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CHAPTER 1

Introduction

Neutrino oscillation physics has entered into an era of precision physics in which
both theoretically and experimentally enormous efforts are going on for the het-
ter understanding of oscillation physics as well as for the understanding of hadron
physics as these experiments are also providing cross section measurements for manv
quasielastic and inelastic processes induced by the neutrino and antineutrino on -
clear targets. The neutrino energy region of a few GeV is quite sensitive to he
neutrino oscillation parameters. Therefore, most of the present experiments like
MiniBooNE [1], K2K [2], T2K [3], NOvA [4], etc. have taken data or have been
planned in this energy region. These recent cross section measurements are available
mostly for AS = 0 processes in nonstrange sector. In strange sector neutrino Moute-
Carlo generators use the results of older work available in literature for AS = 0 and
AS = 1 processes. On the theoretical side there are very few works available in liter-
ature. However, specific and precise knowledge about these processes would be very
important for the analysis of ongoing and future neutrino oscillation experiments.
These processes would also facilitate in the understanding of hadron structure and
their properties. In the present thesis we have performed theoretical calculations
for some of the channels which are not well studied like single kaon production.
eta production and associated particle production processes. These studies are por-
formed for neutrino/antineutrino induced reaction off free nucleon target. We have
also performed calculation for the weak production of kaon from nucleon induced
by electron/positron beam.
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Neutrino/Antineutrino induced charged current(CC), |AS| = 1 process is par-
ticularly appealing for several reasons. One of them is the important background
that it could produce, due to atmospheric neutrino interactions in the proton decay
searches [5]. There is a strong prediction from the super-symmetric grand unified
theories(SUSY GUTs) [6] for the protons to have life time more than predicted
by the minimal version of supersymmetric SU(5) theories. There are other decay
channels that open up, particularly s-quark production is favored, and final states
involving kaons, for example, p — Kv would be a dominant decay mode of protons.
Thus to see nucleon to decay, reliable estimate of kaons coming from the background,
like from the interaction of atmospheric neutrinos, should be well estimated. For
this theoretical understanding of kaon production from AS = 0 as well as AS =1
processes are required. These processes are also useful in the understanding of the
basic symmetries of the standard model, strange quark content of the nucleon, struc-
ture of weak hadronic form factors, etc. The study of single kaon production would
also be important in the analysis of neutrino oscillation data to have the precise
measurement of neutrino oscillation parameters.

Experimentally, the currently available data on strange particle production in the
weak sector is restricted to a few events measured in bubble chamber experiments [7,
8, 9] with large systematic errors. However, the scenario is expected to change
soon as MINERvVA [10] at Fermilab has started taking data and they also plan to
study strange particle production with large statistics. On the theoretical side, only
limited efforts have been made to understand strange particle production in the
weak sector. Due to the scarcity of theoretical work, the Monte Carlo generators
used in the analysis of the experiments apply models that are not too well suited
to describe the strangeness production at low energies. For instance, NEUT [11],
used by K2K (2], T2K (3], Super-Kamiokande [12] and SciBooNE {13] only considers
associated kaon production implemented by a model based on the excitation and
later decay of resonances [11]. A similar model is used by other event generators
like NEUGEN [14], NUANCE [15] (see also discussion in Ref. [16]) and GENIE [17].
However, it has been realized that this approach is not appropriate for low energy
strange particle production. Furthermore, in the Monte Carlo generators, single
kaon production is yet to be incorporated.

The other inelastic process that we have studied is the eta production induced
by neutrinos/antineutrinos. Study of # production is interesting because of several
reasons. For example, 17 is one of the important probe to search for the strange
quark content of the nucleons [18]. Also a precise determination of 7 production
cross section would help in subtracting the background in proton decay searches. In
some supersymmetric grand unified theories, 77 mesons provide a prominent signal



for proton decay [19]. Therefore, its background contribution due to atmospheric
neutrino interactions should be well estimated. Furthermore, n production chann.l is
dominated by S1;(1535) resonance excitation, therefore, it is expected that a precisc
measurement of the cross section will also allow to determine the axial properties of
this resonance. In most of the Monte Carlo generators, eta contribution is obtained
from Rein and Sehgal model [20] for the resonant pion production. We have not
come across any theoretical/experimental study where using neutrino/antineutrinc
beam either the differential or total scattering cross section has been presented.

