DerarTMENT OF PHYSICS
AL1GARH MusLiM UNIVERSITY
INDIA

Low Anp Mzpium E Nercy WEak QuasieLasTic

AnpPron Propucrion Processes From INucLEr

THESIS

Doctor Or PHILOSOPHY

Stakes AumMap
2006



ABSTRACT

|:3/ oy

« 2 " = -
/ ~
\ v . - \ /:,""'3/4'.
AL o

"

e r,»f %

Or TrHE THesis ENTITLED

Low Anp Mepium ENERGY
WEeak QuasieLastic ANp Pron Probucrion

Processes From NucLer

SUBMITTED

To

DEePARTMENT OF PHYSICS
Ar1GARH MusLIM UNIVERSITY
ALIGARH - 202 002, INDIA

IN PArTIAL FULFILMENT OF THE REQUIREMENT
For THE DeEGree OF
Doctor Or PaiLosorHy IN PHYSICS

By
Stakes Armap

UNDER THE SupERvIsION OF
Pror. S. K. SiNnGH

2006






Contents

1 Introduction

2 Quasielastic Neutrino Reactions With Nucleons and Nuclei
3 Weak Pion Production From Nucleons

4 Weak Pion Production From Nuclei

5 Results and Discussions for Pit-m Production

6 Summary and Conclusions

List of Publications

11
17
23

26



ii

CONTENTS




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 12C, 160, 38Ar, 56F¢ and
208pp 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 wnere 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 past 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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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 eiiergies. The method
has been applied to calculate low energy neutrino cross section for various nuclei like 12C,
160, 38Ar, 5Fe and has been 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
12C, %0 and %Fe nuclei have been made. These calculations have also been made for the
neutrinos and antineutrinos spectra for f-beam 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, we present our results and discussions of inelastic production of leptons and
pions. All 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 ¢(E,)
which is given by

12
#(E,,) = EEEE(EO -E,,), E;=528 MeV
0

The energy distributions for supernova neutrinos is given by a thermal Fermi-Dirac distribution
with an effective degeneracy parameter o (a=p/T,, p being the chemical potential and T,
being the temperature of the neutrino gas) and is given by

4 E?
T3 (B-a) .’

¢(Ev) =
where typical value of T,, ~4-5 MeV and « 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.
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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,

u(k) + n(p) — I=(F) + p(p)
Di(k) + plp) = H(K) + n(p) } (Charged Current)

vi(k) + n(p) = w(k) + n(p)
v(k) + p(p) — wu(k') + p(p")
o(k) + n(p) — oK) + n(p)
z(k) + pp) — n(K) + p(')

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.

(Neutral Current)

We have studied the inciusive quasielastic neutrino(antineutrino)-nucleus reactions,
v(k) + zY(p) — I7(K) + X(7)
ak) + zY(@) — ) + X

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 Q,-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,E.) at
low electron energies, where Z is the atomic number and E. is the outgoing lepton energy,
as well as in a modified momentum approximation {MEMA) at higher lepton energies, where



the effect of Coulomb distortion 1s incorporated by mod:ifying 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 resuits for charged current total cross section o(E,) as a function of neu-
trino energy, in the low as well as intermediate energy region, for the inclusive quasielastic
neutrino-nucleus reactions induced by v, 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 nucler in the low energy and in the intermed.ate
energy region for 12C, 160 and 6Fe 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 v, 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,,-values and Pauli blocking in the nuclear medium The reduc-
tion In the cross section o(E) due to these effects decreases with the increase 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 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 high Z
nucler the Coulomb effect 1s 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 nuclel, 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 in the cross section for higher Z (Z>18) nuclei occurs at an energy
E. which depends upon Z
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6. In the low energy region, we also present the resuits of the total cross sections (o)
averaged over Michel spectrum for various nuclei, calculated with RPA correlations without
the Coulomb effect, with RPA correlations with Coulomb effect and without RPA correlations
with the Coulomb effect. The results for 12C, 160, 56Fe and 298Pb 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 56Fe 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 12C, 160 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 iower energies but becomes small at higher
energies.



Chapter 3

Weak Pion Production From
Nucleons

This chapter is devoted mainly to the weak production of leptons 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.

yp - U"AYY S mpat, gp - ItAY o 1t pad
yn = 1I"AY sl nat, gp o ItAY - gt
yn - I-AY - I paf, gn - 1tA” - Itno™
up = At - ypr®, fp - AT - gpad
up - At - ynat, gp—- At - gnnt
un - yA® 5 yna®, Gn - HAY - Gna
un - yA® > ypr, Gn - A - gpr

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

V(2 V(2
(@) = VB () | (B (g0 - gy + LD (g p
V(a2 V.2
—q°PH) + CSM—(;” (9™q-p—q°P") + 9674(—3—) q"q") 75] u(p)

7
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and
A 2 A 2
@y = VP |( B e a- o+ D v P
—q°P*) + C(¢?) g™ + 2~ 6 (q ) q q")} u(p)

where 14 (P) and u(p) are the Rarita-Schwinger and Dirac spinors for the A and the nucleon
of momenta P and p respectively, g(= P —p = k — k') is the momentum iransfer 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 form:

CY(g?) = C¥(0) (1-7%)_2; i=3,4,5.} A

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

CV(?) = CY(0) (1-%’,)_2 D, , i=34,5 } B

v

where

q2 -1 q2 -1
D,=(1—4M‘2/) for i=3,4, D'=<1_0_7:76_AJ‘2,) for 1=25

and
V@ =0ro (1-4) " (1-a) " } ©

Along with these vector form factors the axial vector form factors have been used by various
authors.

CA(g?) = CA(0) ( 7&3,)_2 D, , 1=34,5. }
1 5

Dz-:l_(—&g;j L= 3,4, 3 Cé(q2)=CSA(q2) mlwi;2 2

by—q
where a3 = b3 = 0, ag = a5 = -1.21, by = bs =2 GeV?2. Other forms of the axial vector form
factors parameterizations are given as:

A(2) — OA _£y-2 = : =_’_1}B&C
CA@G) = CAO) (1-35)? D, 1=3.45 D,=(1- i)



Table 3.1: Weak vector and axial vector couplings at ¢ = 0 and the values of My and
M 4 used in the literature, W2 = (p + ¢)2.

Cy(0) | ¢£(0) | CJ(0) | CF(0) | Ci(0) | CE(0) | My(GeV) | Ma(GeV)
M T

Al 205 | -5z~ | 00 | 00 [ -03 | 12 0.73 1.05

B| 213 [-151 ] 048 [ 00 | -025 | 1.2 0.84 1.05

C| 195 | - 0.0 00 [-025 | 12 0.84 1.05

where M is the axial vector dipole mass and m, is the pion mass. The values of CY(0) 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
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. 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., AN—NN7 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 £ 5 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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2A:

ReZs ~ 40.0 <£) MeV

Po

a g8 v
—Im¥aA = CQ (_{)_) + Ca2 (fl) + Cas (ﬁ)
Po Po Po

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 < T, < 320MeV, where
T is the pion kinetic energy, as:

C(Ty) = az? + bz +c,

where C stands for all the coefficients i.e. Cg, Caa, Ca3, & and B(y = 23). The different
coefficients used above are tabulated in table.4.1.

Table 4.1: Coefficients used for an analytical interpolation of C(Ty).

( LCQ(MCV) CAQ(MCV) CA3(M6V) a Lﬁ J
a{-5.19 1.06 -13.46 0.382 | -0.038
b | 15.35 -6.64 46.17 -1.322 | 0.204
¢ {2.06 22.66 -20.34 1.466 | 0.613

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

Ma — Ma'=Ma +ReZa, and T =T —2imZa

where " 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 planz 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:

2

Vopt(by Z’)dl']

-0

el(q_krr) r_, exp [1(‘1 _ k") .r - :._)_/
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where r = (b, 2), g and k. are the momentum transfer and the pion momentum, respectively.
The pion optical potential V,,; is related with the pion self-energy Il as I = 2w Vi, where w
is the energy of the pion and |v| = [kx|/w. The pion self-energy is calculated in local density
approximation of the A-hole model and is given as

2 2
(o0, 20 = § (Z22) 2P 0,2 Gan(s. )

My
where 3 is the center of mass energy in the A decay averaged over the Fermi sea and G (S, p)
the A-hole propagator given by

1
V3 - Map + %if’(& p) —iImXA(5, p) — ReZA(5,p)

GAh.(sv p(ba Z,)) =

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

u @) + N = @) + N+ 7@

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 AN~ interactions vertices
by taking the relativistic covariant form of the A propagator of the Rarita-Schwinger spinor
foral = % particle.

. £+ Ma 1 2 (PH~Y —y#PY)
AMY - o S,.pa v PHpY
PZ~ M +i[Ma 377 Tz YT M,

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

2
r=_ (f"NA) M ke PO — M — my)

T\ m, ) W
where
W2 - m2 — M2)2 - 4m2M?
lkCTnl — s T
L oW

The step function © denotes the fact that the width is zero for the invariant masses below the
N 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 F(q — k) given as

Fla—ke)= / &r p(r) e~Ha-kn)r
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 —N7 channel, where only these pions are observed and no observation is made on
other hadrons.

vu(k) +p(p) — p (K)+AYH(P)
Np+at

vuk) £ 1(p) = um(K)+AF(P)
Nn+rt(p+ %)

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 10~3pg, where py is the central density. To start with, the
pion is placed at a point (b, z,,), where z,, = —\/R% — |b]2 and then it is moved in small
steps 8! along the z-direction until it comes out of the nucleus or interact. If P(py,r,A) is
tne probability per unit length at the point r of a pion of momentum p, and charge A, then
Pl << 1. A random number x is generated such that z € [0,1] and if z > Pél, then it
is assumed that pion has not interacted while traveling a distance 4l. however, if z < P4l
then the pion has interacted and depending upon the weight factor of each channel given by
jts 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‘\-(,,x,,rx)N: = O p(ar nM )N X PN where N is a nucleon, py is its density and o is the elemen-
tary cross section for the reaction m* + N — n*’ + N’ obtained from the phase shift analysis.
For a pion to be absorbed, I is expressed in terms of the imaginary part of the picn self energy



Iie Py, = _%'f“’_'), where the self energy Il is related to the pion optical potentiat V.
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 12C, 160
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 '2C and ‘60, induced by v, 1s 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 fmcacl state interagtcion effect in_the variouscgbservables of coherent
pion spectrum like (m”fggwdgﬂ ' dg:ng,, ' (—%,: and dg_gséﬁ 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

doCC doCC do€€ LI . . deCC
tepton spectrum ke (dfzu,,dEu e ) and ( ;o0 The Q*-distribution “or ) has

been studied for coherent and incoherent processes from 12C and 10 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

C
1 The differential cross section (ﬁwd—&) for the neutrino energy E,, =10 GeV as a

function of the pion angle 8, measured with respect to the momentum transfer (q) for lepton
angle ©,,,=0° with respect to the neutrino direction, at qo=E, - E, =300 MeV in 2C and 190

17
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2. The differential cross section (ﬁﬁc—g) as a function of gg for the neutrino energy
E,,=1.0 GeV and 6., = 0° from '2C and 1%0.

3. The momentum distribution of pions (%C:C:) as a function of ky at E,,=1.0 GeV from

12C and 16Q.

4. The angular distribution of pions (3%%;) as a function of cos O, at E,,=1.0 GeV
from '”C and 160.

B. Charged Current Coherent Lepton Production

1. The differential cross section (E'#“ifﬁ) for ©,, = 0° as a function of qq at E,, =10
GeV from 12C and 160.

2. The momentum distribution of leptons (%,_—Cﬁ) as a function of k), in 12C nuclei at
u
E,,=1.0 GeV.

3. The angular distribution of leptons (a{.‘::Ti:) as a function of cos 6,,, in 12¢ and 150
nuclei at E,,=1.0 GeV.

C. Q%-Distributions and The Total Cross Sections

1. The Q?-distributions (%f— in 12C and 190 nuclei, for charged current coherent pion

production at neutrino energy E,, =1.0 GeV.

2. The total scattering cross section ¢CC(E,,,) as a function of neutrino energy E,, for
the coherent charged current reaction induced by v, in 12C and 160 nuclei.

3. The total scattering cross section o' C(E.,M) as a function of neutrino energy E,, for
the coherent neutral current reaction induced by v, in }2C and 60O nuclei.

4. The total scattering cross section aCC(E,,“) as a function of neutrino energy E,,, for
the charged current incoherent one 7% production induced by v, in 12C and 160 nuclei.

5. The charged current incoherent one pion production cross section aCC(E.,“) as a function
of neutrino energy E,, induced by neutrinos on 12C 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 G-beam neutrino(antineutrino) in 10 nu-
clei, atmospheric neutrino(antineutrino) in 36Fe nuclei, and accelerator neutrino(antineutrino)
in 12C and 60 nuclei.

I. Application to f-beam neutrino(antineutrino) in 160:

We have studied the neutrino nucleus interaction cross sections in 60 for B-beam neu-
trino(antineutrino) energies corresponding to the Lorentz boost factor v in the range of
60< v <250 (150). The energy spectrum of §-beam neutrinos(antineutrinos) from 8Ne(®He)
ion source in the forward angle(6 = 0°) geometry, corresponding to the Lorentz boost factor
~ is given by:

Pem(E(L - B])
7L -4
‘pcm(Eu) = bEzEepeF(Z,’ Ee)e(Ee - me)

D (E,, 0 =0) =

where b = In2/m3 ft, /2 and Ee, p. are the energy and momentum of the outgoing electron.
F(Z' E,) is the Fermi function.

We have presented the results of the flux averaged cross section (o) for neutrino and an-
tineutrino reactions for various values of the Lorentz boost factor v 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 56Fe nuclei which are relevant for the
atmospheric neutrino experiments. The uncertainty in the nuclear production cross section of
leptons from %6Fe nuclei by the atmospheric neutrinos are discussed. The numerical resnlts for
the relative yield of muon over electron type events R = R/, = %—:%% for quasielastic events,
inelastic events and the total events have been presented. The lepton yields Y; for lepton of
flavor | we define as

Y= /<I>,,, a(E,,) dE,,

where, @, is the atmospheric neutrino flux of 1; 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, defined
a . . . . .

byr = X)‘,— where ;2 = Y2 + Y,A is the lepton yield due to the inelastic events and Y] is the

total lepton yield due to the quasielastic and inelastic events i.e., Y; = Yl"'°'+Y,-"‘°'+lﬁA+Y;A.

II1. Application to accelerator neutrino(antineutrino) in 2C and €0O:

The numerical results for v, induced coherent and incoherent charged and neutral current
lepton and pion production in 12C and 160 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

e . cc . .
1. The momentum distribution of coherent pions <d5k,, ) as a function of the pion momen-

tum k,, averaged over the MiniBooNE and K2K spectra for v,, induced reaction in 12C, and
averaged over the K2K spectra for v, induced reaction in 160.

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 (d_gf_;_)
averaged over the MiniBooNE spectrum for v,, induced reaction in 12C, averaged over the K2K
spectrum for v, induced reaction in 12C and averaged over the K2K spectrum for v, induced
reaction in 160.

3. The momentum distribution of leptons (%) as a function of the lepton momentum
Py, averaged over the MiniBooNE and the K2K neutrino spectra, for the incoherent charged
current reactions induced by v, in 12C and 180, 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 v, in 12C and 180, respectively, due to use of
the various weak N-A transition form factors used in the literature.

B. Angular Distributions

. . . . doCC .
1. The angular distribution of coherent pions (m) as a function of cos O 4, averaged
over the MiniBooNE and K2K spectra for v, induced reaction in 12C, and averaged over the
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K2K spectrum for v, induced reaction in *60.

2. The comparison of our final result which include both the nuclear medium modlﬁcatlon
and final state interaction effects, for the angular distribution of coherent pions (""T)
averaged over the MiniBooNE spectrum for v, induced reaction in 12C, averaged over the
K2K spectrum for v, induced reaction in 1°C and averaged over the K2K spectrum for v,
induced reaction in 160.

3. The angular distribution of the leptons (22 T ) as a function of cos©,,,, averaged
over the MiniBooNE and K2K spectra for v, mduced induced coherent charged current lepton
production on 12C and 160, respectively.

C. Q%-Distributions

1. The differential cross sections ( “+), averaged over the MiniBooNE and K2K spectra

for v, induced coherent charged current pion production on !2C, and averaged over the K2K
spectrum for v, induced reaction in 16,

2. The comparison of our final result which include both the nuclear medlum modification
and final state interaction effects, for the differential cross sections (——2—) averaged over the

MiniBooNE spectrum in 12C, averaged over the K2K spectrum in 12C and averaged over the
K2K spectrum in €0, for v, induced coherent charged current pion production.

3. The differential cross sections (43—5;), averaged over the MiniBooNE and the K2K neu-

trino spectra, for the incoherent charged current reactions induced by v, in 2C and 160,
respectively.

4. The uncertainty in the Q2 distribution (dg—Q,—cc), averaged over the MiniBooNE and the

K2K neutrino spectra, for the incoherent charged current reactions induced by v, in '2C and
180, 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 2C. 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 12C when a cut of 450 MeV is applied on the muon momentum
as done in the K2K experiment. We obtain a total cross section of 6.93x1074%cm? in 2C

which corresponds to 0.578x10~4¢ mf('d":oﬂ, and is consistent with the experimental result of
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occ <0.642x10"“’% in 12C reported by the K2K collaboration.

2. The total cross section for the neutral current induced 7% production from 12C, 160, #7 Al
and CF3Br (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 7°
production are in reasonable agreement with presently available experimental results in the
intermediate energy region.

3. The total cross section for v, induced coherent and incoherent charged and neutral
current pion production in 12C and 160 averaged over the K2K and the MiniBooNE neutrino
spectra.

4. Specifically, we have presented the results for the total cross sections for 1w+ produc-
tion from *2C and studied the energy dependence of the ratio of single 7 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
resuits in the intermediate energy region.

5. The variation in the total cross section for the charged current 17+ production for v,
induced reaction in *2C due to the variation in the axial vector dipole mass M4 in the weak
N-A transition form factors using the parametrization given in the literature. The results are
shown for M 4=1.0 GeV, M4=1.1 GeV and M 4=1.2 GeV.

6. The uncertainty in the total cross section for the charged current 1n* production for v,
induced reaction in 12C 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 all 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 @, value, Pauli blocking and Fermi motion s 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 nuciei. For intermediate and heavy mass nuclei the cross
sections with Fermi function are smaller than the cross sections with MEMA upto certain en-
ergy E,, 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 2%8Pb.

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 12C, 160, 5Fe and
205Pp 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 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 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 reutrino 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 TNA 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 with the residual nucleus.

4. The total cross sections for neutrino induced 7+ production from free proton are closer
to the m* production cross sections obtained by the ANL experiment and are smaller than
the =% production cross sections obtained by the S3NL experiinen. 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 1% 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
17* production to the quasielastic lepton production is descrined quite well for E, <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
17t 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
70 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 12C
and 10 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 Q2-distribution in 12C and 60 averaged over the MiniBooNE and
K2K spectra for the incoherent and coherent charged current one pion production with various
N-A transition forr 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 «lso 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 quasielastic cross sections of Llewellyn Smith [7] with
nuciear 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 inciude
nuclear effects in the calculation of cross sections except for the quasielastic process. Even in
these quastelastic 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 vused to phenomenologically 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 erergy 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 osciliations, new neuirino sources are now being preposed 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, NOvA,
MINERVA, ICARUS, OPERA, NOMAD collaborations make use of such neutrino and antineu-
trino beams obtained from proton accelerator at KEK, Fermilab, J-PARC, and CERN. New
neutrino sources, which can be obtained at neutrino factories [66]-[71], Superbeams [72]-[75]
and B-beam neutrinos from heavy ion accelerators [76] have also been proposed. Out of
these new sources, 5-beam neutrinos are of special interest as they provide pure neutrino and
antineutrino beams of v,(7,) type and have no contamination from v,(7,).

I the region of low energy, agart from solar neutrinos ard reactor antineutrinos, 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 O-beam neutrinos [81]-[92]. 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 El*** <52.8 MeV. The LSND collaboration also used neutrinos
produced from low energy pion decaying in flight with E]*** <300 MeV. In case of these low
energy neutrinos which are given by Michel spectrum, the leptons are produced mainly through
quasielastic reactions like v, +n — p~ +p, and v, + 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 12C, 160, 3Ar,
56Fe 208ph etc. in future.

In the intermediate energy region, neutrinos(antineutrinos) have been used/proposed to
perform neutrino oscillation experiments using 12C, 10, 38Ar, 56Fe and 28Pb 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. Amcig



them, the main processes which contribute to the lepton 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 nuclei be calculated.

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 ex-
cited states) [91)-[97], a closure approximation [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
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 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 12C, 180, 33Ar, 5Fe 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 [77]-[90].

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 12C, 160 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 -beam neutrino(antineutrino) which are

rc

relevant for the proposed SPL-FREJUS base-iine experiments {177].

In the above introduction, we have presented the relevance and importance of low and
medium energy wezk quasielastic and pion production processes from nvclei. 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 neutrinc/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 teen 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 ihe 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 resuits and discussion for coherent and incoherent production of
leptons and pions. In section-5.1, the differential and total cross seccions for the charged and
neutral 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 wherever 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 nucleons 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 scartering is highly desirable. Also, the nucleons form factors, such as F 4(¢?)
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].

7
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Theoretically, calculations of nuclear effects in the inclusive quasielastic neutrino nuclens
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 focal 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,E,.), where Z is the atomic number and E. 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 (1) and antineutrinos (7;), where (= e*,u%) 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

u(®) + n) = () + plp)
ﬁi(k) + p(p) = 1K) + n(®) } (Charged Current) (2.1)

u(k) + n(p')

11:/,1((,;:0,')) r_ i((l;,)) (Neutral Current) (2.2)

o(k') + p(p')

vi(k) + n(p)
v(k) + p(p)
v(k) + n(p)
oi(k) + p(p)

11y
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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.

