The results of Woosley et 

al [234] in general are always considerably larger as compared to our calculations and the 

calculations of Kolbe and Langanke [159], [232], and Toivanen et al. [233]. It is likely that 

in the calculations of Woosley et al. [234] where they use a shell model to calculate the GT 

transition and Goldhaber-Teller model for calculating other forbidden transitions, the effect 

of nuclear correlations in the weak transition strength is not taken into account adequately 

Moreover, they use Fermi function to calculate the Coulomb distortion which overestimates 

the cross section in the higher energy region. On the other hand the calculations of Kolbe 

and Langanke [159], [218] and Toivanen et al. [233] use shell model with quenched strength 

for GT transition and CRPA for other transitions to take into account the nuclear correlation 

effects and our results are in general in agreement with theirs. 

The theoretical uncertainty present in these calculations comes due to the different nuc'ear 

models used as well as from the treatment of Coulomb distortion. In order to compare the 

theoretical uncertainty due to the nuclear model dependencies of (a) alone, we have also 

calculated the inelastic cross section for the neutral current induced reactions in iron which 

are free from the Coulomb effect distortions, and are presented in ref. [117]. 

2.7.6 Intermediate Energy Neutrino-Nucleus Reactions in ^^C, ^̂ O and 
56Fe 

In the intermediate energy region relevant to the fully contained events of atmospheric neutrinos 
i e E^ <3 GeV, we present the numerical results for the total cross sections as a function of 
energy for neutrino reactions on ^^C, ^^0 and ^^Fe 

In Fig 2 12, we show the numerical result of the cross section for quasielastic charged lepton 
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Tabic 2.10: (a) for i|Fc [ue, e') ^fCo (lO-^^^^^) averaged over v^ spectrum (* For T=6.4) 

a = 0, T(MeV) 
Woosely et al. [234] 
Kolbc & Langanke [159], [232] 
Toivanen et al. [233] 
Present work 
a = 3, T(MeV) 
Kolbe & Langanke [159], [232] 
Toivanen et al. [233] 
Present work 

3.5 

11.0 
14.4 
2.75 

7.0 
10.2 

4 
35.0 
16.0 
19.0 
23.3 
3.5 

19.0 
25.2 

5 
72.2 

45.0 
49.9 
4 
29.0 
33.0 
40.4 

6 
122.6 
74.0 
111.0* 
89.6 
5 

78.0 
84.8 

8 

200.0 
240.0 
212.9 
6.26 
150.0 
191* 
154.3 

10 

410.0 
491.0 
390.2 
8 

410.0 
350.1 

Table 2.11: {a) for ^Fe (i7e,e+) ^|Mn {IQ-'^'^cm'^) averaged over u^ spectrum (* For 
T = 6.4) 

a = 0, T(MeV) 
Woosely et al. [234] 
Kolbe & Langanke [157] 
Toivanen et al. [233] 
Present work 
a = 3, T(MeV) 
Kolbe & Langanke [157] 
Toivanen et al. [233] 
Present work 

3.5 

2.0 
1.5 
3.5 

4.0 
2.7 

4 
9.0 
3.9 
4.0 
2.6 
4 
6.6 
7.0 
4.6 

5 
18.4 

9.0 
6.2 
5 

15.0 
11.0 

6 
31.4 
15.0 
21.0* 
12.5 
6.26 
29.0 
36.0* 
28.0 

8 

39.0 
44.0 
36.0 
8 

74.0 
61.9 

10 

79.0 
88.0 
75.4 
10 

147.0 
128.0 

production CT(E) in this model for the process i/^ +^^ C —> fi~ + X using weak nucleon axial 
vector and vector form factors of BBBA05(Bradford, Bodek, Budd and Arrington) [194]. We 
see that with the incorporation of various nuclear effects the total cross section is reduced. 
The reduction is energy dependent, and is large at lower energies but becomes small at higher 
energies. We see that with the incorporation of the various nuclear effects and RPA, the total 
reduction in the cross section as compared to cross sections calculated without the nuclear 
medium modification effects is around 72% at E^^=200 MeV, 42% at E;,^=400 MeV. 25% at 
E^^=0.8 GeV, 22% at E^^=l GeV, 20% at E^^=1.5 GeV and around 19% at E.,^=2.0 GeV. 
In the inset of Fig.2.12, we show the cross section for quasielastic charged lepton production 
induced by Ue (dashed-dotted line) and i/^ (solid line) with the incorporation of the various 
nuclear effects and RPA effect. The energy dependence of the cross sections for i/^ and Ug are 
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similar except for the threshold effects which are seen only at low energies (E;, <500 MeV). 

In Fig.2.13 and Fig.2.14, we show the result of the cross section for quasielastic charged 

lepton production induced by neutrinos on ^®0 and ^fe nuclei. We found almost similar 

nature of the cross sections for i/^ and Ug as it is in case of '^C nuclei. This reduction in CT(E) 

is due to Pauli blocking as well as due to the weak renormalization of transition strengths 

which have been separately shown in Fig.2.15, Fig.2.16 and Fig.2.17 for muon type neutrinos 

in ^^C, ^^0 and ^^Fe nuclei, where we also show the results in the Fermi gas model given by 

Llewellyn Smith [7]. In all these figures, we plot the reduction factor R = ^"""''"^^^j vs E where 

a„„cjear(E) is the cross section per neutron for neutrino reaction in the nuclear medium. The 

solid lines show the reduction factor R when taking into account the nuclear effects without 

RPA. This is almost similar to the results of Llewellyn Smith [7] in Fermi gas model shown 

by dashed lines. However, in our model we get further reduction due to renormalization of 

weak transition strengths in the nuclear medium when the effects of Fig.2.4 is included. These 

are shown by dotted lines in Figs.2.15, 2.16 and 2.17. The results for i/g cross section are 

respectively similar to v^ reactions except for the threshold effects and are not shown here. 

In Fig.2.18, we compare our results for (T{E) with the results of some earlier experiments 

which contain nuclear targets like Carbon [182], Freon [184], [185], Freon-Propane [183] and 

Aluminum [186], where the experimental results for the deuteron targets [180], [235]-[236] are 

not included as they are not subject to the various nuclear effects discussed here. It should be 

kept in mind that the nuclear targets considered here (except for Br in Freon) are lighter than 

Fe. Therefore, the reduction in the total cross section due to nuclear effects will be slightly 

overestimated. In comparison to the neutrino nuclear cross section as obtained in the Fermi 

gas model of Llewellyn Smith [7] (shown by dashed lines in Fig.2.18) we get a smaller result for 

these cross section. This reduction in the total cross section leads to an improved agreement 

with the experimental results as compared to the Fermi gas model results. It should be em

phasized that the Fermi gas model has no specific mechanism to estimate the renormalization 

of weak transition strengths in nuclei while in our model this is incorporated by taking into 

account the RPA correlations. 

- • * * * * * * * -
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Figure 2.12: Quasielastic charged current lepton production cross section induced by neu
trinos on ^̂ C target. The dotted line is the results for the free case and the soUd Une 
(dashed Une) is the result with nuclear medium effects including RPA (without RPA). 

— 6 • 

B 

"o 

/ 
1 

1 
1 

1 
1 1 
1 / / / * / / / / / / / / / / / / / 

1 / 
f/ 

~T~^ ' ' f 

^.''''' 

/ / 
/ / ' / 

/ ' 1 

o i - i 

001-! 

\ 
1 

1 

1 

0 

1 • * 1 . 

1 1 1 1 1 1 

. . . 1 . . 

500 

1 . . 

• • — ' — r 

I 1 1 1 1 

• 

1 1 1 1 1 • 1 

* 
V, ( RPA ) 

lOOO 

. . 1 

• 
r 

r • 

r 

1500 2000 ' 

1000 

E„ [MeV] 

Figure 2.13: Quasielastic charged current lepton production cross section induced by neu
trinos on ^̂ O target. The dotted Une is the results for the free ca'ie and the solid Une 
(dashed line) is the result with nuclear medium effects including RPA (without RPA). 
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Figure 2 14- Quasielastic charged current lepton production cross section induced bj' neu
trinos on ^^Fe target. The dotted hne is the results for the free case and the soUd hne 
(dashed Une) is the result with nuclear medium eflFects including RPA (without RPA). 
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Figure 2.15 Ratio of the total cross section to the free neutrino nucleon cross section for 
the reactions Vfi + n —^ fi~ +pm ^̂ C nuclei in the present model without RPA (soUd hne) 
and with RPA (dotted line) and in the Fermi gas model (dashed line) [7]. 
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Figure 2.18: Neutrino quasielastic total cross section per nucleon in iron for /̂ ^ + n —» 
p + ^l~ reaction. The data are from LSND [182](V), Bonnetti et al. [184](o), SKAT 
coliab. [185](A), Pohl et al. [183](n) and Belikov et al. [186](0). The dashed line is the 
result of the cross section in the Fermi gas model [7] and dotted(solid) line is the result 
using the present model with nuclear effects without RPA(with RPA). 



Chapter 3 

Weak Pion Production From 
Nucleons 

3.1 Introduction 

In this chapter we shall be concerned mainly with the weak production of single pion from 
nucleons. In the intermediate energy region the most important process for neutrino induced 
pion production is through excitation of A resonance. The excitation of A resonance is the 
/ = | , J = I channel excitation of nucleon. In general, a A or N* resonance is excited which 
subsequently decays into pions and nucleon. In the following, we list the possible single pion 
production reactions induced by neutrinos and antineutrinos. 

The neutrino and antineutrino induced channels for the charged current induced production 
of single pion on free nucleons are 

(3.1) 

Whereas, the neutrino and antineutrino induced channels for the neutral current induced pro
duction of single pion on free nucleon are 

(3.2) 

In view of the basic importance of pion for our understanding of nucleons and the forces acting 
between them, the pion production processes are of considerable interest. These are also useful 
to determine the nucleon form factors, pion dynamics in the nuclear matter and to calculate the 
coupling strength of pion to the nucleons. Furthermore, nucleon excitation by weak interaction 

45 
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with emission of pions is source of valuable information to understand neutrino interactions 
with nuclei and nuclear excitation mechanism. The neutrino induced weak pion production 
processes from nucleons and nuclei at intermediate energies are also 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 A-resonance region is used to 
determine various electroweak N-A transition form factors. 

There exist data at low and high energy, for single pion production induced by charged 

current and neutral current interactions of neutrinos and antineutrinos on protons and neu

trons [237]-[245]. These experiments are done in hydrogen and deuterium filled bubble cham

bers and are free from nuclear medium corrections. These experiments also have high statistics 

and provide reasonable estimates of the dominant form factors in N-A transitions. Theoreti

cally, there have been many attempts in past to calculate the weak production of pions induced 

by neutrinos from free nucleons using various approaches like multipole analysis, efFective La-

grangian and Quark model [7], [9], [122]-[133]. These approaches give a satisfactory description 

of these processes in terms of some parameters which are determined phenomenologically. 

In next section-3.2, we describe the effective Lagrangians for different hadronic interactions 

contributing to weak processes with their coupling strengths. In section-3.3, the matrix ele

ments for single pion production from free nucleons are written for different non-resonant and 

resonant channels, using the relativistic description of the interaction of leptons and hadrons 

in an effective Lagrangian field theory. In resonant production of pion, we have considered 

the A excitation, and the matrix element has been written using the information about the 

N-A transition form factors as determined from experiments, in section-3.4, we derive cross 

sections for the considered reactions. 

3.2 The Effective Lagrangians 

In the following we describe the efFective Lagrangians for the different hadronic interactions 
used in calculation of charged current and neutral current induced processes mediated by a 
charged ( W * ) and neutral (Z°) intermediate vector bosons (IVB), shown in Fig.3.1. 

Figure 3.1: Diagrams considered for weak interaction 



3.2 THE EFFECTIVE LAGRANGIANS 

Specifically we give the effective Lagrangians for TTNN, i rNA, WNN, WNNTT and WTTTT inter

action in charged current induced production and ZNN, ZNNTT and Zirir interaction in neutral 

current induced production in the following subsections. 

3.2.1 Charged Current Interaction 

The effective Lagrangians for charged current (CC) processes are ([126], [246]) 

C^t,,^ = fiim'\^^^^j^r<i!-d'^^^ (3.3) 

C^NA = i(^)^lid^^^)T9 + h.c. (3.4) 

£!;«», = ^ (^^FAQV{f^i.)^-l„-),W (3.7) 

9 

2v/2 
w., = :^F„{Q^){$,x(d^$J)]w'' (3.9) 

3.2.2 Neutral Current Interaction 

The effective Lagrangians for neutral current (NC) processes are ([127], [246]) 

^iNS - ^ \ [ ( ^ r ° G 5 + C r V a G ^ ) 7 . + ( ^ r G f + e^= VaG^) ^ ' 

(3.10) 

1=1 
^A * G^(Q^)7. + G ^ ^ yZ' '* (3.11) 

Czn. = ^Ir'F,iQ^){$.x{dJ,)]^Z'^ (3.12) 

^ZNN. = 4 ( ' = ' ( ^ ) i ^ . ( Q ' ) * ( T X , A . ) ^ 7 ^ 7 5 * Z ' ' (3.13) 

^ZNN. = &' ( ^ ) FAQ')^ (f X $„)^ [Fri.W'^ - K^F^^d'^Z'^] *(3.14) 
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With K(^s,v) = i'^p ± "n) 3nci g the coupling constant for the v«eak-isospin group SU(2). The 
form factors Fi, F2, FA, -Fir. GA and Gp are functions of momentum transfer (Q^ = -q^), and 
have been discussed in the detail in Chapter-2. We take /^^^/47r=0.36 and f^ffff/Ai:=0.08 
with UNA/UNN=2.12, a value in between the factor 2.2 taken by [247] and ihe factor of 2 
considered in {134]. In standard model (SM) the isospin factors ^vM*'^ are given as [246]: 

^V~ = 2sinewcosfl„, (^ ~ 2s in Ow), ^ ^ - -2aindwCoeew I / o , c \ 

v\/here ^jv is the Weinberg angle. 

3.3 Matrix Elements 

We construct the amplitude for the process shown in Fig.3.2, using the weak interaction 
Lagrangian described in section-3.2 for neutrino induced w«ak charged current (CC) and neutral 
current (NC) single pion production by the free nucleon, mediated by a charged ( W * ) and 
neutral (Z") intermediate vector bosons (IVB) coupled to vector and axial vector hadronic 
currents. The basic weak interaction Lagrangian for charged current interaction is given as 

CTnt"'' = y = Jcci^) ' ^ / I (^) + Hermitian conjugate. (3.16) 

where the weak charged current J^ci^) couples to the charged W-boson fields W ^ . The 
current J ^ ^ ( i ) consist of leptonic and hadronic part as: 

J'cci^) = l^epi^) + JU^) (3-17) 

with I'^gpix) the leptonic weak current given by 

C(^-) = ^/(*:')7^(1 - 7')^.,(k) (3.18) 

and J^'^{x) — cos9c (J^{x) + J^{x)) is the weak hadronic current divided into its vector 
and axial vector part, and dc is the Cabibbo angle. At low momentum transfer (q* < < 
My^,) assuming that the weak interactions are mediated by an intermediate vector boson, the 
invariant matrix element for neutrino induced charged current reactions can be written as 

M =- ^ J^liix) /jfP(x) + Hermitian conjugate. (3.19) 
V ^ 

where we have used the relation g'^/SAlfy = G / \ / 2 . G is the Fermi coupling constant 
G=1.16639xlO~^GeV^ and M w is the W-boson mass. The matrix element of the hadronic 
current is generally calculated using the nucleon and meson exchanges and the resonance exci
tation diagrams. However, it has been shown that in the intermediate energy region of about 
1 GeV, the dominant contribution to the single pion production from nucleons comes from the 
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Figure 3.2: Fcynman diagrams considered for weak pion production 

A resonance due to very strong P wave pion nucleon coupling leading to A resonance. Fur

thermore, the angular distribution and the energy distribution of the pions is dominated by the 

A contribution while the other diagrams contribute to the tail region due to the interference 

of the nucleon and meson exchange diagrams with the A resonance diagram. Following the 

basic weak interaction Lagrangians defined in section-3.2 for charged current as well as neutral 

current interactions, we write down the matrix elements in case of nonresonant and resonant 

terms corresponding to the Feynman diagrams shown in Fig.3.2. 

3.3.1 Non-Resonant Terms 

The matrix elements in charged current(CC) channel corresponding to the considered Feynman 

diagrams in Fig.3.2 for nucleon direct(s), crossed(u), contact(c) and pion pole(t) term are as 

follows ([126], [246]) 

r̂(Q )̂7. + ̂ ^o.^d'^] - (G^AQ'h.+^^^e.. 
2M 2M 

M': = ^ c o s ^ c ( ^ ) u ( p ' ) [ ( F r ( Q ^ ) 7 . + ^ | ^ a ^ 9 ^ ) 72 

u{pr 

(3.20) 
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-(G^AiQ^hn+^'^^^'r^d, 

M: - ^ cosdc ( ^ ) ( r ^ ) 2MF.(Q^) [ii(p')75u(p)] l'^ (3.22) 

M. = ^cosec(^^yip')[FAQ'h^ls 

-{FnQ')l, + i^^cj,..d^ "(P)'" (3.23) 
2M -"""^ 

The matrix elements in neutral current(NC) channel corresponding to the considered Feynman 

diagrams in Fig.3.2 for nucleon direct(s), crossed(u), contact(c) and pion pole(t) term are 

given as ([127], [246]) 

y ^ G^(UNN' 

(3.24) 

^' ^ ^(^)^^=^(?^)^^^'^'(^^H^(p')7.«(p)]/'' 

(3.25) 

(3.26) 

Aic = 
v/2 ( ^ ) ^'"(P') [^V='^'^(Q')7.75 

-^rM^i% + ^^ .̂''9'̂  " ( P i ) ' " (3.27) 

where the following abbreviations for the isospin matrix elements have been used in above 

expressions [246] 

2[i 

r<:i=o 
^Ffi° + F^{i+±r) JP - r/r/=o i'v 

/ , = /-

e/=o ^A /^SrO , ^V^r4-
7=0 

with 

/ ° = X/^^Xi, / " ^ ^ X / x K . T s l X n I =X]-^[TI^-T3]XI 

^rYGp° + G^pil^ ± n 

(3.28) 

(3.29) 
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X/(i) is the final(initial) nucleon iso-spin function, T3 is the Pauli iso-spin matrix. 

3.3.2 Resonant Terms 

In the intei mediate energy region, contribution to the single pion production comes through 
the excitation of the low mass resonances. The dominant contribution to the cross section 
comes from the production and subsequent decay of the A(1232) resonance which is the 
most important resonance observed in the TFN scattering system, driven by the strong P-
wave attraction. Beside this some of the channels have a non-negligible contribution from 
the isospin 1/2 resonances. W P have done the calculations assuming A dominance of single 
pion production. In this model of the A dominance, we follow the standard Rarita-Schwinger 
formalism [124], [126], [133], [135]-[137] for the neutrino induced charged current A production 

''zW + P{P) -^ r{k') + A++(P) (3.30) 

wiik) + n{p) ^ r ( f c ' ) + A + ( P ) (3.31) 

The matrix element for A production (Eq.3.30) is written as 

( r A++IM uip) = -^ cos0c l';" {A^+IV - A'^lp) (3.32) 
V2 

where l^'' is the invariant matrix element of the leptonic weak current given by Eq.3.18. The 

matrix elements (A '^ '^ jV ' lp) and (A'''+|j4'^|p) corresponds to the N-A transition matrix ele

ments of the vector V^ and axial vector A*" transition hadronic current between N and A states 

for the charged current interaction. From the con<;ervation of vector current(CVC)(isotripiet 

vector current hypothesis) we know that the matrix elements of the weak strangeness conserv

ing hadronic vector current are related by isospin Clebsch-Gordon coefficients to the matrix 

elements of the 1=1 electromagnetic current measured in electroproduction of pions. Since 

in electroproduction of the A, the 1=0 component of the electromag-jetic current does not 

contribute so that the relationship becomes simply [7], [124], [248]. 

( A + + K " p) = v /3(A+|V;"„|p) (3.33) 

The most general form of the matrix elements of the hadronic transition currents for the A exci
tation from proton target p * A + ~ in the s-channel are written as ([7], [9], [122], [124], [126]-
[127], [135]-[139]. [243]-[244]); 

{A+^IV^IP: =V3voiP) ( % ^ (^".^ _ ,«^.) + ^ (^a.^ . p 

-q^Pn + ^ ^ {g'^^q • P - q^p") + ^ ^ q'^q" ) 75 u{p) (3.34) 
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and 

( % ^ ( < ^ - ^ - < 7 V ) + % ^ ( . - . - P 

-g^F") + C^{q^) g'^^ + ^ ^ g"?") u(p) (3.35) 

Here tpa{P) and u(p) are the Rarita-Schwinger and Dirac spinors for the A and the nucleon 
of momenta P and p respectively, q{= P - p = k — k') \s the momentum transfer and M is 
the mass of the nucleon. C^{i = 3 - 6 ) are the vertor and C^{i = 3 - 6 ) are the axial vector 
transition form factors. The factor of v/3 in the matrix element is according to the relation in 
Eq.3.33, so that, the CY{i = 3 - 6 ) are just those measured in the p - • A"*" photoproduction 
and electroproduction experiments. 

3.3.3 N-A Transi t ion Form Factors 

The two basic approaches have been extensively described in the literature for the N-A tran
sition form factors C'^{i = 3 - 6 ) and C^{i = 3 - 6 ) relevant to the weak transition current. 
They are phenomenological with parameters extracted from the analysis of neutrino and elec
tron scattering experimental data [7], [122]-[124], [126], [135], [249]-[252] or using quark model 
calculations without and with pion dynamics [253]-(254]. Early attempts for the later are re
viewed in Ref. [124] and more recent ones are summarized in Ref. [255]. In the model of 
resonance production. Rein and Sehgal [9] adopted the quark model of Feynman, Kislinger 
and Ravndal [256]. A more recent calculation was done by Liu et al. [255] who applied the 
Isgur-Karl quark model and by Sato et al. [132] who developed a dynamical model including 
pion cloud effects. In the following sections wre describe in some detail, about these form 
factors used in the present calculation. 

A. Vector form factors 

In section-3.3.2, Eq.3.34, there are four weak vector form factors C^ii = 3 - 6 ) occurring 
in the transition. The conserved vector current (CVC) hypothesis which in momentum space 
reads q^V- implies C^{q^)=0. The other form factors C^{i = 3 - 5 ) are related in terms 
of the isovector electromagnetic form factors of the p —» A"*" electromagnetic transition, and 
are determined from the analysis of photoproduction and electroproduction data of A which is 
done in terms of the multipole amplitudes [257]-[262]. Assuming M l dominance, these form 
factors CY[q^) satisfy the relations: 

Cl'(,2) = 0, cnq') = -^^C^{q') (3.36) 
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where M ^ is the invariant mass of the TTN system and we use a fixed A mass, M A = 1.232GeV 

and the electroproduction data in the A-region is well fitted with 

^ ^ (1 - q^/OMGcV^f ^ ' ' 

In general these are parametrized in a dipole form [124] 

Criq') = Cr{0) ( l - ] ^ ) ; i = 3,4,5. (3.38) 

where My is the vector dipole mass. Recently, there are other proposed modified forms of 

these form factors, parametrized in dipole form and in quark model calculations without or 

with pion dynamics [9], [132], [146]-[147], [263]. In the case of dipole form factors various 

modifications have been proposed. For example, Lalakulich et al. [147] use 

Cr{q') = Cy{0) ( l - j ^ ) A , i = 3,4,5 (3.39) 

where 

While Paschos et al. [146] and Leitner et al. [263] use 

C^{q') = 0, C^iq-") = 0, and C^q^) = - ^ C^q^) (3.41) 

and 

C 3 V ) = C 3 » ( l - j | ) " ( l - j L ) - ' ,3.42) 

W is the center of mass energy i.e. W = y/{p + q)^ and A / A is the mass of A . Various 
parameters occurring in these form factors used by these authors are summarized in table-3.1. 

B. Axial vector form factors 

In the case of axial vector matrix element, partially conserved axial vector current (PCAC) 
hypothesis implies that its divergence should vanish in the limit when pion mass goes to zero. 
In practical terms this means that the matrix element of df.A'^ or in momentum space q^Ai^ 
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should be proportional to the square of pion mass m^ and so vanish in the limit m j —>0. From 

Eq.3.35, it may be seen that 

- v/3 VJaCP) ?° ( C s V ) + % ^ ? ' ) "(P) (3.43) 

Pion pole dominance implies that the induced pseudoscalar form factor C^{q^) must have a 
pion pole [124]: 

where QTTNA = 28.6 is the A"*"*" —> prr"*" coupling constant and / ^ = 0.97Tn„ is the pion decay 

constant. Using this relation in Eq.3.43, we see that when m^ = 0, this pole will give a non 

vanishing contribution to the matrix element of the divergence even as q"^ —>0. 

{A+^\id,A"\p) - . - ' J o ° - ^ / 3 t A < . ( F ) < 7 " ( c 5 ^ ( 0 ) - ^ ^ ) n ( p ) (3.45) 

This leads to the connection between C^{q^) and C^{q^) in the axial current as 

Ciiq') = C^{q') :£:^, (3-46) 

If the coupling constants g^NA- fn and mass M do not vary much from their physical values 
as the pion mass goes to zero ( m j = 0) and g^ = 0, we obtain the off-diagonal Goldberger-
Treiman relation as 

C:'»(0) = ^"'"^^^ ^ 1.2 (3.47) 
2\/3M ' 

This coupling was extracted from the BNL data in Ref. [264] and found to be consistent with 
the PC AC prediction. 