Recently, the importance of the study of kaon production induced by real and
virtual photons on nucleons and nuclei, in an associated particle production process
AS = 0, has been emphasized with the development of accelerators like MAMIL
TJIJNAF, LNS, ELSA, SPring-8, GRAAL, etc. [21, 22, 23, 24, 25] and dedicated de-
tectors like KAOS [21] to measure kaon events. However, besides AS = 0 associated
particle production process, AS = 1 single kaon production process may also give
rise to some significant contribution to kaon events. Therefore, we have also studied
weak interaction induced single kaon production in an electron/positron beam.

In Chapter-2, we have given a brief introduction of Chiral Perturbation Theory
(xPT). After introducing xPT, we have presented and discussed the results for
neutrino and antineutrino induced single kaon and antikaon production. In Chapier-
3, we have presented the formalism of the electron/positron induced antikaon/kaon
production. We have shown that kaon production through AS = 1 process. mav
also contribute significantly in the beams of electron/positron in the experiments
being performed at JLAB, Mainz, etc. We have presented and discussed the results
for the differential and total scattering cross sections.

In Chapter-4, we have studied photo and neutrino/antineutrino induced eta par-
ticle production off the nucleons. We have obtained the results for the various
distributions like eta momentum, lepton energy and Q? distributions as well as “he
results for the total scattering cross sections. We have used xPT approach to ob-
tain the hadronic currents for the Born diagrams and the prescription of helicity
amplitudes to obtain the contributions from the resonant S1;(1535) and Sy,(1650)
channels. In Chapter-5, we have studied associated particle production induced by
neutrino and antineutrino. We have presently taken only the nonresonant diagrams
and obtained the hadronic currents using xPT. The results for kaon momentum. -
distributions and the results for the total scattering cross sections are presented. In
Chapter-6, we summarize the results and conclude our findings.
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CHAPTER 2

Weak Production of K and K

In this chapter, we briefly discuss the formalism which has been used to describe
the weak strangeness production. At low energies, it is possible to obtain model
independent, predictions using Chiral Perturbation Theory (xPT"). We use the chi-
ral Lagrangian obtained for the meson-meson and meson-baryon interactions «andl
their interactions with external fields to write the hadronic currents for the vari-
ous processes and using them we have obtained the differential and total scattering
cross sections for v—induced K production and v—induced K production. The basic
parameters of the model are f,, the pion decay constant, Cabibbo’s angle, the pro-
ton and neutron magnetic moments and the axial vector coupling constants for rhe
baryons octet. For antikaon production we have also included £7(1385) resonance.

2.1 Neutrino Induced Kaon Production

In neutrino induced reactions, the first inelastic reaction creating strange quark is *he
single kaon production. For single kaon production (AS = 1), we have considered
the following reactions:

vitp—opu +Kt+p
vo+n—->p  + K +p
vp+n—spu  + KT +n (21
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Figure 2.1: Feynman diagrams for the process vN — IN'K. First row from left
to right: contact term (labeled CT in the text), kaon pole term (KP); second row:
u-channel diagram (Cr, CrA) and pion(eta) in flight (7P, (nP).

The kaon production gets contribution from contact term, u-channel diagram, kaon
pole term and pion/eta in flight term as shown in Fig.2.1. The hadronic currents are
obtained using xP7T and we have used a global dipole form factor with a mass of 1
GeV and multiplied it with the hadronic current. These currents are then contracted
with the standard V — A leptonic current to obtain the transition amplitude which is
then used to get total(o) and differential scattering cross sections like Q7 distribution
and kaon energy distribution.