-+
L) p(n) V(W) N(n,p)
...... Pceceanenn [
wt Zo
v (7)) n(p) v (V) N(n,p)

Charged Current Neutral Cuirent

Figure 2.1: Feynman diagrams corresponding to v(7)-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

-im = (52) v (5) (75) wehlrome)

2
M = 8:43‘, ¥ @@’>lJu(0)|n(p)>=%z“ (p(p)|Ju(0)n(p)) (2.3)

where we have used the relation g%/8M3, = Gp/+/2 for the scattering with low momentum
transfer (|g%| << M3,). GF is the Fermi coupling constant (=1.16639x103GeV?) and My
is the W-boson mass. [#(z) the leptonic weak current given by

¥ = Pk (1 = V) (k) (24)

The hadronic current J,,(z) consist of vector and axial vector currents satisfying the Lorentz
invariance is given as

Ju(z) = cosfc (P(PI)'VM - A#'"(P)) (2:5)

where ¢ is the Cabibbo angle. The most general form of the hadronic current that is Lorentz
invariant, constructed out of the four vectors p,,, pj, and g, = pj, — p, is given as

_ . ¢
Ju=ap) |[FY (@) +F (q"’)wuum— + FY(®)vrs + FE (@) gurs| ulp)  (2.6)

where, Q2 = —g% = (k — k')? is the momentum transfer square and M is the nucleon mass.
In this work we have taken neutron and proton mass to be same. F),(q?) are the isovector
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vector, and F4(q%), Fp(g?) 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.2.6, respectively, we can
write the matrix element square as:
G2
IM|? = —25 cos?8c L™ J,, (2.7)
with the leptonic tensor L*¥ calculated to be

¥ =En = Tr[(k+m) (1 - YN K +m) 1 -7%)

L +iLlY,  where (2.8)
[ = 8 [K” + K"k~ g k-K] and
LY =8¢ kykp (2.9)

The subscript S and A refer to the symmetry under interchange of the Lorentz indices u and
v. For antireutrino the antisymmetric part of the leptonic tensor gets a minus sign. In general
we can write the leptonic tensor L#¥ to be

L = L‘s‘." + iL‘/‘i", (+ for v, - for ) (2.10)
The hadronic tensor J,, is given by:

Jw = ZSJI,

1 -
= 3T (8 + MT(p+ ML (2.11)
where
v
Ty = [va @ +F (qz)ia,wziﬁ + F{(a®)vuvs + F¥ (qz)qms] (2.12)

and T, = 7 I}, 70

The explicit expression for Ju, is given ir Eq.A.4 (Appendix-A). From this we obtain the
differential cross section do/dg? for free neutrino-nucleon scattering given in Eq.2.1 in the
laboratory system. In general the differential cross section for the reaction vi(k) + n(p) —
I=(k") + p(p') can be written as

GZcos?8c\ (2n)6*(k+p—p - k) dK d*p’ 2
2 M
(55 e iets e s Il

do

(2.13)
where |M|2 = L#¥J,, and k+p =k +p', ¢ =k — k'. Using the relations
4/ (k- k)2 —m2M2 = 4p-k = AM,E, (2.14)
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K = |K'? dik| dQ = Ep |K'| dEy dQy (2.15)
/ p 4 ’ q2

ST K =E, - By 2.16

6(k+p P -k) 2MJ(V+2MP) v & (2.16)

and [M|? from Appendix-A, the differential cross section is given as
Ldi _ GZM? cos® 8¢
dq? 8nE2
where M, = M, = M and s —u = 4M,E, = q2 —m?. The factors A(q?), B(q?) and C(¢?)
are given as:

Ay = mE [(4—-%)F3<q2>—(4+—2)<F1 M1 (1+ i)

[A( % 8(¢%) Eo 4 o) ‘——i] 2.17)

(FY @) - 2R @ @) - T (R @) + Y @)

+(FA(q'-’)+2F,(q"’)) +(722—4) F,?(qz))J (2.18)
B(¢*) = —sz(qz) [FY (%) + FY (¢%)] (2.19)
o) = ;|FA@+ O - Fa Y] (220

The cross section is given in terms of the form factors F\Y (¢2), FY (q2), Fa(q?) and F,(g?). We
can see that the pseudoscalar form factors is multiplied by m2/M? so at relatively high neutrino
energies where the experiments are performed, the lepton mass m; 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 regligible for v, and v, and is important for v,.. The negative (positive) sign in front
~ of the B(g?) 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'5(g%) of the nucleons,
which can be related to the isovector combination of the Dirac and Pauli form factors of proton
and neutron by the relation

V(%) = Ffz(q2) ~ F7y(q%) (2.21)

where F¥y(q?) and Fl'j2(q2) 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 dctermined
Sach's electric G;"(q?) and magnetic G%}(q%) form factors of the nucleons. These electric
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and magnetic Sach's form factors by their pronounced Q2-dependence, show clear evidence for
the extended charge and current distributions of the nucleons, respectively.

Gy = FI™4") - F”"‘(qz) (2.22)
GE(E) = I+ iz B (223)

With this, one gets the isovector form factors Fl‘,,z(¢12) in the form:

2\ "1 2

H@ = (1-5) |65 - iz 6@ (229
2 -1

H@ = (1-57) (6@ - 65 (225)

where G¥(g?) and GY;(g?) 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%,(¢?), G(q%), G%,(¢®) and G7;(g®) measured
in electron scattering, given by

GE(@?) = G(e*) ~ GR(¢*) and  GXi(¢®) = G}, (a®) - Gy (4?) (2.26)

The axial part of the hadronic current given in Eq.2.6 has structure dependent form factors
FY (g% and F¥(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 (3-decay.
It is nevertheless very important.

The pseudoscalar form factor FV(qz) is dommated 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 g% as well and given as

2MF] (¢%)
va( 2) o = i 2 (2.27)

2.2.3 Form Factor Parameterizations

Now with four unknown form factors F\,(q%), Fa(¢?) and Fp(g?), we are left with the
electromagnetic Sach's form factors G%"(g%) and Ghf*(¢?) of the nucleon which are known
from electron scattering, and the axial form factors F4(q?) which can only be determined
through weak interaction processes.
These electromagnetic Sach's form factors are given as
2

q
Ghe?) = o) CB@) = hni—gzCo(@), 7= . (2:28)

Gh(@®) = 1 Gp(e®), Gu(d®) = i Gpld?) (2.29)
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with proton and neutron magnetic moments as p,=2.793un and p,=-1.913uy, respectively
given in units of the nuclear magneton, un = e/2M,, and A=5.6. Gp(q?) is given as

2 7-2

Gp(¢?) = |1- L 2.30
b(@) = [1- 1 (2:30)
with the vector mass M2=0.71 GeV2. The above combination of form factors are known as
dipole form factors. The axial form factor is parametrized as

2 1—2
Fa@) = 9a0) [1- 155] (231)
A .
and is extracted from the quasielastic neutrino and antineutrino scattering. This form factor
can also be extracted from pion electroproduction data. Previous neutrino experiments used
the axial vector constant g4(0)=-1.23, while the best current value is -1.267. The value of
axial mass from the average of ali neutrino scattering is M 4=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 aiso 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

GE m(0)

GN 2y _ 2.32

Table 2.1: The coefficients of the inverse polynomial fits (Eq.2.32) for the G%,(Q?), G%,(Q?)
and G%,(Q?) in BBA-03 parametrization.

Observables | a» ag ag | ag aio a
GF(Q°) |[3.253 | 1.422 |0.08582 | 0.3318 | -0.09371 0.01076
Gh (Q%) [3.104 | 1428 | 0.1112 [-0.006981 [ 0.0003705 | -0.7063E-05

Gj3,(Q*) |3.043 | 0.8548 | 0.6806 | -0.1287 | 0.008912 -

Table.2.1_shows the parameters of the fit. Gg,M(O) are those of the dipole form factors at

Q?=0. Their normalizations at Q2=0 are given by the nucleon charges and magnetic moments:
Proton:  GR(0)=1, G},(0) = pp = 2.793

Neutron : £(0)=0, G3}(0)=p, =-1.913 (2.33)
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Since the neutron has no charge, G'E':(Q2) must be zero at Q?=0, and previous neutrino
experiments assumed GT(Q?)=0 for all Q% values. However, it is non zero away from Q2=0.
At intermediate Q2, recent polarization transfer data give precise values of GL(Q?). The
parametrization used in BBA-03 analysis is of krutov et al. [196]:

2
GH(Q*) = —unl—i—Tb—;Go(Q?), T= 37 (2.34)

with 2=0.942 and b=4.61. This 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 M4=1.00+0.020 GeV [191] which is in good agreement with the value
obtained from pion electroproduction of M4=1.014+0.016 GeV [189].

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

n k 2
GN (Y = —Lkme®T" @ 2.35
Bw(@) = e (2:35)

where n(=0,1,2) for parameter a and it is n(=1,2,3,4) 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 coefficients of the functional form fit (Eq.2.35) for the G%(Q?), G%(Q?),
G},(Q?) and G%,(Q?) in BBBA-05 parametrization.

Form ag ai as b1 b2 b3 b4
Factors

GL(Q%) | 1 | -0.0578+0.166 - 11.140.217 | 13.6+1.39 | 33.0+8.95 -

G”M(QQ) 1 | 0.150+0.312E-1 - 11.14+0.103 | 19.610.281 | 7.5440.967 -
GR(Q*) | 0 1.251+0.368 1.30 | -9.86+6.46 | 305+28.6 | -758%£77.5 | 802
+1.99 +156
@)1 1.8140.402 - 14.140.597 | 20.7£2.55 | 68.7+14.1 -

This form of the Gg,M(Qz) in Eq.2.35 has been used by other parameterizations in the
past [193], which provides excellent fits to GF(Q?), Gﬁ,(Q2)/pp and G%,(Q?%)/pn 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

AT
1+ BTt

2
BQY = 1 2GolQY), 7= 1 (2.36)
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Table 2.3: The coefficients of the functional form fit (Eq.2.35) for the G%,(Q?), G, (Q%)/up
and G%,(Q?)/un in parametrization [193).

Observables | ag a b by ba
GL(QY) |1 ]-0.24+0.12 | 10.98+0.19 | 12.8241.1 | 21.9746.8
Gh (Q%)/up | 1 | 012+0.04 | 10.97+0.11 | 18.86+0.28 | 6.55+1.2
n(Q%)/un | 1] 2.33+14 | 14.7241.7 | 24.20+9.8 | 84.1341

>

with A=1.70+0.04 and B=3.30+0.32, and G p(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 G(@?),
G?,(Q%)/up and G7,(Q?)/un with a single function assuming form factor scaling. The func-
tions are given as

1
GL(QY) = 2.37
£(@") 1+ 0.62Q + 0.68Q62 + 2.80Q3 + 0.83Q* (237)
@) _ 1 (2.38)
Hp 1+ 0.35Q + 2.44Q2 + 0.50Q3 + 1.04Q* + 0.34Q5 '
Gn 2
M) _ ! . (2.39)
Uin 1-1.74Q + 9.29Q2 - 7.63Q3 + 4.63Q

with G(0)=1 and G%,(0)/up,=1. The number of free parameters was increased until good
fits were obtained. This fit for G%(Q?) is only valid for Q=7 GeV2. They also tried a fit
assuming form factor scaling for the proton to obtain

GP (Q? 1
w(Q%) — (2.40)
ip 1+0.14Q + 3.01Q% + 0.02Q3 + 1.20Q4 + 0.32Q5 )

GH(@) =

the neutron electric form factor G%(/2) is piven as

n N2y — _ GHnT o Q2
5Q°) =135 Co(@), =75 (2.41)

with a=1.2520.13 and =18.3+3.4, and G p(Q?) is the dipole form factor given in Eq.2.30.

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

u(k) + 4,X(@) — U(K) + 2,Y(), (242)

where Z;(Zy) is the charge of initial(final) 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 or many nuclear states are excited 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

u(k) + zY(p) — I"(K') + X(p) (2.43)
a(k) + 4Y(p) — I*(K) + X(©) (2.44)

in which a neutrino or antineutrino with four momentum £ 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 hadronic 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 Approkimation (LDA)

In the local density approximation, the cross section is evaluated as a function of local Fermi
momentum, pr(r) 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 Q;-value 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 p,(r) or pp(r) respectively with its corresponding Fermi
momenta distributior. In the local density approximation, the local Fermi momenta of neutrons
and protons are given by

pra = [37%0a(1)]"%; pr, = [37%0p(r)] (2.45)

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

o(Eu6y) = / ou(r) & oo(Esy 1) (2.46)

where oo(E;, ;) is the double differential cross section for the charged current free neutrino-
nucleon scattering (Eq.2.1) in the laboratory system given as

1 M, M,
oo(E08) = g3 o e 35 IME o+ Eu - @7

where iZlMP 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 nuclean occupies a volume of (21k)>. 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 (A = 1) [200]

PF 3 N dd
N= 2V/O (-277—1))5’ or p(r)= G 1))3 nn(p,r) (2.48)

where n,,(p,r) is the local neutron occupation number. n,(p,r)=1 for p < pg, and is equal
to zero for p > pfr,, where pg, is local Fermi momentum of neutron.

Hence,
oo(En8) = / #r 2P (p,1) o0(Ey6) (2.49)
1 pf* MaM,
= d3 'n Tnip 2 -
/ (P, 1) E,E E.E, ETIMY? blgo + En ~ Ey)
(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 & 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 E, and proton energy E, in the delta function are now function of
momenta of neutron and proton in the nucleus, i.e., E, and E, are replaced by E,(Jp,|) and
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E,(Jp» + 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, < pr, and final nucleon momentum py,(= |pn +ql) > pr,, where pg, 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

/ds (;’3)3 na(p r) J[qo+E - E) (2.51)

occurring in £q.2.50 by —(l/w)lmUN(qo,q), where Un(go, 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 W-boson, i.e. My — oo,
Fig.2.2(a) is reduced to Fig.2.2(b) for which the Lindhard function is given by [198]-[202]

Fig22(s) Fig22 (®)

Figure 2.2: Diagrammatic representation of the neutrino self-energy diagram correspond-
ing to the ph-excitation leading to v; + n — (™ + p in nuclei. In the large mass limit of
the IVB (Mw — o0) the diagram (a) is reduced to (b) which is used to calculate |M|? in
Eq.2.47.

d3pp MpM,  n,(pn) [1 = np(pn + q)]
U0 =2 | G BB w0 Bnlpa) ~ Enlpn ¥ @) 1 5% (2.52)

where gg=F, — E}, n,(p») and ny(pn + 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 Uy (qo, q), expression for which
has been obtained in Appendix-B. This is given by

1 M M _
ImUn(g0,9) = —5— ~ |Er, — A] with (2.53)
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) —go +1qly/1 - 4—2241
q° <0, Ep2 - qo < Epl and 2 < Epl (2.54)

where

Epl = ‘/pF"2 + Mn2, EFz = ‘/pppz + Mp2 and

~go + |d1y/1 - 4£
5 T 1. (2.55)

A= Maz |M,, Er, — q,

Otherwise, ImUx (g0, q)=0.

The energies E, and E, of the neutron and proton in the Lindhard function, refers to
the local Fermi sea of the nucleons 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 Q) of the reaction. Therefore,
in nuclei the correction related to the threshold value of the reaction Q4 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, of the nuclear reactions in these calculations
by replacing the energy conserving ¢ function i.e., 6[go + Ey, — Ep) in Eq.2.47 by é{go+ En(p)—
Ey(p + q) — Q] and evaluating the Lindhard function in Eq.2.53 at go — Qq, instead of gq.
Also to account for the unequal Fermi sea for neutrons and protons for N # Z nuclei the
factor of Q;, = Er, — Erp is added to qg in the Lindhard function. Thus gq is replaced
by go — Qun + @}, = Ev — Ei — Qi + @3y, in the Lindhard function. Because of its nature,
this method only applies to inclusive processes by summing over relatively many final states.
Therefore, the implementation of this modification requires a reasonable choice for threshold
value of the nuclear reaction @y, to perform numerical evaluation of the cross sections. The
threshold value of the energy, Q,, 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 Q,, 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 o(E,) is written
as

mazr

2G2 COS2 oc Tmax P 1 1
E) = -Xr<be / ar [ pid / d(cos
0( U) w r rar pl"llﬂ prap -1 (cos ) EV: Ee

X {L“"J#,, lmUN[E,, - E[ - ch,q]} (256)

min
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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-hole(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: Many body Feynman diagrams (drawn in the limit My — oo) accounting for
the medium polarization effects contributing to the process v; + n — [~ + 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 simulates 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 w and p exchanges modulated by the effect of
short range correlations.

The repulsive short range part of the strong interaction is described by # and p ex-
changes [198]. The 7NN interaction gives longitudinal part of the interaction given as [205]

f2 2 [ 41¢Uzd - =
V. = [ = J ) . 257
(9) (2 LU P v R (2.57)

n

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

f3 2 [ (513 - ‘itd))axaj ] -
=172 . 2.
Vo(q) ( 5 | ldl E--m+ic| (2.58)
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Vx(g)+V,(gq) 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 are given Ly the monopole form for each TNN and pNN vertices [198]:

AZ —m?
(q2) = 22 1 2.

F(q%) AT- g2 (2.59)
where, ¢° = ¢ ~ g2, A,=1250 MeV and A,=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'{oy - 02)(71 - T2) to the potential Vi + V,, where g’ is the
Landau-Migdal parameter taken to be 0.7 which has been used quite successfuily 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]

V(g) = [Ve(9)(é,; — 6.4;) + Vi(9)d.g;] (0:0,)(7 - 7) (2.60)
where
I N i
Vilg) = m g m\ar=g) *¢ (2.61)
, 2 -
f2 |q|20p A12> - m‘% ’
Vilg) = LT + 2.62
t(Q) m72r qg _ q2 _ m12r Ag — q2 g ( )
with ¢/=0.6-0.7, and
[
Cp = [m—’; / F] =~ 2. (2.63)
P 7

Here V/(g) is the ph-ph interaction mediated by m and p exchanges. V; and V; are the strength
of the nucleon-nucleon potential in longitudinal and transverse channels, calculated with 7 and
p exchanges and modulaced by the landau Migdal parameter ¢’ to “ake into account the shor:
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 effect 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
- S5 7> Tand f — f*=2.15f for any A which replaces a nucleon line in the Fig.2.3. S
and 7 are the spin, isospin NA transition operators,

Inclusion of the induced interaction driven by Vi(g) and V),(g) 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

U(q) = [U(q)+U(q)Vs,(9)o:0,U (9)+U(q)Vik(q)a.0xU (g) Vi, (q)oka, U (q)+..|7-7(2.64)
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where V,, = Vi(4,, — 4.4;) + Vi4.d,. The longitudinal and transverse parts can be separated
by using the following relationship.
(51_1 - dld])(ajl - qAJqu) = 61! - (iz‘il
éz‘j]djél = dtdl (265)
(61] - ‘itff])(j]@ =0
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 iongitudinal part of £q.2.64 as

U(g) = [U(g)+U(9)Vididjowo;U(q) + U(g)VidiGioiorU (9)Vigedyoxo,U(g) + ... 7+ 7
= [U(q) +U(@ViU(q) +U(@ViU(@ViU(q) + .| 4f, 0105 7- T
= U@ +WU()+ (VWU (@) + ...} 44, 0i0, 77
Ulg) - -
[I———W} q‘q_, 0101 T'T (266)
Similarly, the transverse part is given by
7 U(q) L. I
Ul = | —~— - . )
(Q) [1 _ U(q)‘/t] (51] quJ) aidJ T-7T (2 67)
Therefore, we can write Eq.2.64 as:
Ty — Ulq) .. U(q) L L
U(Q) = [(1 _ U(q)%) (51_1 qqu) + (1 — U(Q)VI qQ:q;| O 0,7 T (2'68)

where Uy — U = Uy + Up, with Uy and Uja as the Lindhard function for particle-hole(ph)
and Ah excitations, respectively, in the medium and the expressions for Uy and Up are taken
from [154}-[155]. The different couplings of N and A are incorporated in Ux and Ua and
then the same interaction strengths Vj(q) and V;(g) 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 weak current [116]. The weak nucleon current described
by Eq.2.6 gives, in nonrelativistic limit, terms like F45,. and iFg%%}-u (Appendix-C) which
generate spin-isospin transitions in nuclei. While the term in%fu couples to the transverse
excitations, the term F4d7, 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

(P ) Favuvsule) = (Jo, 4) = Fal@®) [#(")rovsu(p), @l )mrsu(p)]
~ Fale) ["l——' 7ip), (&— w277 P) ))J (269
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Note that it reads F4(q?)o, in leading order (Eq.(C.6)). One of the contributions of this
term to the hadronic tensor J,, in the medium is proportional to F2(g?)é,,ImU which is split
between the longitudinzl and transverse components as

F5(¢%)8,,ImU — F3(¢%) [4:d, + (6,5 — 4:4,)] ImU (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,’}P 4 (Appendix-D, section-D.2):

. s b — G
Jyy — JEPA = F3(@®)lmU {I - _q'(‘}’vllz + |1U— Uq{Zfz] ~(271)
where V; and V} are the longitudinal and transverse part of the nucleon-nucleon potential cal-
culated with 7 and p exchanges and are given in Eqs.2.61 and 2.62. Taking § along z-direction,
Eq.2.71, implies that F2(q?),, contribution to the transverse (zz, yy) and longitudinal (zz2)
components of the hadronic tensor get renormalized by factors 1/|1-UV;|? versus 1/|1-UV;|2.
This modified tensor J2P4 when contracted with the leptonic tensor L* gives the contribution
of the F2(g%) term to the RPA response (Appendix-D, section-D.3). All different contribu-
tions to the charged current hadronic tensor J,, have been examined and renormalized by
summing up the RPA series in Fig.2.3. The terms upto O(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
Juv 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 ¢ 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 C, = 1/|1 — UV;|? and the transverse
component by a factor Cp = 1/|1 — UV;|?, respectively in Juw coming from spin dependent
components of J,. Similarly, the contribution of spin independent terms in J, to Jy, is
multiplied by a factor Cx = 1/|1 — Un V|2, where Uy is the Lindhard function for particle-
hole(ph) excitation, and Vjy is .he po.eatial in the spin independent isovector channel given in
Ref. [151]. In this wav the RPA corrections are incorporated upto O(q/M)?, while the higher
order terms like (gop/M?) and (gog/M?3) etc., which are essentially O(g/M)3 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 3 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, E;), where F(Z, E}) is given by[206]:

2 -1
F(Z,E)= [1 - 5(1 - 'Yo)] f(Z,E) (2.72)
where
YY)
= . ~2(1—0) L0+ m)[®
Here R is the nuclear radius and 79 = /1 — (aZ)?, n = 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:

Eepr = Ep + Ve(r) (2.74)
with V,(r) is the Coulomb potential taken to be of the form
T / o0 !
Ve(r) = Z;Z504r (-1-/ g—”—(ﬂr’zdr’ +/ ﬁa(Lzr’dr') (2.75)
rho Zf r Zg

where Z, is the charge of the lepton produced in the reaction and p,(r) is the proton density
in the final nucleus. This modification amounts to the evaluation of the Lindhard functjon in
Eq.2.53 at [go — (Q¢n + Vi(7)), q] instead of (g0, q).