The remaining axial vector form factor Cf^{i = 3 - 5 ) are taken from the experimental 
analysis of the neutrino experiments producing A's in proton and deuteron targets [239], [243]-
[245]. These form factors are not uniquely determined but they are in general parametrized in 
the dipole form giving a satisfactory fit to the data, and are given as 

C^'iQ^) = C,^(0) ( l - j ^ ) A , 1 = 3,4,5 

V, = l-jjr^v 1 = 3,4,5 (3.48) 
(b, - q^) 
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where C^{0) and a,, 6, are the model dependent axial vector form factor parameters determined 
for the Adier model [124], [265] with C^{Q) = 0, C^iQ) = -0.3, C^{0) = 1.2, 03 = 63 = 0, 
04 == as = -1.21. 64 = 65 =2 GeV2, ^^ ^ ^ QS GeV. 

Recently, these form factors have been given by Paschos et al. [146], LalakulU+i ^ al. [^47] 
and Leitner et al. [263] having the form 

c^iq') = c^io) ( 1 - ] ^ ) " ' ^ . i = 3,4,5. 

V, = 1 -
3M^ 

- 1 

where MA is the axial vector dipole mass and m^ is the pion mass 
Various parameters occurring in these form factors used by these authors are summarized 

in table-3.1. 

Tabic 3.1: Weaic vectur and axial vector couplings at g'̂  = 0 and the values of My and 

MA used in the hteraturc. 

References 

Schrcincr and 

von Hippel [124] 

Singh et al. [135] 

Paschos ct al. [146] 

Lalakulich et al. [147] 

Lcitncr et al. [263] 

^ 3 

2.05 

2.05 

1.95 

2.13 

1.95 

•^4 
M 

' A / A 

' A / A 
A/ 
W 

-1.51 
M 

-w 

c^ 
0.0 

0.0 

0.0 

0.48 

0.0 

c^ 
0.0 
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3.4 Cross Sections 

The differential cross section for the production of A from free nucleon i.e., v{k) + p{p) 
fi'ik') + A++(p ' ) can be written as 

da 
{2TT)*5*{k+p-p' -k') d^k' dh 

A^{k-k'Y-mlM^ {2T^Y2Ek'{2T^f2Ep. 

where k + p = k' + p', and q = k - k'. Using the relations 

G^ cos^ 9c 
Lfj,i/J 1 

4y/{k-k')^ -mlM^ = 4p • k -= 4ME^ 

d^k' = jk'p d\k\ dUk' = Ek' \k'\ dEk' 

(3.50) 

(3.51) 

(3.52) 
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and performing the d^p' integration, we get 

Sa 1 1 |k'| , , ^ . ^ , fG^cos^^c 
'l6{E^ + qo-E,,) | - 2 V-^""! dEk'dTlk' 647r2 A/£ ;^ f;̂  

The leptonic tensor Lfiu in Eq.3.53 is defined as 

V = tU^U^ = Tr [(^ + m^) 7^(1 - 75)( A' + m,) 7^(1 - 75)] 

and the hadronic tensor J**^ is given as 

(3.53) 

(3.54) 

(3.55) 

where O*^ is the weal< N-A transition vertex given as the sum of vector (V ' ' ) and axial vector 

{Af^) part using Eq.3.34 and Eq.3.35 given as 

C"'" = ^(9^" A - q ^ ° ) + %i9'"'l • P - ^"P") + ^ia^'q • V - 9'̂ P") 

+ ^{9^^ h - ctl'') + ^ ( 5 ' ^ 9 • P - <fn + 0^9"° + ^ 9 ' 9 ° 1 - -^6) 

-3/2, with the Rarita Schwinger sp in- | projection operator Vj^j (P) (see Appef"*** . ; [266] 

©3/2 ,p^ - _fjtM^ 9a0 - -^^a'yP -
2PaPp Pa7<1 

3Mi + — -iV^A 

In order to take into account the width of the A , we' .lUSt replace in Eq.3.53 

5{Ep + go - -S^A) -+ — Im 

where we have used the relation 

1 „ 1 

Ej,+qQ-Ei, + i\ 

= P-
X — XQ^ le X — XQ 

and then 

MA r/ n 

± iT[5{x — XQ) 

(3.57) 

(3.58) 

(3.59) 

EA 
S{P1-EA) Im 

W -M£, + imW) 

2 

(3.60) 
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using 

S{W - MA) = 
P%/W 

MA 
HPA - Ec) ^ '-^S{p% - EA) (3.61) 

where W = \ f ^ = \}V^A ~ P A '^ ^^'^ invariant mass of A and r(V7) is the rest width of A . 
Using Eq.3.60 in Eq.3.53, we get 

(Be lici 
dEk'dQk' 647r3 f^^^ ^^ 

r(W) 
2 

(M._MA)=' + m J 
G^ cos^ Oc 

i-ifi^j I (3.62) 

The A decay width r(H^) is taken to be the energy dependent P-wava decay width for the A 

resonance. Around the decay threshold the energy dependence of the decay width is determined 

by the orbital angular momentum [267], [268]: 

T{w) ~ |kri cm |2i+l (3.63) 

where ( k ^ | is the pion momentum in the rest frame of the resonance. The A resonance has 
the quantum numbers P33 ( / = | , J = | ) , therefore, T{\V) ~ | k ^ p is required i.e. a 
P-wave width. In earlier analysis of A production from deuteron, S-wave decay width for A 
resonance has been used by many authors [124], [243]-[245]. But most new calculations use 
the correct P-wave width [133], [135]-[139]. Therefore, it is more appropriate to use a P-wave 
decay width for the A resonance given as 

M. 
W 

| k r re (M^ -M-m^) 

where 

|kr 
v/(Î ^2 -ml- M2)2 - 4mpf2 

2W 

(3.64) 

(3.65) 

The step function 9 denotes the fact that the width is zero for the invariant masses below the 

NTT threshold, W and M are the A invariant mass and nucleon mass respectively, and | k ^ | 

the pion momentum in the rest frame of the resonance. 

_ • • * • * * * * . 



Chapter 4 

Weak Pion Production Prom 
Nuclei 

4.1 Introduction 

The pion production processes described in Eqs.3.1 and 3.2 take place on free nucleons. When 
these processes take place in nuclei then, there are two types of processes, known as coherent 
pion production and incoherent pion production depending upon the excitation energy of the 
residual nucleus. In a nucleus, the target nucleus can stay in the ground state leading to the 
coherent production of pions or can be excited and/or broken up leading to the incoherent 
production of pions. 

It is well known that in the energy region of low and intermediate neutrino energies, the 
dominant mechanism of single pion production from the nucleon arises through the excitation 
of a baryon resonance which then decays into a nucleon and a pion. Similarly, this is expected 
to be true in the case of nuclei also where baryon resonance is produced within the nucleus and 
it propagates in the nuclear medium before it decays. The excitation of the A is the dominant 
resonance excitation at these energies contributing to one pion production and many authors 
have used the delta dominance model to calculate the one pion production. 

In nuclear pion production processes the modification of the elementary produrtion operator 
inside the nuclear medium should be properly taken into account, since the A produced inside 
the nuclear medium can decay through pionic decay i.e., AN—•NNTT or non-mesonic decay 
through AN—»NN, which is not available in case of free nucleon. Furthermore, the nuclear 
structure, the final state interaction of the outgoing pions with the nucleus, the Fermi motion 
of the nucleons and Pauli blocking effect should be kept in mind while doing such calculations. 
Various theoretical models aim at a unified description of neutrino and pion interaction in 
the region of A-hole excitation, where intermediate A-isobar can decay independent of the 
production mechanism, A modification in the nuclear medium has been incorporated in one 
way or other. It has been found that the propagation of A in the nuclear medium not only 

59 
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affects the pion propagation through the nucleus but it also modifies the transition ampHtude. 

But there are discrepancy between different theories. Hence the precise theoretical calculations 

are required. 

Experimentally, neutrinos and antineutrinos induced pion production reactions from nuclei 
were studied at CERN. ANL, BNL and SKAT collaboration [269]-[286). and have been analyzed 
to obtain informations on various N-A transition form factors. These experiments done with the 
bubble chambers filled with heavy nuclear targets like propane and freon have low statistics and 
their analysis have uncertainties related to nuclear corrections. However, with the availability 
of the new neutrino beams in intermediate energies at K2K [52]-[60] and MiniBooNE [61]-
[65], it is possible that various N*-N weak transition form factors are determined for low lying 
nuclear resonances like A(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 [287]. It is 
desirable that such attempts be extended to the determination of weak transition form factors 
also. 

These days, the weak pion production processes at intermediate energies have become very 
important in the analysis of the neutrino oscillation experiments with atmospheric and acceler
ator neutrinos. The weak charged current as well as the neutral current weak pion production 
processes contribute a major source of uncertainty in the identification of quasielastic electron 
and muon events. In particular, the neutral current 7r° production contributes to the back
ground of 6=*̂  production while TT^ production contributes to the background of/ i t* production. 
This is because both the particles i.e. TT" and e^ are identified through the detection of pho
tons and TT* and /x* are identified through single track events in the detection of neutrino 
oscillation experiments. Moreover, the neutral current TF" production plays very important role 
in distinguishing between the two oscillation mechanisms v^^ —» Ur and u^ —> Vs [288]. 

The neutrino oscillation experiments are generally performed with detectors yMdn use ma
terials with nuclei like ^^C, ^^0, ^®Fe etc. as targets. Even though most of these experiments 
were done in nuclei, no serious attempts were made to study nuclear effects and their possible 
influence on the weak pion production cross section, or in the determination of electroweak N-
A transition form factors in the region of A dominance. Recently a great interest in the study 
of these processes has been generated by the ongoing neutrino oscillation experiments being 
performed at the intermediate neutrino energies by the MiniBooNE and the K2K collabora
tions using ^^C and ^^0 as the nuclear targets in the detector [52]-[65]. These experiments are 
designed to search for neutrino oscillations in i/^ disappearance and Ve appearance channels. In 
these experiments, the j/^-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 u^. 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 neutrino nucleus interactions. The 
neutral current induced 7r° production is of particular importance as it constitutes a major 
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background to the electron signal in Ue appearance channel. The analysis of neutrino oscil
lation experiments, therefore, requires a better understanding of pion production processes in 
neutrino nucleus interaction and many experiments are being done to study neutrino induced 
coherent and incoherent production of pions from nuclei. Furthermore, many high precision 
neutrinoexperiments in the intermediate energy region of 1-3 GeV using neutrino beams from 
neutrino factories, superbeams and /9-beams have been proposed [66]-[76], [289]-[3011. These 
experiments are planned to be performed with nuclear targets like ^^C, ^®0, ^°Ar, ^Fe, etc. 
In order to analyze these neutrino oscillation experiments the study of pion production from 
the nuclei are very important. It is, therefore, required that the various nuclear effects in the 
weak pion production processes induced by neutrinos be studied in the energy regk>n of these 
experiments. 

Theoretically, there exist calculations in past where various nuclear effects in the weak pion 
production processes induced by neutrinos in nuclei in the intermediate energy region have been 
estimated [134], [135], [140)-[142]. In view of the recent data on some wreak pion production 
processes already available [61]-[62] and new data to be expected soon from MiniBooNE and 
K2K collaborations, the subject has attracted some attention and many calculations have 
been made for these processes [136], [143]-[146], [263]. However, neutrino generators like 
NUANCE and NEUGEN which are used to model low energy neutrino nucleus interactions 
to analyze the neutrino oscillation experiments, beside A resonance, include higher resonance 
states as well [l]-[2]. However, these generators do not use any nuclear effects in their resonance 
production model for the single pion production and take in some adhoc way the pion absorption 
effects. For example in the NUANCE Monte Carlo event generator a 10% suppression is 
considered for l = | channel processes for pion absorption [1]. These nuclear effects are quite 
important in the energy region of 1 GeV, corresponding to K2K and MiniBooNE experiments. 
This can be studied in a A-dominance model, using modification of A properties which has 
been extensively studied in the various electromagnetic and strong interaction processes [161]-
[163]. 

In this chapter, we have studied the neutrino induced coherent and incoherent weak pro
duction of ieptons and pions from nuclei assuming A-dominance. The effect of Pauli blocking, 
Fermi motion of the nucleon and the renormalization of A properties in a nuclear medium are 
taken into account in a local density approximation (LDA). The effect of final state interac
tion of pions with the residual nucleus has also been treated separately for the coherent and 
incoherent processes. 

4.2 Coherent Production of Pions 

4.2.1 Introduction 

Coherent pion production processes induced by neutrinos and antineutrinos on nuclei via. 

charged or neutral currents, were the subject of intense studies in the last few years. The 
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coherent pion production process 

I'/ (i^i) + AT -^ i± (i7j) + ^ ' + TT̂ CTr") (4.1) 

can be qualitatively interpreted as the emission of a virtual pion from the projectile neutrino 

followed by the elastic scattering of this off-shell pion with the target nucleus, till it becomes 

a real pion with the target nucleus left in the ground state. In the coherent interactions on 

nuclei the overall scattering amplitude is given as the sum of the constructive interferences 

between the scattering amplitudes of the incident wave on the various nudeons in the target 

nucleus, which implies that all the nudeons in the nucleus must react in phase in order to 

have the maximum constructive interferences for enhanced cross section. Thus, the distortion 

of the incident wave must be small enough, which means, the momentum transferred (|k|) to 

any nudeons in a nucleus of radius (R) must thus be small enough so that the condition 

|k|i? < 1. {n = c = 1.) (4.2) 

gets fulfilled, implying that the nudeons remains bound in the nucleus. 

Coherent reactions are also characterized by the fact that the target nucleus recoils as a 

whole without breakup with very little recoil energy, since the effect of the incident wave is 

approximately same on all the nudeons, otherwise, the coherence would disappear, in the 

coherent interactions the enhanced cross section can occur due to coherence effect as long 

as no charge, spin, isospin or any other additive quantum number is transferred to the target 

nucleus. If any of these are forbidden, then this vtnuld single out a specific nudeon, and destroy 

the coherence. For example, the total isospin ( / ) of the exchanged state must be zero. Indeed, 

the operator /$ (third component of the isospin) induced amplitude for protons and neutrons 

would have opposite sign, resulting in a small effect on nuclei with total isospin / = 0 . As in 

the case of nuclei with a neutron number slightly more than the proton number, process with 

isospin exchanged are suppresses in compare with zero isospin exchange. Similar, is the case 

if the nucleus has spin, spin term in the coherent amplitude are suppressed in comparison to 

total spin zero nuclei. Also, the emission of scattered particles in forward direction, which is 

generally the case, implies that the coherent interactions conserve helicity. 

Coherent production of pion induced by neutrinos and antineutrinos on nuclei have been 

reported in four possible charged as well as neutral current channels: 

Zl^ZZlut^'} (N-a,C.,e„., ,4.4) 

These processes could be studied in detail and with relatively large statistics and small back

ground, as the kinematical situation in coherent processes are different from other interaction 

processes and also due to the small pion mass and the simple geometry. Experimentally, 

K 
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the coherent charged current as well as neutral current pion production induced by neutrinos 

and antineutrinos have been observed on various nuclei using different techniques like bubble 

chambers and counters [274]-[286]. The events are characterized by the small four momentum 

transfer to the nucleus and the exponential fall of the cross section with |t|. The latter can 

not be measured directly, since the nucleus remains undeterted experimentally, but it can be 

estimated from the measurement of the muon and meson momenta, neglecting the recoil of 

the nucleus, one finds (302]-[303] 

\t\ = 

T 2 

E -̂̂ .' 
T 2 

E€ i — fx, TT . ( 4 . 5 ) 

where Ei, kj" and k]' are the energy, the longitudinal and the transverse momenta of the 
muon and pion relative to the incident neutrino direction, both of which are detectable in the 
experiment. In addition to |t| dependence, coherent scattering also depends on the square of 
the four momentum (Q^) transferred between the leptons. Experimentally it has also been 
established that the coherent scattering cross section, peaks at low Q^ < 0.1 GeV^ and the 
cross section rises as a function of neutrino energy which becomes logarithmic at large neutrino 
energies. 

In this sense the neutrino induced coherent pion production reaction is an advantage over 
other existing reactions, which can enrich our understanding of the nuclear excitation mech
anism, and it allows the study of the longitudinal axial current for very small Q^ values, 
providing the most detailed test of the PCAC hypothesis at high energy. A good knowledge of 
coherent pion production induced by neutrinos and antineutrinos is also important for practi
cal purposes, especially to understand the background to the quasielastic lepton production in 
forward direction in the analysis of neutrino oscillation experiments with atmospheric neutrinos 
and accelerator neutrino beams in intermediate energies. 

Coherent pion production in the nuclei is considered to be an independent test of the A-
hole model, also to investigate the properties of the pion-nucieus interaction and to obtain 
the information about the behavior of pion in nuclear medium. On the other hand, since 
the description of the nuclear ground state is well under control, the coherent process is then 
suitable for analyzing the medium effects in the production and propagation of A resonance. 

The coherent production of charged pions from ^^C has been recently studied by the K2K 
collaboration [57]. The coherent production of neutral pions has been studied by the K2K 
collaboration for ^^O [55], [60] and by the MiniBooNE collaboration for ^^c [61]-[65]. In 
the intermediate energy region, recently, an upper limit on the contribution of charged current 
coherent pion production by i/^ with average neutrino energy (£"^)=1.3 GeV has been reported 
in a long base line neutrino oscillation experiment KEK to K2K [57]. This limit has been 
found out to be far below the theoretical expectations. At very high energies, the coherent 
pion production has been studied theoretically using Adier's PCAC theorem to predict the 
total cross section for neutrino reaction for forward production and extrapolating the results to 
non zero Q^ [302]-[305], which overestimate the experimental cross sections at low energies. 



34 CHAPTER 4. WEAK PION PROUUCTION FROM NUCLEI 

Recently these calculations have been updated by Paschos, Kartavtsev and viounaris [306] 

using a generalized PCAC. 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 (141], [142], [307] but no definite predictions are made for 

the kinematics of the neutrino oscillation experiments of present interest. 

in the following sections we discuss the calculation of the neutrino induced production of 

coherent pion from nuclei at intermediate neutrino energy in charged current as well as neutral 

current interactions. We apply the relativistic approach to calculate the matrix elements and 

differential cross sections by using the effective Lagrangians defined in chapter-4. 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 A-hole model which has been used earlier to study photo and electro 

production of pions from nuclei [163], [164]. The final state interaction of pions has been 

treated in eikonai approximation with the pion optical potential described in terms of the self 

energy of a pion in a nuclear medium calculated in this model [161]-[162]. 

4.2.2 Matrix Elements 

It is well known that in the kinematical region between threshold and few hundred MeV 
excitation energy relevant for the production of pions, the coherent pion production induced 
by neutrinos and antineutrinos is dominated A-isobar excitation in the intermediate energy. 
An additional contribution comes from the production of higher resonances. In literature the 
production of higher mass resonances is covered by some authors. The model of Fogli and 
Nardulii [126] has been extended by Paschos et al. [146] where they included, besides the 
A, the resonances N*(1440) and N*(1535). The model of Rein and Sehgal [9] includes all 
resonances up to an invariant mass of 2 GeV using old quark model calculations. Finally, the 
N*(l'!40) was studied by Alvarez-Ruso et al. [137]. All these studies show that at intermediate 
energies, the A resonance is dominant contributing part than other resonance with the A 
being well separated from other resonances. In addition, the theoretical description and the 
form factors for higher resonances contain much more uncertainties than for the A resonance. 

Therefore, in this energy region of neutrino of our interest, we have calculated the charged 
current and neutral current induced coherent pion production from nuclei including particle-hole 
(p-h) and A-h nuclear excitations with the relativistic description of A-resonance. As shown 
in Fig.4.1, the incoming neutrino interacts weakly with the nucleus exciting an intermediate 
A-h state. The vertex of the weak interaction contains vector and axial vector parts while the 
TTNA vertex, on the other hand, involves only the axial vector part contracted with a pion four 
momentum k„. We write the relativistic expression of matrix element for delta pole term in 
s-channel and u-channel processes by using the effective form of the ANTT interactions vertices 
by taking the relativistic covariant form of the A propagator of the Rarita-Schwinger spinor 
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w.Y (q=k-k') 
v(k) 

Figure 4.1: Scattering diagram considered for coherent pion production through A-h exci
tations. In the charged current reaction, k' is the four momentum of the muon or electron, 
and q is the four momentum of the W^ boson. In the neutral current reaction, k' is the 
momentum of the scattered neutrino and q is the momentum of the exchanged Z°. 

for a r = I particle of the form [308], [309] 

"'<-) = \n^^'"™(^)^-^ (4.6) 

where L^^\P)u is the Lorentz boost operator for spin-1 particle, Xs is the four components 

Pauli spinor for spin- | particle and 5^ '^ is the four components of the transition spin operator. 

The Rarita-Schwinger spinors obey a completeness relation: 

Z^^iPKiP) = - ^ ^ [r - l^'Y -2pt^P'' pi^-f - ^J'P" 

ml 3MA 
(4.7) 

In general sp in- | Projection operator for the A is defined as [266](Appendix-E) 

1 AM. = ^ u ^ ( P ) S - ( P ) = _ /P + MA ^^ 1 ^ ^ 2F^P- , f ^ 7 " - 7 ^ , , , o , -i-j(4.8 

and on mass shell state with P^ = i l / ^ the A-propagator is written as 

2 . \ / A A'^''(P) 
A**" = P 2 - M 2 

Introducing the A width this modifies to 

A"" = Z' + MA 

P2 - M 2 + iFTl/A 
1 

^ 3^ ^ ZMl 
2 pMp.+ (^ ' '7 ' ' -7 ' ' / " ' ) 

3MA 

(4.9) 

(4.10) 
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where P and M A are the four momenta and mass of the delta, and F is the energy dependent 
P-wave decay width for the A resonance given in Eq.3.64. We use 

C w A = ^ ^ ^ ^ * ^ ^ ^ * + h.c. (4.11) 

with ^ ^ ^ = 0 . 3 6 to describe the on shell TTNA interaction [267]-[268] and the standard model 
of weak interactions to describe the A-tJ isovector charge and neutral transition currents 
corresponding to W^ and Z ° exchanges. While we use the on-shell form of the A propagator, 
the off-shell effects at TTNA vertex has been studied using 

/ ' ^ ^ ( ^ ' ) = A4 + ( p f - MIY ^ ' ^^ ^̂ -̂ ^̂  

with A=1.0 GeV [267]-[268]. 

(p=p+q) V y * " A°A-
''KT/ % Kî  ' - X /* (P=p-k.) 

N(p) N ( p ) \ ^ / V J ( P ) N ( P ' ) ^ 

s-channel u-channel 

Charged Current 

V 

A ^ A " 

(P=p+q) \ / A+A° 

'N(p) N ( p ' ) \ / ^ ( p ) (•'=P-'^> N(p')-

s-cha.inel u-channel 

Neutral Current 

Figure 4.2: Feynman diagrams considered for neutrino induced wealc coherent pion pro
duction for A-resonance. 

The amplitude of the reaction (Eq.4.1) for charged current interaction is calculated using 

the Feynman diagram shown in Fig.4.2, and in general written as 

G_ 

v/2 

where G is the Fermi coupling constant of weak interactions G = 1.166xlO~*GeV^ and 

T{f\ - k,r) is the nuclear form factor modulated by the isospin factors, will be discussed later. 

A = — cosOcl" J^ :F(q - k , ) (4.13) 
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/' ' is the leptonic current given in Eq.3.18 and the hadronic current Jp. = (J^ + J^) is the 

sum of direct (s-channel) and crossed (u-channel) diagram, each has been separated into its 

vector {y) and axial vector part (X*^) as J^ = {V^ + A'^) and JJ^ = {V^ + A^). given 

as 

J,. = J'^ + J^l (414) 

= ^ " ^ E *'(P') K ^"^ <̂>̂M + fc»<^ O"̂  AA^] « » (4.15) 

where A"'^ or A^^j is the reiativistic A propagator modified by a phenomenological decay width 
given as in Eq.4.10 and O"^ or Ox^ is the weak N-A transition vertex given as the sum of 
vector(V'') and axial part (Af^) in Eq.3.56. The first term in the bracket (Eq.4.15) is for the 
direct diagram (s-channel) and the second term for the crossed (u-channel) diagram shown in 
Fig.4.2. 

Similarly in the neutral current case the amplitude for the direct (s-channel) and crossed 
(u-channei) A-resonance term is written with iepton mass replaced by zero and cos0c ^ one 
along with the isospin factors ^y'^ and ^^^ as defined in Eq.3.15 with vector and axial part 
respectively. The weak N-A transition vertex in case of neutral current is written as: 

'^ig'" k - 9S") + ^ ( 5 " ' 9 • P - I^P') + §(5"^<7 -P - <?V) 7^ 

^ ( 3 ' " h - ^S") + %(9'"9 • P - q'Pn + Ctg^" + ^ g * ? " 

(4.16) 

After squaring the amplitude A and taking the average over the initial spin states and the 
sum over the final states, one has 

MP = — cos% ^'^"J,.. |^(q - k^)|' (4.17) 

In case of neutral current interaction cos^^c 's taken to be unity. Expressions for the leptonic 
tensor C^" and hadronic tensor J^u are given in Eq.F.3 and Eq.F.4, respectively (Appendix-F). 
The hadronic tensor J'^,, contains the tensors V^^, A^^ and W^^ corresponds, respectively, 
to the contributions of the vector current, of the axial current, and of their interference in 
s-channel as well as in u-channel diagrams. 