We find that the contact term is dominant, followed by the u-channel diagram
with a A intermediate state and the 7 exchange term. The kaon pole contributions
are negligible. We must point out that the contact term coming from the chiral
Lagrangian has not been taken into account in earlier works. Some of the results
and our main observations have been presented here. For example, in Fig. 2.2,
we have presented the total scattering cross sections for the processes mentioned
in Eq. 2.1. In this figure, we have also shown the cross sections for the above
processes, where we have tried to explore the validity of our calculation(particularly
energy region) by comparing our results with the values for the associated production
obtained by means of the GENIE Monte Carlo generator [17]. We observe that,
due to the difference between the energy thresholds, single kaon production for
v+p - 17+ K* +pis clearly dominant for neutrinos of energies below 1.5 GeV. For
the other two channels associated production becomes comparable at lower energies.
Still, single K° production off neutrons is larger than the associated production up to
E, =1.3 GeV and even the much smaller K production off neutrons is larger than
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Figure 2.2: Cross sections(c) as a function of the neutrino energy for single kaon
production. In left panel: o vs E, for the three AS = 1 processes are shown anc
in the right panel: single kaon production vs. associated production obtained with
GENIE [17] are shown.

Table 2.1: Cross sections averaged over the neutrino flux at different laboratories in
units of 1074 cm?. Theoretical uncertainties correspond to a 10% variation of the
form factor mass.

[ Process ANL  MiniBooNE T2Kj
vyn — p~ Ktn | 0.06(1) 0.07(1) 0.09(1)
v,p — p~ Ktp | 0.28(5) 0.32(5) 0.43(8)
v,n — p” K% | 0.17(3) 0.20(3) 0.25(5)

the associated production up to E, =1.1 GeV. The consideration of these AS = |
channels is, therefore, important for the description of strangeness productior: for
all low energy neutrino spectra and should be incorporated in the experimeuta!
analysis.

In Table 2.1, we show the total cross section results for the three channels averuged
over the ANL [26], the MiniBooNE [27] and the off-axis (2.5 degrees) T2K [28] nuon
neutrino fluxes, all of them peaking at around 0.6 GeV.

We may get an idea of the magnitude of these channels by comparing their (ross
section with some recent results. For instance, the cross section for neutral current
7 production per nucleon has been measured by the MiniBooNE collaboration [24
obtaining (o) = (4.76 £ 0.05 + 0.76) x 107 cm? with a data set of some twent,
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Table 2.2: Number of events calculated for single kaon production in water corre-
sponding to the SuperK analysis for atmospheric neutrinos.

Process Events e~ Events pu~
yn — ITnK* 0.16 0.27
vn — I"pK° 0.45 0.73
up > I"pK™* 0.95 1.55

Total 1.56 2.55

thousand valid events. The cross sections predicted by our model with the same
neutrino flux are around two orders of magnitude smaller. what means that a few
hundreds of kaons should have been produced.

The atmospheric neutrino spectrum [30] also peaks at very low energies and our
model should be very well suited to analyze the kaon production. In Table 2.2, we
show the number of kaon events that has been obtained for the 22.5 kT of water
target and for a period of 1489 days as in the SuperK analysis [31, 32] of proton
decay. As in the Refs. [31, 32], we include cuts in the electron momentum (p. > 100
MeV) and muon momentum (p, > 200 MeV). We find that single kaon production
is a very small source of background. In the SuperK analysis the kaon production
was modeled following Ref. [20, 33] and only includes associated kaon production.

W=y) Kip) N P
Wy
* ARt
i Ve
4 Ve
N Y. Ay - p) Nep') NG Yy + ) N0
-~ -
W (g: - -
¢ It 7 N
< W) (@ P NPT
K= (q) ~ rd
~ - -
- P -
~ -~ rd
Nip) Nip'h NTP) _ N
W) -7
ty T
P Kpi)
y Ty
N ] )

Figure 2.3: Feynman diagrams for the process #N — IN'K. First row from left to
right: s-channel ¥, A propagator (labeled SC in the text), s-channel 3" resonance
(SCR), second row: kaon pole term (KP); contact term (CT) and last row: pion(eta)
n flight (7 P/nP).
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Figure 2.4: Left Panel: Contribution of the different terms to the total scattering
cross sections o vs E,. The labels are self explanatory. Right Panel: o vs F, for
the AS =1, K= /K" production.

2.2 Antineutrino Induced K~ /K" Production

In the case of antineutrino induced process, we have considered the following reac-
tions:

Vu+p—opt+ K +p
v+p—ut+ K +n
vutn—spt+ K +n (2.2)

In this case, besides the background terms, such as contact term, s-channel diagram.
kaon pole and pion/eta in flight term, we have also included the contribution from
lowest lying ¥*(1535) resonance as shown in Fig. 2.3.