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

2 2 Tmazx P 1
oFF(MEMAY By _w_F?ﬁ / ~2dr / pldp, / d(cos0)
Tmin pymn -1
1
v JRPAY | FF(MEMA) 276
xgg, (L") ImU(q) (2.76)
where

ImUFF(q) = F(Z,E)ImU[E, — B - Qu, q] and (2.77)

ImUMEMA(g) = ImU[E, — E; — Qu — Ve(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
o(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 o(E) as a function
of energy and the flux averaged cross section (o) 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 ¢(E,) which is written as

#(E..) = %EEC(EO - E,.), Ey=528MeV (2.79)
0

and is shown in Fig.2.4. The cross sections have been calculated using Eq.2.76. For the

oo ——r T T

-1 -1
O (B, [Sec” Mev™']
3 ]

o
2

3
E, (MeV)
Figure 2.4: Michel spectrum for v, 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 Qg

value for the reaction in Tables-2.4-2.6.
In Table-2.4, we present the nuclear density parameters for 12C, N and 160 nuclei using
a 2-parameter harmonic oscillator(H.O.) density given by

o(r) = po (1 +a (2)2> exp (- (2)2) , (2.80)
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Table 2.4: Qu-valuc and the density parameters used in the numerical evaluation of the
cross scctions. a and a are the parameters for H.O. density used in Eq.2.80.

Nucleus | Qg (transition)(MeV) | o a(fm)
C 17.84 (0% — 17) 1.69 | 1.07
uN 5.60 (1t — 0%) 1.76 | 1.23
160 19.76 (0 — 1%) 1.80 | 1.52

In Table-2.5 we present the nuclear density parameters for 19F, 28Na, 27A|, 28S;j, 31p, 37(y,
40Ar 51V 52Cr 55Mn 56Fe 59C° 71Ga 89Y, 93Nb 98M° 115|n. 127|. 139La, 181Ta, 208pb and

209Bj nuclei using a 2-pa-ameter Fermi density (2pF) given Ly

_ Po
o) = T¥eap(G —a)/a) (281

In Table-2.6, we present the nuclear density parameters for 325, 39K and “°Ca nuclei using a
three parameter Fermi(3pF) density given by

Po (1 +w 5)
(1+ezp((r - a)/a))’

The parameters have been taken from de Vries et al. [215) except for }!°In and 1271 which have
been taken from Ref. [115]. The Q,, 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 40Ca and %Mo for which the Q. value corresponding to the ground state to ground state
transitions have been taken [203], [204].

(2.82)

p(r) =

2.7.2 Nuclear Medium Effects

When the reaction v, + n — e~ + p takes place in the nucleus, the first consideration is
the threshold energy @, which inhibits the reaction in the nucleus. This inhibition is quite
substantial in the low energy region considered here for the nuclei like *2C, 160, 28Sj, 325
and 40Ca for which the Qs values are rather large (@, ~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/4 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: Qqu-value and the density parameters used in the numerical evaluation of the
cross sections. o and a are the parameters used in Eq.2.81 for 2pF density.

Nucleus Qu,(transition)(MeV) {a a(fm)
19f 375( 2 ) 2.59 | 0.56
BNa | 456 (3" g ) 2.81 | 0.54
2741|532 (5+ ) 3.07 | 0.52
88i 14.80 (0+ 0t) 2.93 | 0.57
3ip 591 (3 = % ) 3.21 | 0.56
37C] 132 3 - 3%) 3.53 | 0.52
0Ar 43 (0+—»1+) 3.39 | 0.61
Sty 126 (3 - 1) 3.94 [ 0.50
52Cr 5.22 (0F — 1t) 4.01 | 0.50
¥Mn [074(3 —37) 3.89 | 0.57
56Fe 6.82 (0F — 1t) 3.97 | 0.59
¥Co (192(f" —37) 4.08 | 0.57
Ga 074 (3" —-1") 4.44 | 0.38
8%y 4.44 (2 -37) 4.76 | 0.57
BNb 091 (2" - 1%) 4.87 | 0.57
%Mo 220(0+—»6+) 5.10 | 0.57
151 | 0.008 (-71— -7{) 5.36 | 0.6
1271 1.42 (5 - 37 5.40 | 0.55
189|078 (LT - 2T) 5.71 | 0.53
8lTa  10.70 (g‘ - 37) 6.38 | 0.64
208pp | 5.20 (0 — 11) 6.62 | 0.50
209B; 380 (3" > 1) 6.75 | 0.47

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

Nucleus | Q¢ (transition)(MeV) | o a(fm) | w

73 13.20 (0t — 1) 350 [ 0.63 |-0.25
oK 7.04 3% - 3%) 3.74 [ 0.58 | -0.201
40Ca 14. 80(0+ —47) 3.67 [ 0.58 |-0.1017
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Figure 25 Quasieclastic cross section o(E,) vs E, for neutrmo reaction in some nuclel.
The dashed (dotted) hines represent neutrino nucleus cross section without (witl,) RPA
correlations to be compared with the free nucleon cross section (solid lines)

12C, 56Fe, 127] and 2°8Pb 1n 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 Q);-values
and Pault blocking 1n the nuclear medium The reduction in the cross section o(E) due to these
effects decreases with the increase of energy For example at E, =50 MeV, this suppresston is
= 93% for 12C and = 75 — 77% for other nuclei like *6Fe, 27| and 298Pb (compare the solid
hines with the dashed line in Fig 2 5) This suppression reduces to 40 — 45% in all these nuclei
at E, =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
increase .n energy (compare the dashed line with the dotted line in Fig 25) For example at
E,=50 MeV the RPA correlations give a further reduction of 50% for 12C, 60% for 5°Fe and
around 70% for 127| and 2%8Pb As the energy increases it becomes smaller and at E,=200
MeV the reduction 1s 35% for 12C, 40% for 56Fe and around 50% for 271 and 2%8Pb (not
shown here) It should be noted that 40 — 60% reduction due to the medium polansation
effects calculated through the RPA correlations in our model 1s similar to using gess/ga=07
in nuclear medium in some shell model calculations {102], [159], [216], [217]
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Figure 2.6: Quasielastic cross section ¢(E,) vs E, for neutrino reaction in some nuclei.
The dashed (solid) lines show the cross section calculated with RPA correlations and
Coulomb effects 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, E.) as well as with
the modified effective momentum approximation(MEMA). The results for some representative
nuclei like 12C, 56Fe, 27| and 208Pb in 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 12C 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 6Fe nucleus the increase due to Coulomb distortion is 83% at E,=50
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MeV which becomes 756% at E,,—200 MeV. However, as discussed in Chapter-2, Section-2.6,
the use of Fermi function to calcuiate 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 o(E) in Fig.2.6 with
solid lines. It is seen that for 12C, the results for the cross sections in the two approximations
are qualititative 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 14N, 160, 19F and 2Na
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 E. which depends upon
Z. For example, the cross over energy E, is 41 MeV, 21 MeV and 17 MeV for 3Fe, 127 and
208ph respectively as seen from Fig.2.6 It is observed that this energy E. where the cross
over takes place, decreases with Z but there are some exceptions which occur for nuclei like
28gj, 39K, 10Ca, 208ppb, etc. It is interesting to note that these are singly or doubly closed shell
nuclei and this anomaly in the Z dependence of E. 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 o(E,) as a function of neutrino energy E, for some
representative nuclei from various mass ranges taken from Tables-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 varinus nuclei applied to SNS neu-
trinos

We calculate the flux averaged cross section (o) defined as
©) = [ 6(B)o(B)E, (2.83)

where ¢(E,) is given by Eq.2.79. The resuits for (o) are presented in Tables-2.7 and 2.8, where
we show by (a)ﬁ’é‘“ 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 (o) and the results with RPA correlations
are shown by (0)EP4. We evaluate (o)} and (0)%F4 in a hybrid model where at lower
energies o(E,) calculated with the Fermi function and at higher energies o(E,) calculated
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Figure 2 7 Quasielastic cross section 6(E,) 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)

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 (). For low Z nuclei like 12C,
160, etc. considered here, the flux averaged cross sections evaluated with the cross section
o(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 spectrumie E, <528 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 5Fe, 298Pb, etc In case of 12C, it is small but plays an important role in explaining
the experimental result(Compare column 1 and column 3 in Tables-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 scction 6(E,) vs E, for neutrino reaction in various nuclei.
The dotted (solid) lines show the cross section calculated with RPA correlations and
Coulomb effect using Ferm: 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).

neutrino reactions in 2C [102], {110], [115]-[116], [150]-[151], [216], [218]-[220], while there
are few calculations for 180 [110], 5%Fe [159], [221] and 208Pb [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 }2C and 56Fe our results are in fair
agreement with the experimental results and other theoretical calculations. For 298Pb nucleus
our results for (o) 1s 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 (o) in 208Pb, the results
do not agree among themselves ( [159)-{160], [217] [222] ). Therefore, more work is needed
for calculating the cross section in “%®Pb at low energies.
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‘Table 2.7: Total cross section {¢)(in 107*2cm?) averaged uver the Michel spectrum.
(a)ﬁ,gA is the averaged cross section calculated with RPA correlations without the
Coulomb effect, (0)2F4 is the averaged cross section calculated with RPA correlations
with Coulomb effect and (o)X is the avcraged cross section calculated without RPA cor-
relations with the Coulomb effect.

Nucleus (o) Ko (o)X {o)aF
a°C 11.80 28.10 13.60
| 3N | 44.60 | 107.91 | 52.65 |
| 0 [ 12.00 | 30.43 | 14.55 |
¥F | 77.80 | 201.07 | 96.35 |
| #3Na | 94.70 | 263.50 | 12050 |
| #INa | 82.17 | 247.13 ; 11162 |
| #si | 33.17 | 95.18 | 46.25 |
| 3P | 89.34 l 276.60 { 127.10 |
| 328 | 44.10 | 141.38 | 64.40 |
| $7C1 | 154.70 | 531.18 | 216.00 |
| #9Ar | 166.50 | 560.49 | 228.00 |
| 8K | 78.80 | 285.14 | 123.55 |
| 4Ca | 38.00 | 135.32 | 61.25 |
BV | 198.40 | 879.18 | 32320 |
$3Cr | 157.10 | 643.18 | 254.70 |
| $¥Mn | 250.40 | 1144.52 | 412.40 |
| $8Fe | 161.40 ] 685.25 | 277.00 |
| 33Co | 244.70 | 1148.62 | 418.70 |
| 1Ga { 335.70 | 1762.91 | 596.00 |
| 5y | 307.10 | 1912.11 | 633.50 |
| $Nb | 370.00 | 2332.71 | 760.10 |
| $$Mo | 417.60 | 2661.25 | 854.00 |
i®In i 516.60 | 3836.37 | 1133.00 |
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Table 2.8: Total cross section {(o)(in 107%?cm?) averaged over the Michel spectrum.
(o)RPA is the averaged cross section calculated with RPA- correlations without the
Coulomb effect, (0)2F4 is the averaged cross section calculated with RPA correlations
with Coulomb effect and ()Y is the averaged cross section calculated without RPA cor-
relations with the Coulomb effect.

Nucleus (o) jE8 {(0)3 (o)A
o 545.40 4262.30 1253.00

| 39La | 581.50 | 4787.43 | 1400.00 |
| 1817 | 907.30 1 7912.80 | 2358.00 |
| 208Pb | 902.10 | 7857.37 | 2643.00 |
| 33°Bi | 824.38 | 8257.85 | 2497.00 |

Table 2.9: {0)(10~42

cm?) for the inclusive reaction for some nuclei.

Nucleus | Experimental Thecretical Present
results results calculation
14.00 [115], 14.00 [151] 13.60
| 2C | 13.2+05+1.3([78] | 16.40 [216], 12.30 [102] | |
| | 14.8£0.7 + 1.4 [219] | 14.40 [218], 12.90, 17.60 [110] | |
|60 | | 16.90, 17.20 [110] | 14.55 |
| 6Fe | 256 + 108 + 43 [220] | 240 [159], 214 [221] | 277 |
208pp 4100 [222], 3620 {159,
2954, 3204 [217], 4439 [160] | 2643
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2.7.5 Application to Supernova Neutrino Cross Sections in *Fe

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 5®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=g¢/T,. p being the chemical potential and
T, being the temperature of the neutrino gasj and is written as

1 E?

¢ EV = ] 2-84
' () T3 Faa) o(F-a) 4 q (284)
where Fy(a) is determined by the normalization factor given as
© Zdrx
Using this expression, the average energy (E,) is given by
F3(c)
(EV) F2(a) v
= (3.1514 +0.125a + 0.04290° +.....) T, (2.86)

For a given value of the degeneracy parameter a, the neutrino temperature T, is fixed using
the relation between average neutrino energy (E,) and T, given in Eq.2.86. The numerical
simulations studies of supernova dynamics predict a hierarchal structure for average energies
for various flavor of neutrino to be (E,,) ~ 10-11 MeV, (Ep,) ~ 15-16 MeV, and (E,,) ~
23-25 MeV, where = = ¢, p, T [220}-[228].

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., ve(V,) +%¢ Fe — e~ (e*) +°¢ Co* (3 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 £q.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 (o) for neutrino which is qualitatively in reasonable agreement with the
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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 {o) 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 12C, 0 and
56Fe

In the intermediate energy region relevant to the fully contained events of atmospheric neutrinos
ie E, <3 GeV, we present the numerical results for the total cross sections as a function of
energy for neutrino reactions on 12C, 160 and 5Fe

In Fig 2 12, we show the numerical result of the cross section for quasielastic charged lepton
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Tablc 2.10: (a) for 38Fc {ve, ™) $5Co (10~ 42cm?) averaged over v, spectrum (* For T=6.4)

a=0, T(MeV) 35 |4 5 6 8 10
Woosely et al. [234] 35.0 1 72.2 | 1226

Kolbe & Langanke [159], [232] 16.0 74.0 | 200.0 | 410.0
Toivanen et al. [233] 11.0 | 19.0 ; 45.0 | 111.0* | 240.0 | 491.0
Present work 1441 23.3 | 49.9 | 89.6 2129 | 390.2
a =3, T(MeV) 275135 | 4 5 626 |8
Kolbe & Langanke [159], [232] 29.0 150.0
Toivanen et al. [233] 7.0 (19.0133.0178.0 191* | 410.0
Present work 10.2 | 25.2 1 40.4 | 84.8 154.3 | 350.1

Table 2.11: (o) for 3¢Fe (7,e*) 38Mn (10~*2cm?) averaged over 7, spectrum (* For
T = 6.4)

a=0, T(MeV) 35]4 |5 |6 8 |10
Woosely et al. [234] 9.0 (184|314

Kolbe & Langanke [157] 3.9 15.0 | 39.0{79.0
Toivanen et al. [233] 20140190 |21.0%|44.0|88.0
Present work 1512662 |[125 |36.0] 754
a =3, T(MeV) 35]4 |5 |626 |8 |10
Kolbe & Langanke [157) 6.6 29.0

Toivanen et al. [233] 4.0 | 7.0 | 15.0 | 36.0% | 74.0 | 1470
Present work 27(46(11.0(280 |619{128.0

production o(E) in this model for the process v, +1%2 C — u~ + X using weak nucleon axial
vector and vector form factors of BBBA(OS5(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,, =1 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 v, (dashed-dotted line) and v, (solid line) with the incorporation of the various
nuclear effects and RPA effect. The energy dependence of the cross sections for v, and v, are
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similar except for the threshold effects which are secn 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 60 and 56Fe nuclei. We found almost similar
nature of the cross sections for v, and v, as it is in case of 12C nuclei. This reduction in o(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 12C, 160 and 55Fe nuclei, where we also show the results in the Fermi gas model given by
Liewellyn Smith [7]. In all these figures, we plot the reduction factor R = Z:ﬁ%:ﬁ(% vs E where
Onudear(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 v, 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 o(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 2C target. The dotted line is the results for the free case and the solid line
(dashed line) is the result with nuclear medium effects including RPA (without RPA).
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Figure 2.13: Quasielastic charged current lepton production cross section induced by neu-
trinos on 60 target. The dotted line is the results for the frec case and the solid line
(dashed line) is the result with nuclear medium effects including RPA (without RPA).
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Figure 2.18: Neutrino quasielastic total cross section per nucleon in iron for v, +n —
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result of the cross section in the Fermi gas model [7] and dotted(solid} linc 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
I= %, J= % channel excitation of nucleon. In general, a A or N* resonance is excited which
subsequently decays into pions and nucleon. In the following, we [ist 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

yup - ImAY s Impat, Gp o ITAY - Tpad
yn - ImAY S Itnrt, gp - IPAY 5 It agt (3.1)
yn = 1= At = - pa, gn - ItA™ - It nr

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

up - nlAt - ypn®, fp - At - gpa°
vp — y At — yynat, g p — p AY — Ginnt
v A0 0o 5 A0 = 0 (32)
n — Yy — yynnr, vyyn — — ynm
yn - yA® - ypr, n - A% - Gpr

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
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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 mode! [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
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Specifically we give the effective Lagrangians for 7NN, *NA, WNN, WNN# and Wz inter-
action in charged current induced production and ZNN, ZNN=# and Z7~ 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])

EWNN
Laxna
Ly
CWNN
~A
LWNN
‘/
LWNN=
A
LwNnx

‘Cer

(f"m":”) - (33)
i (f :rZ,A) T4 (8,8,)TY + h.c. (3.4)
L\/. ¥ [Fl W+ FY 2A”;8”W"] 2y _ (3.5)
2—’\}—_ ¥lc [ ﬂ,,wuz a W"] P (3.6)
-2%/5 (fm" )F,(Q")w (7% Be)  mrs W (3.7)

f1l’NN ne = = v v Ouw
m ( — )Fw(Q ) (-rx¢,r)3 [F'1 T+ Fy 2;‘” ]\I;WI‘ (3.8)

o5 @) {6 x (:6:) | w* (3.9)

3.2.2 Neutral Current Interaction

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

|4
EZNN

A
L:ZNN

|4
chr

\
EZNNrr

A
‘CZNNW

1 v
5 [(f SRS + 67 Y )y + (6570, Ff + €57 YkyTsFy) ;—;‘W-a ] VA
(3.10)
g1 -0 - i),
v3 [ €571 sGY) w + (E47°CE + €57 mCY) 5 M] z*y
&t e [GA(Q2)'7;4 +G¥;‘EJ Bgry (3.11)
’f\l/=1 FN(Q2) {4;11’ X (au¢1r) }3 VA (3,12)
& (fmﬂ> Fo(@)¥ (7 x &x) 11092* (3.13)

& (f”mNN) F(@)F (7% 6r), [F/mW* - woFY 2220724 w(3.14)
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With K, ) = (kp = Ks) and g the coupling constant for the weak-isospin group SU(2). The
form factors Fy, F, Fa, Fx, G 4 and Gy, are functions of momentum transfer (Q2 = —¢?), and
have been discussed in the detail in Chapter-2. We take f2, , /4n=0.36 and f2,,/47=0.08
with fana/fxniv=2.12, a value in between the factor 2.2 taken by [247] and 1he factor of 2

considered in [134)]. In standard model (SM) the isospin factors E{,i?'l are given as [246):

I=1 _ 1 .2 I=1 __ 1
& = ey ey (L= B0%0w), L4 =~y ey } (3.25)

— in2 I1=0 _.
VT T Sainbw ety 2SI fw, €4 =0

where G 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 weak 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

Lok = 9 Jéo(x) Wj(z) + Hermitian conjugate. (3.16)

int 9 ‘/'2-

where the weak charged current J£-(z) couples to the charged W-boson fields Wff. The
current J5-(x) consist of leptonic and hadronic part as:

Jbo(x) =1, (2) + Jfou(=) (3.17)
with I¥ () the leptonic weak current given by

lep
Uep(@) = (KWL = 7°), (K) (3.18)

and J[}“d(x) = cosfc (JY (z) + J2(z)) is the weak hadronic current divided into its vector
and axial vector part, and ¢ is the Cabibbo angle. At low momentum transfer (¢2 <<
M3,) 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,‘:‘Id(z) IlP(z) + Hermitian conjugate. (3-19)
where we have used the refation g2/8M2. = G/v2. G is the Fermi coupling constant
G=1.16639x10"3GeV? and My, 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: Feynman 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])

[ u+F2;f§2)auua"> (c@m+1 %620, |upr

(3.20)
MY = S costo (f ”N”) a(p') [(Fl"(sz + Mawff”)

V2 My oM
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- (@ + €285, )| (£t M) oy prutone (a2

oM M?
My = Sosto (B2} (oD omr (@) e} (520
M, = %cosec (fnl:v) a(p') [Fe(Q@) s
V2
- (FIV(Q2)7;L + if%f'wQ—)U“uau)} u(p)l“ (323)

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])
(52 aom 1 (£2255).

[et7! (1P +irP S ") €4 (i - 2N wioe (329)

MY =

R C Kl R

- M
+4! (I;‘vn o= 23{‘4)] Vs Kn (%) u(p)l* (3.25)

& (22) g () oM (@) ] (326)

M. = E(f"m””)lt (0) (67 Fe( @) mas

_ o,
—¢l=1 (F1 Vu + 12M0,wq )] u(P;)l* (3:27)

where the following abbreviations for the isospin matrix elements have been used in above
expressions [246]

1 E - P f v -
Ig’u) 5 [fv F IO+F1V(I+ +7 )} , I(s’u) = [61 F IO +F2 (I+ +17 )
I = 1&g G SPO+GYUY +1I- Il _ 1 & 2A_GRI° + GY(IT 1
(su) — o A( ) v fsw) T 9 I=1 + ( )
2 (¢t A
L = I7 (3.28)

with
1 _ 41
I =xhrx, It = x}§ {rmms}xi, 17 = X}i [7r 73] Xi (3.29)



3.3 MATRIX ELEMENTS 51

X (i) is the finai(initial) nucleon iso-spin function, 73 is the Pauli iso-spin matrix.

3.3.2 Resonant Terms

In the intesmediate 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 wN 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. We 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

uk) + p(p) — I"(K) + A*YT(P) (3.30)
v(k) + n(p) — (k) + A¥(P) (3.31)
The matrix element for A production (Eq.3.30) is written as

G
(" At My p) = 7 °s fc P (ATF|VH — A¥|p) (3.32)

where lff” is the invariant matrix element of the leptonic weak current given by Eq.3.18. The
matrix elements (A“+|V#|p) and (A*+|A¥|p) corresponds to the N-A transition matrix ele-
ments of the vector V¥ and axial vector A¥ transition hadronic current between NV and A states
for the charged current interaction. From the conservation of vector current(CVC)(isotriplet
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 electromagnetic current measured in electroproduction of pions. Since
in electroproduction of the A, the 1=0 component of the electromagnetic current does not
contribute so that the relationship becomes simply (7], [124], [248].