We have calculated the amplitude square \A\'^ for the coherent charged current and neutral 
current processes for the direct and crossed A diagrams. The square of the amplitude for the 
coherent charged current induced pion production from a nucleus is obtained by summing over 
all the occupied nucleons in the amplitude and is written as (Appendix-F): 

E E I ^ A I ^ C = E E (MAI' + V ^ P + M2î lM + \A\A^^\) (4.18) 
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The matrix element square in the neutral current process tor A-direct (s-channel) and crossed 
(u-channel) diagrams are directly related with the charged current matrix elements through 
the isospin factors given in Eq.3.15 (Appendix-F). 

The nuclear form factor ^ ( q - k , ) in Eq.4.13 is given as 

^ ( q - " ' ' = / d^T />(r) ,-.(q-k,).r (4.19) 

with p(r) as the nuclear matter density as a function of nucleon relative coordinates. For 
production from nuclear targets, it 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 s-channei and u-channel. 
It is written as 

.F(q - k„) = Jdh K(r) + 6p„(r)] e- '̂'" kK).r (4.20) 

where a and b are the numerical factors and depends upon the charge state of pion produced in 
charged or neutral current process. For example, inside the nucleus the production of neutral 
pion takes place from both proton and neutron targets through the reaction v + p —* A'*' —* 
p+n'^ and v+n - • A ° —> n+n°. The isospin consideration give a factor of | for both protons 
and neutrons at the respective vertices. Therefore, the density p{r) in the nuclei should be 
replaced by f [Pp(r) + Pn{r)]. We have considered the proper isospin factor for the different 

vertices of the Feynman diagrams Fig.4.2 considered, 

current reactions the factors are as follows 

In case of neutrino induced charged 

6 = -
3 

1 h 1 

= 1, 6 = ^ for s-channel 

1 
for u-channel 

Similarly, in case of neutral current we have the factors as 

for s-channel 

(4.21) 

^ 3 ' '' ^ 3 

= 3 ' '' = 3 for u-channel (4.22) 

In case ofantineutrino reactions the role of/>p(r) and/3„(r) are interchanged. For our numerical 

calculation we use the proton density as Pp{r) — ^/^(r) and the neutron density as p„{r) = 

^^P{T), where for the nuclear density profile, we adopted the modified harmonic oscillator 

(M.H.O) model in case of ^^C nuclei and the three parameter Fermi (3pF) model for ^^0 

nuclei, normalized to the number of nucleons i.e. / c i ^ ( r ) p(r) = A and are given as [215] 

p{r)u.o = Po 

Pir)3pF = Pa 

' - © 1 
- "©• 

exp 

/ 1 

[-&] 
+ exp f -n 

(4.23) 

(4.24) 
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with a=1.150 fm, a=1.672 fm. t<;=-0.051. c=2.608 fm and 2=0.513 fm. 

4.2.3 Cross Section 

In general the differential cross section for a pion produced in charged current weak production 
process induced by neutrino (Eq.4.1) can be written as 

(4.25) 

On integrating over the final nucleon momentum and taking a factor of 2 M ^ outside from the 
matrix element square \A\'^ the differential cross section reduces to 

Using the following relations 

d^k' = |k'|2 d|k| dtniy = El, |k'| dEv dQii, (4.27) 

d^K = \Kf d\k„\ dn^g = E„ \K\ dE^ dn^g (4.28) 

we get 

Now doing the energy integration over dEf i.e. / dEii S^{M + go - £)>' - E-„) and using the 
property of standard delta function defined as 

i{nz)) = Y,Kx-x,)i df 
dx 

(4.30) 

the differential cross section comes out to be (Appendix-G) 

d^a 
-^— = - - — - ^ — I k ' l l k_l 

n 
and 

dE^dQ^dQw 

r dv 

' ' ""'XIIMitEMP 

dE^dn^dQ"^ 

cc 8 (27r)5 El 

where 

n = 
|k.| [Ep' + Ev - El cos Bw) - Y J {El, - Ei cos On,) cos 6 itq 

(4.31) 

(4.32) 

(4.33) 
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is a kinematical factor incorporating the recoil effects, which is very close to unity for low 
Q^{= -q^). relevant for the coherent reactions. We have also calculated the difTerentiai cross 
section for the charged current weak pion production where the recoil of the nucleus has been 
neglected i.e. £ y = M and keeping in mind that in the coherent reaction the energy transfer 
to the nucleus is directly taken away by the emitted pion i.e. qo = Ei- Ev = E-^ and is found 
to be in the following form 

d^G 

dETfdQ-^dilu' ice 

1 1 Ik'l 
8(27r)5 El k.iEEMP (4.34) 

We find that considering the recoil of the nucleus gives less than (3 — 4%) correction in the 
energy region of our interest. In the charged current weak reaction we could also measure the 
energy and the momentum of the muons. It also allovi^ an approximative separation of the 
coherent cross section from the non-coherent background. We can measure the differential 
cross section for the charged lepton production, and is found to be 

dV 
dilT-dQii'dEi' cc 

1 1 Ik^ l |k . | 
8 (27r)5 El T^EEi^i' 

where 

n = 
M|k, 

.£y|k,| + £;„(|k,|-|q|cose,) 

(4.35) 

(4.36) 

We have also calculated the differential cross section for the neutral current weak pion pro

duction where the recoil of the nucleus has been neglected and is found to be in the following 

form (Appendix-G): 

dV 

dn^dEndilt. NC =\M-%y^^^ \A\' (4.37) 

Integrating over the respective lepton and pion solid angles, we can find the double differential 

cross sections. We have calculated the momentum and angular distributions of pions and 

muons along with the Q^ distribution. Finally, integrating over the respective energies we 

have calculated the total cross sections for charged current as well as neutral current induced 

weak production of pions. 

4.3 Incoherent Production of Pion 

4.3.1 Introduction 

In nuclear pion production, if the final nucleus goes to excited state which decays to ground 
state by further emission of particles and/or radiation, accompanied by pion, then the process is 
known as incoherent production. Weak production of A has been studied in order to calculate 
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the pion production from nuclei. As discussed earlier that the reaction given in Eqs.3.1 and 
3.2 taking place in the nucleus produces A which give rise to pions as decay product through 
A —^fi•n channel. In the incoherent pion production process only these pions are observed and 
no observation is made on other hadrons. 

We want to study the weak production of A through charged and neutral current processes 
induced by neutrinos and antineutrinos, in which a A resonance is excited which subsequently 
decays into a pion and a nucleon. In the excitation of A from nuclear targets, there is an 
additional model dependence due to strong interaction of A in the nuclear medium. Inside 
the nuclear medium A properties like its mass and decay width are both modified due to 
strong interactions. The nuclear effects in the A production are important to study the pion 
production from nuclei. Weak production of A has been studied in order to calculate the 
pion production from nuclei by many authors [134]-[136], [140]-[146], [263], which discuss the 
various nuclear effects in weak production of A . In this work the nuclear effects on the A 
production in nuclei has been studied in the local density approximation (LDA) which takes 
into account the modification of mass and decay width. The various nuclear effects have been 
discussed in section-4.4. The calculations have been done assuming A-dominance model of 
one pion production because the contribution of higher resonances in the energy region of 
interest is sufficiently small. We have considered all the present available informations on the 
weak vector and axial vector form factors in the matrix elements of N-A transitions, discussed 
in Chapter-3. In addition, inside the nuclear medium the modification in the mass and width 
of the A resonance is properly taken into account and is found to give important effects on 
the differential cross section. The final state interaction of pions inside the nuclear medium is 
calculated through the Monte Carlo simulation using probabilities per unit length as the basic 
input. Next, we describe the matrix element for the production of A and derive the expressions 
for the cross sections. 

4.3.2 Matrix Element and Cross section 

In this section, we describe the nuclear excitation of A resonance. We have calculated the 
charged and neutral current induced neutrino interactions for nuclear excitation of A resonance 
which subsequently decays into a pion and a nucleon. The calculations have been done 
in local density approximation using a relativistic description of A resonance following the 
standard Rarita-Schwinger formalism [124], (126], [133], [135], [137]. The matrix element is 
calculated using the Feynman diagrams shown in Fig.4.3 for the following charged current 
neutrino induced reactions: 

^ M W + P ( P ) - M"(A:') + A++(P) (4.38) 

t/̂ (fc) + n(p) ^ //-(«')+ A+(P) (4.39) 

\ n + 7r+ ( p + 7r° ) (4.40) 
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,V^'Ot) 

W*(q) 

'v,(k) N(p) 

Charged Ciureot 

• ^ . A V ) 

Z"(q) 

v,(k) N(p) 

Neutral Current 

Figure 4.3: Feynman diagrams for neutrino induced weak production of A-resonance. 

Following the Lagrangian in the standard model given in Eq.3.16, the matrix element for the 
process (Eq.4.38) is then written as the product of the leptonic and hadronic currents as given 
in Eq.3.19. The hadronic current for the reaction (Eq.4.38) is given by: 

-Jhad = (A++IV"' - ^ " I P ) = cos^c MP) O"" u(p), (4.41) 

where O"'^ is the weak N-A transition vertex given in Eq.3.56. For neutral current interaction 

O" ' ' is given in Eq.4.16, and cos^c 's one. 

When the reactions given by Eq.4.38 or 4.39 take place in the nucleus, the neutrino interacts 

with a nucleon moving inside the nucleus of density p{r) with its corresponding momentum 

p constrained to be below its Fermi momentum kF^^{r) = [3^^Pn,p(r)] ^. where Pni^) and 
Pp(r) are the neutron and proton nuclear densities. In the local density approximation, the 
scattering cross section is evaluated as a function of local Fermi momentum and integrated 
over the whole nucleus. Therefore, the differential cross section for A production in local 
density approximation is written as 

cPc 
dEifidd/fi 

1287r3 / ^ 
rpir) 

free 

|k'| 1 2 

EkMM^ [ ( M ^ _ M A ) 2 + ^ 
{L^jn 

(4.42) 

where dE,^ / '^ *^^ differential cross section for A production from free nucleon given 

in Eq.3.62. For our numerical calculations we take the proton pp{r) and the neutron p „ ( r ) 

density as given in section-4.2.2. The nuclear density p(r) have been taken as 3-parameter 

Fermi (3pF) density for ^^C and ^®0 nuclei given in Eq.4.24, and the density parameters 

c=2.355fm, z=0.5224fm and w=-0.149 for ^K and c=2.608fm, z:=0.513fm and w=-0.051 for 

' ^ 0 are taken from Ref. [215]. 



4.4 NUCLEAR EFFECTS 73 

4.4 Nuclear Effects 

We obtained the expressions for the differential cross sections for the coherent and incoherent 
weak pion production from nuclei. Inside the nucleus, in coherent weak pion production, 
the effect of nuclear medium has to be taken into account by using the nuclear form factor 
J^(q - k^). The nuclear effects in A production are important to study the pion production 
from nuclei, since inside the nuclear medium the mass ( M ^ ) and decay width ( F A ) of the 
intermediate A produced are both modified due to strong interactions. In the medium there 
will be important corrections to the free space value of the A decay width and mass from Pauli 
blocking and binding energy effect and N-A interactions. 

The effect of nuclear medium has been recently calculated in a relativistic mean field 
approximation [134], [141] where a modified mass for nucleon and A has been used but a 
constant decay width for the A has been taken to calculate the pion production. In nuclear 
medium, the effect of modified mass ( M A ) and decay width ( r ) of A has been calculated 
by Kelkar et al. [307] in a non-relativistic approach in local density approximation. They 
have taken into account the renormalization of the A and pion properties in the medium 
and observed that the cross section was quite sensitive to these medium effects, and their 
inclusion in the calculation decreased the cross section appreciably with respect to the impulse 
approximation. 

We have considered the nuclear effect in term of A self-energy ( E A ) in nuclear medium 
in the local density approximation (LDA) [135], [138], [139] which takes into account the 
modification of mass and decay width. The method has been used in past to calculate some 
electromagnetic and strong reactions in nuclei in the region of A dominance ([126]-[127], [161]-
[173]). 

We treat the nucleus as a collection of independent nucleons which are distributed in space 
accordingly to a density profile determined through the electron nuclei scattering experiments. 
Inside the nucleus we visualize the reaction as a two step process with the lepton interacting 
with individual nucleons producing single pions and the final nucleus. The production process 
is influenced by the Pauli principle and the Fermi-motion of the individual nucleons. In local 
density approximation the incoming neutrino interacts with the the nucleons moving inside the 
nucleus of density P{T) with the corresponding momentum p„,p are constrained to be within 
the Fermi sea and is therefore bounded by the local Fermi momentum 

kF„,,(r)-[37r2/7„,p(r)/2]^ (4.43) 

where Pn(r) and Pp(r) are the neutron and proton densities as discussed in section-4.2.2. 
While the nucleons inside the nucleus are constrained to have momenta below the Fermi 

momentum, there is no such constraint on the momentum of the intermediate A produced 
in the medium, it propagates in the medium and experiences all kinds of self-energy ( E A ) 
interactions. This self-energy is assumed to be the function of the nuclear density P{T). 
This involves the decay of A-isobar through AN—»NN and A —^Nn channels in the nucleus. 
But, their decay, is influenced by the Pauli blocking. The nucleons produced in these decay 
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processes have to be above the Fermi momentum kp of the nucleons in nucleus thus inhibiting 

the decay as compared to the free decay of the A-isobar described by F in Eq.3.64. This leads 

to a modification in the decay width of the A resonance which has been studied by many 

authors [161]-[173]. Further, there are additional decay channels open for the A resonance 

in the nuclear medium. In the nuclear medium the A resonance decay through two and 

three body absorption processes like AN—>NN and ANN—>NNN through which A disappear 

in the nuclear medium without producing a pion, while a two body A absorption process like 

AN—> TTNN gives rise to some more pions. In the present work, we actually do not include 

these processes explicitly, instead we use the parametrization of these modifications given by 

Oset and Salcedo [161], where these nuclear medium effects on the A propagation are included 

by describing the mass and the decay width in terms of the A self-energy. The real part of 

the delta self energy gives the mass of A and the imaginary part of the delta self energy gives 

the width of A . These modifications are parametrizes by making density dependent changes 

in mass and decay width, in a local density approximation, to the A-hole model. 

We are interested here in the modification of the free mass and width from the following 

sources: 

(a) The intermediate nucleon state are partly blocked for the A decay because some of these 

states are occupied (Pauli blocking). The nucleon after the A decay into pion and a nucleon 

must be in an unoccupied state, takes into account the Pauli correction by assuming a local 

Fermi sea at each point of the nucleus of density p(r) — 2k^(r)/37r^, and forcing the nucleon 

to be above the Fermi sea. This leads to an energy dependent modification in the A decay 

width given as 

r ^ f - 2lmi:A (4.44) 

where T is the Pauli blocked width of A in the nuclear medium and its relativistic form is 

1 ff-nNAY M ,_, 3 
r = f i ^ ^ -j^\p'cmVnkF,Ec,,k^) (4.45) 

where F{kp,E^,k^), the Pauli correction factor is written as [1611-[162] 

F(/cr,E^,k^)= " " „, , ; " ? - ^ (4.46) 

with v ^ as the center of mass energy in the A decay averaged over the Fermi sea given as 

2 ( 3 A:2, 
f2 I „ , ^ i O P I fl/f _i _ F_ s^M^+ ni^ +2E,[M + - ^ ) (4.47) 

kp the Fermi momentum, Ef = J^^ + ^ F . ^ A is the A momentum, EA = -Js + k\, and 

p'cm- E'p^ the nucleon momentum and the relativistic nucleon energy in the final vrN center 

of mass frame. 
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In addition the Pauii factor has to replaced by 1 in Eq.4.45, if F{kF, EA, k^) > 1 and by zero 

\fF(kF,EA,kA)<0-

b) The intermediate nucleon through the A decay inside the nuclear medium feds a sin

gle particle potential due to all the other nucleons in the nucleus, known as binding effect, 

which is taken care by the real part of the A self-energy. This effect modifies the mass of A 

in the medium as 

MA ^ MA = MA 4- ReEA (4.49) 

The A self-energy plays a very important role in the different pion nuclear reactions. A 

thorough study of the A self-energy is made, using the implicit model for the A self-energy by 

E. Oset and L. L. Salcedo [161]. For the scalar part of the A self energy the numerical results 

are parametrized in the approximate analytical form (excluding the Pauli corrected width), and 

are given as [161]-[162]: 

- , n , E . = C r , ( A ) % c . . ( ^ ) " + C « ( ^ ) " ' (4.50) 

which is determined mainly by the one pion interactions in the nuclear medium. This includes 

the two body, three body absorption and the quasi-elastic absorption contributions for the 

produced pions in the nucleus. The coefficients CQ accounts for the quasielastic part, the 

term with CA2 for two body absorption and the one with C^a for three body absorption, and 

are parameterized in the range of energies 80 <T„ < 320MeV, where T^ is the pion kinetic 

energy, as [161]-[162]: 

CiT^) = ax^ + bx + c, x = — (4.51) 

where C stands for all the coefficients i.e. CQ, C X 2 , CA3, a and P{-y = 2/3). The different 

coefficients used above are tabulated in Table.4.1 and Table.4.2 [161]. 

However, the real part of the A self-energy associated with the medium corrections has some 

energy dependence and near the resonance region where the shift might be more important is 

approximated as [161] 

ReEA ~ -30.0 (—j MeV (4.52) 

In the real part of the A self-energy R C S A there is one more term associated with the irre
ducible piece of the optical potential due to the short range piece of the effective spin-isospin 
interaction [165]-[166]. This may be due to the effective n and p meson exchange, then one 
has to replace the pion optical potential by the TT and p meson exchange NA transition poten
tial. This effect can be taken in the form of the Landau-Migdal short range spin-isospin force 
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Tabic 4.1: Coefficients used in Eq.(4.50) for the calculation of ImE^ as a function of the 

energy in the case of pion nuclear scattering. 

T , (McV) 

85 

125 

165 

,205 

245 

315 

CQiMeV) 

9.7 

11.9 

12.0 

13.0 

14.3 

9.8 

C^2(MeV^) 

18.9 

17.7 

16.3 

15.2 

14.1 

13.1 

CAsiMeV) 

3.7 

8.6 

15.8 

18.0 

20.2 

14.7 

Q 

0.79 

0.62 

0.42 

0.31 

0.36 

0.42 

^ 

0.72 

0.77 

0.80 

0.83 

0.85 

0.88 

7 

1.44 

1.54 

1.60 

1.66 

1.70 

1.76 

Table 4.2: Coefficients used for an analytical interpolation of CiJ"-^) of Eq.(4.51). 

--

a 

b 

c 

CqiMeV) J 

-5.19 

15.35 

2.06 

CA2{MeV) 

1.06 

-6.64 

22.66 

CAzi^IeV) 

-13.46 

46.17 

-20.34 

a 

0.382 

-1.322 

1.466 

3 

-0.038 

0.204 

0.G13 

given by f ' ^ ^ ) g'^SS^ T T^ [168], where g'^ ~0.5-0.6 is the Landau-Migdal parameter. 

Finally, in the approach of Ref. [162], the correction to ReE^ comes out to be 

^=^^=5(^)»i^(') (4.53) 

and taking ^^=0.55 [168], the sum of the two corrections terms to ReE^. in Eqs.4.52 and 

4.53, get the approximated form as [162] 

ReE/ -" {£} MeV (4.54) 

With these modifications, which incorporate the various nuclear medium effects on A propa

gation inside the nuclear medium, the differential scattering cross section described in Eq.4.42 

modifies to 

(fa G 2 COS^ dc 

dEk'dSlk' 12877 ,73 
jdhp{v) |k'| 1 

Ek MM^ 

I - ImEA 

{W - Mi, - ReEA)2 + (^ - imEA)2. 
{L^uJn (4.55) 
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The expressions for f , R C E A and ImEA as defined in Eqs.4.45, 4.50 and 4.54, have been used 
to numerically evaluate the differential bcattering cross section and the total cross sections. 

!t should be noted from the above expression that the ImS^ term in the numerator gives 
the particle hole excitations and F term gives the A's which produces pions. Use of Eq.4.55 
enables us to separate the A's which produces pions by using either ImEA or F in the numerator 
of Eq.4.55. For example, in case of one TT"*" production process F and Cg term in ImEA give 
contribution to the pion production. 

The total scattering cross section for the neutrino induced charged current one.itt^ i>roduc-

tion on proton target is given by / ^ v » ^ ' * ' '"» proton target 

(fa 

dEk'd,ili^i 128^3 

K — Cr 

Ek MM/^ 

{if 
{W - AfA ReEA)2 + (§ lmEA)2 

For charged current one TF"*" production on the neutron target, /Jp(r) in the abov?2 
replaced by ^Pn(r), where the factor \ with /5n(r) comes due to suppression of 7r+ production 
from the neutron target, i.e. i/( + n —+ /~ + A'*' as compared to the 7r+ production from 
the proton target, i.e. vi + p -^ l~ + A"*"*" through process of A excitation and decay in the 
nucleus, i.e. A"*""̂  —> p + TT"*" and A + —» n + Tr"*" (—» p + 7r°). 

Therefore, the total scattering cross section for the neutrino induced charged current one 
7r+ production with the nucleus is given by 

Sa 

dE^'di^f^i 1287r3 
jdhp{ r) 

Ek MMi^ 

Cr 
( ^ ) " 

( 1 / _ M^ - ReEA)2 + ( f - lmEA)2 

Pp{v) + -pn{v)\{L^J>^'') (4.57) 

For antmeutrino reactions the role of Pp(r) and Pn{v) are interchanged and [ppir) + hpni'r)] 
in the above expression is replaced by [pn(r) + |pp(r) ] and the antisymmetric term in the 
leptonic tensor L^^ given in Eq.3.54 change the sign. 

4.5 Final State Interactions (FSI) 

4.5.1 Final State Interactions effects for Coherent Production 

The pions produced in these processes inside the nuclear medium may rescatter or may pro
duce more pions or may get absorbed while coming out from the final nucleus. Even if pion 
absorption is a relatively small effect at high energies, there is a large number of pions at lower 
energies which are produced both by the quasielastic rescattering and the pion production on 
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the nuclear nucleon. The proportion of these pions that eventually comes out of the nucleus 
is essentially determined by the absorption strength. At low energies, pion absorption has 
been extensively studied, but there is a little theoretical work at high energies, and not much 
experimental information is available. In Ref. [174] the effect of pion absorption on the pion 
nucleus elastic and single charge exchange scattering has been studied in the energy range 
of 250 to 650 MeV. The absorptive part of the pion nucleus optical potential was calculated 
within the frame work of many body field theoretical approach. The model agrees with the 
more complex microscopical model of Oset, Futami and Toki [310] in the A resonance region, 
which contains both two and three body absorption mechanism, and the results shew a quite 
weak absorption at high energies, as was expected. Also, it has been shown that in the A 
resonance region, three body absorption becomes comparable with the two body contribution. 
As the pion energy increases the effect of two body absorption decreases again, and it be
comes dominant, as is the case at low energy. We have considered the final state interaction 
of the pion by replacing the plane wave pion by a distorted wave pion. The distortion of the 
pion wave is calculated using the eikonal approximation of Glauber in the impact parameter 
representation. 

The type of problem we consider is the scattering of an incident particle with a nucleus 
consisting of many particles, which is not an easy to formulate, at any energy. However, the 
physical conditions which hold at high energies are in a number of ways w«li suited to the 
introduction of approximation method. We shall now begin with the method of an approxima
tion which is better suited to many of the purposes of high energy. While this method is not 
without limitations of its own, however, it allows one to estimate correctly the intensity of a 
predominant part of the scattering. Let us consider the scattering of a spinless particle of mass 
m and energy E = ^ by a static force field which is represented by the interaction potential 
V{T) of range R. The scattering problem consists of solving the Schrodinger equation 

V^ -1- k^l t/;(r) = 2mV{r)iP(r) (4.58) 

with the condition that the wave function tp{r) must have a component that involves an 
incident plane wave moving in positive z-direction and another component that involves a 
spherical outgoing wave. It should be emphasized that in scattering problem we do not require 
rjj(r) to go to zero at r ^ oo. In fact the scattering amplitude which is the quantity of interest 
is contained in the r —> oo i.e., asymptotic part of V-'(r)- With these conditions the wave 
function V(r) takes the form 

^ ( r )_e ' ' ' - - -h / ( e , . ^ )— (4.59) 
r 

where f{6, <f>) is the scattering amplitude. We know that the eikonal approximation is valid for 
the processes involving small scattering angle and very large incoming momentum. Therefore, 
in the high energy approximation, the energy E of the incident particle is much larger than 
the interaction potential V{r) i.e., V/E < < 1 and the wavelength A = k~^ associated with 
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I I I I I 
Plane Wave 

Figure 4.4: Definition of impact uarameter in scattering process at high energies. 

it is much smaller than the typical size 'a' of the interaction i.e., ka > > 1 . In this condition, 

particle traversing through the potential will not get much deflection from its initial direction, 

hence, the scattering is concentrated at small angles only. Therefore, we can assume the wave 

function to be of the form 

t/.(r) ^ e'-'VCr) (4.60) 

where <j){r) is a slowly varying function of r and satisfies the condition that if k points along 

z-axis then ^ ( r ) —>! as 2 —» —00. This condition is to reduce the wave function Eq.4.60 to 

the incident plane wave. Substituting Eq.4.60 into Eq.4.58 with 

t k r . VV(r) = e"''(ik)<^(r) + e'^V^Cr) 

and 

V V--(r) = V • VV-W = -A:V(r) + 2ifce""-v0(r) + ^ V <P{r) 

(4.61) 

(4.62) 

- 2 
and our approximation consists in dropping the y (j)(r) term, since we assume we have <^(r) 

varies slowly in a wavelength, we have 

2 i fce ' ' " ' v0( r ) = 2-nV [T)e'^''(pir) 

We choose z-axis to lie in the direction of propagation k, we have 

A^(r) = -^K(r)^(r) 

(4.63) 

4>{x, y, z') = exp - - r V{x,y,z')dz' 
V J-00 

(4.64) 

where v being the modulus of the particle's initial velocity v = k/m. Using Eq.5.64 in Eq.4.60, 
we have the approximate representation for the scattering wave function as 

ip^x, y, z) ~ exp 
i f' 

ikz / V{x,y,z')dz' 
V J-00 

(4.65) 
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Now this expression is missing a good many of the things one looks for in three dimension 
wave function, e.g., a spherical outgoing wave, but we must remember that the conditions 
through which it is derived are only intended to hold within the volume occupied by the 
potential. Fortunately, it is only necessary to know the wave function within the volume of 
the potential in order to find the scattering amplitude. Therefore, the above expression is fully 
acceptable approximation to the exact solution for values of argument within the range R of 
the potential V i.e., for r < R. Glauber [311] has shown that the impact parameter is a useful 
concept whenever the motion of the projectile is such that it follows a classical trajectory, such 
situation is realized in potential scattering at high energies. In high energy scattering the z-axis 
is chosen parallel to the sum of K = k + k' of the incoming and outgoing momenta as shown 
in Fig.4.4(b). 