The contribution from the different terms of the hadronic current to the transition
amplitude while calculating total scattering cross section has been shown in the jeft
panel of Fig. 2.4 for v,p — p*pK~ process. We may see that the contact term is 1he
most dominating one while the contribution of the ¥* resonance is very small. Iu
the right panel of Fig. 2.4, we have presented the results for the total scattering cross
section K~ /K° production. We find that the cross section for the K~ production on
proton target is largest, followed by the K° production. While the K~ production
on neutron target is smallest than the other channels.

The lowest energy antikaon associate production, (KK, |AS| = 0), has a quite
high threshold (= 1.75 GeV) and thus, it leads to even smaller cross sections in
the range of energies we have explored. For instance, at 2 GeV, GENIE predicts
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antikaon production cross sections at least two orders of magnitude smaller than

our calculation.
In the next chapter we present the formalism and results for the AS = 1 kaon

production induced by electron/positron beam.



CHAPTER 3

Charged Lepton Induced One Kaon Production

The availability of very high luminosity beams has provided the opportunity 1o
study the electromagnetic associated strangeness production of a strange and an
anti-strange particle. The cross section for weak associated strangeness produc: o
is obviously much smaller than that of the electromagnetic ones. However. weak
interaction allows the processes where only one strange/anti-strange(AS = +1.
particle is produced, and these reactions could have a substantially lower threshold.
For instance, the threshold for electron induced weak K~ production on a proton
is around 600 MeV whereas it is 1.5 GeV for electromagnetic production. as au
additional kaon is required.

The study of weak kaon production induced by charged lepton beam could providec
valuable information on the coupling constants D and F' that govern the interaction
of the SU(3) lightest baryon octet with the pseudoscalar mesons and also their -
decays. Also, one may investigate the Q? dependence of the weak axial form factors
of nucleons and hyperons.

The processes considered here are the charged lepton induced weak [AS| - 1
K(K) production. The single antikaon(kaon) production channels induced by clec
trons(positrons) are the following

e tn—v.+ K +n et +n v+ K" +n
e +p—-ve+Ko4n et+n—=v.+K°+p
e +p—=>vet+t K +p et+p—ou.+ K" +p (3.1

11
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Apart from the contributions from the lowest order chiral Lagrangian. we have
also included the contribution of terms with £*(1385) resonance belonging to the
SU(3) baryon decuplet, which is near the threshold of the NK system. This is
suggested by the dominant role played by the A(1232) resonance in pion production
reactions.

1.2 ———
e p—>VvK'p
03 ——-en—>vKn
- =0
- ep—o>v Kn
0.4
“g
2o
I
=)
=1.2
©
0.8
0.4
86

E_(GeV)

Figure 3.1: Cross section ¢ vs electron(positron) energy F, for the K (K) production

In Fig. 3.1, we have shown the cross sections for the processes mentioned in
Eq. 3.1. We find that e (et) + p — v.(v.) + K~ (K*) + p has the largest cross
section followed by e~ (e¥) + p(n) — v (Z.) + KYK°) + n(p) and e~ (e*) + n —
ve(ve) + K=(K™") + n. Furthermore, we find that the cross sections for the positron
induced processes are larger than for the corresponding electron induced processes.
This is basicallv due to the different interference between the s-channel and contact
terms.

To estimate the number of events for single kaon production we have considered
a luminosity of 5 x 1037 s7! em™ for MAMI, that corresponds to a 10 cn liquid
hydrogen target at an electron beam current of 20 pA as described in Ref.[34]. For
TJINAF, we take a luminosity of 5 x 103 s7! em 2 that corresponds to a current
of 100 uA and a larger liquid hydrogen target [35] that has been used on the mea-
surement of parity violating electron proton scattering. Under these conditions and
for 1.5 GeV electrons, we would have some 480 events per day for the reaction
e +p— v+ K~ +pat TINAF (48 at MAMI). For ™ +p — v, + K 4+ n reaction.
we would get 320 events per day at TINAF (32 at MAMI). Certainly, the munbers
could be changed by using different targets and/or current but equally important is
the efficiency in the kaon detection, that depends on the kaon kinematics and the



detector.
In the next chapter we shall present the formalism for photon and neutrino in-
duced 7 particle production process.
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CHAPTER 4

1 Production

We have studied the following charged current neutrino/antineutrino induced cta
production process from nucleon

Vp+n—p +n+p vytpopTEntn (4.1

In these processes from xPT symmetry only s- and u-channel nucleon pole terius
contribute. Besides Born-terms, we have also considered S1,(1535) and 57, (1650,
resonances. The Feynman diagrams corresponding to these processes are shown in
Fig. 4.1.