(ATH| Ve p)y = VB(AY |V Ip) (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]}):

2
(Ve = VB 5o(P) [ (B (g - gty + AL (g

N2 V
-q°P*) + c_\g_) (9**q - p—¢*P*) + ——— (q ) g 9% ) ]u(p) (3.34)
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and

A 2 A2
(A**]A“]p) = V3 11_101(13) [(C_SA(%Z (g™ 4 — ¢®v*) + QA}Z_)_ (¢®*q- P

a Dl Ar 2\ ap CéA(q2) o, i \
—¢*P¥)+ Ci(q") ¢ +— 1 u(p) (3.35)

Here 1 (P) and u(p) are the Rarita-Schwinger and Dirac spinors for the A and the nucleon
of momenta P and p respectively, g(= P — p = k — k') is the momentum transfer and M is
the mass of the nucleon. CY (i = 3 —6) are the vector and CA(i = 3 — 6) are the axial vector
transition form factors. The factor of /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 expzriments.

3.3.3 N-A Transition Form Factors

The two basic approaches have been extensively described in the literature for the N-A tran-
sition form factors CY (i = 3 — 6) and CAA(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
calcutations 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 we describe in some detail, about these form
factors used in the present calcufation.

A. Vector form factors

In secticn-3.3.2, Eq.3.34, there are four weak vector form factors CY (i = 3 — 6) occurring
in the transition. The conserved vector current (CVC) hypothesis which in momentum space
reads g, V* implies C¥ (q?)=0. The other form factors CY (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 muitipole amplitudes [257]-[262]. Assuming M1 dominance, these form
factors CY (q?) satisfy the relations:

) M
CY(g®) =0, CY (¢} = T ¢y (%) (3.36)
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where M4 is the invariant mass of the 7N system and we use a fixed A mass, Ma = 1.232GeV
and the electroproduction data in the A-region is well fitted with

2.05

Ci(¢") = 3.37
3 (@) (1 — ¢2/0.54G2V 2)? (3.37)
In general these are parametrized in a dipole form [124]
2 \ —2
cY(¢® = (o) (1 - #) . i=3,4,5. (3.38)
1%

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

2 -2
cl(¢®)=Cc!(0) (l—q—2> D, i=34,5 (3.39)
MV
where
¢\
D,' = (1- m) for l=3,4
¢ \!
D, = ([1-—2%L__ for i=5. _
: ( 0.776M3,) or t=5 (3.40)

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

@) =0, CY(@)=0, and CY(&*) =~ C¥ () (3.41)
and
V2 1% ¢ -2 7 !
@ =0 (1-17) (1- 1) 0.2

W is the center of mass energy ie. W = /(p+q)2 and M, 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 wnen pion mass goes to zero.
In practical terms this means that the matrix element of 8, A* or in momentum space q, A"
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should be proportional to the square of pion mass 2 and so vanish in the limit m2 —0. From
Eq.3.35, it may be seen that

_ A2
(A0 AMp) = V3 Ua(P) gy (cg‘(q") g"“+——-—C‘;‘§Z ) q"q") u(p)

A N\
V3 5(P) ¢ (0@ + B ) i) (3.43

»

-

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

gxNaSr M?
21\/§M T (3.44)

where g-na = 28.6 is the A** — prt coupling constant and fr = 0.97m, is the pion decay
constant. Using this relation in Eq.3.43, we see that when m2 = 0, this pole will give a non
vanishing contribution to the matrix element of the divergence even as g% —0.

Cg'(g°)(pole) =

(A 0. p) —rs VAP o (00) - £220) o) (3.45)

This leads to the connection between C#(g?) and C{(g?) in the axial current as

G = Coa) s

® SV mZ - g

If the coupling constants gxnva, fxr and mass M do not vary much from their physical values
as the pion mass goes to zero (m2 = 0) and ¢* = 0, we obtain the off-diagonal Goldberger-

Treiman relation as

(3.46)

A _ 9=Nafr
C:H0) = _—2\/§M ~ 1.2 . (3.47)
This coupling was extracted from the BNL data in Ref. [264] and found to be consistent with
the PCAC prediction.

The remaining axial vector form factor ClA(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

2 -2
CAgY) = CA0) (1—7\‘-’!—2> D, , i=34,5.
A
9
D, = 1-—4 . =345 (3.48)

- (bl —(]2),
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where CA(0) and a,, b, are the model dependent axial vector form factor parameters determined
for the Adler model [124), [265] with C31(0) = 0, C{'(0) = -0.3, C2(0) = 1.2, a3 = b3 = 0,
a4 = a5 = -1.21, b4—b5 —2GeV MA = 1.05 GeV.

Recently, these form factors have been given by Paschos et al. [146] Lalakulx:t: s} al. [147]
and Leitner et al. [263] having the form Lie,

2

{
p oA ! (AC
D, = (1—"—2') | (3‘99
3My z, T~ v}

. . . . . U‘/l oy
where M4 is the axial vector dipole mass and m, is the pion mass. m Uiy

Various parameters occurring in these form factors used by these authors are summarized
in table-3.1.

Table 3.1: Weak vector and axial vector couplings at ¢ = 0 and the values of My and
M 4 used in the literature.

References cylcy ey Jcd] ¢ [ M (GeV) | Ma(GeV)
Schreiner and 2.05 -% 00 |00} -03 {12 0.73 1.05
von Hippel [124]
Singh et al. [135] 205 [ -4-100 [00]-03 |12 0.73 1.05
Paschos ct al. [146] | 1.95 | -& | 0.0 [ 0.0 [-0.25 | 1.2 0.84 1.05
Lalakulich et al. [147] | 2.13 | -1.51 [ 0.48 | 0.0 | -0.25 | 12 0.84 1.05
Leitneret al. [263] [1.95 | -¢7 | 0.0 [ 0.0 [-0.25 | 1.2 0.84 1.05

3.4 Cross Sections : C o

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

_(2m)tétk+p—p - k) &K d*p’ {G2 cos? fc

il .
T G B | r s e} @)

where k + p =k’ +p’, and ¢ = k — k’. Using the relations

4/(k-k)2 —m2M? = 4p -k = 4AME, (3.51)

d°k' = |K'|? dik| d = Ep |K'| dEy (3.52)
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and performing the d3p’ integration, we get

d*o 1 1 K G?cos? bc }
= =l ~ Ey) { ——— Ly J* 3.53
dEwdQly 6472 ME, E), O(Ep+ a0 = By) { 2 “ (3:58)

The leptonic tensor Ly, in Eq.3.53 is defined as

Ly =53,M, = Tr[(k+m) v - w)(K +m) v(1 - s)]
= 8 (kukl, + Kkiky — g k- k' + i€uuap k°K") (3.54)

and the hadronic tensor J* is given as

Jw o= Exgegy
= Tr [( b+ M) O 2 0""] (3.55)
where O#“ is the weak N-A transition vertex given as the sum of vector (V#) and axial vector
(A*) part using Eq.3.34 and Eq.3.35 given as
1

no __ CB Ho u. o CX po n Cg/ Ha FTIe] 5
OF* = | ==-(¢"" 4 —¢"v*)+ —%5(9"%q- P - ¢"P?) + =%5(¢"%q - p - ¢"p") | v
M M M

s

g-"f_‘ua — gHa® _%M.p_#pﬁ CAgha ggua]
+ |37 0" A= a1+ 75(6% ¢“P%) + C{g" + 375¢"9° 1 - .06)

with the Rarita Schwinger spin-3 projection operator Pzg“’(P) (see Apper*~ _; [266)

3/2P=_,P+MA _l _2P0P3 597@—',_3 7
In order to take into account the width of the A, we' .wust replace in Eq.3.53
S(E, + g0 — Ea) — —~ Im ! | (3.58)
- —_ = )
P+ @0~ 5a m | Ep+qo— Ea+i%
where we have used the relation
! _p i inb-a) (3.59)
T—TgFie  I-—xo 0 '

and then

(W)

ﬂa(O—E) o Lim = 1 2
En (PAT 78 7 W o Ma+isT(W) | T (W - Ma)2 + D00
(3.60)
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using

1 Ma
S(W — Mp) = ——6(pA — Ea) = ——8(pQ — E, (3.61
( a) W (pa — Ea) Ex (ra — Ea) )

where W = /p'2 = \/pgz — P4 is the invariant mass of A and ['(W) is the rest width of A.
Using Eq.3.60 in Eq.3.53, we get

¢ 1 1 JK rov) {G2cos20(; L Juu} (3.62)
dEpdQy — 6473 MMa Ex | (W — Mp)? + =) 2 ol :

The A decay width I'(W) is taken to be the energy dependent P-wave 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) ~ kg (3.63)

where [kS™| is the pion momentum in the rest frame of the resonance. The A resonance has
the quantum numbers P33 (I = % J = g) therefore, T(1W) ~ [kS™|® is required ie. 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

1 (fana\2 M 3
W) = — k™ -M—-m, )
r(w) 677(%) M e Pow — M - my) (3.64)
where
W2 —m2 — M2)2 — 4m2 M?
k™| = v my — ME)? — dms (3.65)

2w

The step function © denotes the fact that the width is zero for the invariant masses below the
N7 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 From
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 production 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—NN= 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
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affects the pion propagation through the nucleus but it also modifies the transition amplitude.
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 7° production contributes to the back-
ground of e* production while 7% production contributes to the background of u* production.
This is because both the particles i.e. 7% and e* are identified through the detection of pho-
tons and 7% and ut are identified through single track events in the detection of neutrino
oscillation experiments. Moreover, the neutral current 70 production plays very important role
in distinguishing between the two oscillation mechanisms v, — v, and v, — v, [288].

The neutrino oscillation experiments are generally performed with detectors which use ma-
terials with nuclei like 12C, 180, 5Fe 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 12C and 190 as the nuclear targets in the detector [52]-[65]. These experiments are
designed to search for neutrino oscillations in v, disappearance and v, appearance channels. In
these experiments, the v, -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 v. 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 70 production is of particular importance as it constitutes a major
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background to the electron signal in v, 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
neutrino-experiments in the intermediate energy region of 1-3 GeV using neutrinc beams from
neutrino factories, superbeams and 5-beams have been proposed [66]-[76], [289]-(301]. These
experiments are planned to be performed with nuclear targets like 12C, 160, “OAr, %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 region of these
experiments. i

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 weak 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 cadlculations 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 [1]-[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 leptons 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
u@ + N = 15@) + N + 7%5(x) (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 nucleons in the target
nucleus, which implies that all the nucleons 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 nucleons in a nucleus of radius (R) must thus be small enough so that the condition

KR <1 (h=c=1) (4.2)

gets fulfilled, implying that the nucleons 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 nucleons, 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 would single out a specific nucleon, and destroy
the coherence. For example, the total isospin (I) of the exchanged state must be zero. Indeed,
the operator I3 (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
generaily 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 wel! as neutral current channels:

vy + N = p= + N+ ot i3
By + N =yt + N + - (Charged Current) (4.3)

Vy + N = vy + N + 7 )
Uy + N = 9y + N + o° (Neutral Current) (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,
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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 axponential fall of the cross section with |t|. The latter can
not be measured directly, since the nucleus remains undetected 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]

2 2
Sa-u] «[ou] cons @

where E;, kX and kT 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 Q2 < 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 Q2 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
torward 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-nucleus 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 contro!, 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 12C has been recently studied by the K2K
collaboration [57]. The coherent production of neutral pions has been studied by the K2K
collaboration for 160 [55], [60] and by the MiniBooNE collaboration for 12C [61]-[65]. In
the intermediate energy region, recently, an upper limit on the contribution of charged current
coherent pion production by v, 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 Adler'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.

] =
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Recently these calculations have been updated by Paschos, Kartavtsev and Gounaris [306]
using a generalized PCAC. In these calculations the nuclear mediuin effects are included only
through the final state interaction of the outgoing pions with the nucleus using a model of
pior: nucleus scattering. A theoratical 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 predicticns 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 eiectro
production of pions from nuclei [163), [164). The final state interaction of pions has been
treated in eikonal approximation with the pion optical potential described in terms of the self
energy of a pion in a nuclear medium calculated in this model [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
Nardulli {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*(1440) 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
7NA 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 AN~ interactions vertices
by taking the relativistic covariant form of the A propagator of the Rarita-Schwinger spinor
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w2 (a=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 hoson. In the neutral current reaction, k' is the
momentum of the scattered neutrino and q is the momentum of the exchanged Z°.

fora T = 3 particle of the form [308], [309]

wp) = J2atMa o (L) s, (4.6)
2MA Ean+Ma

where L(P)Y is the Lorentz boost operator for spin-1 particle, x, is the four components
Pauli spinor for spin-% particle and Sy is the four components of the transition spin operator.
The Rarita-Schwinger spinors obey a completeness relation:

P+ My

_ 1 2PEPY  Pha¥ — 4P pY
E(PYY(P) = — vV _ bV .
S Pyis(p) = Lo (g - sy - TTCEE)
In general spin-3 Projection operator for the A is defined as [266](Appendix-E):
3
3
- P+ Mp 1 2PHPY  PHyY — yHpPY
AW = H(PYal(P) = - ———— [ g*"Y — =9y*y" - y 4.
%us( TP) = =5 9 = 37 - T L )48
and on mass shell state with P2 = Al the A-propagator is written as
L, 2Ma A®(P)
Introducing the A width this modifies to
UV _ DY
AW — £ + Ma nyo_ l’y“'y” - 2 PLpY 4 _——(P i pistied) (410)

P2 — M +ilMjy 3 3M2 3Ma
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where P and M are the four momenta and mass of the delta, and I is the energy dependent
P-wave decay width for the A resonance given in Eq.3.64. We use

LA f N §,8¢¥ + h.c. (4.11)

with —ENA—O 36 to describe the on shell #NA interaction [267]-[268] and the standard model

of weak interactions to describe the A-N 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 #NA vertex has been studied using
A4

f‘IrNA(P2) = A4+ (P2 — Mg)z fﬂ'NA (412)

with A=1.0 GeV [267]-[268].

‘iﬂk’) . \i“'(k') .
7["'(](.) , w(q) / 1t+(kx)

v, (k) \\“\/‘;(q) - ) Pl Vu(k)
(P=p+q)
Ne) NN, e = NG\
s—channel u—channel
Charged Current
V() . ) .-
N e
(P=p+q) A"’ A°
N(p) N (B) (P=p~
s—chaasnel u—channel

Neutral Current

Figure 4.2: Feynman diagrams considered for neutrino induced weak 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
A = 7 cosfc " T, F(q —ku) (4.13)

where G is the Fermi coupling constant of weak interactions G = 1.166%10~°GeV? and
F(q — kr) is the nuclear form factor modulated by the isospin factors, will be discussed later.
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I# is the leptonic current given in Eq.3.18 and the hadronic current J, = (J; + Ji) is the
sum of direct (s-channel) and crossed (u-channel) diagram, each has been separated into its
vector (V*) and axial vector part (A*) as J2 = (Vi + A]) and J§ = (V! + Ap), given
as

Ty Jy+ Iy (4.14)

\/5 f:rl”VA Z‘i’s(pl) [k‘la Aa/\ O,\”"*' kro O”A AA"] \ps(p) (415)

where A% or A, is the relativistic A propagator modified by a phenomenological decay width
given as in Eq.4.10 and O°? or O, is the weak N-A transition vertex given as the sum of
vector(V*#) and axial part (4*) 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-channel) A-resonance term is written with lepton mass replaced by zero and cos ¢ by one
along with the isospin factors £5=! and £47! 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:

o = g[S (" 4-v) + o4 (¢*q-P—g*P*) + 24 (g™q-p- Q'\P")} v°
Ne VoM M? M?
- [C by C4A An A A ) C(‘S/ A
+ &4 [—Aj (6% 4= ™) + 3pz(9™"a- P— ¢*P¥) + Cilg™ + ¢

(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

2
AP = % cos’0c L* T |F(q - ka)? (4.17)
In case of neutral current interaction cos2f¢ is taken to be unity. Expressions for the leptonic
tensor £+ and hadronic tensor J,,, 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):

Y Y Malic =33 (AP + 1451 - 143 ALT + 145 43H) (418)
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The matrix element square in the neutral current process for A-direct (s-channe!) 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 F(q — k4) in Eq.4.13 is given as

Fla-ky) = / d®r p(r) e~Hak=)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-channel and u-channel.
It is written as

Fla-kn)= [ Priany(e) + bon(o)] o) (420)

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+x% The isospin consideration give a factor of 2 for both protons
and neutrons at the respective vertices. Therefore, the density p(r) in the nuclei should be
replaced by Z[p,(r) + pn(r)]. We have considered the proper isospin factor for the different
vertices of the Feynman diagrams Fig.4.2 considered. In case of neutrino induced charged
current reactions the factors are as follows

a = 1, b= 1 for s-channel

3
1 1
a = =, b= =

6 2

Similarly, in case of neutral current we have the factors as

for u-channel 4.21)

b for s-channel

Wl =Wl N

a =

, b= for u-channel (4.22)

a =

[FLR Y Y )

In case of antineutrino reactions the role of p,(r) and py(r) are interchanged. For our numerical
calculation we use the proton density as pp(r) = %p(r) and the neutron density as p,(r) =
Az—zp(r), where for the nuclear density profile, we adopted the modified harmonic oscillator
(M.H.0) model in case of 12C nuclei and the three parameter Fermi (3pF) model for 160
nuclei, normalized to the number of nucleons i.e. [d*(r) p(r) = A and are given as [215]

mlira ()] oo |- (2)] (423)
p(T)spr = po [1 tw (fc;)] / [1 +exp (r—;—c)} (4.24)

i

p(r)w.o
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with a=1.150 fm, a=1.672 fm, w=-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

_ @mtétg+p-p k) &FK &Ep 2
Po = 4 \/(7 k)2 _map? (2n)°2Ey (2)2Ey (27r)32E Iy (2my) ZZMI

(4.25)

On integrating over the final nucleon momentum and taking a factor of 2M 2 outside from the
matrix element square |.A|? the differential cross section reduces to

1 M 1 &% &k, -
do = (2n)5 E, 2E, 2E, 2E, e +po—po—k3) YD AP (4.26)

Using the following relations

&’k = K dlk| dy = Ep |K'| dEy dSup (4.27)
dskvr = rk”’2 d‘kni dﬂwq = Ex ’kw, dE, dﬂﬂq (4'28)
we get
d°c 1 1 Mk

x|
dEﬂ, dQ" dQll’ 8 (21[')5 E E 'k ' dEl’ 60(M+¢I0 Ep’ 1r) Z E IAI (4 29)

Now doing the energy integration over dEy i.e. [dEpy 8°(M +go — Ey — Ey) and using the
property of standard delta function defined as

3}
S/t = 3 8ta = =/ |5 (430
7 I=T;
the differential cross section comes out to be (Appendix-G)
d®c 11 M, , ) 3
[dE-n—dQﬂ-dQ”r]cc - § ) I k I ‘ kx ' >3 ZZIAl \1.31)
and
d®a ™ 1 M 1 <« 9
[dEndQndQ2]CC = 5@ |l R M (432)
where

= [(Epr + Ey — E;cos 0[1/) - l_l_ll (Ey — Eycosfy) cos 0,,qJ (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 differential cross
section for the charged current weak pion production where the recoil of the nucleus has been
neglected i.e. Ey = 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 = E; — Ey = E, and is found
to be in the following furm

d’c 11 | ¥ =~ 2
[dEwdedQu']cc = e R M (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 allows 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

__d% 11 K| ke, \
[dQ,;dQuldEll ]CC - §(21()5 E, R ZZ I'AI (435)
where
M |ky| ]
k= 4.36
[Ep'lkxl + Ex(|kx| — |q] cos 8z) (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):

d°c 1 1 E, - \
[dQFdE,rdQ,,,,']NC = §(2ny (1 - 73‘) el 322 1Al (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 Q2 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 for 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 —Nm 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 siudied 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
oie 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 interzctions 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:

vu(k) +p(p) — u (K)+AYH(P) (4.38)
Np+at
vp(k) +n(p) — p (k) +A%(P) (4.39)

Nn+at (p + 70) (4.40)
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Figure 4.3: Feynman diagrams for neutrino induced weak production of A-resonance.

Following the Lagrangian in the standard model given in £q.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:

Jfaa = (AFF|V¥ — A%|p) = cosbc Ya(P) O°* u(p), (4.41)

where O%* is the weak N-A transition vertex given in £q.3.56. For neutral current interaction
O is given in £q.4.16, and cosfc is 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 nncleus of density p(r) with its corresponding momentum
P constrained to be below its Fermi momentum kg, (1) = [37r2pu,p(r)]%, where p,(r) 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

2
_de _ / p(r) &r _do
dEndy dEed% | ;..

_ G?cos’6c [ 3 Kl 1
T T 12873 /d ()E‘MMA[(

r(w

VRV _x_z](L it
(4.42)

2o . . . . . .
where [W] o S the differential cross section for A production from free nucleon given

in Eq.3.62. For our numerical calculations we take the proton p,(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 12C and 60 nuclei given in Eq.4.24, and the density parameters
c=2.355fm, z=0.5224fm and w=-0.149 for 12C and c=2.608fm, z=0.513fm and w=-0.051 for
180 are taken from Ref. [215].
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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
F(q — kx). The nuclear effects in A production are important to study the pion production
from nuclei, since inside the nuclear medium the mass (Ma) and decay width (I'a) of the
intermediate A produced are both modified due to strong interactions. In the medium there
will be important ccrrections 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 relatwlstlc 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 (Ma) and decay width (I') 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 (X¥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(r) with the corresponding momentum p,, , are constrained to be within
the Fermi sea and is therefore bounded by the local Fermi momentum

ke, , (1) = [37% pnp(r)/2]? (4.43)

where pn(r) and p,(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 (L)
interactions. This self-energy is assumed to be the function of the nuclear density p(r).
This involves the decay of A-isobar through AN—NN and A —N= 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 k  of the nucleons in nucleus thus inhibiting
the decay as compared to the free decay of the A-isobar described by I' 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— 7wNN 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 seif 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) = 2k3.(r)/3n?, and forcing the nucleon
to be above the Fermi sea. This leads to an energy dependent modification in the A decay
width given as

[ - —-2mZs (4.44)
where I is the Pauli blocked width of A in the nuclear medium and its relativistic form is
- 1 f'rrNA 2 M I; 3 .
I'=— — F(k 4.45
o (Z22) 2t Pk, B ) (4.5

where F(kg, Ep,ka). the Pauli correction factor is written as [1611-[162]
kalPem! + EaE,_ — Epy's

F(kp,Eakp) = (4.46)
( F ) 2kA'plcml
with /s as the center of mass energy in the A decay averaged over the Fermi sea given as
3 k2
5=M?4+m? +2E, (M + 5—27‘/}—) (4.47)

kr the Fermi momentum, Er = \/M? + k%, ka is the A momentum, Ea = /s + k’A, and
E;,cm the nucleon momentum and the relativistic nucleon energy in the final 7N center
of mass frame.