Let K is a unit vector, pointing in the incident propagation direction k which, as before, 
will also be taken parallel to z-axis shown in Fig.4.4(a), then any position vector r may be 
resolved into two components r = b + K z , where b is a vector lying in a plane perpendicular 
to k, with this notation I/J{T) may be written as 

i/»(r) = exp tk • r 
•" j-r. 

V{h + Kz')dz' (4.66) 

Hence, if the potential is concentrated at the origin, then the distance h = |b| evidently has 
the interpretation of an impact parameter. 

Now we have to take into account the pion absorption effects in the cross section. It 
is well known that the coherent cross section strongly depends upon the interaction of the 
produced pion with the nucleus called as final state interaction(FSI). This effect can be taken 
into account by replacing the plane wave of the outgoing pion described by the nucleon form 
factor J ' ( q - k ^ ) in Eq.4.20 by the distorted wave in the expression of the nucleon form factor. 
In this approximation the plane wave of the pion is replaced by the distorted wave as 

„t(q-k,) r 
exp i(q - k^) • r V{h,z')dz' (4.67) 

We will use the fact that the pion self-energy 11 is related to the equivalent pion optical 

potential Vo^t by means of [162], [169]-[170] 

n(Kr))-2u;l4p,(a;,r) (4.68) 

where ui is the energy of the pion, using |v| = \^-K\I^ Eq.4.67 becomes 

1 t ( q -k „ ) r 
exp i(q - k») - r -'[ 2|k, 

-n(p(b, z'))dz' (4.69) 

The pion self-energy is calculated in momentum space for the A-hole excitations, and given 

as [161], [162], [169] 

(4.70) n(p(b,.')) - \ f = ^ ) ^ | k . P Pih.z') G^,{s,p) 
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with G£^h{s,p) the A-hole propagator given as 

GA/,(S,/5(b, z')) = -— • - _ ^—^ ^ — (4.71) 
Vs - M A + pT(s,p) - ilmEA(s,/») - RBEACS, / ) ) 

Note that we use the non relativistic form of the energy denominator in the A propagator for 
calculating the pion self-energy. Since we are effectively using a pion optical potential derived 
from the pion self-energy which is calculated in terms of the A propagator. In order to be 
consistent with the potential description, it is desirable that a non relativistic propagator is 
used even though it is an approximation. 

Now the nuclear form factor .7^(q-k,r), in impact parameter representation may be written 
as 

T{q -kn)^ f d%dz p(b, z) e<(i-''')-(*'+^^) (4.72) 

where dPb denotes the integration over the plane of impact vector, r = (b, z), and q the 
momentum transfer is chosen to be along z direction. With this choice, the exponential factor 
becomes 

where kj^ and k\, = k,r • q = % p are the transverse and longitudinal components of the pion 
momentum. Also for the potential with azimuthal symmetry we may carry the integration one 
step further by noting that ^ / j f " e'^«^<*# = Jo(X) where Jo(A) is the zeroth order Bessels 
function. Finally, Eq.4.72 takes the form 

roo TOO 

.F(q - k J = 27r / b db dz p(b, z) Jo{k\,b) e'd^l-'^i)^ (4.73) 

When the pion absorption effect is taken into account the nuclear form factor .F(q - k,r) 
modifies to !F(q - k^) given as 

roo roc 

T{q, -k^) = 27T bdb dz p{h, z) Joikib) e'd'il-'^')^ e''^^^''^ (4.74) 
Jo J-oa 

where 

and the pion self-energy 11 is defined in Eq.4.70. 
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4.5.2 Final S ta te Interact ions effects for Incoherent Product ion 

The pions which are produced in these processes while traveling inside the nucleus can be 

absorbed, can change direction, energy, charge, or even produce more pions due to elastic 

and charge exchange scattering with the nucleons present in the Tiucleus through strong in

teractions. Therefore, the production cross sections for the pions from the nuclear targets 

are affected by the presence of strong interactions of final state pions in the nuclear medium. 

The effect of final state interaction (FSi) on the weak production cross section for pions are 

estimated with the help of a Monte Carlo simulation for propagation of pions in the nuclear 

medium using as the basic input the probabilities per unit length for each of these channels to 

happens. 

In Monte Carlo simulation, pions of a given momentum and charge are generated, and 

assuming the real part of the pion nuclear potential to be weak compared with their kinetic 

energies, they are propagated following straight lines till they are out of the nucleus. At the 

beginning, the pions are placed at a point (b, 2t„), where Zi„ = —\/R? - |bp , with b as the 

random impact parameter, obeying |b| <R. R is upper bound for the nuclear radius, which is 

chosen to be such that p{R) =slO~^/9o, with po is the normal nuclear matter density. Then 

pions are made to move along the z-direction in small steps until it comes out of the nucleus 

or interact. To take into account the collisions the pion is followed by moving it a short 

distance dl, along its momentum direction (z-direction), such that P{p,;.r,X)dl « 1, where 

P{PIZ,T;X) is the probability of the interaction per unit length, at the point r of a pion of 

momentum p,, and charge A. A random number x € [0,1] is generated such that there are 

two possibilities: 

(a) First possibility is a; > Pdl, then there is no interaction, and the pion travels a distance 

dl along the direction of its momentum. Then the procedure is repeated by moving the pion 

a new step dl. 

(b) Second possibility is x < Pdl, the interaction has taken place. In this case the channel 

of interactions are selected according to their respective probabilities, whether it has been 

absorption, quasielastic scattering, charge exchange, or pion production. 

The probabilities of interaction per unit length of a pion is given by 

Pn^J2 K+n-./(^)^n + Cr„+p-.f{E)pp] (4.76) 

/ 

where / account for all possible final channels, n and p are neutrons and protons and pn, pp 
are their local densities. The cross section is evaluated at an invariant energy of the neutrino-
nucleon system averaged over the local Fermi sea. In Monte Carlo simulation, pions of a given 
momentum and charge are generated, and assuming the real part of the pion nuclear potential 
to be weak compared with their kinetic energies, they are propagated following straight lines 
till they are out of the nucleus. At the beginning, the pions are placed at a point (b ,2 , „ ) , 
where Zi„ = - y / A ^ - |bp, with b as the random impact parameter, obeying |b| <R. R is 
upper bound for the nuclear radius, which is chosen to be such that p{R) ^lO'^po, with po 
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is the normal nuclear matter density. Then pions are made to move along the z-direction in 

small steps until it comes out of the nucleus or interact. To take into account the collisions the 

pion is followed by moving it a short distance cU, along its momentum direction (z-direction), 

such that P{p^,r,X)dl « 1, where P ( p „ r , A ) is the probability of the interaction per unit 

length, at the point r of a pion of momentum p , and charge A. A random number x e [0,1] 

is generated such that there are two possibilities: 

(a) First possibility is x > Pdl, then there is no interaction, and the pion travels a distance 

dl along the direction of its momentum. Then the procedure is repeated by moving the pion 

a new step dl. 

(b) Second possibility is x < Pdi, the interaction has taken place. In this case the channel 

of interactions are selected according to their respective probabilities, whether it has been 

absorption, quasielastic scattering, charge exchange, or pion production. 

The probabilities of interaction per unit length of a pion is given by 

P^=J2 K+„-./(^)pn + <T,+p^fiE)pp] (4.77) 
/ 

where / account for all possible final channels, n and p are neutrons and protons and p „ , pp 

are their local densities. The cross section is evaluated at an invariant energy of the neutrino-

nucleon system averaged over the local Fermi sea. 

Finally, once the channel has been selected, for example it has been quasielastic, or charge 

exchange, the following procedure is used to find the new energy, and direction of the pion, 

and continue to propagate it along its new direction, checking at every step if new interactions 

take place. The probability per unit length of quasielastic scattering, or single charge exchange 

is given by 

^7V(7r\,rV)Ar' = ^N{ir\n^')N' ^ PN (4-78) 

where N is a nucleon, pjv is its density and a is the elementary cross section for the reaction 
•K^ + N ^* TT^ + N' obtained from the phase shift analysis. When according to Eq.4.77, a 
quasielastic scattering took place, the following algorithm is executed to approximately imple
ment Pauli blocking. First, a nucleon is randomly chosen from the local Fermi sea, then the 
pion and nucleon are boosted to their center of mass system. Assuming isotropic cross sections 
in the pion-nucleon center of mass system, a random scattering angle is generated (and there
fore energy) in that system and the pion and nucleon momenta has been calculated. Finally 
these momenta are boosted to the lab system. When the momentum of the final nucleon 
in the lab system is below the Fermi level, the event is considered to be Pauli blocked and 
therefore, there was no interaction, and the pion initial charge and momentum is unchanged. 
Otherwise, one have a new pion type and/or a new direction and energy. 

For a pion to be absorbed, the probability per unit length is expressed in terms of the 

imaginary part of the pion self energy 11 i.e. Fobs = - °^ '^ ' ' ' \ where the self energy IT is 

related to the pion optical potential V given in Eq.4.67 [162], [169]-[170]. The imaginary part 
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of the pion self energy, related to two-nucieon and three-nucleon pion absorption has been 
calculated in Ref. [174] [175], which has been used in the simulation [176]. 

In the case that after moving the step dl the pion gets out of the nucleus, and when the 
pion is absorbed, if there are some other pions left inside the nucleus (these pions would have 
been produced previously at some step), then one of them is selected and propagate it from its 
current position. Finally when there are no pions left, the energy and angles of all pions that 
got out of the nucleus has been stored, if any, then the full procedure is repeated by generating 
a new initial pion. 

_* * * * • * • * . 



Chapter 5 

Results and Discussions for Pion 
Production 

5.1 Coherent and Incoherent Production of Pions and Lep-
tons 

In this section we present the numerical results for the charged current coherent neutrino 
production of pions and leptons induced by muon type neutrino from ^^C and ^^0 nuclei. We 
also present the numerical results for the charged current incoherent neutrino production of 
one TT"*" induced by muon type neutrino from ^^C and ^^0 nuclei. We present and discuss the 
numerical results for the differential cross sections and the Q^ distributions for the charged 
current induced incoherent and coherent neutrino production of pions and leptons for ^^C and 
^^0 nuclei. The total cross section for the incoherent and coherent production of pions have 
been presented and discussed. 

5.1.1 Coherent Product ion of Pions smd Lep to r s 

A. Charged Current Coherent Pion Production 

We have done the numerical calculation for the neutrino energy £^,^=1.0 GeV. In Fig.5.1, we 

show the results of ( g n T ^ m i f i ^ ) ^^ ^ function of the pion angle 0 , , measured with respect 

to the momentum transfer (q) for lepton angle Q„fi=0° with respect to the neutrino direction, 

at qo=E^ - E^=300 MeV in ^^C nuclei, using Eq.4.31. The dotted lines correspond to the 

result without the nuclear medium effects i.e., with free A width and no A self energy in the 

A propagator and no pion distortion. One of the major aim of this work is to study the effects 

of the nuclear medium and the pion final state interactions on coherent weak production of 

pions. The effects of the nuclear medium have been done considering the renormalization of 

the A properties inside the nuclear medium, through the R B E A and ImEA modifications in the 

85 
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nuclear medium according to Eqs.4.50 and 4,54. This has been shown with dashed line, we 

see that this leads to a strong reduction in the (sTT^TT'dB') ^°' ' ̂ " values of 6 ^ , . We find 

that the reduction in the cross section by incorporating the nuclear medium effects is about 

55% at Q^r^-O" and increases with 9 ^ , as it is about 80% at 9 , ,=50 ' ' . Further, when both 

the nuclear medium effects and the pion absorption effect using the eikonal approximation as 

discussed in section-4.5, for the modified form of the nuclear form factor T{q - k,r) are taken 

into account, there is a further reduction which which is almost 70% in the range 0° < 0 ^ , < 

20" and then decreases as it is about 67% and 58% at e^ ,=30° and e „ , = 4 0 ° . 

In Fig.5.2, we present the result (55 -^57 -3^ - ) i " ^^0 nuclei, and the effect of the nuclear 

medium reduces the cross section, as it is around 55% at 9 t ,^=0° and increases with 9 , , . It 

is about 60% and 86% at 9^ ,=20° and 9 „ , = 5 0 ° , respectively. The effect of the final state 

interaction of the pion is almost similar in nature as in case of ^^C nuclei. 

In Fig.5.3, we show the differential cross section integrated over the lepton angle Q^n 

- ) for 9 ^ , = 0° as a function of qo, the total pion energy when neglecting the 

nucleus recoil energy. We observe again the sizable effects of the A renormalization and the 

pion distortion in the nuclear medium. We find the reduction due to nuclear effects decreases 

with qo and in the peak region (qo=350 MeV of the free) it is about 50%. We see that after 

the peak reagion it is about 30% and 5% at qo=400 MeV and 450 MeV, respectively, after 

which both are approximately same. The final result with the pion absorption also taken into 

account, the nature of the spectrum is almost flat, and the reduction in the cross section 

further increases with increase in qo, as it is about 15%, 55% and 75% at qo=250, 300 and 

350 MeV, respectively. In the peak region (qo=400 MeV of the nuclear effects) the reduction 

is about 78% then it starts decreasing, for example, it is about 73%, 58% and 42% at qo=450 

MeV. 600 MeV and 850 MeV, respectively. 

in Fig,5.4, we show the result for (^^" ^^ J in ^^0 nuclei, and the nature of the cross 

section is almost similar as in Fig.5.3 for ^^C nuclei. 

In Fig.5.5, we present the above result integrated over the pion angle 9 ^ , i.e., the mo

mentum distribution of pion ( ^ t ~ ) ' " ^^^ nuclei. We find that the reduction in the cross 

section due to the nuclear medium effects increases with the pion momentum k;: and just be

fore the peak region it starts decreasing, in the peak region (k;r=310 MeV of free) it is about 

60% and decreases further, for example, it is about 45%, 20% and 5% at qo=350 MeV, 400 

MeV and 450 MeV, respectively, after which both are approximately same. The effect of the 

pion absorption show the further strong reduction in the cross section, as in the peak region 

(k:r=320 - 360 MeV of nuclear effects) which is about 75-80%, accompanied by the shift in 

the peak towards the lower value of the pion momentum k^, and then decreases further. 

In Fig.5.6, we present the momentum distribution \%^] in ^^0 nuclei, and the cross 

section follow the same trend as in Fig.5.5 for -"C nuclei. 

In the Fig.5.7 and Fig.5.8, we present the angular distribution of pion f jcos9, , ) ^^ ^ 
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function of cos Q-rq in ^^C and ^*0 nuclei, respectively. The angular distribution is found to 
be sharply peaked in the forward direction of the pion angle 6 , , . The reduction in the cross 
section decreases uniformly due to the nuclear medium effects as at cos0ff,=O.8O, 0.90, 0.96 
and 1.0 it is about 65%. 50%, 35% and 20%, respectively. The final state interaction of pion 
with the final nucleus further reduces the cross section and it is about 65-75% in the forward 
direction. In the inset of these figures, we show explicitly our final results which include both 
the renormalisation of the A properties in the nuclear medium and the final state interaction 
of the pion with the final nucleus. 

B. Charged Current Coherent Lepton Production 

In Fig.5.9, we show the differential cross section integrated over the pion angle 0 , , i.e., 

[d^ dE ) ^'^ ^"M = 0"̂  as a function of qo in *^C nuclei. We find the reduction due to 

nuclear effects is approximately 45% for qo=250 MeV and in the peak region (qo=320 MeV 

of the free) it is about 60%. The reduction in the cross section decreases with qo. We see 

that it is about 40% and 15% at qo=350 MeV and 400 MeV. respectively, after which both 

are approximately same. The final result with the pion absorption also taken into account, 

the reduction in the cross section further increases with increase in qo. In the peak region 

(qo=330 MeV of the nuclear effects) there is a strong reduction and it is about 85% then 

it starts decreasing accompained by the slight shift in the peak towards the smaller qo, for 

example, it is about 80%. 70% and 60% at qo=400 MeV, 500 MeV and 600 MeV, respectively 

In Fig.5.10, where we have presented our result for ( Jil ^E ) ' " ^^^ nuclei follow the similar 

trend with nuclear mudium effects and with nuclear medium and pion absorption effects, as 

discussed in case of Fig.5.9 for *^C nuclei. 

In Fig.5.11, we present the result of ( ^ - ) as a function of qo in ^^C nuclei without the 

nuclear medium effects, with the nuclear medium effects and with the nuclear medium and 

pion absorption effects. The reduction due to the nuclear effects increases with qo and in the 

peak region (qo—340 ^1eV of the free) it is about 60% then decreases with increase in qo- For 

example, it is about 55%, 35% and 8% at qo=350 MeV, 400 MeV and 450 MeV, respectivley, 

after which they are same. When including the nuclear medium and pion absorption effects, 

there is further strong reduction in the peak region (qo=360 MeV of the nuclear effects) which 

is about 75% after which it slightly increases and then decrease, along with the shift in the 

peak towards lower qo. 

In Fig.5.12, we present the result of lepton momentum distribution i.e., ( ^ p - j as a 

function of k^ in -̂̂ C nuclei without the nuclear medium effects, with the nuclear medium 
effects and with the nuclear medium and pion absorption effects. The cross sections are 
approximately same up to k^=500 MeV, and then it reduces due to the nuclear effects. In the 
peak region (kj^=660 MeV of the free) the reduction is about 60% then decreases with increase 
in k^. When including the nuclear medium and pion absorption effects, there is further strong 
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reduction in the peak region (kj^=620 MeV of the nuclear effects) which is about 80% after 
which it decrease, along with the shift in the peak towards higher k^. 

In the Fig.5.13 and Fig.5.14, we present the angular distribution of leptons ( j ^ ^ ^ ) as 

a function of cosOp,^ in ^^C and ^^0 nuclei, respectively. The angular distribution is found to 
be sharply peaked in the forward direction of the lepton angle Q^^. The reduction in the cross 
section increases uniformly due to the nuclear medium effects as at cos 9^^=0.80, 0.90, 0.96 
and 1.0 it is about 15%, 30%, 35% and 37%, respectively. The final state interaction of pion 
with the final nucleus further reduces the cross section and it is about 60-75% in the forward 
direction. In the inset of these figures, we show explicitly our final results which include both 
the renormalisation of the A properties in the nuclear medium and the final state interaction 
of the pion with the final nucleus. 

C. ^^-Distributions and The Total Cross Sections 

In Fig.5.15 and Fig.5.16, we have presented the results for the differential cross sections ( ^^QT- ) 

in ^^C and ^^0 nuclei, respectively, for charged pion production at neutrino energy Et,^=1.0 

GeV where nuclear medium and final state interaction effects are shown explicitly. We can see 

from the Fig.5.15 that the reduction in the cross section in the peak region is around 35%, 

and decreases further uniformaly. The total reduction in the cross section is around 85% in 

the peak region when pion absorption effect is also taken into account, and decreases further 

uniformaly Similar trend is there in case of ^^0 nuclei shown in Fig.5.16. 

In Fig.5.17 and Fig.5.18, we have presented the results for the total scattering cross section 

a^'^ for the coherent charged current reaction induced by v^ in ^^C and ^®0 nuclei, respectively. 

The results for a^^{E„^) as a function of neutrino energy Eu^ are shown without nuclear 

medium effects (dotted line) and with nuclear medium effects (dashed line). When the pion 

absorption and nuclear medium effects, are both taken into account the results for a^^{Ev^) 

are shown by the solid lines. We see that the nuclear medium effects lead to a reduction of 

around 45% for E^==0.7 GeV, 25-35% around E^=1.0 - 2.0 GeV and it is about 20% at E^=3.0 

GeV while the reduction due to final state interaction is quite large. This suppression in the 

cross section due to the nuclear medium and the pion absorption effects is 80% for E,/ around 

1.0 GeV, 70% for E^ around 2.0 GeV and 65% for E„ around 3.0 GeV. 

In Fig.5.19 and Fig.5.20, we have presented the results for the total scattering cross section 

(7^^ for the coherent neutral current reaction induced by u^^ in ^^C and ^®0 nuclei, respectively. 

The effect of the nuclear medium, and the nuclear medium and pion absorption effects are 

same as in case of coherent charged current reactions. 

5.1.2 Incoherent P roduc t ion of Pions 

In this section we present the numerical results of incoherent production of one 7r+ in ^^C and 

^^0 nuclei induced by charged current neutrino interactions using Eq.4.57. We have calculated 
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the differential and total scattering cross section for the charged current one TT"*" production 

for the incoherent processes with the different N-A weak transition form factors given by 

Schreiner and von Hippel {124], Paschos et ai. [146] and Lalakulich et al. [147] as discussed 

in section-3.3.3. 

In Fig.5.21, we show the total cross section for charged current one jr+ production from 

^^C using the N-A transition form factors given by Lalakulich et al. [147] for the incoherent 

processes. We have presented the results for total scattering cross section a{Eu) without 

the nuclear medium effects, with the nuclear medium modification effects, and with nuclear 

medium and pion absorption effects. We find that the effect of medium modification of strong 

interaction properties of the A results in an overall reduction of the cross section of around 

12-15% for neutrino energies £'^=0.6-3 GeV (dashed line) as compared to the free A (dotted 

line). However, we find that around 80-85% of these A's produce pions and the rest of them 

produce particle hole excitations. This is calculated hy using ^ and CQ term in I m E ^ for 

the production of pion and for medium absorption of A , CA2 and C^a terms in ImE^ in 

Eq.4.56. Therefore, the total effect of the medium modification is an overall reduction of 

around 30%. These 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 aprroximation discussed in section-4.5. When the pion absorption effects are also 

taken into account along with the nuclear medium effects there is a further reduction in the 

cross section which is around 20-30% (solid line). 

In Fig.5.22, we show the total cross section for charged current one Tr"*" production from 

^®0 using the N-A transition form factors given by Lalakulich et al. [147] for the incoherent 

processes. We find that the effect of the nuclear medium as well as the effect of the pion 

absorption are similar in nature as in case of Fig.5.21. 

In Fig.5.23, we have shown the charged current one pion production cross section cr{Et,) 

vs Eu induced by neutrinos on ^^C target. We have studied the uncertainty in the total cross 

sections due to the use of various parameterizations of the weak N-A transition form factors 

used in literature. The various theoretical curves show the cross sections for the charged current 

one TT"*" production with nuclear medium and final state interaction effects and calculated by 

using Schreiner and von Hippel [124](dashed-dotted line), Paschos et al. [146](dashed line) 

and Lalakulich et al. [147](solid line) weak N-A transition form factors. The cross sections 

obtained with the N-A transition form factors given by Paschos et al. [146] and Lalakulich et 

al. [147] are larger than the cross sections obtained by using the Schreiner and von Hippel [124] 

parameterization. We find that the cross section obtained by using Paschos et al. [146] and 

Lalakulich et al. [147] N-A transition form factors are respectively 7-8% for neutrino energies 

Ep=Q.5-3 GeV. The cross sections obtained by using Paschos et al. [146] and Lalakulich et 

al. [147] N-A transition form factor are 10-12% and 10-18% larger than the cross section 

obtained by using Schreiner and von Hippel [124] N-A transition form factors, respectively. 
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Figure 5.7- Angular distribution of the pionSj^'Q vs cosG r̂g at E^=1.0 GeV for the 
charged cuircnt coherent pion production on ^̂ C nucleus. 
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Figure 5 8 Angulsir distribution of the pions^^^'^ vs cos0,r9 at Ei,=1.0 GeV for the 
charged current coherent pion production on ^̂ O nucleus 
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Figuic 5.21: Charged current one pion production cross section a{Ei,) vs £„ induced by 
neutrinos on ^̂ C target using the Lalakulich's [147] N-A weak transition form factors for 
the incoherent processes. 
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Figure 5 22 Charged current one pion production cross section a{Ei,) vs E^ induced by 
neutrinos on ^®0 target using the Lalakulich's [147] N-A weak transition form factors for 
the incoherent processes 
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Figure 5.23: Charged current one pion production cross section <T(JE?„) VS Ey induced by 
neutrinos on ^̂ C target. The various curves arc the cross sections for the charged current 
one TT"*" production with nuclear medium and final state interaction effects and calculated 
by using Schreiner and von Hippel (124](dashed-dotted line), Paschos et al. [146](dashed 
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5.2 Application to yfl-Beam Neutrinos at intermediate En
ergies 

For the purpose of future long base line neutrino oscillation experiments, one of the new sources 
of neutrino beams is the /3-beams, provide a source of pure single flavor, well collimated and 
intense nelitrino(antineutrino) beams with a well defined energy spectrum obtained from the 
i3-decay of accelerated radioactive ions boosted by a suitable Lorentz factor 7. The radioactive 
ion and the Lorentz boost factor 7 can be properly chosen to provide the low energy [82]-[90], 
iniermediate and high energy [293], [295], [296], [312]-[316] neutrino beams according to the 
needs of a planned experiment, in the feasibility study of /3-beams, ^He ions with a Q value 
of 3.5 MeV and ^*Ne ions with a Q value of 3.3 MeV are considered to be the most suitable 
candidates to produce antineutrino and neutrino beams [317]. 