However, before developing the formalism for the weak interaction induced eta
production, we have obtained the cross section for the photon induced eta production
off proton. This is to first fix the electromagnetic form factors by comparing it with
the available results for scattering cross section from Crystal Ball experiment [t
and use them to obtain the isovector form factors for v/v induced processes otf
the nucleon. Born terms are calculated using a microscopical model based on the
SU(3) chiral Lagrangian. We consider N*(1535) as well as N*(1650) S}, resonant
intermediate states. The vector form factors of the N-S;; tramsition have beet
obtained from the helicity amplitudes extracted in the analysis of world pion photo-
and electroproduction data using the unitary isobar model [37]. The propertics of
the axial N-Si; transition current are basically unknown but assuming the pion-polc
dominance of the pseudoscalar form factor, together with PCAC one may fix the
axial coupling using the empirical N* — N7 partial decay width. We make an

15
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Figure 4.1: Feynman diagrams for the processes v/v(k)+ N(p) — pF (k') +n(p,) + N'(p').
First row from left to right: s-channel nucleon pole(SC) and S;; resonance(SC N*): second
row: u-channel nucleon pole(UC) aud Sy; resonance (UC N*).

20 T I T T T l T T T

— Present Result
«  MAMI Crystal Ball Exp.

Ytp 2 p+NM

Figure 4.2: Cross section for yp — np process. The experimental points are obtained
from MAMI crystal ball [36] and the results are shown upto the AK threshold.
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Figure 4.3: Contribution of the different Feynman diagrams to the total scattering
cross section for the n production process, where SC and UC corresponds to the
s-channel and u-channel nucleon pole and N* resonances respectively.

educated guess for the dependence on the four-momentum square transterred bv the
neutrino, which ultimately remains to be determined experimentally. We find that
the present results describe qualitatively well the experimental data representec by
the MAMI Crystal Ball experiment [36] except at high photon energies as shown 1
Fig. 4.2.

In Fig. 4.3, the results for neutrino and antineutrino induced n production c¢-oss
sections are presented both for the total as well as individual contributions ot ¢acl:
diagram. We find that S;;(1535) resonance is dominant while the contribuiion
of 5;1(1650) to the total cross section is small. This can be understood ecasily
because S11(1535) is lighter in mass and has a relatively larger branching ratio for
S11 — Nn. We also find that the contribution of the nonresonant diagrams iy
the case of neutrino induced process is higher than the corresponding antineutrine
induced processes. Also in neutrino mode the contribution of u-channel diagram
is slightly larger than the corresponding s-channel diagram. We find that aromd
1-2 GeV the contribution of S1;(1535) is very dominant for the neutrino induced
process. In the case of antineutrino induced reaction up to E; =1 GeV. S;(1535)
is dominant, however at E, = 1.5 GeV its contribution is around 80% of the total
n production cross section. The contribution of S1;(1650) resonance is not nor
than 5% in the entire neutrino energy spectrum. Contributions from the s- and u-
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channel diagrams of nucleon pole are around 10 — 15% to the total cross section.
In the next chapter, we present the formalism for the associated particle produc-
tion and present the results for the total scattering cross section as well as differential

scattering cross section.