M2 _m2) — 4M?m2
| = V(s — M2 —m2)2 —4M?m2 , (448)
cm 2\/5 ]
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In addition the Pauli factor has to replaced by 1 in Eq.4.45, if F(kp, Ea,ka) > 1 and by zero
if #(kr,Ea,ka) <0.

b) The intermediate nucleon through the A decay inside the nuclear medium feels a sin-
gle particle potential due to all the other nucleons in the nucleus, known as binding eftect,
which is taken care by the real part of the A self-energy. This effect modifies the mass of A
in the medium as

Mp — MA = Mp + ReXp (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]:

a g ~
~ImZa = Cq (—”-) +Caz (ﬁ) +Cas (ﬁ) (4.50)
Po Po Po

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 Cg accounts for the quasielastic part, the
term with C 4o for two body absorption and the one with C 43 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]:
2 Iy
C(Tx) = azx® + bz + ¢, r=-— (4.51)
Mg
where C stands for all the coefficients i.e. Cg, Ca2, Ca3, a and B(y = 28). 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}

ReZa =~ —30.0 (-’i) MeV (4.52)
Po

In the real part of the A self-energy ReXa 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 = and p meson exchange, then one

has to replace the pion optical potential by the m 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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Table 4.1: Coefficients used in Eq.(4.50) for the calculation of ImX 5 as a function of the
cnergy in the casc of pion nuclear scattering,

[ T (McV) [ Co(MeV) | Cax(MeV) [Cos(MeV)[a [B ]~
85 9.7 18.9 3.7 079 1072 ] 1.44
125 11.9 17.7 8.6 0.62 | 0.77 | 1.54
165 12.0 16.3 15.8 0.42 | 0.80 | 1.60
, 205 13.0 15.2 18.0 0.31 | 0.83 | 1.66
245 14.3 14.1 20.2 0.36 | 0.85 | 1.70
315 9.8 13.1 14.7 0.42 | 0.88 | 1.76

Table 4.2: Cocfficients used for an analytical interpolation of C(T) of Eq.(4.51).

] Co(MeV) [Caa(MeV) [ Caz(MeV) [« |8 |
a(-5.19 1.06 -13.46 0.382 | -0.038
b { 15.35 -6.64 46.17 -1.322 | 0.204
c | 2.06 22.66 -20.34 1.466 | 0.013

2
given by (L}n‘%ﬁ) gh S-St T - T [168], where gy ~0.5-0.6 is the Landau-Migdal parameter.
Finally, in the approach of Ref. [162], the correction to Re¥a comes out to be

4
REEA= 'g- (

T

2
f"mNA) g p(r)

(4.53)

and taking g5, =0.55 [168], the sum of the two corrections terms to ReZ4 in Eqgs.4.52 and
4.53, get the approximated form as [162]

ReXa ~ 40.0 (ﬁ) MeV

fo

(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
d%o _ G%cos?bc
dEk/ko! 128773

LI
/ d’rp(r) Ep MMa

r
7~ ImEA

X =
[(W — M —ReZa)? + (L - ImZa)?

(L J*)

(4.55)
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The expressions for ', ReZa and ImZ 4 as defined in Eqs.4.45, 4.50 and 4.54, have been used
to numerically evaluate the differential scattering cross section and the total cross sections.

!t should be noted from the above expression that the ImE 4 term in the numerator gives
the particle hole excitations and I 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 ImX A or I in the numerator
of Eq.4.55. For example, in case of one m* production process I and Cp term in ImXp give
contribution to the pion production.

The total scattering cross section for the neutrino induced charged current oneA7;"produc-
tion on proton target is given by

Ao _ G%cos®c / (r)' 1 1 /

dEklkol . 1287(3 E A/IM , écg Nod

: o AR Y
3~ Cq <Po)

(W = Ma —ReZa)2 + (£ — ImZ4)?

2\

—~

X

. . -
For charged current one m*+ production on the neutron target, p,(r) in the aboV.

replaced by %pn(r), where the factor é with p,(r) comes due to suppression of =+ production
from the neutron target, ie. vy +n — [~ + At as compared to the 7+ production from
the proton target, i.e. v, +p — 1~ + A+t through process of A excitation and decay in the
nucleus, ie. A** s p+atand At sn+at (- p+ ).
Therefore, the total scattering cross section for the neutrino induced charged current one
*+ production with the nucleus is given by

f‘ (04
d’o _ G?cos 6’(;/d3 I kK| 1 7~ Ca (,%)
dE.dly 12873 " Ee MM, (IV = Ma = Re£4)? + (£ ~ ImE )2
1
X [Pp(r) + §Pn(r)] (L J*) (4.57)

For antineutrino reactions the role of p,(r) and p,(r) are interchanged and [p,(r) + %pn(r)]
in the above expression is replaced by [pa(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 aventually 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 absorpiion 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 show 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 distoried 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 well 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(r) of range R. The scattering problem consists of solving the Schrodinger equation

[62 + k2] ¥(r) = 2mV (r)(r) (4.58)

with the condition that the wave function ¥(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
Y(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 ¢)(r). With these conditions the wave
function 1(r) takes the form

ikr

€ (4.59)

Y(r) = T + £(6,9)

r

where f(0, @) 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



4.5 F1wAL STATE INTERACTIONS (I'SI) 79
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Figure 4.4: Definition of impact varameter 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 ac small angles only. Therefore, we can assume the wave
function to be of the form

¥(r) = e o(r) (4.60)

where ¢(r) is a slowly varying function of r and satisfies the condition that if k points along
z-axis then ¢(r) —1 as z —» —oo. 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

V¥(r) = e*7(ik)g(r) + e*TTé(r) (4.61)
and
V() = V- VU(r) = —k2(r) + 2ike*TTo(r) + T o(r) (4.62)

. . . . . -2 .
and our approximation consists in dropping the 37 ¢(r) term, since we assume we have ¢(r)
varies slowly in a wavelength, we have

2ike™ T B(r) = 2V )k T ¢(r) (4.63)

We choose z-axis to lie in the direction of propagation k, we have

28 = =V
&(z,y,2') = exp [—%/_ V(:r,y,z')dz'} (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

z

U(z,y, z) = exp [ikz - %/ V(z,y, z')dz'} (4.65)

—00
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Now this expression is missing a good many of the things one looks for in thiee 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 volumne 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 intu two components r = b + Kz, where b is a vector lying in a plane perpendicular
to k, with this notation 1(r) may be written as

:orz
Y(r) = exp [ik r— %/ V(b + Kz')dz' (4.66)
00
rlence, if the potential is concentrated at the origin, then the distance b = |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 F{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

e{a=kn)T _, exp [z(q —kg)-r-— %/

-

z

V(b, z')dz'} (4.67)

We will use the fact that the pion self-energy II is related to the equivalent pion optical
potential V,p by means of [162], [169]-[170]

T(p(r)) = 2 Vope(o,T) (4.68)
where w is the energy of the pion, using |v| = |k»|/w Eq.4.67 becomes
oC
a7k T, axp [z(q ~kg)-r— 1/ ——I—H(p(b, z'))dz'} (4.69)
2 2lkal

The pion self-energy is calculated in momentum space for the A-hole excitations, and given
as (161}, [162], {169]

2 2
Np(b, ) = & (—f—”é) 2 ef? plb.2) Gan(5, ) (4.70)

My
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with Gap(5, p) the A-hole propagator given as

1

= 4.71
\/: - Ma + %11‘(5) p) - 1'm2A(§)p) - ReEA(E, p) ( )

GAh(s: p(bv 2,)) =

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. [n 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 F(q—ky), in impact parameter representation may be written
as

Fla-kq) = /dzbdz p(b, z) ea~kn)-(b+4z) (4.72)

where d?b 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

a—kn)(b+az) _ —ikib alai—kk)z

where k!, and K}, =k, -§ = k29 are the transverse and longitudinal components of the pion
momentum. Also for the potent:al with azimuthal symmetry we may carry the integration one
step further by noting that & [ €29dg = Jo()) where Jo()) is the zeroth order Bessels
function. Finally, Eq.4.72 takes the form

oo o0
Fla-ky) =21 / b db / dz p(b, z) Jo(kLb) exlal-k)z (.73)
0 —o0

When the pion absorption effect is taken into account the nuclear form factor F(q ~ kx)
modifies to F(q — k) given as

F(q~kq) =27 / b db / dz p(b, z) Jo(kLb) elal=kz)z g=1f(b.2) (4.74)
0 -0
where
f(b ‘)‘/x 1 (p(b. 2'))dz’ 75
)= g p(b. z (4.73)

and the pion self-energy 11 is defined in Eq.4.70.
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4.5.2 Final State Interactions effects for Incoherent Production

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 nucleus 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 propagzted following straight lines till they are out of the nucleus. At the
beginning, the pions are placed at a point (b, z;,), where z;, = —\/R2 — |b|2, 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) ~1073pg, with pg 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,A)dl << 1, where
P(py,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 z € [0,1] is generated such that there are
two possibilities:

(a) First possibility is z > 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 di.

(b) Second possibility is z < 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 léngth of a pion is given by

Pr =Y [ortnaf(E)on + Orpp—s(E)pp) (4.76)
!

where f 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 z,, = —\/K* — |b|2, 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) =10 ~3pg, with pg
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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 dl, along its momentum direction (z-direction),
such that P(py,r,A)dl << 1, where P(py, 1, )) 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 z € [0, 1]
is generated such that there are two possibilities:

(a) First possibility is z > 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 < Padl, 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

Pr= Z [U1r+n—»f(E)pn + Uvr+p-of(E_)pp] (4.77)
f

where f account for all possible final channels, n and p are neutrons and protons and py,, 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

PN("A'.KX')NI = UN("A‘"A')N/ X PN (478)

where N is a nucleon, py is its density and o is the elementary cross section for the reaction
7 + N — m + N’ obtained from the phase shift analysis. When according to Eq.4.77, a
quasielastic scattering took place, the foliowing 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 Il i.e. P, = Mp—"z 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 twe-nucleon 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 praviously 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 2C and 160 nuclei. We
also present the numerical results for the charged current incoherent neutrino production of
one 7+ induced by muon type neutrino from 12C and 160 nuclei. We present and discuss the
numerical results for the differential cross sections and the Q2 distributions for the charged
current induced incoherent and coherent neutrino producticn of pions and leptons for 12C and
160 nuclei. The total cross section for the incoherent and coherent production of pions have
been presented and discussed.

5.1.1 Cobherent Production of Pions and Leptors
A. Charged Current Coherent Pion Production

We have done the numerical calculation for the neutrino energy E,,=1.0 GeV. In Fig.5.1, we

CcC . . .
show the results of (arﬁmm:?) as a function of the pion angle © 4 measured with respect

to the momentum transfer (q) for lepton angle ©,,,=0° with respect to the neutrino direction,
at qo=E, - E,=300 MeV in '2C 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 ReX A and ImX s 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 (Eﬂﬁ_ﬁ%iﬁ) for all values of O,. We find
that the reduction in the cross section by incorporating the nuclear medium effects is about
55% at ©,,=0° and increases with 6, as it is about 80% at ©,,=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 F(q — k) are taken
into account, there is a further reduction which which is almost 70% in the range 0° < 6,4 <
20° and then decreases as it is about 67% and 58% at ©,=30° and ©,,=40°.

In Fig.5.2, we present the result (E,ﬁ‘ﬁrfjb“_,) in 160 nuclei, and the effect of the nuclear
medium reduces the cross section, as it is around 55% at ©,,=0° and increases with ©,4. It
is about 60% and 86% at ©,,=20° and ©,,=50°, respectively. The effect of the final state
interaction of the pion is almost similar in nature as in case of 12C nuclei.

In Fig.5.3, we show the differential cross section integrated over the lepton angle 6,
ie., (m“%) for B, = 0° as a function of qq, 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 go and in the peak region (go=350 MeV of the free) it is about 50%. We see that after
the peak reagion it is about 30% and 5% at qu=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 qg, as it is about 15%, 55% and 75% at q¢=250, 300 and
350 MeV, respectively. In the peak region (qp=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 qp=450
MeV, 600 MeV and 850 MeV, respectively.

In Fig.5.4, we show the result for (ED‘%%) in 160 nuclei, and the nature of the cross
section is almost similar as in Fig.5.3 for 12C nuclei.

In Fig.5.5, we present the above result integrated over the pior angle O, i.e., the mo-
mentum distribution of pion (d_:in_C:«‘) in 12C 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,=310 MeV of free) it is about
60% and decreases further, for example, it is about 45%, 20% and 5% at qp=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
(kx=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 Kk, and then decreases further.

e ccy . .
In Fig.5.6, we present the momentum distribution (dgk" ) in 160 nuclei, and the cross
section follow the same trend as in Fig.5.5 for *2C nuclei.
. . . . cC
In the Fig.5.7 and Fig.5.8, we present the angular distribution of pion (ﬁ(‘)’?ﬁ) as a
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function of cos O, in 12C and %0 nuclei, respectively. The angular distribution is found to
be sharply peaked in the forward direction of the pion angle ©,4. The reduction in the cross
section decreases uniformly due to the nuclear medium effects as at cos 68 ,,=0.80, 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 seciion 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 O, i.e.,

(Idr:’“c—dcl—,::) for 8,, = 0 as a function of qg in '2C nuclei. We find the reduction due to

nuclear effects is approximately 45% for qp=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 qg. We see
that it is about 40% and 15% at qp=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 qg. In the peak region
(90=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 smaliler qq, for
example, it is about 80%, 70% and 60% at qu=400 MeV, 500 MeV and 600 MeV, respectively.
In Fig.5.10, where we have presented our result for (3%%—) in 160 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 12C nuclei.

In Fig.5.11, we present the result of (d“i’—;‘c-) as a function of qq in 12C 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 qg and in the
peak region {qo—=340 MeV of the free) it is about 60% then decreases with increase in qg. For
example, it is about 55%, 35% and 8% at q¢=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 qq.

In Fig.5.12, we present the result of lepton momentum distribution i.e., (d—gk—cjc) as a
o

function of k;‘ in 12C 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 kL=500 MeV, and then it reduces due to the nuclear effects. In the
peak region (k=660 MeV of the free) the reduction is about 60% then decreases with increase
in ki,. 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.5.12 and Fiyg.5.14, we present the angular distribution of leptons (#g—) as

cos Oy,

a function of cos @, in 2C and 160 nuclei, respectively. The angular distribution is found to
be sharply peaked in the forward direction of the lepton angle ©,,,. The reduction in the cross
section increases uniformly due to the nuclear medium effects as at cos ©,,=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. QQ-DistributionS and The Total Cross Sections

In Fig.5.15 and Fig.5.16, we have presented the results for the differential cross sections (%;)

in 2C and 180 nuclei, respectively, for charged pion production at neutrino energy E,, =10
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 uniformaiy. 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
0©C for the coherent charged current reaction induced by v, in *2C and 160 nuclei, respectively.
The results for aCC(E,,“) as a function of neutrino energy E,, 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 resuits for aCC(E,“)
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
oNC for the coherent neutral current reaction induced by v, in 12C and 180 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 Production of Pions

in this section we present the numerical results of incoherent production of one 7™ in 12¢C and
160 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 7+ production
for the incoherent processes with the different N-A weak transition form factors given by
Schreiner and von Hippel [124], Paschos et al. [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 7% production from
12C 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 o(E,) without
the nuclear medium effects, with the nuclear medium modification effects, and with nuclear
medium and pion absorption effects. We find that the cffect 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 E,=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 produge pions and the rest of them
produce particle hole excitations. This is calculated hy using g and Cp term in ImEXa for
the production of pion and for medium absorption of A, Cy4o and Cy3 terms in ImX, in
Eq.4.56. Therefore, the total effect of the medium modification is an overall reduction of
arourd 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 7% production from
16Q 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 o(E,)
vs E, induced by neutrinos on 12C 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 7t 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
E,=0.5-3 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 5.15: Differential cross section d%; vs Q? at E,=1.0 GeV for the charged current

coherent pion production rn }2C nucleus.
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Figure 5.23: Charged current one pion production cross section o(E,) vs E, induced by
ncutrinos on 12C target. The various curves arc the cross sections for the charged current
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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.

5.2 Application to §-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 §-beams, provide a source of pure single flavor, well collimated and
intense neitrino(antineutrino) beams with a well defined energy spectrum obtained from the
B-decay of accelerated radioactive ions boosted by a suitable Lorentz factor v. The radioactive
ion and the Lorentz boost factor ¥ can be properly chosen to provide the low energy [82]-[90],
intermediate and high energy [293], [295], {296}, [312]-[316] neutrino beams according to the
needs of a planned experiment. In the feasibility study of S-beams, SHe ions with a Q value
of 3.5 MeV and '8Ne 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 v discussed in the literature. In
particular, we study the neutrino nucleus interaction cross sections in 160 for 3-beam neu-
trino(antineutrino) energies corresponding to the Lorentz boost factor < in the range of
60< v <250 (150). The energy spectrum of 3-beam neutrinos(antineutrinos) from *¥Ne(SHe)
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ion source in the forward angle(§ = 0°) gecmetry, corresponding to the Lorentz boost factor
7 is given by [84], [85]:

q)c'm(-Eu'Y[]- - ﬂ‘)
71 -4l
®em(E,) = bE2E.p.F(Z', E.)O(E, — m,) (5.1)

q)la-b(EU:B = 0) =

In the above equation b = ln2/m2ft1/2 and E.(= Q@ — E,), p. 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*) + Ue(ve) and F(Z', E,) is the Fermi function. In Fig. 5.24, we show the
representative spectra for neutrinos(antineutrinos) corresponding to the Lorentz boost factor
v =250 (150).
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Figure 5.24: Neutrino(solid line) energy spectrum obtained with '®*Ne boosted at v = 250
and antineutrino(dashed line) energy spectrum obtained with ®He boosted at v = 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 v (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 70 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 77 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 70 which gives
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Table 5.1: Cross sections (o), (10~%cm?) averaged over the § beam neutrino spectrum for
various Lorentz boost factor -y(column I) and corresponding average energies of neutrinos
(column II). Columns III and IV give the total cross sections for the quasielastic and the
inclastic charged lepton production process and column V gives the the total cross section
for the inelastic neutral current production of 9.

g (Ev,) | (o )f,ﬁ (0)imet | $9)inet
60 | 226 131 0.87 0.24
75 | 282 199 }6.3 1.7
100 | 376 307 |33 9
150 | 564 468 131 35.3
200 | 752 563 | 238 64
250 | 940 617 | 331 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 0 (E,, ) induced by neutrino and antineutrino
in 160 for the quasielastic, inelastic charged lepton production processes, and inelastic neutral
current production of 7® showing their relative contributions is given in Ref. [138]. Here, we
present the flux averaged cross section (g}, 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

[P dE,®10(E,, 0 = 0)o(E,)

(o) = I dE, B1ap(E,, 0 = 0) 52)

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 @ flux i.e. ®i,5(E,,8 # 0) is about 5% for v = 60 and reduces to
less than 1% for v = 250. In Tables-5.1 and 5.2, we show the results of the flux averaged
cross section (o) for neutrino and antineutrino reactions for various values of the Lorentz
boost factor v 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 scctions (), (107%°cm?) averaged over the § beam antineutrino spec-
trum for various Lorentz boost factor y(column I) and corresponding avcrage energies of
antineutrinos (columnu II). Columns IIT and IV arc give the total cross sections for the
quasiclastic and the inelastic charged lepton production process, while column V gives the
total cross scction for the inelastic neutral current production of 9.

v | (Bo) | {0)ge | (O)imet | {0)imer
60 |[232 |33.2 |0.0855 | 0.028
75 [290 466 |12 | 0.38
100 {387 |69 |72 |22
150 {580 |111 [32 |95

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 %8 Fe nuclei which are relevant for the atmospheric neutrino experiments.
The uncertainty in the nuclear production cross section of leptons from 56Fe 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 1.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. v, J,, v, and 7, 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 ihe 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 the Gransasso site to calculate the flux averaged cross section (o) and also the momentum
and the angular distributions for leptons produced by ve, 7., v, and 7, {136].
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Here, we present the lepton yields Y; for lepton of flavor { which we define as
Y, = /<I>,,, o(E,) dE,, (5.3)

where, ®,, is the atmospheric neutrino flux of v; and o(E,,) is the total cross section for
neutrino v of energy E,,. We calculate this yield separately for the quasielastic and inelastic
events. We define a relative yield of muon over electron type eventsby Ras R = R,/ = %}%
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.

Table 5.3: Ratio R = R,/ = -)‘:,’:%% corresponding to quasielastic, inelastic and total
production of leptons [FG refers to Fermi Gas Model, NM refers to Nuclear Model, FN
refers to Free 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 Ry
shows the ratio of total yiclds for muon to electron for the case of nucleon in the nuclear

medium.

Site Soudan Soudan Soudan Gransasso | Gransasso
FLUX Barr ct al. | Plyaskin | Honda ct al. | Barr et al. | Plyaskin
[320] [321] [319] [320] [321]
Quasiclastic
Rnum 1.80 1.65 1.89 1.95 2.00
Rrg 1.81 1.66 1.89 1.95 2.09
Rpyn 1.82 1.68 1.90 1.95 2.08
Inelastic
Ran 1.84 1.81 1.95 2.02 2.05
Rar 1.82 1.80 1.94 2.01 2.03
Total
Ry 1.81 1.68 1.90 1.96 2.01
Rp 1.82 1.69 1.90 1.96 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 v(5) +°¢ Fe — [=(I*) + X, the results
are presented for the case of free nucleon by Rry, for the nuclear case with Fermi gas model
description of Liewellyn Smith {7] by Rrg and for the case of nuclear effects within our model
by Rnar. We see that there is practically no nuclear model dependence on the value of R
(compare the values of Rya, Rpe and Rpn for the same fluxes at each site). This is also
true for the inelastic production of leptons i.e. v(7) +°¢ Fe — I=(I7) + 71 (7~) + X for
which the ratio for free nucleon case (denoted by Rar) and the ratio for the nuclear case
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Table 5.4: % ratio r = —yq—):é‘: [N refers to Nuclear Model, F refers to free case]

[ Sites | Soudan | Soudan Soudan Gransasso | Gransasso
FLUX { Barr et al. | Plyaskin | Honda et al. | Barr et al. | Plyaskin
(320] (321] 319] (320] 321]
ru(F) 14 12 14 15 12
re(F) 14 11 14 14 12
ru(N) 22 20 22 23 19
re(N) 22 19 22 22 19

in our model (denoted by Ran) 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 R and Ry, where Rp shows the
ratio of total lepton yields for muon and electron for the case of free nucleon and Ry 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 Ry 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 Table-5.4, we present a quantitative estimate of the relative yield of inelastic events
r defined by rj = —’-;‘,—IA-. where VA = V{2 + YTA is the lepton yield due to the inelastic
events and Y] is the total lepton yield due to the quasielastic and inelastic events i.e.Y; =
V7% +Y{° + Y2 + Y2, The relative yield for the case of free nucleon is shown by r;(F)
and for the case with the nuciear effects in our model is shown by r;(N). 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 %0

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 12C and 160 nuclei. In this section, we have applied these results to the
atmospheric 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 colfaborations, 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

d—g:T) as a function of the pion momentum k., averaged over the MiniBooNE and K2K
spectra for v, induced reaction in 12C. 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

. . . . . “ CcC\ . . ..
trend as discussed in case of the the momentum distribution of pion (d—:i’-k”— in Fig.5.5. Similar

is the case we found in the momentum distribution of pion (dngiC) averaged over the K2K
spectrum for v, induced reaction in 80 shown in Fig.5.27. In the inset of these figures, we
show explicitly our final resuits 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 <%) averaged
over the MiniBooNE spectrum for v, induced reaction in 12C (solid line), averaged over the
K2K spectrum for v, induced reaction in }2C (dotted line) and averaged over the K2K spec-
trum for v, induced reaction in 180 (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 (E,,)=750 MeV and of the K2K spectrum is around
(Ey,)=1.3 GeV.