We have calculated the nuclear response for the /?-beam neutrinos (antineutrinos) of in
termediate energy corresponding to the various values of 7 discussed in the literature. In 
particular, we study the neutrino nucleus interaction cross sections in ^^0 for /?-beam neu-
trino(antineutrino) energies corresponding to the Lorentz boost factor 7 in the range of 
60< 7 <250 (150). The energy spectrum of /5-beam neutrinos(antineutrinos) from ^*Ne(^He) 
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ion source in the forward angie(^ = 0°) geometry, corresponding to the Lorentz boost factor 
7 is given by [84], [85]: 

^UE^,0 = O) = ̂cm(g^7[l- i3]) 
7(1- /? ] 

^cmiEu) = bElEePeF{Z\Ee)eiEe - Trie) (5.1) 

In the above equation b = ln2/mlfti/2 and Ee{= Q - Eu), Pc are the energy and momentum 
of the outgoing electron, Q is the Q value of the beta decay of the radioactive ion A{Z, N) —• 
A{Z', N') + e~{e'*') + i^eii^e) and F{Z', Eg) is the Fermi function. In Fig. 5.24, we show the 
representative spectra for neutrinos(antineutrinos) corresponding to the Lorentz boost factor 
7 -250 (150). 

7=250 for v̂  
•yislSO for anti v 

1000 
E„ (MeV) 

2000 

Figure 5.24: Ncutrino(solid line) energy spectrum obtained with ^*Ne boosted at 7 = 250 
and antineutrino(dashed line) energy spectrum obtained with ^He boosted at 7 = 150. 

In this energy region the dominant contribution to the charged lepton production cross sec
tion comes from the quasielastic reactions. However, the high energy neutrinos corresponding 
to the tail of an energy spectrum, specially for higher 7 (see Fig.5.24), can contribute to the 
inelastic production of charged leptons through the excitation of the A-resonance. In addition 
to the genuine inelastic production of the charged leptons which will be accompanied by the 
pions, the neutral current induced inelastic production of 7r° without any charged lepton in the 
final state can mimic the quasielastic production of charged leptons in which one of the pho
tons from the TT" decays is misidentified as a signature of the quasielastic electron production. 
We, therefore, study the quasielastic and the inelastic production of charged leptons induced 
by the charge current. We also study the neutral current induced production of TT" which gives 
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Tabic 5.1: Cross sections (a)^ (10"^"cm'̂ ) averaged over the P beam neutrino spectrum for 
various Lorcntz boost factor 7 (column I) and corresponding average energies of neutrinos 
(column II). Colunms III and IV give the total cross sections for the quasielastic and the 
inelastic diargcd lepton production process and column V gives the the total cross section 
for the inelastic neutral current production of TT". 

7 
60 
75 
100 
150 
200 
250 

(̂ .J 
226 
282 
376 
564 
752 
940 

{<e 
131 
199 
307 
468 
563 
617 

i'^)i^el 
0.87 
6.3 
33 
131 
238 
331 

{^)7L 
0.24 

1.7 
9 
35.3 
64 
88.7 

major contribution to the background of the electron production in the quasielastic reactions 

induced by neutrinos and antineutrinos. 

The numerical results for the total cross section cr{E,^J induced by neutrino and antineutrino 

in ' ^0 for the quasielastic, inelastic charged lepton production processes, and inelastic neutral 

current production of n^ showing their relative contributions is given in Ref. [138]. Here, we 

present the flux averaged cross section {(T), in order to estimate the relative contribution of 

the quasielastic and the inelastic production of charged leptons and also the background to the 

quasielastic events due to the neutral current induced neutral pion production at a far detector 

in a base line experiment, defined as 

(a)^ 
f^dE,^UE,,e = 0)a{E,) 

(5.2) 

for the neutrino and the antineutrino energies. This is relevant for the future CERN-FREJUS 
base line experiments which can be done with the present CERN-SPS and have been discussed 
in the literature [312]-[314]. The forward angle approximation for the neutrino flux used in 
Eq.5.9 to calculate the total cross section is quite good for a far detector specially for higher 
values of the Lorentz factor 7. Quantitatively, we find that the contribution to the total cross 
section from non-zero 0 flux i.e. ^iab{Eu-,6 / 0) is about 5% for 7 = 60 and reduces to 
less than 1% for 7 = 250. In Tables-5.1 and 5.2, we show the results of the flux averaged 
cross section (a) for neutrino and antineutrino reactions for various values of the Lorentz 
boost factor 7 where we can see the relative contributions of the cross sections for quasielastic 
and inelastic production of leptons along with the cross sections for neutral current induced 
production of neutral pions which is the major source of background to the quasielastic events 
at intermediate energies. 
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Table 5.2: Cross sections (ff)̂  (10~^°cm^) averaged over the (3 beam antineutrino spec
trum for various Lorentz boost factor 7(column I) and corresponding average energies of 
antineutrinos (column II). Colunms III and IV are give the total cross sections for the 
quasielastic and the inelastic charged lepton production process, while column V gives the 
total cross section for the inelastic neutral current production of 7r°. 

7 
60 
75 
100 
150 

(̂ p,) 

232 
290 
387 
580 

{<^)7e 
33.2 
46.6 

69 
111 

{<^)Tnel 
0.0855 
1.2 
7.2 
32 

{<Li 
0.028 
0.38 
2.2 
9.5 

5.3 Application to Atmospheric Neutrinos in °Fe 

The major sources of uncertainty in the theoretical prediction of the charged leptons of muon 
and electron flavor produced by the atmospheric neutrinos come from the uncertainties in the 
calculation of atmospheric neutrino fluxes and neutrino nuclear cross sections. The atmospheric 
neutrino fluxes at various experimental sites of Kamioka, Soudan and Gransasso have been 
extensively discussed in literature by many authors [318]-[321]. We have studied the neutrino 
nuclear cross section in ^^Fe nuclei which are relevant for the atmospheric neutrino experiments. 
The uncertainty in the nuclear production cross section of leptons from ^^Fe nuclei by the 
atmospheric neutrinos are discussed. 

The numerical results for the total cross section for the quasielastic processes as a function 

of energy for neutrino reactions on iron in the energy region relevant to the fully contained 

events of atmospheric neutrinos i.e E <3 GeV, have been discussed in section-2.7.6, The 

detail numerical results for the momentum distribution, angular distribution as well as the total 

cross section for the quasielastic and inelastic production of leptons on iron nuclei for all flavor 

of neutrinos i.e. f^, i/^, v^ and u^ have been discussed in Ref. [136]. 

The energy dependences of the quasielastic and inelastic lepton production cross sections 
have been used to calculate the lepton production by atmospheric neutrinos after averaging 
over the neutrino flux corresponding to the two sites of Soudan and Gransasso, where iron 
based detectors are being used. There are quite a few calculations of atmospheric neutrino 
fluxes at these two sites. We use the angle averaged fluxes calculated by Honda et al. [319] 
and Barr et al. [320] for the Soudan site and the fluxes of Barr et al. [320] and Plyaskin [321] 
for ihe Gransasso site to calculate the flux averaged cross section {a) and also the momentum 
and the angular distributions for leptons produced by v^,. u^, u^ and P^ [136]. 
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Here, we present the lepton yields Vj for lepton of flavor / which we define as 

(5.3) 

where, $^, is the atnfiospheric neutrino flux of i/j and c{Ei,,) is the total cross section for 
neutrino i/j of energy E„.. We calculate this yield separately for the quasielastic and inelastic 

Y +Y-
events. We define a relative yield of muon over electron type events by RasR = Rf^/e — y^^^^ 
for quasielastic and inelastic events and present our results in Table-5.3. We study the nuclear 
model dependence as well as the flux dependence of the relative yield R. 

V -i-V-

Table 5.3: Ratio R = Rf^/e — y -vY- corresponding to quasielastic, inelastic and total 
production of leptons [FG refers to Fermi Gas Model, NM refers to Nuclear Model, FN 
refers to FVco Nucleon, AN refers to A in Nuclear Model, AF refers to A Free]. Rp shows 
the ratio of total lepton yields for muon to electron for the case of free nucleon and i?.v 
shows the ratio of total yields for muon to electron for the case of nucleon in the nuclear 
medium. 

Site 
FLUX 

Quasielastic 

RNM 

RFG 

RpN 
Inelastic 

RAN 

RAF 
Total 

RN 

RF 

Soudan 
Barr ct al. 

[320] 

1.80 
1.81 
1.82 

1.84 
1.82 

1.81 
1.82 

Soudan 
Plyaskin 

[321] 

1.65 
1.66 
1.68 

1.81 
1.80 

1.68 
1.69 

Soudan 
Honda ct al. 

[319] 

1.89 
1.89 
1.90 

1.95 
1.94 

1.90 
1.90 

Gransasso 
Barr et al. 

[320] 

1.95 
1.95 
1.95 

2.02 
2.01 

1.96 
1.96 

Gransasso 
Plyaskin 

[321] 

2.00 
2.09 
2.08 

2.05 
2.03 

2.01 
2.07 

The results for R are presented separately for quasielastic events, inelastic events and the 
total events in Table-5.3. For quasielastic events i^iiC^i) +^® Fe —> /"(/•*•) + X, the results 
are presented for the case of free nucleon by RFN, for the nuclear case with Fermi gas model 
description of Llewellyn Smith [7] by Rfc and for the case of nuclear effects within our model 
by RNM- We see that there is practically no nuclear model dependence on the value of R 
(compare the values of RNM, RFG and Rf^^• for the same fluxes at each site). This is also 
true for the inelastic production of leptons i.e. 1 /̂(1/;) +^® Fe —* l~(l'^) + 7r"*'(7r~) + X for 
which the ratio for free nucleon case (denoted by / ^ A F ) and the ratio for the nuclear case 
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Tabic 5.4: % ratio r = ^^"^ [N refers to Nuclear Model, F refers to free easel 

Sites 
FLUX 

r,{F) 
re{F) 
r^W 
re{N) 

Soudan 
Barr et al. 

[320] 
14 
14 
22 
22 

Soudan 
Plyaskin 

[321] 
12 
11 
20 
19 

Soudan 
Honda et al. 

[319] 
14 
14 
22 
22 

Gransasso 
Barr et al. 

[320] 
15 
14 
23 
22 

Gransasso 
Plyaskin 

[321] 
12 
12 
19 
19 

in our model (denoted by R^^N) are presented in Table-5.3. It is, therefore, concluded that 
there is no appreciable nuclear model dependence on the ratio of total lepton yields for the 
production of muons and electrons(compare the values of Rp and Rff, where Rp shows the 
ratio of total lepton yields for muon and electron for the case of free nucleon and R^ shows 
the ratio of total yield for muon and electron for the case of nucleon in the nuclear medium). 

However, there is some dependence of the ratio R on the atmospheric neutrino fluxes. The 
flux dependence of R can be readily seen from Table-5.3, for the two sites of Soudan and 
Gransasso. At the Gransasso site, we see that there is 4-5% difference in the value of Ru for 
the total lepton yields for the fluxes of Barr et al. [320] and Plyaskin [321]. At Soudan site, 
the results for the fluxes of Honda et al. [319] and Barr et al.[320] are within 4-5% but the flux 
calculation of Plyaskin [321] gives a result which is about 10-11% smaller than the results of 
Honda et al. [319] and 7-8% smaller than the results of Barr et al. [320]. The flux dependence 
is mainly due to the quasielastic events. This should be kept in mind while using the flux of 
Plyaskin [321] for making any analysis of the neutrino oscillation experiments. 

In Tabie-5.4, we present a quantitative estimate of the relative yield of inelastic events 

ri defined by rj = ^ , where V j^ = Yi^ + Yj^ is the lepton yield due to the inelastic 

events and Yi is the total lepton yield due to the quasielastic and inelastic events i.e.yj = 

Yi"^ +Yf^ + Yi^ -t- Yi^. The relative yield for the case of free nucleon is shown by ri{F) 

and for the case with the nuclear effects in our model is shown by rj(JV). We see that for 

free nucleons, the relative yield of the inelastic events due to A excitation is in the range of 

12-15% for various fluxes at the two sites. The ratio is approximately same for electrons and 

muons. When the nuclear effects are taken into account this becomes 19-22%. This is due to 

different nature of the effect of nuclear structure on the quasielastic and inelastic production 

cross scetions which gives a larger reduction in the cross section for the quasielastic case as 

compared to the inelastic case. 

In all these results presented here, we have not taken into account the final state interactions, 

which will further lead to the reduction in the cross sections. 
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5.4 Application to Accelerator Neutrino Cross Sections in 
12c and i^O 

In section-5.1, we have presented and discussed the differential and the total cross sections 

for the coherent and incoherent neutrino production of pions and leptons induced by muon 

type neutrino from ^^C and '^O nuclei. In this section, we have applied these results to the 

atoiospheric neutrinos, and the theoretical results have been compared with the experimental 

results. We see that our results are in good agreement with experimentally observed values. 

We have obtained the fluxed averaged differential and total cross sections for the K2K and 

MiniBooNE neutrino spectra, and are compared with the recently inferred value in K2K and 

MiniBooNE experiments [57], [62]. In view of some new data to be expected soon from 

K2K and MiniBooNE collaborations, we discuss the implications of our results for K2K and 

MiniBooNE neutrino energies and other neutrino oscillation experiments in this energy region. 

5.4.1 Momentum Distributions 

A. Coherent Production 

In Fig.5.25 and Fig.5.26, we have presented the results for the momentum distribution of pion 

(^ j—) as a function of the pion momentum k,r. averaged over the MiniBooNE and K2K 

spectra for i/^ induced reaction in ^^C. The results have been presented for the differential 

cross section without the nuclear medium effects, with the nuclear niedium effects, and with 

the nuclear medium modification and final state interaction effects. We find that the effects 

due to nuclear medium and nuclear medium with final state interaction effects follow the same 

trend as discussed in case of the the momentum distribution of pion ( ^ — ) in Fig.5.5. Similar 

is the case we found in the momentum distribution of pion ( ^ t ~ ) averaged over the K2K 

spectrum for i/^ induced reaction in ^^0 shown in Fig.5.27. In the inset of these figures, we 

show explicitly our final results which include both the renormalization of the A properties in 

the nuclear medium and the final state interaction of the pion with the final nucleus. 

In Fig.5.28, we have presented our final result which include both the nuclear medium mod

ification and final state interaction effects, for the differential cross sections { ^ f " ) averaged 

over the MiniBooNE spectrum for i/^ induced reaction in ^^C (solid line), averaged over the 

K2K spectrum for i/^ induced reaction in ^^C (dotted line) and averaged over the K2K spec

trum for Ufi induced reaction in ^^0 (dashed line). We see that the peak occurs at the same 

position but values of the cross sections are different due to the different average energies 

of the MiniBooNE and K2K spectra, and also due to different nuclei. The average energy 

of the MiniBooNE spectrum is around {Ei,^)—750 MeV and of the K2K spectrum is around 

(£^J=1 .3 GeV. 
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B. Incoherent Production 

In Fig.5.29, we have presented the results for the momentum distribution of lepton ( j ^ ) . 
which will decay into pions, as a function of the lepton momentum p^, averaged over the 
MiniBooNE neutrino spectruni, for i/^ induced charged current reaction in ^^C. The results 
have been presented for the differential cross section without the nuclear medium effects, with 
the nuclear medium effects, and with the nuclear medium modification and pion absorption. 
We find a reduction of about 12-15% around the peak region of the momentum distribution due 
to the medium modification of strong interaction properties of the A , and after the peak region 
the reduction is almost w l5%. We find a further reduction in the momentum distribution of 
the lepton spectrum to be around w25% in the peak region due to the medium modification 
effects and the pion absorption effect, and it is around 25-30% after the peak region. 

In Fig.5.30, we have presented the results for the momentum distribution of lepton { ^ ) 
which will be accompanied by the pions, as a function of the lepton momentum p^, averaged 
over the K2K neutrino spectrum for i/^ induced charged current reaction in ^^0. We can see 
that the peak region in this case is broader than the momentum distribution averaged over 
MiniBooNE neutrino spectrum. We find a reduction of about 10-15% in the peak region 
(p^=0.2-0.8 GeV) due to the nuclear medium effects. The effect of the nuclear medium 
effects and the pion absorption effect give a further reduction in the peak region which is 
around 20-30%. 

In Fig.5.31 and Fig.5.32, we show the results for the lepton momentum distribution {•^) 
which will be accompanied by the pions, as a function of the lepton momentum p^, averaged 
over the MiniBooNE and K2K neutrino spectra for f^ induced charged current reaction in ^^C 
and ^^0, respectively. In Fig.5.31 and Fig.5.32, various theoretical curves show the results 
with nuclear medium and pion absorption effects and calculated by using Schreiner and von 
Hippel [124](dotted line), Paschos et al. [146](dashed line) and Lalakulich et al. [147](solid 
line) weak N-A transition form factors. The distribution obtained in both the cases, with the 
N-A transition form factors given by Paschos et al. [146] and Lalakulich et al. [147] are larger 
than the cross sections obtained by using the Schreiner and von Hippel [124] parameterization. 
In Fig.5.31, we find that the momentum distribution obtained by using Paschos et al. [146] and 
Lalakulich et al. [147] N-A transition form factors are respectively 6-8% for neutrino energies 
upto £'^=2.0 GeV. The distribution obtained by using Paschos et al. [146] and Lalakulich et 
al. [147] N-A transition form factor are 8-12% and 15-20% larger than the distribution obtained 
by using Schreiner and von Hippel [124] N-A transition form factors, respectively. In Fig.5.32, 
the uncertainty in the momentum distribution due to the use of various parametrisations of 
the weak N-A transition form factors is similar in nature as discussed for Fig.5.31. 
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5.4.2 Angular Distributions 

A. Coherent Production 

In Fig.5.33 and Fig.5.34, we have presented the results for the angular distribution of pion 

^drobO ) ^^ ^ function of cos 9 , , , averaged over the MiniBooNE and K2K spectra for i/^ 

induceti reaction in ^^C nuclei. The angular distribution is found to be sharply peaked in 

the forv\/ard direction of the pion angle 6 ^ , . The reduction in the differential cross section 

( j ^ ^ — ) averaged over the MiniBooNE spectrum for u^ induced reaction in ^^C decreases 

uniformly due to the nuclear medium effects as at cos6;rg=0.80, 0.90, 0.96 and 1.0 it is about 

65%, 50%, 35% and 15%, respectively. The final state interaction of pion with the final nucleus 

further reduces the cross section and it is about 55-75% in the forward direction. In case of the 

differential cross section { J ^ Q — ) averaged over the K2K spectrum for iv^ induced reaction 

in ^^C, the nuclear medium effects reduces the cross section as 65%, 50%, 30% and 10% at 

cos9^ ,=0 80, 0.90, 0.96 and 1.0, respectively, and the pion absorption effects further reduces 

the cross section and it is about 50-75% in the forward direction. Similar is the case for the 

differential cross section ( J ^ Q — ) averaged over the K2K spectrum for i^^ induced reaction 

in ' ^ 0 nuclei, as shown in the Fig.5.35. In the inset of these figures, we show explicitly our 

final results which include both the renormalisation of the A properties in the nuclear medium 

and the final state interaction of the pion with ihe final nucleus. 

In Fig,5.36, we show the result for differential cross sections ( j ^ ^ — ) averaged over the 

MiniBooNE spectrum for v^ induced reaction in ^^C (solid line), averaged over the K2K 

spectrum for f^ induced reaction in ^^C (dotted line) and averaged over the K2K spectrum 

for u^ induced reaction in ^^0 (dashed line). 

In Fig.5.37 and Fig.5.38, we have presented the results for the angular distribution of lepton 

( j ^ - Q — ) as a function of cosGy^, averaged over, the MiniBooNE spectrum for u^^ induced 

reaction in '-^C nuclei and the K2K spectrum for i/^ induced reaction in ^^0 nuclei. The 
angular distribution is found to be sharply peaked in the forward direction of the lepton angle 

A CC 

Q^ii- The reduction in the differential cross section {j^^—) averaged over the MiniBooNE 

spectrum for i/^ induced reaction in ^^C, due to the nuclear medium effects is in the range 

of 30-355^ in the forward direction. The final state interaction of pion with the fmal nucleus 

further reduces the cross section and it is about 55-75% in the forward direction In case of the 
A CC 

differential cross section { 5 ^ 9 — ) averaged over the K2K spectrum for f^ induced reaction in 

" ' 0 , reduction in the cross section lies in the range of 25-30% in the forward direction due to 

the nuclear medium effects, and the pion absorption effects is same as in case of MiniBooNE 

average. In the inset of these figures, we show explicitly our final results which include both 

the renormalisation of the A properties in the nuclear medium and the final state interaction 

of the pion with the final nucleus. '^r% 
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5.4.3 O^-Distributions 

A. Coherent Production 

in Fig.5.39, Fig.5.40 and Fig.5.41, we have presented the differential cross sections ( ^ i r ) 

averaged over the K2K and MiniBooNE neutrino spectra. We have shown explicitly the nuclear 

medium and final state interaction effects in all these averaged differential cross sections. In 

Fig.5.39 and Fig.5.40, we have presented the Q^-distributions averaged over, the MiniBooNE 

and the K2K neutrino spectra for f^ induced reaction in '^C nuclei, respectively. In Fig.5.41, 

the Q^-distributions averaged over, the K2K neutrino spectrum for v^ induced reaction in ^^O 

nuclei has been shown. In all these averaged cross sections, the effect of the nuclear medium 

and the nuclear medium with pion absorption effects are almost similar in nature as discussed 

for the differential cross section f ^ r ) • 

In Fig.5.42, we have presented our final result which include both the nuclear medium mod

ification and final state interaction effects, for the differential cross sections ( ^ 5 - ) averaged 

over the MiniBooNE neutrino spectrum for i/^ induced reaction in ^^C (solid line), averaged 

over the K2K neutrino spectrum for i/^ induced reaction in ^^C (dashed line) and averaged 

over the K2K neutrino spectrum for i/^ induced reaction in ^^0 (dotted line). We see that 

the peak occurs at the same position but values of the cross sections are different due to the 

different average neutrino energies of the MiniBooNE and K2K spectra, and also due to the 

different nuclei. 

B. Incoherent Production 

In Fig.5.43 and Fig.5.44, we have presented the results for the differential scattering cross 

section ( ^ ) vs Q"^ for charged current one TF"*" production for the incoherent process averaged 

over the MiniBooNE and K2K neutrino spectra for Vy, induced reaction in ^^C (Fig.5.43 for 

MiniBooNE) and ^^0 (Fig.5.44 for K2K). The various curves are the results with the nuclear 

medium modification and final state interaction effects and obtained by using the different 

U-L troHsitio.i form factors gi>/en by Schreiner and von Hippel [124], Paschos et al. [146] 

and Lalakulich et al. [147]. In Fig.5.43, we find that the nuclear medium effects lead to a 

reduction in the differential cross section of around 15% in the peak region of Q^ < 0.2 GeV^ 

and remain almost constant imto Q"^ < 2.0 GeV^. When nuclear medium and final state 

interaction effects are taken into account the total reduction in the cross section is around 

38% in the peak region of Q^ < 0.2 GeV^, after which it increases slightly as it becomes 

around 40% at Q^ < 2.0 GeV^. In Fig.5.44, the effect of the nuclear medium and the nuclear 

medium with pion absorption effects are similar in nature as discussed for Fig.5.43. 

!n Fig.5.45 and Fig.5.46, we have presented the results for the Q"^ distribution ( ^ ) as 

a function of Q^ for charged current one 7r+ production for the incoherent process with the 

nuclear medium modification and final state interaction effects and obtained by using the dif

ferent N-A transition form factors given by Schreiner and von Hippel [124], Paschos et al. [146] 
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and Lalakulich et al. [147], averaged over the MiniBooNE and K2K spearum for i/^ induced 
reaction in ^̂ C (Fig.5.45 for MiniBooNE) and ^^0 (Fig.5.46 for K2K). In Fig. 5.45, we find 
that in the peak region (Q^ < 0.2 GeV^), Q^ distribution obtained by using Paschos et al. [146] 
and Lalakulich et al. [147] N-A transition form factors are respectively 5 - 7 % and it slightly 
increases upto 10% al Q^=2.0 GeV^. The distribution obtained by using Paschos et al. [146] 
are about 2 - 7% (in the peak region Q"^ < 0.2 GeV^) larger than the distribution obtained by 
using Schreiner and von Hippel [124] N-A transition form factors, and it further increases, as 
it becomes 20% at Q^=l.O GeV^ and then decreases to 14% at Q^=2.0 GeV^. However, the 
distribution obtained by using Lalakulich et al. [147] are about 5 - 15% (in the peak region 
Q^ < 0.2 GeV^) larger than the distribution obtained by using Schreiner and von Hippel [124] 
N-A transition form factors, and it further increases, as it becomes 25% at Q^=1.0 GeV^ and 
then decreases to 20% at Q^=2.0 GeV^. In Fig.5.46, the uncertainty in Q^ distribution due 
to the use of various parametrisations of the weak N-A transition form factors is similar in 
nature as discussed for Fig.5.45. 

. * » * * * • • * . 



11? CHAPTER 5. RESULTS AND DISCUSSIONS FOR PION PRODUCTION 

1 -

I 08 
u 

o 
=. 06 

:̂  04 

02 -

; • ' " ? ' 

. 
-
' 

-

-

1 • • U r t ' 

' • • I • • • • 1 • • • • [ • • • • 1 • • • • 1 • • • • 1 • • • • 1 • • • • 1 • • • • . 

Without nuclear medium effects 
— With nuclew medium effects 
— With nuclear medium effect and picn absocpuon ' 

V , - " C 

015 

01 

/ ^v 005 

/ 
' ^ 0 

T \ \ -. 

. 
• 

-

-

1 X "O 200 400 600 800 1000 _ 

j ^ - " * * — ^ 

i<i t i l l i j u i 1.1 U.1 LA U 111 U I i I I I I^ 1 uiTTrcrij' 
100 200 300 400 500 600 700 800 900 1000 

k (MeVl 
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Figure 5.42: Differential cross section { ^ ) vs Q^ averaged over the MiniBooNE and the 
k2K neutrino spectra for the Un induced coherent charged current pion production on ^ C 
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Figure 5.45: Differential cross section ( ^ ) vs Q^ averaged over the MiniBooNE neu
trino spectrum for the i/̂  induced charged current incoherent pion production on '^C 
nucleub.The various curves are the final results with nuclear medium and final state inter
action effects. 

I I I I I I I I I I I I I I I I ' I I I I I I I I I I I I T 

using Lalakulich ct al. [146] weak N-A form factors 
— using Paschos et al. (1451 weak N-A form factors 
— using Schreiner von Hippel (1 .:3] weak N-A form factors 

All the curves are with nuclear mediurn 
effects and with pion absorption 

0.75 I 1.25 

Q M G e v ' l 

Figure 5.46: Differential cross section ( ^ ) vs Q^ averaged over the K2K neutrino spec
trum for the i/,j induced charged current incoherent pion production on '^O nucleus.The 
varioub curves are the final results with nuclear medium and final state interaction cffe{:ts. 
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5.4.4 Total Cross Sections 

In Fig.5.47, we have shown our final result for the total scattering cross section a ^ ^ for the 
coherent charged current reaction induced by i/^ in ^̂ C nuclei. We have shown the result for 
a^^ (dashed line) when a cut of 450 MeV is applied on the muon momentum i.e., kj^ >450 
MeV as done in the K2K experiment [57]. The solid line is the result without the cut on the 
muon momentum. We see that due to the cut on the muon momentum the cross section 
reduces up to E^ <1.5 GeV after which they are approximately same. We have also shown the 
predicted coherent charged current cross section induced by v^ in ^̂ C nuclei for E,/=1.3 GeV 
which is CT^^=7.7xlO-'*° cm^ with k;, >450 MeV cut applied [57]. 
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Figure 5.47: Total cross section a{Eu) vs Ei, of the coherent pion production by neutrinos 
in the case of charged current. The dashed line represents the total cross section with a 
cut on the muon momentum k^ >450 MeV. sohd line is without any cut. Tne • gives the 
upper bound £r£^ <7.2xl0-''° cmVC at {£:^)=1.3 GeV [57]. 

In Fig.5.48, we show the total cross section a-̂ *-̂  for the neutral current induced 7r° production 
from i^c (solid line), *^0 (dashed-dotted line), " A l (dotted line) and CFaBr (Freon) (dashed 
line), along with the experimental results from the MinlBooNE collaboration for ^^C [63], from 
the Aachen collaboration for ^''Al [274] and from the Gargamelie collaboration for Freon [276]. 
We see that the theoretical results for the neutral current induced coherent 7r° production 
are in reasonable agreement with presently available experimental results in the intermediate 
energy region. 

Using the results for the v^^ induced coherent charged and neutral current pion production 
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Figure 5.48' Total cross section (r(E„) vs E^, of the coherent pion production by neutrinos 
in the case of neutral current in ^̂ C (soHd Hne), ^̂ O (dashed-dottcd line), ^^Al (dotted 
line) and FVeon (CFaBr) (dashed Une) with nuclear medium and pion absorption effects. 
The experimental points for neutral current are from: A MiniBooNE [63], • Aachen-
Padova [274] and D Gargamelle [276]. 

in 1 2 <• C and '̂ "O nuclei, we have obtained the flux averaged cross section {a) for the K2K and 
the MiniBooNE neutrino spectra. 

^ a{E^)<f>{E^)dEu 
{a) = 

f(l>{E,)dE, 
(5.4) 

The result for the .oherent charged current total cross sectior averaged over the K2K neutrino 

spectrum with k^ >450 MeV cut applied is (<7'^'^)=0.578xl0~^° cm^/nucleon in ^^C nuclei, 

and is consistent with the experimental result of ( f f^^) <0 642xlO""*" cm^/nucleon at average 

neutrino energy {Eu)=l.3 GeV in ^^C nuclei reported by the K2K collaboration [57] Since 

the estimate of coherent neutral current TT" production is important because it contributes to 

the major background in the oscillation of i/^'s to fe's, we have calculated the neutral current 

7r° production averaged over the K2K and MiniBooNE neutrino spectra. The results are as 

follows 

^^ccy^2K .^ 12^ ^ 0 662 X lO" * " cmVnucleon (without cut k'^ > 450 MeV) 

(a^^) m 2̂ 

(5.5) 

C = 0.578 X 10""° cmVnucleon (with cut k' > 450 MeV) (5.6) 
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Table 5.5: Charged current incoherent total scattering cross sections for one Tr"*" production 

(tr^^) averaged over the MiniBooNE and K2K neutrino spectra for the diflFerent N-A 

transition form factors given by Schreiner and von Hippel [124], Paschos et al. [146] and 

Lalakulich ct al. [147]. 

N-A Transition 

Form Factors 

Lalalculich ct al. [147] 

Paschos et al. [146] 

Schreiner von 

Hippel [124] 

N-A Transition 

Form Factors 

Lalakulich et al. [147] 

Paschos et al. [146] 

Schreiner von 

Hippel [124] 

(a^'^') in i^C 
10-38 cnj2 

MiniBooNE 

MiniBooNE 

MiniBooNE 

{(T̂ -̂ > in i«0 

10-38 cm2 

K2K 

K2K 

K2K 

without medium 

modifications 

3.269 

3.016 

2.701 

without medium 

modifications 

5.820 

5.370 

4.783 

with medium 

modifications 

2.799 

2.582 

2.313 

with medium 

modifications 

5.023 

4.634 

4.126 

with nuclear 
medium and 

7r-absorption 

2.034 

1.874 

1.678 

with nuclear 

medium and 

TT-absorption 

3.639 

3.358 

2.988 

{a^'^f^'^ in 12c 

(a^^) '" ' ' ' in 1̂ 0 

( a^^ ) ' ' ^ in 12c 

0.395 X 10-''° cm^/nucleon (without cut) 

0.366 X 10-''° cm^/nucleon (without cut) 

0.461 X 10-"° cm^/nucleon (without cut) 

0.284 X 10-''° cm^/nucleon (without cut) 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

We can see from these results the important role of the nuclear medium effects which reduces 

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 A-seif energy which is calculated [161]-[162] within an accuracy of 15-20%. 

This leads to an uncertainty of 8-12% in the total cross section. We have also studied the 

uncertainty in the total cross sections due to the use of various parametrisations of the weak 

form factors used in literature [132], [146]-[147], [263], which is small (3-5%) as the coherent 

process is dominated by differential cross sections at very low Q^. Thus the total uncertainty 

in the present calculation is estimated to be about 15%. 

In our calculation for the coherent process the vector contribution to the cross section is 

negligibly small and the major contribution comes from the axial current only, leading to the 
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near equality of neutrino and antineutrino cross sections. The dominant contribution (> 98%) 
to tiie cross section comes from C^{Q^) term. The expression of C^{Q^) given in Eq.3.49 
and used by Paschos et al. [146] and Lalakulich et al. [147] are the same, while using the 
expression of C^{Q^) given in Eq.S.̂ S and used by Schreiner and von Hippel [124] results 
only a change of a few percent (<2%) in the differential cross sections beacuse of the low Q^ 
dominant nature of the process and these results have not been explicitly shown here. In our 
calculation we have used the expression of C^{Q'^) used by Schreiner and von Hippel [124]. 

Using Eq.5.4, we have obtained the flux averaged cross section (cr''^) for ^he MiniBooNE 
and K2K neutrino spectra for the charged current muon neutrino induced incoherent Tr"*" 
production in ^̂ C and ^''0 nuclei discussed in section-5.1.1. The results are summarized in 
table.5.3. 

We have also compared our numerical results for the total charged current ITT"̂  production 
cross section with the recent preliminary results from the MiniBooNE collaboration [61]-[62] 
on ^^C. We have calculated the total scattering cross section for the charged current l7r+ 
production a(Eu) for i/^ induced reaction on a free proton target i.e. i/ft + p —* fi~ + p + 
Tr"*" presented in Fig.5.49 along with the experimental results from the ANL and the BNL 
experiments |242]-[245]. 
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7 1 

+^ 0.8 h 
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BNL. Kiugalu, Phys Rev D34 2554(1986) D, 
ANL, Campbell. Ptiys Rev Lcll 30 3'S(I973) H, 
ANL, Blnih. Hiys Rev DI9,2S2I (1979) H,. D, 
ANL, Radecky. Phys Rev D25, 1161 (1982). Hj D̂  
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Figure 5.49: Charged current one pion production cross section induced by neutrinos on 
proton target (Uf^ + p —^ fj." + p + 7r+). Experimental points are the ANL and the BNL 
data and dashed-dottcd line is the NUA.NCE cross section taken from Wascko [61]-[62]. 
The various theoretical curves show the cross section calculated using weak N-A transition 
form factors given by Schreiner and von Hippel [124](dcuble dashed-dottcd line), Paschos 
et al. [146] (dashed line) and Lalakulich et al. [147] (solid line) 
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The various theoretical curves show the cross sections calculated using N-A transition form 

factors given by Schreiner and von Hippel [124], Paschos et al. [146] and Lalakulich et al. [147]. 

We find that in the neutrino energy region of 0.7-2.0 GeV the cross sections obtained with the 

N-A transition form factors given by Paschos et al. [146] and Lalakulich et al. [1^7] are larger 

than the cross sections obtained by using the Schreiner and von Hippel [124] parameterization. 

The uncertainty in the total cross section for l7r+ production associated due to the uncertainty 

in the transition form factors is seen from these figures to be about 10-20% in this energy 

region. 

The experimental data from ANL by Campbell et al. [242] are explained satisfactorily in 

our model. The theoretical results are within 1 standard deviation of the experimental results 

using weak N-A transition form factors of Paschos et al. [146] {x^=0.9) and Lalakulich 

et al. [147] (Xpj,=0.8) and within 1.5 standard deviation if Schreiner and von Hippel [124] 

parameterization is used. The experimental results of Barish et al. [243] (excluding the lowest 

energy points) are also described satisfactorily by our model within 1 standard deviation if the 

form factors of Schreiner and von Hippel [124] ( x ^ = 0 - 6 ) and Paschos et al. [146] ( x ^ = 0 . 8 ) 

are used and within 1.2 standard deviation if the parametrization of Lalakulich et al. [147] is 

used. On the otherhand the experimental data from BNL by Kitagaki et al. [245] are higher 

and the experimental data from ANL by Radecky et al. [244] are lower than our theoretical 

predictions by 2-5 standard deviation depending upon the various N-A transition form factors 

used in this calculation. Clearly, better quality data on neutrino induced pion production is 

needed in order to determine the N-A transition form factors, for which various theoretical 

predictions exist [253]-[254] in addition to the three models considered in this work. 

We have calculated the ratio of the cross sections for inclusive charged current ITT"*" ( C C I T F ^ ) 

production to charged current quasielastic scattering(CCQE) cross sections. The numerical 

values of the total cross sections for ITT"*" production shown in Figs.5.17(coherent) and 5.21(in-

coberent) and the total cross sections for inclusive quasielastic lepton production shown in 

Fig.2.12 have been used to calculate the ratio r = ^ /gg^g f which is shown in Fig.5.50, 

for the various parameterizations for N-A transition form factors given by Schreiner and von 

Hippel [124], Paschos et al. [146] and Lalakulich et al. [147]. We also show in this figure the 

experimental results for this ratio reported by the MiniBooNE collaboration [6l]-[62]. We see 

that the theoretical predictions for the cross sections in our model are in satisfactory agreement 

with the experimental results for the ratio and are described within 1 standard deviation for the 

parameterization of N-A transition form factors considered in this work except for the param

eterization of Schreiner and von Hippel [124] form factors for which , \p^=1.6. We will like to 

emphasize that the nuclear medium and pion absorption effects in pion production processes 

as shown in Fig.5.17 and Fig.5.21, and the nuclear medium effects on the inclusive quasielastic 

process as shown in Fig.2.12, play an important role in bringing about this agreement. For 

a given choice of the electroweak nucleon form factors in the quasielastic sector, there is a 

theoretical uncertainty of 10-20% in this ratio due to use of various parametrisations for the 

N-A transition form factors shown in table.3.1. There is a further uncertainty of 2-3% in this 
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Figure 5.50: '^^iccQE) ^^'^ ^^^ ^i^ induced reaction on ^^C. The experimental points arc 
taken from Wascko [62]. The theoretical curvcb are obtained by using Schreiner and von 
Hippel [124](double dashcd-dotted line), Paschos et al. [146](dashed line) and Lalakulich ct 
al. [147](solid line) weak N-A transition form factors for CCITT"*" production and Bradford 
et al. [194] weak nucleon form factors for CCQE. 

ratio due to the various electroweak nucleon form factors used in the calculations of the total 

cross section for the quasielastic production if the world average of Myi=1.05 GeV is used. 

In Fig.5.51, we have shown the variation in the total cross section for the charged current 

l7r+ production for i/,j induced reaction in ^^C due to the variation in the axial vector dipole 

mass MA in the N-A transition form factors using the parametrization given by Lalakulich 

et al. [147]. The results are shown for MA=±.0 GeV, M^=1 .1 GeV and M^=1.2 GeV. We 

find that a 20% change in MA results in a change of around 20% in the cross section which 

increases with MA- In this figure, we have also shown the results predicted by the NUANCE [1] 

and NEUGEN [2] neutrino event generators. These theoretical resiilts are compared with the 

experimental results reported by MiniBooNE collaboration. These cross sections are obtained 

by multiplying the experimental ratio r = 'g^/ccoE) S'^^" ' " Fig.5.50 with the theoretical cross 

section for quasielastic production given by the model of Smith and Moniz [8] which does not 

include the effect of nuclear medium modifications due to RPA correlations in the quasielastic 

cross sections. These results agree quite well with our results for ITT"*" production cross section, 

shown by dashed-dotted lines, when we do not include the nuclear medium modifications due 

to RPA correlations in the quasielastic cross sections. However, when the nuclear medium 

modification effects due to RPA correlations in the quasielastic production cross section shown 
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Figure 5.51: ff(CCl7r'*') for j / ^ induced reaction on '̂ ^C. The dashed(solid) stmrs are the 
cross sections from NEUGEN(NUANCE) Monte Carlo event simulation and the experi
mental points shown by sohd dot with error bars are the MiniBooNE results [61)-[62]. 
The theoretical curves show the CCln'*' cross section using Lalakulich et al. [147] weak 
N-A transition form factors for the vaiious values of MA- The dashed-dotted Une is 
a{CCln'^) obtained by using the central value of the experimental results for the ratio 

r = „(ccQE) 161]-[62](experimental points shown in Fig.5.49) and a{CCQE) calculated 
in our model without RPA effects. 

in Fig.2.12 are used to calculate the total cross section for iTr"*" production by multiplying it by 

the ratio r (shown in Fig.5.50) the cross sections are reduced. This is shown in Fig.5.52. We 

see that the experimental results for the total ITT^ cross sections are now explained satisfac

torily with the various parameterizations of N-A transition form factors within one standard 

deviation except for the parametrization of Schreiner and von Hippel for which \ L / = l - 4 . 

It can be seen from Fig.5.51, that the theoretical predictions for the total charged current 
ITT"*" production cross sections by the neutrino generators like NUANCE [1] and NEUGEN [2] 
over estimate the experimental cross sections as they do not include the nuclear effects ap
propriately which are known to reduce the cross sections. For example, the nuclear effects 
lead to a reduction of 30-40% for the dominant process of incoherent production in this energy 
region as shown in Fig.5.21 which is large compared to 10% reduction considered in the T = 3 / 2 
channel in the NUANCE generator [1]. 

One may also consider the contribution of higher resonance excitations to I T T " production 

in this energy region, for which there exist very few calculations in literature [137], [146]-(148]. 

It has been shown by Paschos et al. [146] that the total cross section for neutrino induced 
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Figure 5 52 a{CCln^) for f̂  induced reaction on ^^C. The theoretical curves show the 
cross sections for the various weak N-A transition form factors. The experimental points 
show (T(CCl7r"'") obtained by using the experimental results for the ratio r = ^(g^Jg) 
[61]-[62] (experimental points shown in Fig.5.49) and a{CCQE) calculated in our model 
with RPA effects 

excitation of higher resonances like Roper(1440), Sii(1535) and Di3(1520) is quite small. In 
an earlier calculation, Alvarez-Ruso et al. [137] have studied weak electro-excitation of Roper 
and recently Valverde and Vicente Vacas [148] have studied neutrino induced excitation of 
Roper and consequent pion production processes through excitation of this resonance We 
have used these results to estimate one pion production in the energy region E„ < 1 5 GeV It 
is found that the contribution to one pion production through the excitation of Roper reso
nance is around 2-4% and the contribution of other higher resonance excitations to one pion 
production is quite negligible. Therefore, higher mass resonances are not expected to make 
any important contributions to pion production in this energy region 

_ * • • * • * * * _ 



Chapter 6 

Summary and Conclusions 

6.1 Quasielastic Inclusive Lepton Production 

We have studied the charged current lepton production induced by i/̂ j and i/g neutrinos on 
various nuclei, in low and intermediate energy region, which are of present interest for atmo
spheric as well as accelerator neutrino experiments. The calculations have been done for large 
number of nuclei in the low energy as well as in the intermediate energy region for ^^C, ^^0 
and ^^Fe. The cross section calculations are performed in a local density approximation tak
ing into account the Paul! blocking, Fermi motion and the renormalization of weak transition 
strengths in the nuclear medium. The effect of Coulomb distortion for the charged lepton while 
coming out of the nucleus is taken into account by using the Fermi function as well as the 
modified momentum approximation(MEMA). In the low energy region, the cross sections are 
then averaged over the Ug spectra obtained from the muons decay at rest where the maximum 
energy of neutrinos is 52.8 MeV. 

We find that 

(1) The role of nuclear effects like Qth value, Pauli blocking and Fermi motion is to reduce 
the cross sections. For a given Z, this reduction becomes smaller with the increase in energy. 
There is a further reduction of the cross section due to the renormalization of weak transition 
strengths in the nuclear medium. For a given Z, this reduction becomes smaller with the in
crease in neutrino energy, while for a given neutrino energy Eu, this reduction increases with Z. 

(2) The effect of the Coulomb distortion of the final charged lepton in the total cross sec
tion is small except at very low energies and becomes negligible with increase in neutrino energy. 

(3) The two methods of treating the Coulomb distortion give similar results for low energy neu
trinos in the case of low mass nuclei. For intermediate and heavy mass nuclei the cross sections 

151 
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with Fermi function are smaller than the cross sections with MEMA upto certain energy E^, 
after which the the cross sections calculated with Fermi function become larger. At the energy 
Ej/^ where this cross over takes place changes with nuclei. For example it is around 40 MeV 
for nuclei like ^®Fe in the intermediate mass range and around 18 MeV for nuclei in the heav
ier mass range like ^'^Pb. This agrees with the results obtained earlier by Engel [156] for ^"'^Pb. 

(4) The total cross sections averaged over the neutrino spectrum obtained from the muons 
decaying at rest is presented for all nuclei considered here. The results for ^^C, ^^0, *^Fe and 
208pjj - jc lei are compared with the available experimental results as well as different theoret
ical calculations. New results have been presented for many other nuclei. 

(5) The reduction is larger in the total cross section for quasielastic reactions as compared 
to the Fermi gas model. The energy dependence of this reduction in cross section is found to 
be different at threshold energy for i/^ and u^ neutrino reactions. However, for E>500 MeV, 
the energy dependence is similar in nature. 

The numerical results for low energy region presented here can be a very useful benchmark 
for neutrino nucleus cross section measurements being proposed at SNS facilities using various 
nuclei as nuclear targets. The numerical results in the intermediate energy region are also 
useful to analyze the fully contained events of atmospheric neutrino oscillation experiments. 

6.2 Coherent cuid Incoherent Pion Production 

We have studied neutrino induced charged current and neutral current one pion production from 
^^C and ^^0 target at the intermediate neutrino energies relevant for the MiniBooNE and the 
K2K experiments. We have done the calculations for the incoherent and coherent production 
of lepton and/or pions from ^^C and ^^O nuclear targets. The calculations have been done 
in a model which takes into account the nuclear medium effects in the weak pion production 
process through A dominance treated in local density approximation, which incorporates the 
modification of the mass and the width of A resonance in the nuclear medium. The effect of 
the final state interaction of pions with the residual nucleus has also been considered, which 
has been treated differently for coherent and incoherent processes. In coherent process 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 calculated 
in the local density approximation, and in incoherent process the final state interaction of pions 
is calculated with the help of a Monte Carlo simulation for propagation of pions in the nuclear 
medium using probabilities per unit length as the basic input. 

The energy dependence of the total scattering cross sections for the charged current and 
neutral current one pion production induced by v^i is studied. We have also presented and 
discussed the numerical results for the momentum distribution, angular distribution and Q^-
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distribution for lepton and/or pions. The numerical results for the nputrino nucleus cross 

sections averaged over the MinibooNE and the K2K neutrino spectra are presented for ^^C 

and ^®0 nuclei. Specifically, we have presented the results for the total cross section for In'*' 

production from ^^C and studied the energy dependence of the ratio of single Tr"*" production to 

the quasielastic reaction. The results have been compared with some old experimental results 

and with the preliminary results available from MiniBooNE experiment. 

From this study we conclude that: 

(1) In coherent production the contribution to the cross section comes mainly from the s-

channel diagram(> 90%) which is dominated by on shell A , thus making the off shell correc

tion quite small. The inclusion of off shell effects by introducing a form factor at the i rNA 

vertex [267]-[268](see Chapter-4, section-4.2.2) leads to a reduction in the cross section which 

is estimated to be 4-6 % in the energy region of 1-2 GeV. 

(2) In coherent production 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. 

(3) There is a large reduction due to nuclear effects in the coherent as well as incoherent 

production cross sections, and there is a further reduction in the cross sections due to the final 

state interaction of pions with the residual nucleus. 

(4) The total cross sections for neutrino induced TT"*" production from free proton are closer to 

the TT"̂  production cross sections obtained by the ANL experiment and are smaller than the Tr"*" 

production cross sections obtained by the BNL experiment in the intermediate energy region. 

In this energy region, there is a 10 - 20% theoretical uncertainty in the total cross section due 

to use of various parameterization of N-A transition form factors. 

(5) The total cross sections for ITT"*" production is dominated by the incoherent process. The 

contribution of the coherent pion production is about 4-5% in the energy region of 0.7-1.4 GeV. 

(6) In the neutrino energy region of 0.7-1.4 GeV, the results for the ratio of cross section of 
l7r+ production to the quasielastic lepton production is described quite well for E,/ <1.0 GeV, 
when nuclear effects in both the processes are taken into account. However, for energies higher 
than Eu >1.0 GeV, the theoretical value of the ratio underestimates the experimental value. 

(7) The role of nuclear medium and pion absorption effects is quite important in bringing 
out the good agreement between the theoretical and experimental results in the energy region 
of 1.0 GeV. The theoretical and experimental value of the ratio for the total cross sections for 
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In'^ production and quasielastic lepton production are in good agreement for neutrino energies 
upto 1.0 GeV. We also found that theoretical results for the neutral current induced coherent 
n° production are in reasonable agreement with presently available experimental results in the 
intermediate energy region. 

(8) The results for charged current and neutral current induced total cross sections in ^*C 
and ^^0 averaged over K2K and MiniBooNE neutrino spectra have been presented for the 
coherent and incoherent pion production. We have also presented the momentum distribution, 
angular distribution and (^^-distribution in ^^C and ^^0 averaged over the MiniBooNE and 
K2K spectra for the incoherent and coherent charged current one pion production with various 
N-A transition form factors. 

The method may be useful to analyze the neutrino induced pion production data at neu

trino energies relevant for neutrino oscillation experiments being done by K2K, MiniBooNE 

and J-PARC collaborations. 