108 CHAPTER 5. RESULTS AND DISCUSSIONS FOR PION PRODUCTION

B. Incol.erent Production

In Fig.5.29, we have presented the results for the momentum distribution of lepton %).
which will decay into pions, as a function of the lepton momentum p,,, averaged over the
MiniBooNE neutrino spectrum, for v, induced charged current reaction in 12C. 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 =15%. We find a further reduction in the momentum distribution of
the lepton spectrum to be around ~25% 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 (3‘%)
which will be accompanied by the pions, as a function of the lepton momentum p,,, averaged
over the K2K neutrino spectrum for v, induced charged current reaction in 160. 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
(py=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 (a‘%)
which will be accompanied by the pions, as a function of the lepton momentum p,, averaged
over the MiniBooNE and K2K neutrino spectra for v, induced charged current reaction in 12C
and 160, 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 Paschns et al. [146] and
Lalakulich et al. [147] N-A transition form factors are respectively 6-8% for neutrino energies
upto E,=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

df;ec ) as a function of cos B4, averaged over the MiniBooNE and K2K spectra for v,
nq

induced reaction in '2C nuclei. The angular distribution is found to be sharply peaked in
the forward direction of the pion angle ©,,. The reduction in the differential cross section

(dé—fgﬁ) averaged over the MiniBooNE spectrum for v, induced reaction in '2C decreases
uniformly due to the nuclear medium effects as at cos ©,4=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 ( dggscec,,,,) averaged over the K2K spectrum for v, induced reaction
in 12C, the nuclear medium effects reduces the cross section as 65%, 50%, 30% and 10% at
cos 6,,,=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

. . . C . .
differential cross section (dggsce ) averaged over the K2K spectrum for v, induced reaction
nq

in Y50 nuclei, as shown in the Fig.5.35. In the inset of these figures, we show explicitly our
final resuits which include both the renormalisation of the A properties in the nuclear medium
and the final state interaction of the pien with the final nucleus.

In Fig.5.36, we show the result for differential cioss sections (E%GCW) averaged over the

MiniBooNE spectrum for v, induced reaction in 12C (solid line), averaged over the K2K
spectrum for v, induced reaction in '2C (dotted line) and averaged over the K2K spectrum
for v, induced reaction in 60 (dashed line).

In Fig.5.37 and Fig.5.38, we have presented the results for the angular distribution of lepton
(%’gz‘) as a function of cos©,,,, averaged over, the MiniBooNE spectrum for v, induced

reaction in *2C nuclei and the K2K spectrum for v, induced reaction in **O nuclei. The
angular distribution is found to be sharply peaked in the forward direction of the lepton angle

do

N . . . . CcC -
©,,.. The reduction in the differential cross section (m) averaged over the MiniBooNE

spectrum for v, induced reaction in 1?C, due to the nuclear medium effects is in the range
of 30-35% in the forward direction. The final state interaction of pion with the final nucleus
further reduces the cross section and it is about 55-756% in the forward direction In case of the

. . . do€C . . .
differential cross section (;2Z5—) averaged over the K2K spectrum for v, induced reaction in
vu

160, 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. e
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5.4.3 (*-Distributions
A. Coherent Production

in Fig.5.39, Fig.5.40 and Fig.5.41, we have presented the differential cross sections (%;)
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 Q2-distributions averaged over, the MiniBooNE
and the K2K neutrino spectra for v, induced reaction in 12C nuclei, respectively. In Fig.5.41,
the Q2-distributions averaged over, the K2K neutrino spectrum for v, induced reaction in 160
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 (-ddlqggc—)

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 (%g;) averaged
over the MiniBooNE neutrino spectrum for v, induced reaction in 12C (solid line), averaged
over the K2K neutrino spectrum for v, induced reaction in 12C (dashed line) and averaged
over the K2K neutrino spectrum for v, induced reaction in 80 (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 ihe differential scattering cross
section ( d%’,) vs Q2 for charged current one m* production for the incoherent process averaged
over the MiniBooNE and K2K neutrino spectra for v, induced reaction in 12C (Fig.5.43 for
MiniBooNE) and 80 (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
N-Z4 tronsition form factors given 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 unto Q2 < 2.0 GeV2. 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?2, after which it increases slightly as it becomes
around 40% at Q2% < 2.0 GeV2. 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.

In Fig.5.45 and Fig.5.46, we have presented the results for the @? distribution (-&dgg) as
a function of Q2 for charged current one n+ 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 spectrum for v, induced
reaction in '2C (Fig.5.45 for MiniBooNE) and 160 (Fig.5.46 for K2K). In Fig. 5.45, we find
that in the peak region (Q? < 0.2 GeV?2), Q2 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% ai Q%=2.0 GeV2. The distribution obtained by using Paschos et al. [146)
are about 2 — 7% (in the peak region @2 < 0.2 GeV2) 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 Q2=1.0 GeV? and then decreases to 14% at Q2=2.0 GeV2. 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 beconies 25% at Q%=1.0 GeV? and
then decreases to 20% at Q2=2.C GeV2. In Fig.5.46, the uncertainty in Q2 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.
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T YT T T TR TY Ty
45T T T T LEAAA T -
4 7 « Without nuclear medium effects 3
44 oo =~ With nuclear medium effects -
: —- With nuclear medium effect and pion absorption
- 1 v ¢ i
% 35 u n
S 1 -
A 3 =
E : I’\\
= 10 N i
2 254 U =
— N A .
* 1 A . -
£ o9 AN »
A 4 R
o1 o
g b AN
NREEH ~ =
g 42 o .. L
1
L2 B B \\\ .. =
1 s |
] s~
05 TSl . -
i BRI
PP PN P PRSP DTS PR Fererwre wee e oo o 2=

0.02 0.04 0.06 0.08 0.1 0.12 0.13 0.16 0.18 0.2
Q' (GeV’)

Figure 5.40: Differential cross section (d%’f) vs Q? averaged over the k2K neutrino spec-
trum for the v, induced coherent, charged current pion production on 12C nucleus.



120 CHAPTER 5. RESULTS AND DiISCUSSIONS FOR PiON PRODUCTION

RAAAAL RARAE LS RAAAE RARAE RASAS MARM RAARE RS RAMES
6] - Without nuclear medium effects -~
N — = With nuclear medium effects [
4 ——  With nuclear medium effect and pion absorption |
-~ 5'j v -0 -
P » i
S 3 1
~ 4 : 3
5 4 — :/’\\ —
- 4 \ L
s 1 N [
- Jd: N 3
¥ 3 o \ -
SR I N L
A T AN [
o 4 N 5
3,1 N [
M EE L
“° <1 \\\ 3
- 43 ~ . b
Vo RN g
Ei -
1 Sl i
]' -\;;.:L"_n... :
Y A PRI FUTES PEPEE PP TS P e e sew e = oo s 2 O-GT
0 0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18 02

2 2

Q[ GeV']

Figurc 5.41: Differential cross section ( ‘T‘%’,) vs Q2 averaged over the k2K neutrino spee-
trum for the v, induced coherent charged current pion production on 0 nucleus.

LELARE SRS R B R B e SRR LA S L LA B BB
] ! - v'-“():Avengedover K2K Spectrum L
< J -
14 -— v“-':C:Avcngedovcr K2K Spectrum -
i : :
— 4 : —_— v“~uC:Aveugedover MiniBooNE Spectrum o
. i : -
K] 1 :/7"" F
Sosoq :/ o e -
5 1 o N = With nuclear medium ¢ffec and pion absorprion t
z 1 \\ b
4: L
o6 . -
1 " [
WA 4 J' N F
g 13 N : :
o ()4_1. 3 S -
e 41 RN F
< {1 SO L
v 1 ~a L
1 S 9
023 I PST L
4 SNl 3
~-;-:_<_“. L
J “Hu‘.“_‘>

TWEE CHETE SUNEE PUERE FESYE SRETE FES TS PETEE FPTWE FE

[~

0 002 004 006 008 01 012 014 016 018 02
Q 1GeV')

Figure 5.42: Differential cross section (‘—%’7) vs Q? averaged over the MiniBooNE and the
k2K ncutrino spectra for the v, induced coherent charged current pion production on 12¢

and 160 nucleus.



5.4 APPLICATION TO ACCELERATOR NEUTRINO CROSS SECTIONS IN 2C AND 150 121

7 o
«+++ Without nuclear medium cffects [
=« With suclcar medium effects |

6 — With nuclear medium effect and pion absorption [

T+~ v ¢ F
% (] L
Q3 -

~c X
£ L

'.‘E 4 -_

ﬂ‘— :

3, 3 a
o [
E 3
sp 2 -
L L
v L

L
l =
0 -
) 025 05 0.75 i 1.25 L5 175 2
Q' [GeV’]

Figure 5.43: Differential cross section ( %’7) vs Q? averaged over the MiniBooNE ncutrino
spectrum for the v, induced charged current incoherent pion production on 2C nucleus.

Ty V[ vy P [T [V r vy y [ rrysr[ryvryrrrrey

+ Without nuclear medium effects
=~ = With nuclear medium effects
~—— With nuclear medium effect and pion absorption

i - 16
N v- O
. B

-
&~ ) o0 =]
1

<do™7dQ >"* (10 em¥Gevy

(=)

Nlllllllrl'llllllTl"‘llllll'

[ IV I AT I TSP I

(-]

025 05 0.75 1 1.25 L5 1.75
Q 1Gev')

(-]

Figure 5.44: Differential cross section (%’7) vs @2 averaged over the K2K neutrino spec-
trum for the v, induced charged current incoherent pion production on 0 nucleus.



122 CHAPTER 5. RESuULTS AND DiscussioNs FOR P1ON PRODUCTION

YTy T [T T T Y T T YT T YT T YT T Ty

~— using Lalakulich et al. [146] weak N-A form factors r-
-

— —~ using Paschos et al. [145) weak N-A form factors
-« using Schreiner von Hippel (123} weak N-A form factors

12
v-C
L

All the curves are wilh nuclear medium

<do™1dQ? 5™ 1107 emiGev?)

2 effects and with pion absorption ~
1.5 - =
1] B
. -
0.5 ~ -
«L e o
q 1 .
0 0.25 05 0.75 1 1.25 1.5 1.75 2

Q' 1GeV?)

Figure 5.45: Differential cross section ( a%g) vs Q? averaged over the MiniBooNE ncu-

trino spectrum for the v, induced charged current incoherent pion production on 12C
nucleus.The various curves are the final results with nuclear medium and final state inter-
action effects.

7 e
~—— using Lalakulich et al. [146] weak N-A form factors
— ~ using Paschos et al. [ 145] weak N-A form factors

- using Schreiner von Hippel {1.3} weak N-A form factors

(-

3
FUTWE TS EVETE PRUTE FRUTE P UUEY T

1GeV7)
A

-

All the curves are with nuclear medium
effects and with pion absorption

¢ 3 K12 .3
<do®/dQ* >*™ [16™ em?
v -

L LAASARAARAN RARRS REASRE NSRS LIRS .

Y TP TP I U IR i Tk
0 025 05 0.5 1 125 1.5 175
Q7 Gev7]

Figure 5.46: Differential cross scction (3401;) vs Q2 averaged over the K2K neutrino spee-
trum for the v, induced charged current incoherent pion production on 160 nucleus.The
various curves are the final results with nuclear medium and final state intcraction cffects.



5.4 APPLICATION TO ACCELERATOR NEUTRINO CROSS SECTIONS IN 2C AND 10 123

5.4.4 'Total Cross Sections

In Fig.5.47, we have shown our final result for the total scattering cross section o€ for the
coherent charged current reaction induced by v, in 12C nuclei. We have shown the result for
oCC (dashed line) when a cut of 450 MeV is applied on the muon momentum i.e., k;, >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 '2C nuclei for E,=1.3 GeV
which is 0CC=7.7x10740 cm? with k|, >450 MeV cut applied [57].
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Figure 5.47: Total cross section g(E,) vs E, of the coherent pion production by neutrinos
in the case of charged current. The dashed linc represents the total cross section with a
cut on the muon momentum ki, >450 MeV. solid line is without any cut. The O gives the

upper bound ¢€$ <7.2x107% cm?/C at (E,)=1.3 GeV [57].

In Fig.5.48, we show the total cross section o> for the neutral current induced 70 production
from 12C (solid line), 180 (dashed-dotted line), 27Al (dotted line) and CF3Br (Freon) (dashed
line), along with the experimental results from the MiniBooNE collaboration for 12C [63], from
the Aachen collaboration for 27 Al [274) and from the Gargamelle collaboration for Freon [276).
We see that the theoretical results for the neutral current induced coherent @ 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 o(E,) vs E, of the coherent pion production by neutrinos
in the case of ncutral current in 12C (solid line), 80 (dashed-dotted line), 27Al (dotted
line) and Freon (CF3Br) (dashed line) with nuclear medium and pion absorption effects.
The experimental points for neutral current are from: A MiniBooNE [63], e Aachen-
Padova [274] and O Gargamelle [276].

in 12C and 80 nuclei, we have obtained the flux averaged cross section {o) for the K2K and
the MiniBooNE neutrino sgectra.

_ [o(E,)é(E,)dE,
O FICRELS (54)

The result for the _ohere1t charged current total cross sectior averaged over the K2K nautrino
spectrum with k;, >450 MeV cut applied is (6€¢)=0.578x107%0 cm?/nucleon in !2C nuclei,
and is consisient with the experimental result of (7CC) <0 642x10~%° cm?/nucleon at average
neutrino energy (E,)=1.3 GeV in 12C nuclei reported by the K2K collaboration [57] Since
the estimate of coherent neutral current 7° production is important because it contributes to
the major background in the oscillation of v,'s to v,'s, we have calculated the neutral current
79 production averaged over the K2K and MiniBooNE neutrino spectra. The results are as
follows

(@) in12C = 0662 x 107 cm?/nucleon (without cut k!, > 450 MeV)
(5.5)

(UCC)KZK in 12C = 0.578 x 107%° em?/nucleon (with cut k; > 450 MeV) (5.6)
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Table 5.5: Charged current incoherent total scattering cross sections for one 7+ production
(o€C) averaged over the MiniBooNE and K2K ncutrino spectra for the different N-A
transition form factors given by Schreiner and von Hippel [124], Paschos et al. [146] and

Lalakulich ct al. {147].

Hippel [124)

N-A Transition (0¢C) in 1*C | without medium | with medium | with nuclear
Form Factors 10738 cm? modifications modifications | medium and
n-absorption
Lalakulich ct al. {147] | MiniBooNE | 3.269 2.799 2.034
Paschos ot al. [146] | MiniBooNE | 3.016 2.582 1.874
Schreiner von MiniBooNE | 2.701 2.313 1.678

N-A Transition

(¢®Y in 180

without medium

with medium

with nuclear

Form Factors 10738 ¢m? modifications modifications | medium and
_ m-absorption
Lalakulich et al. {147] | K2K 5.820 5.023 3.639
Paschos ct al. [146] K2K 5.370 4.634 3.358
Schreiner von K2K 4.783 4.126 2.988
Hippel [124]
NC\K2K . 12 -40 2, .
(a™%) in “C = 0.395 x 107" cm’/nucleon (without cut) (5.7)
(aNC)mK in %0 = 0.366 x 107% cm?/nucleon (without cut) (5.8)
(UCC)MB in2C = 0.461 x 107° ¢m?/nucleon (without cut) (5.9)
(aNC)MB in2C = 0.284 x 107%° cm?/nucleon (without cut) (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-self 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 Q2. 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 the cross section comes from C#(Q?) term. The expression of CA(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.3.48 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 Q2
dominant nature of the process and these results have not been explicitly shown here. In our
calculation we have used the expression of CZ(Q?) used by Schreiner and von Hippel [124].

Using Eq.5.4, we have obtained the flux averaged cross section (0€C) for the MiniBooNE
and K2K neutrino spectra for the charged current muon neutrino induced incoherent
production in 12C and O 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 17 production
cross section with the recent preliminary results from the MiniBooNE collaboration [61)-[62]
on 2C. We have calculated the total scattering cross section for the charged current 17+
production o(E,) for v, induced reaction on a free proton target ie. v, +p — pu~ +p+
7+ presented in Fig.5.49 along with the experimental results from the ANL and the BNL
experiments [242]-[245].
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Figure 5.49: Charged current one pion production cross section induced by ncutrinos on
proton target (v +p — p~ + p+ nt). Experimental points are the ANL and the BNL
data and dashed-dotted linc is the NUANCE cross scction 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-dotted line), Paschos
ct 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. [147] are larger
than the cross sections obtained by using the Schreiner and von Hippel [124] parameterization.
The uncertainty in the total cross section for 1m* 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 resuits are within 1 standard deviation of the experimental results
using weak N-A transition form factors of Paschos et al. [146] (ng;=0-9) and Lalakulich
et al. [147] (x2,=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;‘:df=0.6) and Paschos et al. [146] (x;y=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 caiculation. 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 17+ (CClnt)
production to charged current quasielastic scatteiing{CCQE) cross sections. The numerical
vaiues of the total cross sections for 17 * production shown in Figs.5.17(coherent) and 5.21(in-

coherent) and the total cross sections for inclusive quasielastic lepton production shown in

Fig.2.12 have been used to calculate the ratio r = g(%"—;-)) 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 [61]-[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 ,\gdf=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: %%%’LE)) for the v, induced reaction on '2C. The cxperimental points arc

taken from Wascko [62]. The theoretical curves are obtained by using Schreiner and von
Hippel [124](double dashcd-dotted line), Paschos et al. [146)(dashed line) and Lalakulich et
al. [147](solid line) weak N-A transition form factors for C.C.17* 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 M 4=1.05 GeV is used.

In Fig.5.51, we have shown the variation in the total cross section for the charged current
17 production for v, induced reaction in 12C due to the variation in the axial vector dipole
mass M4 in the N-A transition form factors using the parametrization given by Lalakulich
et al. [147). The results are shown for M4=..0 GeV, M4=1.1 GeV and M4=1.2 GeV. We
find that a 20% change in M 4 results in a change of around 20% in the cross section which
increases with M 4. In this figure, we have also shown the results predicted by the NUANCE (1]
and NEUGEN [2] neutrino event generators. These theoretical resu'ts are compared with the
experimental results reported by MiniBooNE collaboration. These cross sections are obtained
by multiplying the experimental ratio r = ?7((—66"%)2 given in 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 17+ 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: ¢(CC1n) for v, induced reaction on 2C. The dashed(solid) stairs are the
cross scctions from NEUGEN(NUANCE) Monte Carlo event simulation and the experi-
mental points shown by solid dot with error bars are the MiniBooNE results [61]-{62].
The theoretical curves show the CClnt cross section using Lalakulich et al. [147] weak
N-A transition form factors for the vaiious values of M4. The dashed-dotted line is
o(CC1n*) obtained by using the central value of the experimental results for the ratio
T = ‘%%ng—;—fl {61}-[62](experimental points shown in Fig.5.49) and ¢{CCQE) calculated
in our model without RPA effects.

in Fig.2.12 are used to calculate the total cross section for 1r+ 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 17+ 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 \(f,df=1.4.

It can be seen from Fig.5.51, that the theoretical predictions for the total charged current
1n* 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 17~ 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 552 o(CC1n+) for v, induced reaction on 2C. The theoretical curves show the
cross sections for the various weak N-A transition form factors. The experimental points
+
show o(CC1nt) obtaned by using the experimental results for the ratio r = %%%’E—))
[61]-[62] (experimental points shown in Fig.5.49) and o (CCQE) calculated in our model

with RPA effects

excitation of higher resonances like Roper(1440), S1;(1535) and D13(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, <15 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 v, and v, 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 12C, 180
and 56Fe. The cross section calculations are performed in a local density approximation tak-
ing into account the Pauli 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 v, 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 Q,, 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 E,,, this reduction increases with Z.

(2) The effect of the Coulomb distortion of the final charged fepton 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

131
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with Fermi function are smaller than the cross sections with MEIIA upto certain energy E,,
after which the the cross sections calculated with Fernii 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 heav-
ier mass range like 208Pb. This agrees with the results obtained earlier by Engel [156] for 205Pb.

(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 12C, 160, 56Fe and
208Ppb nuclei 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 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 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 and Incoherent Pion Production

We have studied neutrino induced charged current and neutral current one pion production from
12C and 160 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 !2C and 160 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 diffcrently 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
ncutral current one pion production induced by v, is studied. We have also presented and
discussed the numerical results for the momentum distribution, angular distribution and Q2-
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distribution for lepton and/or pions. The numerical results for the neutrino nucleus cross
sections averaged over the MinibooNE and the K2K neutrino spectra are presented for 12¢
and 190 nuclei. Specifically, we have presented the results for the total cross section for 1w+
oroduction from 12C and studied the energy dependence of the ratio of single #* 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(> 30%) 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 aNA
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 intaraction of pions with the residual nucleus.