. * * • * * * * * _ 
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Appendices 



Appendix A 

Matrix Elements and Spin Sums 

Matrix element for the charged current free neutrino nucieon scattering of Eq.2.1 is written as 

(A.l) 
v2 

where the ieptonic current /,, is given in Eq.2.4 and the hadronic current in Eq.2.6. Using this, 
we can write the matrix element square averaged over the initial and summed over the final 
spins of the nucieon given by: 

\M\^ = ^cos-'ecL'"'J, iw (A.2) 

The Ieptonic tensor L' '" is given in Eq.2.9 as 

- 8 k'^k"' + k^'k" - g^"" k-k' + le^"""^ fc^fc'^l 

= L'iT+iL'r (A.3) 

and hadronic tensor J,,,^ is given in Eq.2.11. Performing the traces in Eq.2.11, we find the 
hadronic tensor as: 

Juu — 
1 1 

4( i^ i^ ) ' (p> . + P'.P, -ip P'- MpM.)9^u) + 4 ( ^ ) 
2 AM„Mn 

[-9^(P^Pu - P • P'9,ii^ + p'yPi-) + 2? • Pip'^qu - p' • q9nu + p'„q,i) + MpM^q^g,,^ 

-qvip't^P -q-Puqp' + QHP • P) + Mp^Inq^qv + {p-p' + MpMn)qy,qu - q^{p • p'q^ 

-q • p'Pu + q • PPI) + MpMnq^q^,] + (4F^) [(p'„Pu + P^,p'u) - (p • p ' + MpMn)9nv\ 

+ (4Fp2) \a,M^I„Mn - p • p)\ + (^\\f) [(Wn9^pL + Mj,q^p..) - M„{p'^q, 

-q • P'9iiu + p'^q^) + Mpip^qi, - p^^q,, - p • qg^^^) + (A/„p^g„ + Mpq^p^ + M„q^pl 
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+Mpq^p^) - M„(p'^,qu - q • p'g^„ + p'^q^,) + Mp{pi,q^ - p„q„ + p • qg^^)] 

+ {AFAF„) [-Mn {p],q^ + r,q-^) + Mp {p^q,. + p^q^)\] (A.4) 

Finally, contracting the various terms of hadronic tensor J^„ in Eq.A.4 with the ieptonic tensor 
L"" in Eq.A.3, we get 

VVl /W|2 = Gl-cosec 1 / 1 W 1 \ 
^ ^ ' ' 2 2 V4A/pAf„y V4m,mJ 

X {{F^f [{k.p)(k'.p') + {k.p'){p.k') - MpM„ik.k')\ 

+ (Fj) [(k.p){k'.p') + ik.p')(p.k') + MpMnik.k')] 

+ {2F^FA) [{k.p'){p.k') - (k.p){k'.p')] 

+ ( ^ ) [{k.p){k'.q){p'.q) - {k.p)(k'.p')q' + {k.p'){p.q){k'.q) 

-ik.p')ip.k')q^+l{k.k'){p.p')q' - ~ik.k')MpMr,q^ 

-{k.q){k'.q)(p.p') - {k.q)(k'.q)MnMp + ik.q)[p.q){k'.p'} 

Mk.q]{p'.q)(p.k')] + (^—f-^ [-MAk.k'Yp'.q) - M„{k.q){k'.p') 

-M^{k'.q){k.p') + Mp{k.k'){p.q) + Mp{k.q){k'.p) + Mp{k'.q) 

ik.p)] + ( - ^ j [-Mp{k'.q){k.p) -r Mp{p.k'){k.q) - M^k'.q) 

{k.p') + M„{k'.p'){k.q)] + {F^) [ik.q)(k'.q) - \qHk.k')][{p.p') 

-MpM„] + (FAFP) [-M„(k.p'){k'.q) - Mn{k.q){k'.p') + M„(p'.<7) 

[k.k') + Mp(k.p){k'.q) + Mpik.q){p.k') - Mpip.qKk.k')]} (A.5) 

where 

k = {E^. k), p = {En, p) 

A-' - (£;(. k'). p' = (£p, p') 

En - \ /p2 + Af2, Ej, = y^p'2 + M2 

9;, = ( £ , - E,, k - k') (A.6) 

The same expression can be used for antineutrino scattering by changing sign in the Fi FA 

and FI'FA terms. 

. _ * • * • * * * * 



Appendix B 

Lindhard Function 

The Lindhard function for the particle hole excitation given in Fig.2.2 is 

TT (n ^\ o r d^Pn MnMp nn(p) [1 - np(p + q)] 

where qo=Ev - Ei, 77„(p) and np(p + q) are occupation numbers for neutrons and protons, 
respectively, in the Fermi sea. The imaginary part of above Lindhard function is given using 
following relation 

^ - = - P - :F iTrS{uj) (B.2) 
u) ± it] bj 

Thus the imaginary part of Eq.B.l is given as 

lm[/;v(9o, q) = -27r / ^ n„(p) [1 - np(p + q)] ,̂ (90 + £;„ - Ej,) ^ ^ (B.3) 
J (27r) •fcp-C'n 

Since <i = p' - p, go = E^ - Ei, we have 

Ej, = yj{p + q)2 + M2 ^ y | p | 2 + ;q|2 + 2|p||q|co5d-r.U2 (B.4) 

Therefore Eq.B.3 can be written as 

lmC/Ar(9o, q) = -27r / — - ^ n„(p) [1 - 7Jp(p + q)] ' / " 

X J (̂ 90 + \ / | p | ' + M2 _ y |p | 2 + |q|2+2|p||q|co.se + A/2 j (B.5) 

The occupation number n „ { p ) = l for p < p f , (p f j is the local Fermi momenta of neutron), 
else it is equal to zero. Using this we place the limit on the integral over p from p f j to 0, and 
with 

d?\p\=2-nd{co%e)\p\^d\p\ 
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Eq.B.5 becomes 

imt/«{*.q) = -(2.)' M,M. r iPl'^lfl" - " ; ; ' " ^ J " f .(OPS.) 

, \ / | p | ' + |q| ' + 2ip||qicose + M2^ 
(<?0+\/l IPP + M2 

Using the 6 function property 

(B.6) 

(B.7) 

where the points x, are the real roots of g ( i ) = 0 in the interval of integration. The cosO 

integral can be performed using Eq.B.7, and we get the above equation as 

imf/̂ (90,q) - -^^j'J'\pM^\ 
[1 - np(p + q)l 

\/|p|2 + M2 
(B.8) 

-Ipllql 
- 1 

y^lpl' + |qp + 2|p||q|cos^ + .1/2 

^^pA/„ /-"^i IPI [ l - n > + q)] 

2^ io W"^' x/|p|2 + -U2 
9 o + \ / | p | ' + M2 (B.9) 

From the 5 integration we have 

go + \ / | p | ' + A/2 - y^|p|2 + lq|2 + 2|p||q|cose + M2 = 0 

90 + \/ IPI ' + 3/2 =: ^ | p p + |q|V2lp||q|c05^ + M2 

which implies 

cos^ 
2|p||qi 

(B.IO) 

(B.ll) 

Further, [1 - np(p + q)] = e( |p + q| - pfz) (P + q)̂  > PI, 

Using expression for cos^ from Eq.B.lO, the above expression becomes 

yjql - IPP + 2go\/|p|' + M2 > p^, {B.12) 
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Imposing conditions B.IO and B.U in B.8 gives the factor 6 (1 - |cos0t) and Q{Ai - PF2) 

where Ai = yJql-\p\'^ + 2qo^\pf + M^. With the substitution of these factors Eq.B.8 is 

given by 

2 T JO 
tmt/jv(qo,q) f^«(i-|cose|)e(Ai-pF,) ' '^ '" v/|p|2 + M2 |q| 

Solving the integral and taking account of the two theta functions gives 

1 \i M 
lmf/A,(9o,q) = —^ f-r^ [EF, - A\ with 

2n |q| 

9 < 0, EF2 - QO < EFI and 
-Qo + hlyfl 4Mi 

9̂  

where 

EF,^\]VF„^ + Mn\ Er, = yJpF,^ + M,^ and 

A = Max M,„ EF2 - 9O, 

Otherwise, lm{/Ar((7oq)=0 

4Mi 
9^ 

(B.13) 

(B.14) 

< E. Fi 

(B.16) 

_ * * * * • * * * . 



Appendix C 

Non-relativistic Reduction of 
Weak Matrix Elements 

The most general form of the hadronic current that is Lorentz invariant given in Eq.2.6 in 

Chapter-2 is 

J,. = u{p') V/„2\ rV/„2\ ^^(9^)7,. + F,^iq')ia,,^ + F^ (9^)7^75 + FUq')q,n, 
2M 

uip) (C.l) 

Consider the terms with FA in the hadronic current /^ as 

u{p') FA{q^)lt,lh u(p) 

The spinors u{p) and u{p) are represented by 

u{p) ^ 

y(p') 

JE + M 
~-y 2E 

- w(/'')7o = 

a-p \ 
E+M / 

E' + M 
2E' E' + MJ 

Solving the terms for FA using Eqs.C.2 and C.3, we get 

uip')FA'y,il5uip) = FAiq^) [w(p')7o75"(p)- "(p')7.75"(p)] 

Using 

(C.2) 

(C.3) 

(C.4) 

U(P')-IO'MP) = 
{E + M){E' + M) 

4EE' 

a-ip + p') a-{2p + q) aP 

'̂ £' + A/)vo -1 j ( l 0 j ( ^ j 

2E 2M 2M 
(for E = E' ^M) (C.5) 
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and 

. ( , ' H . 3 U ( . ) = / i ^ ± » ^ 
' E' + M -a% ) ( / 0 ) ( ^ ) 

a^{ap){ap) 

AE^ 
) 

(for E = E' = M) (C.6) 

Neglecting second order term, we get term with Fyi(g^) a FA O. 

Similarly, considering the term 

"(PO ^2^(9^) '^M'^;^ "(p) '2M 

We have 

Since q° = £ - £ ' = 0 for £ = £ ' , only 1/ = i will contribute, i.e., 

f^^i/ g" = -<^/z. 9' = - [o-Qi ?'• c ĵi 9'] 

0 < ? g " \ ( S X q 0 

CT-T" 0 y ' y O ( T X ^ 

Hence, 

2M 

We have 

* ^ ^(PO ^ P " ^ ' ' " (P) = - ^ ^ ["(P') «̂ o. g' w(p), w(p') a,x q' w(p)] 

4£:f;/ 

{E + M){Ei + M) ( --ffp'\fQ aq 

(C.7) 

(C.8) 

E' + M \ aq 0 

1 M 

E+M 

and 

'271/ 

"^"(^'^'^-'^'"(p^ = -§j 

[c • q){d • q) 

2E 
(C.9) 

{E+M){Ei + M) I -a-p' W axq 0 

4EEI I ' E' + M) \ 0 Sxq 

( A ) 
E+M 

I 

2.1/ 

E + Ml^ (ffxq)(ff-p)(ffp') 
\ a X q T 

2E \ (E + Mf 

(CIO) 
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Neglecting the second order term, we get term with F2(q^) oc F^iq') a x q. 

Similarly, considering the term 

n{p')Friq^)'^u{p) 

we get 

V/„'>\ ^1 ( 9 ' ) " ( p ' ) 7 o u ( p ) = F i ^ ( g O (2M)2 

and 

(C.l l) 

F^(q^) u{p') -y, u{p) = FYiq^)^ [(2p. + q^) - ie,jk q^cTk] 

Considering the term 

'''{p') Fp{q^) q,,^^ n{p) 

we get on'y 

Fp{q') ?. u{p') 75 u{p) = -Fpiq^f^aj 

Now collecting JQ and J , terms together of the hadronic current J^, we get 

(C.12) 

(C.13) 

^ o ^ ^ a . P . + F . V ) 1 + 
pp' + ie,jkP^Pj(Tk 

(2M)2 
F^'(o^) 

+ ( 2 ^ ) 2 '^lll^rnqui (C.14) 

and 

Jr = FA{n^) 
a,{cf • p){c • p') 

(2M)2 + 
Frm 

2M i^' - 'g'j<: gĵ feJ - ' "2̂ ^̂  hkiokqi 

(C.15) 

Now we find Ji 00 

•̂00 = E L 2M 
a,P, + Fl'{q^) 1 + 

m 

(2M)2 
î 2̂  9^) 

+ / 2 \ / ) 2 '^lIl'^rnQm 

- < ^ - , P . + F-iq') 
PP' + itjVm' PjPi'gm-

(2M)2 {2M;-
'Jvqi'(Jm'qm' 

(C16) 
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Neglecting the terms with 1/(2M)^, 1/(2M)"* or higher power and using the trace relations 

Tr(/) = 2 (C.17) 

Tr(a^) - 0 (C.18) 

Tr(a'(7-') = 26'^ (C.19) 

Tr (aW' ' ) = 2ie* '̂' (C.20) 

Tr (a ' (T%V) = 2^S''6''' -6'''S'' + 6''5^'] (C.21) 

we get finally 

0̂0 = EE 

+2 Fr[Q')Fn<i') 
(2M)2 

Clll'^lOm 

EE 
, 2N\ 2 

( ^ ) (^•^+«.^^'^0/'./'.+ (Fr(<?')) 2 i i + 2 p - P ' 
(2M)2 

F/(g2)F,^fo2) 

(2^/)2 

f, , 2rl(p+i2l . . ^ i V ) ^ 
\ (2M)2 J (2M)2 

(9^ 
•|9f 

{C.22) 

Similarly, we find .7^ as follows 

^ - EE{^^^9 ' ) 0^,+ 
(CT-p')o-t(o'-p) 

(2A/)2 

— l -
2M 

€tim CTiqm f X S Frt(q ) a , + 
(a • p](Tj{a • p) 

(2M)2 

[P] - iCj/'m' 9/"7m'] - J 2M f j / ' : f^('9m' ? 

+ 2M 

(C.23) 

Neglecting the terms with 1/(2M)^, 1/(2M)' ' or higher power and using the trace relations 
given in Eq.C.17-21, we get 

•'.. = EE 
r K / „ 2 \ \ 2 

^3„>,.,. ( ^ ) V.P.. 2ffl£Hp,„„„„, „,„ 
f,"(9')^' 

r r j — I ^hm^hm' Qmlm' 



1-17 

= F'^{q')[{6,,-Mj) + q.q,]+(^^^^ P.P, + 2 ,n'iq')^rir) 
(2M)2 

\q\' 
V/'„2\\2 

(-^u-M,)-!?? (^yf^) ('̂ u-'7.'7; (C.24) 

Now we find JQI 

, P-9 + lf^ilm P',PlOr, 
"̂  (2M)2 

aj + (2M)2 + 2A/ 

(C.25) 

•/o. - EE ^1(9 ' ) . . . . , _ ^ o ^i^(9')^-4(9^ 
2Af 

(<̂ tj + ie.jt o-fc) P, -
(2.\/)2 •'^jl'm'Ql'Pi 

(^.m' + «e,mn CTf.) " i-^—T^nTT^ ^jl'm'qi'Pi (<5im' + i^im'n <̂ n) (2M)2 

-^W^-"'^'"*'--"—> ̂  ̂ ^^''' 2.V 
(C.26) 

Neglecting all the terms with 0{1/M^) or higher powers and using trace relations, we gpt 

Ji Oi 
2M '^-^'^ 2M ^ 

2M - 2 ^ 4 ^ [(5., - q,q,) + 9,9,] (2p. + 9.) + 2 ^ ^ ^ ^ (2p. + 9,) 

Using Eq C.24 and Eq C.27, we get the nonvanishing components as 

^ 4 ( 9 V L + ( ^ ) {j>l + 2pM + \e) 

(C.27) 

(C28) 

Jxx = 2 F^( . - )C/ . . . .+ ( ^ ) ^ - + 2 - - 7 ^ - - | , - - ^ . 
(2M)2 
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M"^)'"^ 
,^i(<?') 2 - - ^ [(2p. + q.Wi,] + 2 ^ ^ J ^ ^ ( 2 p , + g,) 

= Jo 

(C.29) 

(C.30) 

(C.31) 

. * * • • • * • * . 



Appendix D 

Hadronic and Leptonic Tensors 
Jy^r, and L/̂ ^ 

D.l Component Form 

D.l . l Leptonic Tensor 

ki'k'" + F'fc" -gf"" k-k' + •le^"'^^ k'^k'^ L^" = 8 

L°« = 8 

L"' = 8 [fc%-" +/c'fc°'] 

U' = ^[K'k^' + k"kP + k-k'5'3] 

D.l.2 Hadronic Tensor 

I. (FJ)^-Term: 8 (|) ( , ^ ) •(F-)^ 

(D.l) 

(D.2) 

(D.3) 

(D.4) 

JQI 

= [P^P.. -̂ Mil ~{PP' - MpMn)9.,„ 

E^{p} + qoE{p} + ^ 

„ „ , (giPj+P.gj) 9% 
PzPj + ^ J ' iz j 

PoPi + 
{qoPt + QiPo) 

(D.5) 

(D.6) 

(D.7) 

(D.8) 

(D.9) 
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2E(p)p, + qop, + \q]E(p) 
Jo. - 2 

Jzz = PI-'< \Q]PZ - -r 
4 

•^xx Fx A 

II. (F-)^-Term: (i)^ (i) { ^ (F^)^ 

J,iu = 2g2 

Joo = 8g2 

Ji,- = -8<72 

Joz = —*<? 

J , , = -252 

Jxx = -8q^ 

1 _ ^M _ ^(P")go go 9g 
A/2 M2 f,2 4Jl̂ 2^ 

>oP« ^ (Pogt+9oP.) , 9o9i ^ 1 

,2 

92 + M2J 

M , '^Pz\4\ Qo |g1̂  
M2 M2 92 •+" ^ 2 

„9o|g1 2goP£ golfl 
^ .2 + ^̂ /2 + 2 M 2 

1 - ^ 
M2 

III. (Fj)-Term: 8 (i) ( j ^ ) (F^f 

^ ^ f — 

•/oo = 

^u -

Joi = 

PpPv + —̂^̂  ^ + Ô '̂ 1 J ~ ^^ ) 

f + qoE(f)^ ^ 

„ „ , (pogi+joPi) 
PoPi + ^ 

M^+pl + \q\Pz-\ 

(D.IO 

(D.ll 

(D.12 

{D.13 

(D.14 

(D.15 

(D.16 

(D.17 

(D.18 

(D.19 

(D.20; 

(D.21 

(D.22 

(D.23 

(D.24 

(D.25 
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pl + M^-'-r 

IV. iFrFr)/2M.Term: 8 (1) ( ^ ^ ) ( /^^F/) /2 

(D.26) 

J,iu = [-QnQu + q'^Qnu] (D.27) 

Joo = -\q? (D.28) 

J.J = HrQj - Q%] = - [9.9^ + Q^S,;\ (D.29) 

Joz -- \-qM\ (D-30) 

Jzz = -<7o (D.31) 

Jxx - - 7 ' (D.32) 

V. (F,^F^)-Term: z8 ( i ) ( j ^ ) {FrF^) 

Jf.u - -eap<S. P ' V - ^M âi P ' V - ^M-ai ( P V + ^ V ) (D.33) 

^ - ezjarf (p^p-*+ ?> ' ' ) (D.34) 

Ay - [q^Pz - E{p)\q\\ (D.35) 

VI. (F /F^) -Term: iB ( | ) ( , - ^ ) (F /F^ ) 

-f^.a3 (P°7^ + 9^7'') + ^f..p6 7 V ] (D.37) 

-^ua/J (p"?" + 7"7^) + ^vPS 7 y ] (D.38) 

(D.39) 

7 _ 1 

•̂ xy = [7oP^ - E{p)\q]] 

D.2 RPA Corrections 

jRPA 
•-̂ 00 

^/2 
Vi„2^\^ {Friq')) 

(E{p)\\(q^E(p)Wj± 
K~M-J + M2 

f + q^Eip) + ql/A -̂ ^ 

7 {^i 
M2 + 

9o 5(Fr(7=^)F/(7^))(M 

+F-i{q') 
f + qoE{p)+qy4 

M2 f/L 90̂  

mi m 2 - ^ 2 
{D.40) 
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iRPA 
-'Or 
i \/2 = UK{^')y 

E{p) (2p^ + \q\^ q^p 

M M M2 

V(„2\\-i 

2 M 2 

g(p) f2p , + |g1\ 2gnigl , <7o (2p^ + \q\) 
J {Fr{<i')FlAn')) 

^a\^[ 
M2 +/ î(^^} 

nil - 7^ 

TRPA 

hp 
(F,^(,2))^rP' + l^>^-'?V4 

KP 

+ 

4M2 

2 

ml - 92 

2p, + \q\ 

(D.41) 

^ (F r (9V2V) ) ( | ) ' + Fl(,^) f/L + il/2 

i9l 
m 2 - ^ 2 ??7 2 - fy2 

M2 

jRPA 
-'xy 
AP 

{Fri<i')Y 
r p 2 _ ^ 2 / n 

il/2 . \ /2 

,2 

I V „ 2 N \ 2 

2 
UT 

UL + 

M2 
^2 „2 p g - g 7 4 

A/2 

goPz _ rj \Q]E{P) 

^AP ^ M2 

(D.42) 

(D.43) 

(D.44) 

D.3 Coi:itractions of L'"" and J.̂ ,̂ in Component Form 

(F,^)^-Term: 8 (i) ( , ^ ) 8 ( ^ ) ( F / T 

rOO 7 
i^ •̂ 00 

L Joi + L J,o 

. , 21 

£^(p-) + qoEip) + 2- /IQ/CQ -\- k ' fC 

U^J,. 

= E(p) ko{q-k') + k'„{q k) 

k • k'\p\^ - — fsfcofc;, - fc fe"' 

(D.45) 

(D.46) 

(D.47) 
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II. (F/)^-Term: (i)^ ( i ) { ^ 8 [ ^ ( F / ) 

£;2(p) £;(p-)9o ql ql 
L'^Joo = 89= M2 M2 4M2 l̂ fco^d + fc • fc' 

L Jot ^s,' {2S5+*(?+ji7^)}K*'''+'=«'-^'>)' 
L'Vy = -8?^ 2k • k' + 3kk' + 

kk' 1 1 
M2 '̂  V4M2 ^ 2̂ 

(2{k-q}ik'-q) + k-k'\qf)] 

III. (Fi)-Term: 8 (1) ( , ^ ) 8 ( ^ ) (F^)^ 

rOO T _ 
/y JQO — E^if) -M^ + qoEUT) + rCo/Cg -f- rC " fc 

L°'Jo, = £(p) fco(9fc') + ^o(9-^) 

L'V.j = /c • fc'|pl2 - ( J - MA (Skok'o - k • k'^] 

IV. iFrFr)/2M-Term: 8 ( i ) { ^ 8 ( ^ ) (F,^'F,^)/2 

i°°^00 = -\q\''[kok^+kk'] 

^°'-/o. - -[?ofco(9fc')+9oA:o(9fc) 

V. (F/ 'F^)-Term: 8 ( i ) ( , ^ ) 8 ( ^ ) (FrF^) 

^°°-/oo = 2[(p-/r')(7-fc)-(p./c)(9-fc')l 

L'^J,, = 2[{p-k'){q-k)-ip.k)(qk')] 

VI. (F,^F^)/2M-Term: 8 ( i ) ( ^ ^ ) 8 ( ^ ) (F,^F,) /2M 

L°°Joo = 2M [(p -̂OC? • Ô - (P ^-)(9-^-')] 
L'-'J., = 2M [{p • k'){q . k) - [p k){q-k')] 



Appendix E 

Rarita Schwinger Field 

E.l Spin- | Spinors 

The Rarita Schwinger sp in- | field can be constructed from the coupling of spin-5 and spin-1 

field 

U'^(P,5A) = K(p,A)®u(p,5)] |^ (E.l) 

- E ( A J l)^^(P^^)uiP,^) (E.2) 

where u(p, s) and £''(p, A) are spin-5 ans spin-1 polarisation vector, respectively. Evaluating 
the Clebsch-Gordan coefficients, for example, 

n"(p,3/2) = ( 5 1 1 ) e"(p,l)u(p, 1/2) = €"(?, l)u(p, 1/2) (E.3) 

r.^(p,-3/2) = [ ^ \ \ J 3 ) e ' ' (p , - l )u (p , - l /2 ) 

= e " ( p , - l ) u ( p , - l / 2 ) (E.4) 

this leads to the following explicit form of the spinors 

u"(p,±3/2) - e"(p,±l)t i(p,±l/2) (E.5) 

u' ' (p,±l /2) = y | e ' ^ ( p , 0 ) u ( p , ± l / 2 ) -I- y | € ' ' ( p , ± l ) u ( p , i : l / 2 ) (E.6) 

Rarita-Schwinger spinor for a spin-| particle may be written down in the following form 

S% Xs (E.7) 

[308], [309] 

u^ip^s) -- IEA + MA f I \ 

V 2 A / A V EA+M^ J 
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where Xs is the four components spin states for spin-f particle: 

X+i = 
0 

0 

V o / 
X+i =^ 

1 
0 

V o / 
X-i 

2 

0 

V o / 
X-^ = 

2 

0 
0 

V i / 

and 5^JY '^ ^̂ ^̂  ^O"*" components coupling matrices containing the Clebsch-Gordan coefficients 
for the coupling 1 ® | = | : 

So -

^2 = i 

0 ,/2/3 0 0 \ 
MA V 0 0 v/273 0 / 

1/2 o_ yiTe 0 
0 y/l/Q 0 yi72 

S T -
q/2 0 ^1/6 0 
0 -v/iTe 0 yi72 

• '̂3 = — So 
p 

(E.8) 

The spinor u^{p,s) for spin-| massive particle is subjected to the Rarita Schwinger field 
equations: 

{h^d" - A/A) V = 0 (E.9) 

with the constraint equations 

7,,^'" = 0, and d,,^^ = 0. (E.IO) 

Note that V^ is a vector spinor, means it transforms, under Lorentz transformation, like a 
product of a four vector and a Dirac spinor. 

E,2 A-Propagator 

The free Lagrangian for the massive spin-| field is given as (266] 

with 

(E.ll) 

Aa/3 - - ( - i 5 ^ 7 ' ' + A % a / 3 - i ^ ( 7 a 5 / 3 + 7 / 3 3 J - - ( 3 A ' + 2 , 4 + l K a % 7 f l 
L '̂  

-71/(3^2 + 3A + 1)7„7/?] (E.12) 

where M is the mass of the spin-| baryon and A is an arbitrary parameter subjected to the 
restriction A^ - \ . In Eqs.E.U and E.12, Q, 3, and p. are Lorentz indices. Physical properties 
of the free field, such as energy-momentum tensor, do not depend on the parameter A. 