(4) The total cross sections for neutrino induced =+ production from free proton are closer to
the 7+ production cross sections obtained by the ANL experiment and are smaller than the 7+
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 17+ 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
17+ 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 E, >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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17t 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
70 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 12C
and 160 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 Q2-distribution in *2C and 80 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 osciilation 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 nucleon scattering of Eq.2.1 is written as

G
M = ZE cosbc 14, (A.1)

V2

where the leptonic 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 nucleon given by:

G2
M2 = TF cos? 80 L J,, (A.2)
The leptonic tensor L* is given in Eq.2.9 as
L = Sx” = Te[(k+m) v (1= 2)(F +mu) v (1 - °)]
= 8 (KR RER = g kK 1o kR
= LY +il¥ ' (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:

1 1

FY\?
- — V2, 1 ' _ - )
2 AL, | NV Epe+pipu = (0 P~ MpdMa)g) +4 (_2M_)

Jo =

(@ — P D' Guv + Do) + 24 - P(PLGw = P - q9uv + P qu) + MpMng®g
—q(PLp-q—Puq P +qup-P') + MpMagugy + (p- P + MpMo)quge — qu(p - P'av
-q-p'po+q-pp,) + AlpAlnquqv] + (‘“'—-21) [(P;,Pu + PMP:/) ~(p- P+ A’{plun)guv}

. (F)FY
+ (4F?) lauqu (Mp My — p' - p)] + ( oa > [(Mngupl, + Mpaup.) — Ma(p,qu

~q-P'9uv +p,qu) + Mp(Puge — PGy ~ P q9uv) + (MnPlqv + Mpqupy + Mngqup,
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+Mpgupy) — MoV, = ¢ P'Guv + Do) + Mp(pogu — puge + P 99u)]

YV ra . FVFA
~ (8iF\"Fa) [capsv P p‘]+81( =7

+(4FaF,) [“Aln (P:;qu + P;‘I;:) + M, (puq. + PV%)]] (A4)

) [Mn faufv P,aqﬁ + ]up €upsy qﬁp6]

Finally, contracting the various terms of hadronic tensor J,,,, in Eq.A.4 with the leptonic tensor
L* in Eq.A.3, we get

- s _ Gieosbc 1 1 1
ZZ'MI = 9 2(4M,,M,,) (4mlmV)

x {(FY)? ((kp)(K'.2') + (k.0")(p-K') — MpMo(k.E")]
+ (F3) [(k.p)(K'p') + (k') pk') + MpMa(k.K)]
+ (2FY Fa) [(k:2)(p.K) - (kp)(K'9')]

B\? Ep)(K ’ ko) N + (kg K
+(m) [(kp)(K".q)(p".q) — (k-p)(K".p')q" + (k.p")(p-q)(K'.q)

(k) K)E + 5 (kK )PP = 3 (kKA Mag?
~(k.q)(K".q)(p.p') - (k-q)(k".q)Mn AL, + (k.q)(p-g) (k' p')

V oV
k)@ D) + (T2 ) SR8 0) = Mn(k ) 5)
=M (K .q)(k.p") + My(k.k')(p.q) + Mp(k.q)(k'.p) + My(K'.q)

|4
(k) + (2405 ) (M) ) = My(p)(.0) ~ Ma(K'0)

(k-p') + Mu(K'p')(k-q)) + (F) [(k-q)(K'.q) = %qz(hk’)][(p-ﬂ')
—MpMy] + (FaFp) [~ Mn(k.p')(K'.q) — Ma(k.q)(K'.p") + Mn(p'.q)

(kK') + My(k.p)(K.q) + My(k.q) (k') — Mp(p-a)(kK')]} (A3)
where
k= (Ev. k), p=(En, p)
o= (B X). p=(E, p)
g = (E,—E, k—¥) (A6)

The same expression can be used for antineutrino scattering by changing sign in the FI"FA
and F) F4 terms.



Appendix B
Lindhard Function

The Lindhard function for the particle hole excitation given in Fig.2.2 is
d*pn MaMp  na(p)[1 — np(p + q)]
U, , =2 P - B.1
W@ =2 | G EuE, 2+ Balp) ~ Enlp +a) + i (B

where go=FE, — E}, n,(p) and ny(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

1 1.

W ’P; Find(w) (B.2)

Thus the imaginary part of Eq.B.1 is given as
d®p M,M,

ImUn(g0.q) = —27 | ——= 1- s - L )

mUn@,0) = -2n [ 25 na(e) (1= mp + ) dlao + B~ Bp) Fg (BY)
Since q = p’' — p, qo = E, — E;, we have

Ep = /(p+a)>+ 212 = /Ipf* + jal® + 2Ipllalcosd -+ A1 (B4)
Therefore Eq.B.3 can be written as

d®p MM,
ImU, . = - —_— 1- it el 3
mUn(@o.a) = -2r [ Zl nap) (L= my(p + @)l Fp

<8 (an-+ /IpP + 342 — /[pP + laf + 2lplaleost + 142 ) (B:)

The occupation number n,(p)=1 for p < pp, (pr, 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 ppg, to 0, and
with

d3|p| = 2nd(cos 0)|p|2d|p|
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Eq.B.5 becomes

d( s6)

Py |p|?dip| [1 - +
ImUn(qo-@) = 2 MM / [pI*dip| [1 — ny(p Q)]

(2 /IpPP + M?

( . ) 5(q0+\/m

\flpl2 + |a]* + 2|pllqjcost + M2

/
/1P + [af? + 2Ipllalcost + M? ) (B.6)

Using the ¢ function property
[ r@stsend = [ 10 g - ¥ LE 8.7

where the points x, are the real roots of g(x)=0 in the interval of integration. The cosf
integral can be performed using Eq.B.7, and we get the above equation as

M, [Ph -n
ImUn(go,q) = -A—[;;I—/O IPIQdIPILh)—";\/%—Ag—]x (B8)

-1
—Ipllql
\ﬁ)lz +lq* + 21p||q|coso + A2

M M (771 Ipl (1= (e + @) [ s
VIpP + 112 [ o (p(2+M2] ®9)

Iql

From the 4 integration we have

a0+ /I + A2 = \/IpI? + |af? + 2lpllalcosd + M2 =

N
g0 +\/ ]Pl2 + M2 = \/lpl2 + ]q|2 + 2ipllqlcosf + A12

which implies (B.10)
g8 — lal + 240/ Ipl* + M?
cosf = <1 (B.11)
2|pllq
Further, [1-ny(p+q)=0(p+al-pr) = (p+q)’>p

Using expression for cos§ from Eq.B.10, the above expression becomes

r

\/q% ~ [P + 2901/ IpI* + M? > pr, (B.12)
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Imposing conditions B.10 and B.11 in B.8 gives the factor ©(1 — |cos8|) and B(A; — pg,)

where A; = \/qg - |p|? + 2qo\/{p|2 + M?2. With the substitution of these factors Eq.B.8 is

given by
ALM, (PR dJlp| ip|
tmUn(go, = 2P — (1 —|cos|) B(A; —
N(q") q) I o lpl2 n M2 'ql ( | D ( 1 sz)
MyMM, /”Fl dE
= — B(1 - |cos8|) (A, ~ pF (B.13)
Solving the integral and taking account of the two theta functions gives
1 MM, .
ImUn(g0,q) = ————F——[EF, — Al with (B.14)
2n |qf ‘
) —-qo +laly/1— -4—;‘4;
q < 0, Ep2 - qo < Epl and 2 < Epl
where
Ep, = \[pr,2 + M2 Ep, = /pr,2+ M2 and
—q0 +Iq}y/1 - %’I—Z
A= Maz |\, Ef, - qq, . (B.16)

2

Otherwise, ImUn(qq.q)=0.



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

v

_ / . q
Ju = u(p') [Fl‘ (@Y1 + B (9)iow g + FA (@) s + Fp (g)aurs | ulp) - (C1)
Consider the terms with F4 in the hadronic current .7, as

@(p') Fa(q®)vus u(p)
The spinors u(p) and @(p) are represented by

) = E _E_j,;_[ ) (C2)

- , E+M( -5y

i(p') = u(p')vo = —F (1, B M) (C.3)
Solving the terms for F4 using Eqs.C.2 and C.3, we get

4(p") Favuysu(p) = Fa(@®) [a(p ) ovsulp), a(@)vvsulp)] (C4)
Using

o [(E+M)E+ M) -F-p\( 10 01 1

wp homsu(p) = iEE l(l E’+M) \ 0 -1 10 =L

_G-(F+p) _G-(%+§ _&-P i

= 5E = oW = 5 (for E=E' = M) (C.5)
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and

s = [EEET (222 (0, )(34)( g, )

- ~ v\
. a(d-p)d-p)
= (0’ — T} (fOl’ E = El = M) (C6)
Neglecting second order term, we get term with Fis(q%) ox F4 G.
Similarly, considering the term

_ ¢

W(p) FY(4%) i0 5 u(p)
We have

v 0 1
O § =004 — 0 q

Since ¢° = E — E'=0 for E = E’, only v = i will contribute, i.e.,

ow §© = —Om q’=—[001 q'. 0y q‘]
_ {0 c-q axqg 0
= Z(5-(7 0 ) (0 5Xq~) (C7)
Hence,
22 () o ¢ u(p) = —in2 [a(p') o0, ¢* u(p), ©(p') 05 ¢" u(p)] (C8)
20 H oM J ;
We have
B, . _ B | [(E+M)E+M) -G-p 0 &-q
ioar UP) oo gulp) = -5 4EE/ Legramllsq o
1\
E+Af
F [E-90@-9
- _f2e-9e-g 9
26 | 2E (C.9)
and
Pt o oty = 22 r\/(E+M)(E/+M) i (5><q' 0)
“igar UP) 0 Pulp) = -5 4EE v Byam)\o xq

(25 )]
£ /
/ = A (E . T
_i B |ExM kixq‘— ‘”"‘77(""_’7(;"”))} (C.10)
oM | 2E (E+ M)
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Neglecting the second order term, we get term with Fy(q?) x Fa(q?) G x ¢

Similarly, considering the term

a(p') FY (q%) 44 w(p)

we get

FY () a(9') v w(p) = FY (@) [l 4 17 + eyt pip ’U(’;L;z T+ iegk @P1Ok | 1y
and

EY (¢%) &8 ~ w(p) = FY ()37 109 +00) — ek a04] (C12)
Considering the term

i(p') Fp(q®) quvs u(p)
we get only

Fo(g®) g0 5() 5 u(p) = ~Fplg) 220 (C.13)

Now collecting Jg and J, terms together of the hadronic current J,,, we get

_ Fald) v |y, B P Fieg Bpok| | F (g%
Jo = 5nf o P+ F'(¢°) [1+ M) + A1) 01910mqm (C.14)
and
ol a@-AE-P)| | FY( . F)' (g%
J o= FA(’.’)[”:" M) + 12M [P, ~ ek g,0k] — ¢ oA koK
(C.15)

Now we find Jgyg

= Fa(q?) v, 2 PP +i€um PLp1om
Ji = P, + F, L
00 ZZ{ oM o P+ F(¢°) [1+ (2M)?

1:.-1((12) Vi 2 [ 5 I;, + ie]l’m’ p' pllaml
— 0. P 2

Fy 4%)
t (;\1)2 C1qiTmdm

FV 2

(C 16)
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Neglecting the terms with 1/(2M)3, 1/(2M)* or higher power and using the trace relations

T(l) = 2 (C.17)
Tr(e!) = 0 (C.18)
Tr(c*e?) = 26¥ (C.19)
Tr(c*0’c%) = 2ievt (C.20)
Tr(o'o’o*0') = 2[5*15’°‘-a*’°5ﬂ+5"51'] (C.21)

we get finally

- r 2 2 S5
Jo = 32D (%—)) a,P.oJPJ+(F1"(q2))211+___(22’;l’)’2}

v
ﬁ—(—él)‘T)z(q—)alq,a,am]

_ [ 2 2 i
»3 (F;}(\l; )) (8., + i€k o) PP, +(F1"(<12))’{1+ (22M1)f2}

FY (@)}
+2 ”E’zin PR i+ ”")"“’"']

V(.2 V(52
{ (B )) sy {4 LEEDY SO )m?J

+2

(C.22)

Similarly, we find .J,, as follows
= 2 ., @PeE-D|, F ()
22 {F"(" ) ["’ T T em)e oM

B, a,qm}x {Fn(qz) [% (G- P)oy (G mJ+ NCo)

[Pt — i€um QIUm]

oM (2M)? oM
FV 2
[P] — lE][lml q,lO'mr] -1 22A(;I ) Eﬂlml Ul’q";’} (C23)

Neglecting the terms with 1/(2M)3, 1/(2M)* or higher power and using the trace relations
given in Eq.C.17-21, we get

Vi2\ V(2
ZZ {FA(QZ)Uz o, ( 0 )) PP, +2ﬂ%%{%(izfu'1€]ﬂm' QG

FV’ 21\ 2
- (—2‘2%—)> €lum€lym’ dmdm/
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o (F@Y F (@*)F (¢*)
= Fﬁ(qz)[(él,—q,q1)+q,q]]+( ‘21(”)) PP+ )72 )

(21\/1)2
FV(qZ) 2 ' ’
(51]’(1-1'2 - qu]) - (Jm‘) (636::: - 5:" 55,,) dm4m’
o (N Y (@)F) (¢%)
=2{E%ﬁu%—mm+mm+('g,) R, + 2 ALNE(0)
FV 2 2 o
'(ﬂz (511 - (i:q}) - I’ﬂz (%) (511 - ‘Iz‘b)} (C.24)

Now we find Jy,

— FA(q2) vV, 2 ﬁ'ﬁ"'llem p:plo'm
Jou = ZZ{_EM_ o,P,+ FV(¢?) |1+ VL

() o |2 (@ P)oE-p)|  FV()
+ (2‘\/[)'2‘ T1910mm Fa(q®) {o,+ (2M)2 oA
FV{s2 _
[PJ - llelml qllO'ml] - 1275([1—). €l'm’ U[lqm'} (C?D)

- F2 2 . FV 2 F 2
Jo = ZZ [ A(q ) (5,, + €4k Uk)R. - M?ejllmlqlla

oM (211)?
,FV "2 ( 2 )
(étm’ + mn Un) - 1M€]l’m'q1’g (sz' + 1€ymen On)

(2M)?
FY(¢*)Fa(g?) (F} 'q%))?

AR YY5Y XY,

€dm PPt (Omy + i€mn On) + P, (C.26)

Neglecting all the terms with O(1/M3) or higher powers and nsing trace relations, we get

Fi(¢®) (F(@*))*
o= 2L3ﬁh%ﬂ+"7ﬁf_%]
_ S Fidd) v e FY(g®)?
= 27 [0y ~6G) + 4] 2p + ) + 27— (2P + @) (C.27)

Using Eq C.24 and Eq C.27, we get the nonvanishing components as

2,2 FV(¢%) : 2 2
S = 2 (FYUEWL+ (=) (02 +2p:1d1 +1a?) (C 28)
F@\ 5 Y @PF (@), -
_ 2/ 2 1 2 P BPAIF IR VAP B
J:tr = 2 F'{(q )UT611+ ( 2M ) pz +2 (2]\1)2 Iq UT
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Vig2)\ 2
—lﬂz(%ﬁj—)> UT} (C.29)
2( 2 V232
Joo = 28D 6p, 4 g0 42 B g, 1 g, (c:30)
Jo = Jo: (C.31)




Appendix D

Hadronic and Leptonic Tensors
Juw and L*

D.1 Component Form

D.1.1 Leptonic Tensor

L* = 8 [k“k"’+k“’k" —g* kK +aeved kak'ﬁ} (D.1)
L% = 8 [k°k°'+E-E’] (D.2)
L™ = 8[k% + kY (D.3)
LYV = B[k + k'K + kK8 (D)

D.1.2 Hadronic Tensor
I. (F:")2_Term: 8 (%) (TM;A_!,,) ‘(Fl")Q

Juv = [Pups + o~ (-7 = MyMn)gu ] (D.5)
S = [pupu 4 e L) ‘{;g] (D6)
Joo = E*(P)+aE@) + 3—2 (D.7)
5, = pp, + (_‘ﬁ#‘ﬁl - ‘1—25,1 (D.8)
Jo = [popl + M] (D.9)
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CHAPTER D. HADRONIC ANv LEPTONC TENSORS J,,y AND L™

Jp = 2(12 [49uu"4

2E(Z7)Pz + qop; + lﬂE(ﬁ)

2

2

q

p:- ldlp: - %
2
2 9
p:cuz'

PPy o (Pugy + qupy) 4 1
iy <220 g (57|
82 [1 EXp) E@)q ¢ q%]

M2 M2 ¢ 4aM?

(pqu + QIPJ) qz‘]] 1
arr T T optl

popi | (Pogi + qop:) | Q0% 1
~&¢? ' = ;
¢ [MZ T e T ap®

[ E®)p. , E(P)4) 90|fﬂ 2qop. | 9old]
a2
W 2hp t M2 +2 YRPIYE
[4p2 4Pll‘ﬂ I‘ﬂz]
0.2 z
20" |35 hr +% +M2J
r 2
2 P
8¢ ‘ﬁ’z‘]

I (F3)-Term: 8 (3}) (m—;—m) (Fa)?

[ 2
Pups t+ M%gﬁp—uz + v (qz - Aﬂ)]

r 2
172 + E(D) 4 2_]

2
P+ (plququj) iy (q__Mg>]

(pogi + Q()Pi)]
2

[POP: +

E@p. + 5 @+ )|

PMQ 2 _
+p; +19lp. 2

(D.10)
(D.11)

(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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. q2
Joz = [})3+1’\12—-Z} (D.26)
IV. (FYFY)/2M-Term: 8 (3) (k) (FYFY)/2
Jw = [~ +¢°9u] (D.27)
Joo = —lg? (D.28)
Jy = [~ag - %] = - [a.g, + ¢°6,] (D.29)
Jo: = [~qoldl] (D.30)
Jz = _qg (D3l)
Jeg = —¢° (D.32)
V. (FY Fa)-Term: 8 (1) (n}T) (FVF,)
JIW = —Caubv p/apa = €uvad pmp& = €uvad (papé + qap6) (D33)
Jy = €as (p"p“ + q"p") (D.34)
Jzy = [q0p. — E(P)|d]] (D.35)
VL (Ff Fay-Term: 8 (3) (k) (FYFa)
1 1 5]
Jw = 3 [eauﬂu P'aqﬁ + €.850 qﬁ pd] =3 [~e,wag p""qﬂ + €006 q"p~ J (D.36)
1
T = 5 [—e,‘uaa (p"q3 +q%¢° ) + €uas qap"} (D.37)
1
Jl] = 5 [_fz]uﬁ (pan + qaqﬁ) +fz]66 qapé] (D38)
Jzy = [qop:. = E(@)|] (D.39)
D.2 RPA Corrections
JEPA v a2 [(E@Y |, (wE@ + /4| &P (FY D))
S = @@r|(52)  (*50) | - e ()
-2 2 2 2
p°+ q@E(P)+493/4 | q L v |d}
[ M2 0 + _g’ -3 (Fl (q2)p2 (‘12)) M
4 2 2 2
2.2\ | P+ QEP)+4q°/4 % q
+F4(q%) [ A2 -UL mi—g2)\mz=g (D.40)
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I

57 - Jonor 20 (2) 1)1 (1)
(

[E 2p. + |4 2 2p, 1, -

A(f) ( pM lg ) N q;g!(ﬂ L Do ;)Mt il : EY(@E (@)
qolq] v E() (2p: + 141 GoP:  , q0/q)
[1?42]+F"(2 [ M ( oM >+2M2*UL (m,%o—q2)

(;q—zq—” (D.41)

JRPA 2 [p2+1dlp. —¢?/4] 1 ¢ 2p, + ||
e ‘(WW”[ 27 ]‘NT< )[( )

2 p—
+ 8] - S E AR ) s + Wi, - /4

2
() (e )
JEz 2/4 (2 FV( 2 2 2
B - e Bl - 5 () (o 2]
1, v q* 2 —q%/4
-5 (A (q2)F2v(q2))UT<‘[2>+FA( ){UL+3—M(12—/} "(D.%B)

A
| (D.42)

]RPA
Iy
Ar?

= P FY @)+ @) | 2 - o DD (D.44)

D.3 Contractions of L* and J,, in Component Form

L (FY)>Term: 8 (1) (k) 8 (5 ) (BV)?

, . .
L = E?(m+qu(m+%;} [kokp + & - F] (D.45)
O g+ L% = Ep) |ko(§- k) + kh(§ k (D.46)
LMo, + L% = E(P) [ko(q- k') + kol k) -
] , o
Ly, = k-k’\;ﬂQ—%(i%kok()—k k” (D.47)




D.3 CONTRACTIONS OF L* AND J,, IN COMPONENT FORM 153
’ 2
IL (B )-Term: (3)° (3) (ser) 8 (i) (FYV?
E2 E 2 2 , - .
L% = 8 [1“7\4@‘%"%“%] [k0k0+k-k’] (D.48)
1 -~ P
2 = -t ({ oo (545 (@ B+ i@ B)| a0
L koK 11
) — _8g2 B Y P+l—+=
LvJ, = -8 [21: 43k K+ S (4M2+q2)
(2(1‘5-@(1&-q)+k-k 14l )] (D.50)
L. (F3)-Term: 8 (3) () 8 (sim) (Fa)?
2
L%y = [E2(ﬁ) M? + gE@) + 4 “Loko+k k'] (D.51)
L% = E) [ko(@ &)+ ky(q- )] (D.52)
g, = [kwg - (L - a2 o~ kK
y = k- (L -M (Skoko k-k) (D.53)
V. (FYFY)/2M-Term: 8 (3) (k=) 8 (k=) (FVAY)/2
L% = ~IF [koky+F - & (D.54)
L% = - [aoko(@ &) + aok(d F)] (D.55)
17, = - [2-B)@ F)+ 3g%koks — ¢k - ¥+ |a1%q - K] (D.36)
V. (FIVFA)-Term: 8 (%) (4/‘!:\!,,) 8 (4m11m._,) (FIVFA)
L% = 2[(p-K)g-k) - (p-k)(g-K)] (D.57)
Ly, = 2[(p-K)g k) - (p-k)(qg k)] (D.58)
VL (FY F,)/2M-Term: 8 ( (Wp\,n) 8 (3m) (FYFa)/2M
L% = 2M [(p-K')g-k)—(p k)(g- )] (D-59)
L, = 2M{(p-K')q-k) - (p K)g-K)) (D.60)



Appendix E

Rarita Schwinger Field

E.1 Spin-{ Spinors

The Rarita Schwinger spin-% field can be constructed from the coupling of spin-% and spin-1
field

wW(p,Sa) = [(p,N) @u(p,s)l}, (E.1)
1 i} 3
- ;( AR (E2)

where u(p, s) and €**(p, A) are spin-—;- ans spin-1 polarisation vector, respectively. Evaluating
the Clebsch-Gordan coefficients, for example,

3
u(p,3/2) = é ) ¢(p.1) u(p, 1/2) = ¢(p, 1) u(p,1/2) (E.3)

P
—
N =

1 3
wo-3n = (34 R ) ey e

Y
2
= ¢‘(p,—-1) u(p,-1/2) (E4)
this leads to the following explicit form of the spinors
u(p, £3/2) = €(p,%1) u(p,£1/2) (E.5)

ut(p,£1/2) = \/’gf“(psO) u(p, £1/2) + \/gf"(P,il) u(p, ¥1/2) (E-6)

Rarita-Schwinger spinor for a spin—% particle may be written down in the following form
[308], [309]

Er+ M I
ut(p,s) = /-S54 . S% v Xs (E.7)
21\[A EA+MA
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where X is the four components spin states for spin-% particle:
0

1
0 1

X350 o | X151 o | X417

0 0

1 X_3 =
P 2

0
0
1
0

—_ 0 O O

and S,  is the four components coupling matrices containing the Clebsch-Gordan coefficients

: 1_ 3.
for the coupling 1 ® 5 = 5:

P (0 V23 0 0\ . _[(-=V12 0 Ji/6 0
A o) s=(7% 7)

Sy = i( /2.0 v1/6 0 ),5;,:%350 (E.8)

|
—
~~
=)
o
p—t

The spinor u*(p,s) for spin-% massive particle is subjected to the Rarita Schwinger field
equations:;

(iv,8" — Ma) ¢¥* =0 (E.9)
with the constraint equations
Y =0, and O,p" =0. (E.10)

Note that ¢* 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]
L=19% Aop ¥° (E.11)
with |
- %(3./12 + 24 + 1)~ 3" Y. 18
—M(3A? + 3A + 1)7a7g] (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.11 and E.12, a, 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-g particle satisfies the following equation in momentum

space

Aas(P) G3(P) = gas (E.13)

Aag = - [(—i@ﬂ" + Af)gag —_ iA(‘/Qag + "/gaa)
L
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wherc g.s is the metric tensor, and the Eq.E.12 in momentum space becomes

1
Aap = - [(—,ﬁ + M)gap — A(YaPs + 1sPa) — 5(3A2 +24 + 1)7. b3
~M(3A% + 34 + 1)7478) (E.14)
Solving for G using Eq.E.13, we get

b+ M 1 1 2

Gag(p) = oy v AL St apz (YeP8 ~ V8Pa) — gyrPaPs
1 A+1 A +(1A+1p_ AM 1\
oA+ PPt a1t \35ar1? T aar1) e

(E.15)

Since the physical properties of the free filed are independent of the parameter A, taking a
particular choice A=-1, yields the expression often found in literature for the spin-% propagator

b+ M

pu o B+
p? — M?