The propagator for the massive spin-| particle satisfies the following equation in momentum 

space 

AQJ(75) G^ip) =gaS (E.13) 
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where gas is the metric tensor, and the Eq.t . l2 in momentum space becomes 

^aP = ( - / . + M)g^p - Ai-TaPp + IpPa) - 2(3^^ + 2A + l )7a^f3 

Solving for G using Eq.E.13, we get 

fE.14) 

Gapip) 

1 A + \ 

W^2A + \ 

1 1 2 
9aP - Zpalp - y^'CfcPP " IpPa) " J ^ 

laPp + 
2A + 1 

laPp + r 
1 A-hl 

2 2A + 1 
p 

PaPP 

AM 

2A + 1 la'-p 

(E.15) 

Since the physical properties of the free filed are independent of the parameter A, taking a 
3 
2 particular choice ^ = - 1 , yields the expression often found in literature for the sp in - | propagator 

pu>^ P + M 
r,^"^ 

1 
3 ' ' 3A/2 p2 - M^ 

Introducing the decay width this modifies to 

^ i^p' + lip^i'-p^n 

p ' " ' = 
p+M /" - ll^Y ^ P ^ P ^ + ^ ( P ^ 7 ^ - P - ) p2 - M2 + iFM [ 

Eq.E.16 may be written in terms of the spin projection operators 

1 

s/3M 

(E.16) 

(E.17) 

P.^ . 4±4LiP^^\.-J:r.iP+M)iP^U^-±- [iPi^\. + (P,Ŷ ) 
- M 2 ' 

these projectors are given by: 

3M2' f " (E.18) 

(p3/2) 1 1 
flly 9^" - ^'^•yu - TTzilhliPu+P^lufl 

Zp-

J1/2N 
V-' 11 JA"^ ~ ^"^fJ.li' 

fpl/2s _ PtxPu 
W 22 ^ i " ~ „2 

P/iPi/ 
+ 3p' 

•{intiP^-\-Pniv/i>) 

(E.19) 

iPl2^),iu = -7=—{p,,Pu - M T / J 

(• '21 /A"' 

v/3p2 

1 
iPPulu-PiiPu) 

here (/'̂ /2)^^_^ js the spin- | and (^22^^)^'" (^12^)11^. {PIC)^U are the spin-i projector part of 
the theory. These satisfy the orthonormality conditions 

iP!:),<^{piiY''-5"5,k{Pi)l (E.20) 



158 CHAPTER E . RARITA SCHWINGER FIELD 

and the sum rule for the projection operators 

{P^'\u + {Pli\. + {PliX^^ = 5/.. (E.21) 

Since the projectors fulfill the completeness relation Eq.E 21, {Pi(^),iu projects onto those 
states for which 1 (g) | = i . Following properties are also useful 

^P'J^ = i ' P . y ' A + for t = j , - for t^j (E.22) 

_ * • * • * * • * _ 



Appendix F 

Matrix Element for Coherent 
Weak Pion Production 

The amplitude for the charged current weak pion production from the nuclei in case of delta pole 

term corresponding to the Feynman diagrams shown in Fig.4.2, is in general given by Eq.4.13, 

with Ẑ  as the leptonic current given in Eq.3.18 and the hadronic current Jy, — {J^ + J^) 

as the sum of direct (s-channel) and crossed (u-channel) diagram, which has been separated 

into its vector (K ' ' ) and axial vector part [Ai") as Jf, = {V^ + A^) and J^ - (V;" + A^), 

given in Eq.4.15 

j ; = V3 ^-^^^ k., Y.^r{p') A"^ Oxf, Urip) (F.l) 

ju ^ ^ U^ J2^AP') k^a O"^ Ax,. Urip) (F.2) 
m. 

where A'''^ or A>,,( is the relativistic A propagator modified by a phenomenological constant 

decay width given as in Eq.4.10 ^nd O"^ or 0>^ is the weak N-A transition vertex givsn as the 

sum of vector(V''^) and axial part (A' ' ) in Eqs.3.56 and 4.16 for charged current and neutral 

current respectively. 

We find the leptonic tensor £ ' ' " given as 

C^-^ =. Tr[(^' + m,0'/(l-7')(A- + m,)7''(l-7')] 
= 8 [k'^k'" + k'^'k" - {k • k') ^ + kf"''"'kPk"'] (F.3) 

and J,iu as the hadronic tensor given as 

= I (•/;. + j ; . + i-̂ ;-̂ ri + \J;-K^\) ( F 4 ) 
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For the coherent process, we write the spinors in the rest frame of the nucleus in the following 
form 

Ur{p) 

Ur{p') = Ur(0) 

s_/2Af(E + M) 
u,(0) 

s/2M{E' + M) 

E '̂̂ W '̂(̂ ) = H ^ 

(F.5) 

(F.6) 

(F.7) 

For example, we can find, the J^^ part of the hadronic tensor of Eq.F.4. Using the spinor 
representation in Eqs.F.5-F.7 and Eq.4.10, with Eq.3.56 for the A propagator and effective 
N-A transition vertex, respectively, ^̂ he Eq.F.l comes out to be in the form 

J' .YTr (1 + 7o) {i>+M) ( / + M) K {^ + MA) U^ - \i <^^>^ 

ml 
PT^-V 

wlth 

X x/3 / . ; ?)G)( ' 1 \ ' 

3i\/A 

cHQ'') 

9x^i {F.8) 

m, / \ij \2MJ {P^-MD + iTM:, 

Here we have given the expression considering only the C^{Q^) term of the axial part. Using 

(^ + M){1 + 7o) = (M70 + M)( l + 7o) = 2M(1 + 70) 

and 

2M(l + 7 o ) - 2 A / ( l + ^ - 2 ( ^ + Af) 

we get Eq.F.8 in the following form 

j ; . = 2 X Tr (^ + M) ( / + M) (Z ' + M A ) (k; - ^ /c^-y^ — T - ' . V • PPn 

+ 3J\ /A 

Using the trace algebra, we find the final expression as 

Using Eq.F.lO and J * ^ we can find the J^^ part of the hadronic tensor of Eq.F.4, 

•J',. = 64 x' H K kl V Pl P^ P, + 7,' P^ P. + as Ps (fc,1 P. + PI. k:) 

+fls Is [Pii P^ + PM ^f) + ^s Is {kl Pu + P^t kl)] 

(F.9) 

(F.IO) 

(F.l l) 
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Using Eq.F.3 and F . l l we can find the amplitude square for the weak charged current induced 

pion production from a nucleus, corresponding to direct (s-channel) process, and it comes out 

to be in the form 

\^A\CC = Xl Xl K (2^ •''-''' • ^- - ^ll" • ^') + fll (2^ kPk'- P^k • k') 

+ji (2p kpk' - M^k • k') + 2a,3, {k • k^P k' + k'k^P-k 

-k • k'P • k^) + 2,3,7s {P-kpk' + Pk'pk- P-pk- k') 

+2a^7s (fc • k^p k' + k' -k^pk-k- k'p • k^)] (F.12) 

with 

.. " «^Gc..c(i)'(iVri^ 

'̂ = ^^<«'' (P^-MI)„VM, ^-<'' - "'' < -̂"' 
and the variables k and k' represents the four momenta of the incident and scattered particle, 

p, fcr and P — (p + q) correspond to the four momenta of the nucleon, emitted pion and the 

intermediate A produced respectively. M and A / A represent the mass of the nucleon and A. 

The variables a^, 0s and 7^ are defined as follow 

a, = IM(p2 + MMA) - IMP-k^ + l{M + MA)P-P-MAP• k^ 

3MA 
op. k 

3s = -^^[M{P^ + MMA) + iM + MA)P-p-MPk„-MAp-k„] 

^ (p2 + MM A) p-k„ + l{M + MA)pkr 
3MA ' - / . - . . 3 

-^Hp-P-pk^P-k,) (F.15) 

"•-' = j^[{P'-Mi)P-k,-iP.k,f + mlMl] (F.16) 

Similarly in the same manner using Eq.F.2, we can find the 7^^ part of the hadronic tensor of 

Eq.F.4. and A crossed (u-channel) term of the matrix element square comes out to be 

-^1 \cc = xl xl H i2k • k^k' -k^-mlk- k') + Pl (2P • kP . k' - P^k • k') 

+7,2 [(2p kpk' - M'^k • k') + {2q kqk' - q^k • k') 

+2{p-kq-k' +pk'qk-qpk- k')] + 2a„/3„ {k • k^P • k' 

+k' • k-„P k - k- k'P • fc^) + 2QU-V\, [{k • k^^p • k' + k' • k-^p • k 

-k • k'p • k,,) + {k • k^q • k' + k' • k^q k-k-k'q- fc^)] 

+2liu fu [{Pkpk' + Pk'pk- P-pk- k') + (P • Kg • fc' 

+P • k'q • k - q - Pk - k')] } (F.17) 
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where Xa and Xb are same as in Eq.F.13 with P = (p - fc„) as the four momentum of the A 
produced. The variables a „ , /?„ and 7„ are defined as follow 

IM (p2 + MM A) + ^Mq •P+l{M + M^)Pp+l Mi,q • p a,, -

(F.18) 
o p . b 

flu = -——2^[M(p2 + A/MA) + (A/ + A^A)P-p + M g - P + A/Agp] 

- ^ {P^ + MM^) P-k„ + l (M + M^)p- k„ 

+ ̂ ivPqK-p-Kq-P) (F.19) 
3A/A 

In = ^{P'' + MM^)P-k^-\{M + M^)P-k„~\Mi,q-k^ 
3MA 3 3 

The interference terms of the matrix element square are given as 

\A\Al^\cc = \AlA'c,^\cc = Xl Xl {Q.a,.(2A; • k^k' • k, - mlk • k') 
asl3u{k • k^Pu • k' + k' • k^Pu k-k- k'P^ • k-^) + a^luik • k^P^ • k' 

-fc • k'P, • k^) + PsPuiPs • kPu k' + Ps- k'P^ k-kk'P,- F„) 

+Pslu{2Ps -kPs-k'-k- k'P^) + 7sau{A: • k^p • k'+ k'• k^p • k 

~k • k'p • k„) + ')A{Pu kpk' + P^- k'p k-P^pk- k') 

+%u(p k'Psk + pkPs-k'-k- k'p • Ps) (F.21) 

where Xa and Xb are same as in Eq.F.13 with P, = (p + q) and Pu = (p - kn) as the four 

momentum of the intermediate A produced in s-channel and u-channel respectively. The 

variables QS,„, PS,U and 7s,u are same as defined in Eqs.F.14-16 and F.18-20. 

The matrix element square in the neutral current process for A-Jirect (s-channel) and 

crossed (u-channel) diagrams are related with the charged current matrix elements as: 

\A'A\NC - (^.4=')' \A%\lc, \Al\l-c = i^A^')' \Al\ic (F.22) 

\A%AlH;,c = {^'A=')' \A%Al%c, \AlA%^\uc = a^=^)' \AlA%^cc (F.23) 

with 

^- = ''^""{^'i^j JvNiX 

mn 

and ^^"^^ defined in Eq.3.15. 

file:///Al/l-c
file:///Al/ic


Appendix G 

Differential Cross Sections 

General expression of the differential cross section for tine interaction of two particle {i = 1,2) 
and N outgoing particles ( / = 1, ,N) can be written as 

4 A-4 da = {2iTy 6 EP'I-EP^ 
d'p'j v(..P.p-^xn(^EiA^^i-(c-i) 

The amplitude M is the invariant matrix element for the process under consideration. For 
particles with non zero spin, unpolarized cross sections are calculated by averaging over initial 
spin components and summing over final states. For the neutrinos there is no averaging 
over initial neutrino helicities since they occurs only left-handed. However, for convenience of 
calculation, one can formally sum over both helicity states, as the factor (1 — 75) guarantees 
that right-handed neutrinos do not contribute to the cross section. 

G.l Differential Cross Section for A Production 

The differential cross section for the reaction t^{k)+p{p) —> n~{k') + A''"+(p') can be written 

as 

^^ ^ 1 {2i:)H'{k + p-p'-k') S\^' d V - 2 
2 4\/(fcfc')2-m2M2 {2Txf2Ek'{2T:f2Ep,^^ 

where k + p — k' + p', and q = k - k'. Using the relation 

and 

4\/(fc-Jt')2 -m2M2 = ^pk = iME^ 

s = (p+ k)- = M^-f-2pk^4pk^ 2(,s - M^) 
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(G.2) 

(G.3) 

(G.4) 
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we have 

^ 1 {2n)'5\k +p-p'- k') d^k' d^p' - 2 

"" 2 2 ( s - M 2 ) (27r)32Efc, (27r)32Ep, ' ' 

Using the following relation 

d^k' = |k'|2 d|k| dQk' = Ek' |k'| dEk, dQ^, 

we get after integrating over A momentum 

d ^ = jk^ W^) "''' 2^ '̂ ^̂  ' '" ~ ^"'^ ''^'' 
In order to take into account the width of the A, we must replace in Eq.G.7 

^(Ep + qo-E^) 
1 

im 
1 

Ep + qo - - E A + J ^ 

where we have used the relation 
1 „ 1 

= P-
X — XQ^^ie X — xo 

and then 

± iirS(x - xo) 

^ ' 5 ( p i - ^ A ) - - - l m urn 
2 

usrng 

71/A 
5(Vl̂  - MA) == ^o7w7'̂ (̂ A - Es) ^ -^5ipl - EA) 

(G.5) 

(G.6) 

(G.7) 

(G.8) 

(G9) 

(GIO) 

(G.l l) 

where W = ^ / p ^ = y P A ~ P A '^ *^^ mvariant mass of A and T{W) is the rest width of A . 
Using Eq.G.lO in Eq.G.7, we get 

da 1 

get 

1 r{W) 

("' - AfA)2 + ™ dEk,dQ.k' 1287r3 {s - M^) M A 

Using the relation Q^ = -q = (A: - k') = -2k • k' and Eq G.4, with 

da n da 

5 Q 2 ~ E^Ek' dn^ 

we ooidiii 

da 1 1 

\Mr 

^ iLM 
dEfc,dQ2 647r2 ( s - j \ / 2 )2 M^ E^-' 

TiW) 
(H/-i\/^)2 + m 

1̂ 1 

(G.12) 

(G.13) 

(G.14) 

Finally neglecting muon mass so that |k'| d\k'\ = Ek' dEk' and integrating over lepton energy 

we get 

da G^cos 6c 
dQ^ 1287r2 (s 

1 \ / / -^ tV" 
- i — ^ - — / dEk' L^.-r" 

r(w^) 
r^(w) L0V^-MA)2 + ^ 

(G.15) 



G.2 CHARGED CURRENT WEAK PION PRODUCTION 165 

G.2 Charged Current Weak Pion Production 

The differential cross section for charged current weak pion production from nucleon i.e., for 

ui{k) + N{p) -> l'(k') + N'(p') + 7r(/:,) 

can be written as 

{2ny6\q + p - p'- k^) d^k' d V d^K 
da — 

4 ̂ (k • J)^ - mf M^ (^-)^^^'' (''-)"'^r>' C^^)-^^'. V ^ 

where 

q — k-k' and g + p = p' + A;„ 

In the lab frame (target at rest) i.e. |p| — 0 and Ep = M therefore from energy momentum 
relation 

IPI + |q| = Ip'l + |k.| =^ |q| = IP'I + !k,| 

Then 

4^()fc • /t')2 - mfM^ = 4MEi (G.17) 

Using above relations, integrating over the final nucleon momentum and taking a factor of 

2M^ outside from the matrix element square \M\^ the differential cross section reduces to 

Using the following relations 

d\' = |k'|2 d|k| dQw = El' |k'| dEi> dQw (G.19) 

d\„ = |k,|2 d|k„| dil^g = £;;. |k,| dE„ dn^, (G.20) 

we get 

.E, .»%»„. = 5 (2^ f ^ |.VE„^(M + „ -E , -E . ) tlA l̂'<G.21) 

Now doing the energy integration over dEf i.e. / d i J ; ' ^ ' ' ( i \ / + go - •E'p' - £̂ Tr) and using the 
property of standard delta function defined as 

S{fix)) = J2Hx-x,)/ 
dx 

(G.22) 
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f{Ep,) ^M + qo-Ep'-E^^M+Ei-E,'- Ej,, - E^ 

Then 

dI{E^) dEw 
= 1 + ^ 

dEf 
with Ep' = M + Ei- El- - Ep> - E^ 

Evaluating 

dEp, 

dEi' 

dEp, 

OE, 

then 

df{Ep.) 

dEf 

^ ^ ^ | q | 2 + | k . p - 2 |k , | | q | cos^ , , + M^ 

|q| (Ef - EicosOw) - \k„\ {Ei> - EicosOw)cos6,,<, 

Ep'H 

^P ' | q | 

|q| [Ep: + Ei> - El cos Ow) - lk| {Ei> - El cos 0,,-) cos 0 , , 

Thus the differential cross section in the laboratory frame where pion has to be seen comes 
out to be in the following form 

rfV 
sv-^fs^fi-'ii^-'s^'^i^ dE^ dn^ dn, 

Using Q'^ = -q^ - -2EiEr - 2£,|k' |cos^;/ ' and dQ^ = - ^ dQii' we get 

rfE^ dO.^ dQ^ ^ ^ | i M i E i > ^ i = 
where 

7^ = 
|k. 

[Ep> + El' - El cos 6iii) — j - y (£J(' - El cos 0jj') cos ff„. 

(G.23) 

(G.24) 

(G.25) 

in the above expression for the differential cross section the recoil of the nucleus has been 
considered We have also calculated the differential cross section where the recoil of the 
nucleus has been neglected and we find that considering the recoil of the nucleus gives less 
than (3 - 4%) correction in the energy range which we have considered. The differential cross 
section for the charged current weak pion production where the recoil of the nucleus has been 
neglected i.e. Ep> — M and keeping in mind that in the coherent reaction the energy transfer 
to the nucleus is directly taken away by the emitted pion i.e. q^ — Ei- Ei> = £,r. this implies 
Qo + Pa " P'Q ~ ^0 = 9o " 'î o 3nd Eq.G.23 becomes 

d'^a 1 1 |k.| 
Ik'ldEi-d^'iqo-E,) ^ | A ^ p 

dE^ d f ) , dQir 8 (27r)5 Ei 

Finally integrating over Ef we get the differential cross section as 

dE^dn^dflir 8(2-)5 £, I '̂ 1 Z ^ l I 

(G.26) 

(G.27) 
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G.3 Neutral Current Weak Pion Production 

Considering the neutral current process where pion has to be seen 

j/(fc) + N{p) -^ u'{k') + Nip') + n(k^) 

the general form of the differential cross section will be given by the Eq.G.16. Using the 

Eq.G.17 and neglecting the recoil of the nucleus i.e. Ej/ — M the differential cross section 

becomes 

Integrating over the final nucleon momentum the differential cross section reduces to 

Using the following relations 

d^k' = | k f dlk'l df2^ '̂ = El. dE^, dn^^' (G.29) 

d X = \k^fd\K\ dn^g = E„\K\ dE„ dn^g (G.30) 

we get 

Finally integrating over E^i we get the differential cross section for neutral current pion pro
duction as 

G.4 Charged Current Weak lepton Production 

Similarly, the differential cross section for the charged current process where lepton has to be 
seen 

u{k) + N{i>) - l'{k') + Nip') + 7r(/.v) 

using Eq.G.16 and Eq.G.17, we have the expression as 
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Now doing the energy integration over dE-,^ i.e. f dE, S°(M + qo - Ej/ - E„) and using 

Eq.G.22, with 

f{Ep,) = M + qo-Ep,- E„'= M + Ei - Ef - E^< - E^ 

Then 

9/(£-,') 
dE^ 

Evaluating 

dE„' 

1 + - ^ with Ep. = M + Ei-Ei,-Ep,-E^ 

y^|q|2 + |k,|2 - 2|k,| |q|cos^,, + M^ 
dE^ dE, 

dEp> _ En\kn\- En\q.\cos0^g 

then 

dE, 

df{Ep') 

dE^ 

Ep'Kl 

Thus the differential cross section in the laboratory frame where lepton has to De seen comes 
out to be in the following form 

d^a ^ 1 1 \^'\\K 
dEi dn^ dftw 8 (27r)S Ei T^El^l' 

TZ 
£:p.|k,) + E „ ( | k ^ | - | q | c o s 0 , ) 

(G.34) 

(G.35) 

Finally, integrating over the respective lepton and pion solid angles, we can find the differential 

cross sections, for example. 

da 

dQ 

r2-r 

2 - / dcOsOnq / d4>^g X 
dh 

dn„ dE„ dQ^ 
(G.36) 

_ * * • + • • * * _ 



Appendix H 

Kinematics for Weak Pion 
Production 

The weak pion production process shown in Fig.H.l is: 

l{k) + N{p) - I'ik') + N'ip') + 7r"(fc,) (H.l) 

7c"(k.) 

Figure H.l: Kinematic variables for weak pion production. 

Where / is neutrino and I' is a neutrino in the case of neutral current reactions and an electron 
or a muon in the case of charged current reactions with initial momenta k and final momenta 
k' respectively. A'̂  can be a proton or neutron and n"^ are the different possible charged 
states (7r"'",7r~,7r^) of the pion produced and are determined by the iepton number and charge 
conservation in the charged and neutral current reactions. The four momentum of each particle 
is indicated in parenthesis. We consider an incoming neutrino with four momentum k = (£ ; , 
k) which scatters from a nucleon A'' ={p.n) of four momentum p = (po=M, p) (mass M) via 
W^, Z'' boson exchange producing a charged Iepton with four momentum k' =(Ej / , k') and a 
final nucleon of four momentum p' ={PQ, p') along with a pion of four momentum A;̂  =(E,r, 
k,r) (mass m„). The four momentum transfer q = {qo, q) = k — k', exchanged between the 
leptonic and hadronic vertices is fixed by the four momenta o^ incident and outgoing leptons. 

IbO 
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The conservation of energy and momentum for above reactions are given by 

k + p = k' + p' + k„ => (k-k') + p = p' + /.v 
q + p = Px ^ p' + k_ where q = k - k' f ^ ' ' 

where Px is the four momentum of the intermediate recoiling hadron TTN system, which decays 
Into a pion and a nucleon and the square of the momentum transfer q = k — k', is given by 

/a \ 

= (/,- - k'f = -2k-k' = - 4 EiEi' sin^ ( — 1 fj' = {k - k'Y = -2k-k' = - 4 EiEi, sin' ( - | - J (H.3) 

Where the angle 9ni is the scattering angle of the scattered lepton from the direction of the 

incident one, and hence q^ can be fixed by the lepton kinematics. The other useful kinematica! 

variables are the Lorentz invariant Mendelstam variables(s,t,u=s) defined as 

5 ^ W^ = {p + qf = {jp' + k^f ^ M^ + ml + 2{p'-k,) ] 
t = {q-k,Y = ip' - p)2 = 2M2 - 2 (p • p') \ (H.4) 
V = s = {p'^qf = [k,-pf = M^ + ml-2{p-k„) j 

which satisfy the well known relation 

s + t + u = J2m; = 2A/2 + 7̂  + m^- (H.5) 

The t-variable can also be written in the following form 

t = tmtn - 4 |k^| |q| sin^ f y j 

tm^n = {QO - Enf ' (|q| - \k.\f (H.6) 

and 6-^ is the pion angle with the momentum transfer. Other useful Lorentz invariant variables 
are 

P = \{p + p'), A = p'-p, K = lik + k') 

such that PA = 0, u^ = qP = K • P, UQ = --{q-n) (H.7) 

in terms of these variables, the Mendelstam variables can be written in the following form 

s = M^ + 2{VA-'^B)- U = S = M^ - 2 {VA + I'B) ( H . 8 ) 

The most significant variables are invariant momentum transfer square (Q^ = -q"^) and the 
angles (^,r,</'jr) defining the direction of motion of the pion in center of mass frame. 

Five particles are appearing in the weak pion production of a single pion i.e. neutrino and 
nucleon in the initial state and three particles namely neutrino (in neutral current reactions), 
electron or muon (in charged current reactions), nucleon and the produced pion in the final 
state. These correspond to the fifteen degrees of freedom. Out of these, three refer to the 

file:///k./f
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Figure H.2: Kinematics and angles for weak pion production. 

rotation and three to the translations of the system as a whole. In the remaining nine degrees 
of freedom, only five correspond to the independent variables because of the four relations 
(conservation of the energy and momentum) given in Eq.H.2. In the laboratory frame, these 
five variables are the energies Ej and Ej' of the incident and scattered particles respectively, 
where I correspond to the neutrino and / ' correspond to the neutrino in neutral current reactions 
and electron or muon in charged current reactions, the scattering angle 0ii> of the scattered 
lepton from the direction of the incident one, pion angle 9„q with the momentum transfer and 
the azimuthal angle (f>„ is the angle between the scattering plane defined by k and k', and 
the reaction plane spanned by pion 3-momentum k „ and momentum transfer q, which can be 
expressed as 

(k X k') • (q X k , ) 

=^ cos (p„ 

| ( k x k ' ) | | ( q x k , ) | cos<p^ 

(k X k') • (q X k^) 

| ( k x k ' ) | | ( q x k . ) | 

Also 

|q X K| = |k X k'l = Ei Ey smOni 

and 

(q X K) • (q X k^) = |q I « -q 
q • k^ K • kn 

so that the angle (pT^ can be defined as 

|q2 | (« ;k ; , ) - (q -K) (q • k^) 
cos (j>.„ — 

|q| |k^| sin0,(. sin6)„, 

(H.9) 

(H.IO) 

(H.ll) 

(H.12) 



172 CiJAPTER U. KINEMATICS FOK W E A K P I O N PRODUCTION 

The recoil nucleon carry the four momenta p' and energy Ep/. This 4>T, symmetry provides a 
check for the coherent TT" production, it can also be used to separate the coherent part from 
some background of incoherent contribution since the ^^ dependence is quite different for the 
two processes and known. 

_*»* * • • * *_ 
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