[g“" - %7“7"- Vel (1*‘7 -7 )J (E.16)

Introducing the decay width this modifies to

b+ M [ 1

P = e | "3

3 31\{2

Eq.E.16 may be written in terms of the spin projection operators

+ M
p—{%mwam s (BMPY )t a7 (P o+ (B3 | (E18)

these projectors are given by:

, 1 1
(Ps/z);w = g™ - 5"’#""/ - 3_1)2‘(1”741% + puvv B)

e 4 (Y 7 )} (E17)

P =

(Pl = gun =28+ v+ pion )

(Bt = P (E.19)
(Pl = \/-%pz(pﬂpu— o)

Py ) = \/§Q(ﬁpu7u Pupv)

here (PP3/%),,,, is the spm—— and (Pl.z/z)u,,, (Pllz,/2),,,,, (P211/2),w are the spin—% projector part of
the theory. These satisfy the orthonormality conditions

(PO (P = 616, (PY);, (E.20)
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and the sum rule for the projection operators
(PS/Q);W + (P111/2)pu + (leg/z);u/ = Guv (E.21)

Since the projectors fulfill the completeness relation Eq.E 21, (Plll/z),“, projects onto those
states for which 1 ® % = % Following properties are aiso useful

/)P,yz = ;J:P‘yzp, + for 1=3, — for 1# (E.22)
PP = £P24 (E.23)



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 [# as the leptonic current given in Eq.3.18 and the hadronic current J, = (J; + Jj)
as the sum of direct (s-channel) and crossed (u-channel) diagram, which has been separated
into its vector (V#) and axial vector part (A#)as J; = (Vi + A7) and J}} = (V) + A}).
given in Eq.4.15

s f7rNA _ p
JS = V3 o kro §r 4, (p') A°* Oy, u,(p) (F.1)
u fm' - / o
T = V3 m“: > " @ (p) kno O By ur(p) (F.2)

where A% or A, is the relativistic A propagator modified by a phenomenological constant
decay width given as in Eq.4.10 und O or O, is the weax N-A transition vertex given 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 L#¥ given as

L = Tr[(F +mp)* (1 =)k +mn’ (1 -7%)]

= B[KEY + KUK ~ (k- K) g +ie" P kK (F.3)
and J,.., as the hadronic tensor given as
1
Jw = 5 IuJ}
1 38 u s
A R R AR A (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

p+M

u(p) = muv(m (F.5)

N - P+ M

i (p') = ur(O)———————-QM(E,JrM) (F.6)
> (0 (0) = 1";7" (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, the Eq.F.1 comes out to be in the form

Ji o= xTr {(1 +7) (p+ M) (p + M) KL (£ + Ma) (g”'\— l'y”'y’\

3
2 N PU,YA _ ,.IaP/\
——31”3 PP + __—_—3A[A Gap (FS)

with

I YAYERY Ci(@?)
X= ‘/3( My ) <'2'> (ﬁ?) (P2 —M2)+iT My

Here we have given the expression considering only the C£(Q?) term of the axial part. Using

(p+ M1+ 7)) = (My+ M1 +7) = 2M(1 + )

and
2M(1 +q0) = 20 (1 + {%) =2(p+ M)
we get Eq.F.8 in the following form
1 2
Jio= 2x Tej(p+ M) (p+ M) (P + My K] — 2 Favu - g k= PPy
! 3 ML
kx . P’Y;z - /k1r13p
F.9
3Mp (F.9)
Using the trace algebra, we find the final expression as
J;SL =38x [as k; +Bs Pud s py] (F.10)

Using Eq.F.10 and J$', we can find the J;i, part of the hadronic tensor of Eq.F 4,

Js, = 64x% [kl k] FB2 Py P+ pupe+as s (K P+ Py k)
+Bs s (P# Pv + Pu Pu) + s s (k: Pv + Pu k:)] (F~11)
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Using Eq.F.3 and F.11 we can find the amplitude square for the weak charged current induced
pion production trom a nucleus, corresponding to direct (s-channel) process, and it comes out
to be in the form

AXEe = X2 xE [o? (2k-kok' - kp —m2k-K') + B2 (2P - kP - K — P%k - F')
+7:(2p-kp k' — M?k - k') + 20,8, (k ke P- k' + k' - kP -k
~k-kK'P-ky)+28,ys(P-kp- k' + P-k'p- k- P-pk-K)
+205%s (k- kap - k' + K - kup -k — k- K'p- ky)] (F.12)

16V3 Gcos 8 ANERNFIV
“\2) \o2M M
1

= C&Q? : F —kn F.13
b 5(Q) (P2_MZ)+1-FMA C'C(q ) ( )
and the variables k and k’ represents the four momenta of the incident and scattered particle,
p, k- and P = (p + q) correspond to the four momenta of the nucleon, emitted pion and the
intermediate A produced respectively. M and M a represent the mass of the nucleon and A.
The variables a,, B and vy, are defined as follow

with

Xa

2 2
a, = §M(P2+MMA)-—MP-k"+§(M+MA)p~P—MAp-k,,

3
1
2Pk1|- 2
I = =g [M(PP+ MMa) + (M + Mp)P-p— MP -k ~ Map- k]
A
L (P24 MMp)p k +-1—(M+MA)pk
3Mp T3 i
1
TV (m2p-P—p-keP ky) (F.15)
1 ;
T T [(P2 = MZ) P kn—(P-ky)? +m2M3, (F.16)

Similarly in the same manner using Eq.F.2, we can find the JjZ, part of the hadronic tensor of

Eq.F.4. and A crossed (u-channel) term of the matrix element square comes out to be
AxlZe = x2xi {2 (2k-kak' - ky ~mik K')+B2(2P kP -k~ P*%k-K)

+v2[(2p-kp- k' — Mk -K') + (29 - kg - k' — ¢*k - k')
+2(p-kq-K +p-kq-k—q pk k)] +20,8, (k- kP ¥
+k'~k,,P-k—k-k'P-k,,) + 20,y [(k-kﬂp-k'+k'-kﬂp-k
~k-k'p-ka)+ (k- keq K + K kg -k—k-k'q-kg)]
+2[3uyu[(P-kp~k'+P-k’p‘k—P‘pk-k’) + (P kg -k
+P-Kq-k—-gq-Pk-K)]} (F.17)
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where X, and xp are same as in Eq.F.13 with P = (p — k) as the four momentum of the A
produced. The variables a,,, 8, and -, are defined as follow

2 2
a, = 3}\1(P2+MMA)+3Mq P+ (M+MA)P p+3Mag-p
(F.18)
2P kg ,
o =~ [Af(P?+ MMa) + (M + Mp) P-p+ Mg P+ Mag-p]
1 2
v \
T (PP + MMp)p ke + = (1[+MA) -
1
+§1\T(” Pq-ky —p-krq-P) (F.19)
1 1
w = PP MMA)P kn— o (M +Mp)P by — - ke
v 3MA( + A) 3( + Ma) 3MAq k
1 1
L P kg p+aMap-ky — ——P kop- _
+3MA ¢ P+ zMap-kx 3MAP 0 P (F.20)

The interference terms of the matrix element square are given as

AL AL  ee = 1A AL e = X2 xE {asan(2k - kok! - ky — m2k - k')

sBylk - kaPy -k + k' -kePy -k =k KPPy ky) + agvy(k-kxPs - k'

+k'kn Py -k — k- k'Py-ky) + Bsvu(Ps - kk' - kg + Py - K’k - kx

~k k'Py-kn) + BsPu(Ps - kPy-k'+ Py -kK'P, - k—k-k'P, - P,)

+0s7u(2P, - kPy - k' — k- k' P2) + vysau(k-kap- k' + K - knp- k

k- Kp-ke) +15Bu(Pu-kp k' + P - K'p-k = P, - pk - K')

+Ysu(p K'Ps - k+p-kP-K' -k -k'p- P,) (F.21)
where x, and X, are same as in Eq.F.13 with P, = (p+4¢) and P, = (p -- k») as the four
momentum of the intermediate A produced in s-channel and u-channel respectively. The
variables oy, 5.4 and 7s,,, are same as defined in Eqs.F.14-16 and F.18-20.

The matrix element square in the neutral current process for A-direct (s-channel) and
crossed (u-channel) diagrams are related with the charged current matrix elements as:

Aalle = (€7)? 14l Mi ke = (677 1482 (F22)
AsAL e = (€677 14aALtce, IA“A”IAC.-(f 1% 144 A4 tee (F.23)
with
N2/ 1\ fana
w = 0vi6(3) (5) (222)
 ~Ar2 1 ) K F o4
Xp = Cs (Q) (Pz_Mg)_'_erIA }—J\'C(q 11') ( . )

and €471 defined in Eq.3.15.
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Appendix G

Differential Cross Sections

General expression of the differential cross section for the interaction of two particle (i = 1,2)
and N outgoing particles (f = 1,....., N) can be written as

do = (2n)° pr ZP, 4,/(p1 - p2)? m2 H )3 2E’ ZIMf'Iz(G’l)

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.1 Differential Cross Section for A Production

The differential cross section for the reaction v(k) +p(p) — p~ (k') + AT+ (p’) can be written
as

- '
do = % (24“ );(51:(.2;;212——1:;;45) (2rrd)?;Ekl (273333;5 1M (G2)
\ v P
where b+ p=k' +p/, and ¢ = k — k’. Using the relation
4/ (k-k')2 —m2M?2 = 4p-k = 4ME, (G.3)
and
s=(p+k)2=AM+2p-k=>4p-k=2(s - M?) (G4)
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we have
1 Qa)iik+p—-p -k) &K d3p’ - 9
do = = 5
=3 2(s = M) (@x 2By (@28, M (G-5)

Using the following relation

&3k’ = 'k"2 d'kl dQy = Ep Ik" dEg dOy (GG)
we get after integrating over A momentum

do 1 1 1 =2
= k' 8L - E) M| (G.
Bedty ~ T6m2 25— 12) * ! 2E,, O(Ee ¥ 00 = Ep) iM] (@.7)

In order to take into account the width of the A, we must replace in Eq.G.7

1 1

NE,+qy— EA) — —— Im G.8

(Ep+0 - Ea) = —— [E,,+qo—EA+zg] (G8)
where we have used the relation

1 1 ]

x~x02F1€_Px—x0:tzms(z—I0) (G9)
and then

Ma _, o 1 1 1 o

E, "Pa - Ba)mmoim [W—-VA +1%T(W)} y [(W—Ma)2+ c) o (©10
using

5(W—M)=———5(0—E)~£{é5(p0—E) (G.11)

where W = /p'2 = pg2 - pg is the invariant mass of A and I'(W) is the rest width of A.
Using Eq.G.10 in Eq.G.7, we get

do 1 1 K| r(w) _ 5
= Ve G.12
dEklkol 12873 (s - M2) A[A {(H' — jMA)2 + P2(4W) 'MI ( )

Using the relation Q% = —¢” = (k — k') = =2k - k" and Eq G.4, with

do T do
_ G.13
dQ? ~ E.Ep 4% (G13)
we obudin
do 1 1 A K T(W) _ 9
= —_— M G.14
dEdQ? ~ 64n% (s — M22 Ma Ex (W — Mp)2 + 200 M (G.14)

Finally neglecting muon mass so that |k’| d|k’| = Ey dEy and integrating over lepton energy
we get
r(w)
r4(w)
(W — Mp)? + —

dQ? 12872 (s — M?)2 M,

o 2 \ Emez
do G*cos“ ¢ 1 M / ) dEw L, J [ }(G.IS)

El:,""
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G.2 Charged Current Weak Pion Production
The differential cross section for charged current weak pion production from nucleon i.e., for
u(k) + N(p) — U(K) + N'() + n(ks)

can be written as

g tp-p k) &K&W :
O AR mpage VR GOIES i H‘z'"f)z""" (G419

where
g=k—-k' and q4+p=p +k:

In the lab frame (target at rest) i.e. |p| =0 and E, = M therefore from energy momentum
relation

lpl + lal = [P’ + [k«| = [a] = [P] + [k«|

Then

4\/(k- k) - m2M? = 4AME, (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

1 M 1 4« 43 Kk, ’
d = 60 _ _ ko 2 '
7 = ¢ E 2E, 2E 2E, (q0+po — Py — k2) D |IM| (G.18)

Using the following relations

d3K’
*k,

K| dik; d = Ey |K'| dEy dQu (G.19)
[k |? dlks| dq = Ex |ke| dEx dSnq (G.20)

we get

d®c 1 M| | 0
dEy 6°(M + g0 — E,y — Ey) 2: 2(G.

1
dE, dQ, dQr ~ 8 (2m)d

Now doing the energy integration over dEy i.e. [dEy 8O(M + qo - Ey — Ex) and using the
property of standard delta function defined as

af

/|32 (G.22)

8(f(z)) = Zé(z

=T,
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f(Ey)=M+q~Ey~Ex=M+E ~E/—Ey—Ey

Then

of(Ey)| . 9By

| aE[: =14+ — aEl/ with Ep' =M + E‘ - El’ - Epl _ E1r
Evaluating

aEp/ a " > _

8E, ~ OEy \ﬂll + |k« |? — 2]krllq]cosOrg + M

aEpl = lql (Ey — Ejcos fyr) — Ikn’| (Ev — Ejcos Bu,) cos a‘nq

ok Eylql
then

5| = Eyld

dEy lal (B, + Ev — E1cos6) — || (Ey — Ej cos 6r) cos frg

Thus the differential cross section in the laboratory frame where pion has to be seen comes
out to be in the following form

Ao 11 My 1— §:1M12 (G.23)

dE, d0, dQy 8 (27)? E e
Using Q% = —¢% = —2E,Ey — 2E,|k'|cos B and dQ? = —EXlg0, we get

d°c T 1

- = = Kk, § : 2 .

dEﬂ_ dQ" dQ2 8 (271’)"’ E2 l ' |MI (G 24)
where

kx|
R = (Epr + Ep — Ej cos 9”:) - ET (Ev — Ejcosfyr) cosfng (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. Ey = 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. go = E; — Ep = Ey, this implies
go + po — Py — ko = go — ko and Eq.G.23 becomes

d®o 11 [k,[

dE, d, dy 8 (27)°
Finally integrating over Ey we get the dlfferentlal cross section as

k| dEy 8°(qo - Z M2 (G.26)

Ha

1 1 K| S
A L S L 1) M G.27
dE; dQ0,; dQy 8(27)° E | l Zl l ( )
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G.3 Neutral Current Weak Pion Production
Considering the neutral current process where pion has to be seen
(k) + N(p) - v'(K') + N(p) + w(kz)

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. E,y = M the differential cross section

becomes

11 1 1

!
S EE B K Py k) 2 IMP

do

Integrating over the final nucleon momentum the differential cross section reduces to

!

1 1 1 1
—d%K'd®kx8°(q0 + po — Py — ko) Y _ IM|? (G.28)

~ 8(2n)5 E,E, Ex

Using the following relations

d3k’ = Ik’|2dlk'| dQu,,/ = EE/ dEL,I dQuu’ (ng)
ke = |kel’d|kn] g = En|ks| dE; dfle, (G.30)
we get
d°c 1 1 E, ' \
daEdn, ~ 8@ B, Krl 4B 8@ — ko) 3 IMI (G.31)

Finally integrating over E,» we get the differential cross section for neutral current pion pro-
duction as

d°c 1 1 E, ! )
A0, dEdS,, | 8 (2m) (1 B ET) el 3 1M (G32)

G.4 Charged Current Weak lepton Production

Similarly, the differential cross section for the charged current process where lepton has to be
seen

v(k) + N(p) = U'(K') + N(p') + m(kz)
wsing Eq.G.16 and Eq.G.17, we have the expression as

d°c _ 1 M |k

1 , / \
&, dyy dE, 8 (2n)° B Ey [K'| dEx 8°(M +qo— Ey — Ex) Y IM|*(G.33)
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Now doing the energy integration over dE, i.e. [dE, 6°(M + go — Ey — Ex) and using
Eq.G.22, with

f(EP’)=M+q0'_Ep"_E"‘-:M-"‘-E[—EII—EPI——EK

Then
Of(Ey OEy,
{;E_—p) = 5?:.— with Epl=M+E(—Et/—Epl—Ex
Evaluating
OE, 0 2
= k|2 ~2 Or 2
G = g V1aP + ef? ~ 2lkclfal cos ry + M
OEy  Ex|kg| — Ex|q|cosfr,
oE, Eyilks|
then
Of(Ey)|™" _ Eylka| + Exlks| — Ex|q]cosfxq
OE. B Eykq|

Thus the differential cross section in the laboratory fraine where iepton has to be seen comes
out to be in the following form

do 11 K kel o, g0
dE AN a0y ~ 8@ms BN > IM| (G.34)
M |k.| ]
R= G.35
{EP’IkﬂI + Ew(lkw‘ - |QI COSG,,) ( )

Finally, integrating over the respective lepton and pion solid angles, we can find the differential
cross sections, for example,

do +1 2 dsd
W = /:1 dCOSgnq/O d¢7rq X [m} (GBG)



Appendix H

Kinematics for Weak Pion
Production

The weak pion production process shown in Fig.H.1 is:

I(k) + N(p) — V(K') + N'(p)) + n%(kz) (H1)

Figure H.1: 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 & and final momenta
k' respectively. N can be a proton or neutron and w® are the different possible charged
states (m*, 7=, n0) of the pion produced and are determined by the lepton 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 =(E;,
k) which scatters from a nucleon N =(p.n) of four momentum p =(py=M, p) (mass M) via
W=, Z9 boson exchange producing a charged lepton with four momentum k' =(Ey, k') and a
final nucleon of four momentum p’ =(pj,, p’) along with a pion of four momentum k, =(E,,
kx) (mass m,). The four momentum transfer ¢ = (go, Q) = k — k/, exchanged between the
leptonic and hadronic vertices is fixed by the four momenta of incident and outgoing leptons.
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The conservation of energy and momentum for above reactions are given by

k+p=KkK+p +k = (k-K)+p=7p +k (H.2)
q+p=DPx =p +k where ¢ =k-F :

where Py is the four momentum of the intermediate recoiling hadron wN system, which decays
into a pion and a nucleon and the square of the momentum transfer ¢ = k — k', is given by

/0 .
= (h—K)? = —2k-k = -4 EEy sin2(—g—) (H.3)

Where the angle 6y is the scattering angle of the scattered lepton from the direction of the
incident one, and hence g2 can be fixed by the lepton kinematics. The other useful kinematical
variables are the Lorentz invariant Mendelstam variables(s,t,u=5) defined as

s = W2 = (p+q) = (P+k)’ = M? + mi + 2(0' - ks)
t = (g—k:)? = (0 —p)? = 2M2 -2 (p-p') (H.4)
v=235=(p-q° = (ke=p)® = M> + m] -2 (p ki)

which satisfy the well known relation

s+t 4+ u= me = 2M? + ¢ + m,? (H.5)

The t-variable can also be written in the folluwing form

. O
tmin — 4 |k«| gl sin® (E)

trnan = ((IU - Elr)z - (|q| - Ikﬂ")2 (HG)

t

i

and @ is the pion angle with the momentum transfer. Other useful Lorentz invariant variables
are

P = %(pﬂv'), A=p-p k= %(k+k’)
suchthat P-A =0, vy = q-P = k- P, ugz—%(q-n) (H.7)
In terms of these variables, the Mendelstam variables can be written in the following form
s = M* + 2(wa—-vg). u=35=M"-2(vs+vup) (H.8)
The most significant variables are invariant momentum transfer square (Q? = -¢2) and the

angles (6, ¢r) 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

>,
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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 E; and Ey of the incident and scattered particles respectively,
where [ correspond to the neutrino and I’ correspond to the neutrino in neutral current reactions
and electron or muon in charged current reactions, the scattering angle 8, of the scattered
lepton from the direction of the incident one, pion angle 8.4 with the momentum transfer and
the azimuthal angle ¢, 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

(kxk')-(axks) = |(kxk')||(qaxke)| cosdx
(k x k') - (q x kx)
- H.
T = Tk ) [1(a X ka) | (E9)
Also
Iq X K.I = 'k X kll = E[ E]l sinﬂur (HIO)
and
2 -
(@xk) - (qxky) = ‘ q|_qkl Z-i,, ’ (H.11)

so that the angle ¢, can be defined as

_ ld®l (x5 -ks) = (q-K) (q-kn)
COSr = T k| Sin B Sin g (H12)
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The recoil nucleon carry the four momenta p’ and energy E.. This ¢, symmetry provides a
check for the coherent 7° 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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