CHAPTER b

Associated Kaon Production

The study of weak neutrino-nucleon/nucleus interactions involving associated par-
ticle production in the energy region of a few GeV has become one of the major
theoretical and experimental area of interest due to its importance in the fields
of astrophysics, cosmology, particle as well as nuclear physics. First of all a good
understanding of these interactions would lead to a better insight into nucleon and
nuclear structures. This will be an additional tool to complement the theories of par-
ticle and nuclear physics, the knowledge of which one obtains from electromagneric
reactions with real and virtual photons. Moreover, the study of neutrino induc:d
AS=0 associated particle production processes provide an improved understanding
of basic symmetries of the standard model, structure of the weak hadronic form
factors, strange-quark content of the nucleon, coupling constants, etc. One may also
get information on the medium modification of the elementary amplitudes. Further-
more, the efforts of proton decay searches at various laboratories like SuperK [3~.
HyperK [39], UNO [40], LAGUNA [41], etc., are going on where the atmospheric
neutrinos while interacting with a nucleon target also produce kaons, either through
AS = 0or AS = 1 processes. This poses a background in the proton decay searchos
as the main source of proton decay in supersymmetric grand unified models has becn
proposed through p — Kv. Therefore, the importance of thorough understanding
and reliable estimate of the cross sections for neutrino induced kaon production con-
tributing as background event has been emphasized as the proton decav experimen: s
will be limited in statistics also [42, 43].

19
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The experimental observations of the neutrino induced associated particle produc-
tion processes are quite limited. These are limited both by statistics as well as by the
large systematic errors. Earlier the experiments were performed at BNL[8), ANL [9]
and CERN[44, 45, 46], however, to have neutrino oscillation parameters with high
precision, many experiments are coming up in the energy range of a few GeV. For
example, the MINERvVA experiment at Fermi Lab [43]. is a dedicated experiment to
measure the cross sections, and their aim is also to study many associated particle
production processes. This will allow physicists to gain considerable insight into the
structure of the nucleon and the hadronic weak current via the (anti)neutrino in-
duced weak production of strange particles. There are other planned experiment like
LBNE [47] which would also be sensitive to the measurement of strange particles.

The basic reactions for v(v) charged current induced associated particle produc-
tion accompanied by a kaon from a nucleon(p or n) target are,

von — KA vp — KA

vp— u KT8t vup — putKOX0
vyn = KTEY vyp — p KT
vyn — p” KO8T yn — p KO8

The contribution to the hadronic current comes from the different pieces of the
Lagrangian corresponding to the Feymman diagrams shown in Fig. 5.1.

Yir Nipi Vi

Figure 5.1: Feynman diagrams corresponding to the neutrino/antineutrino induced
AS = 0 kaon production process.

We generalize the nucleon and hyperon pole diagrams to incorporate form factors
at the weak vertices following Refs. [48, 49].
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Figure 5.2: Cross section for neutrino and antineutrino induced |AS| = 0 associared
kaon production process.

In Fig. 5.2, we have presented the results for the neutrino(left panel) and antineu-
trino(right panel) induced AS = 0 associated kaon production processes. In the case
of neutrino induced reactions when we compare the results of the cross sections for
the processes v,p —+ p~ Xt K* and v,n — g~ AK™, we find that the cross section for
the K*t%1 channel is around 70% smaller at £, = 1.5 GeV and around 25%. smaller
at E, = 2 GeV in comparison to the cross section for the KTA channel. While -he
cross sections for the other two channels namely v,n — p~ETK® and p~ SK* are
much smaller than the KA cross section.

While in the case of antineutrino induced production processes where one nav
notice that unlike the neutrino induced processes the channel with A in the final state
is not very dominating. For example, we find that at low energies say E;, ~ 1.5 GeV
the cross section for 7,p — u*K°A is around 55% larger than the cross section for
vyn — pt K%, while around 2 GeV the production cross section for v,p — j* KA
is comparable with that of 7,n — pu*K°S~. The cross section for the react:on
vup — pt K0 is around 40% smaller than the cross section for AYA channel at
Ep, = 2 GeV, whereas v,p — ptK*X™ cross section is about 10% to the cross
section of K°A channel.

In the next chapter, we finally conclude our findings and summarize the main
results.
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CHAPTER 6

Conclusions

In this thesis we study the weak production mechanism for the low lying meson
having strange quark(s) like, K*, K% K° and . A precise knowledge about thesc
processes would be very important for the analysis of ongoing and future neutrino
oscillation experiments as it would also facilitate in the understanding of hadrou
structure and their properties. The study of these processes are done using a mi-
croscopic model which is based on SU(3) Chiral Perturbation Theory(xP7"). T
particular, the parameters involved for the octet baryons are, Cabibbo angle. the
pion decay constant, proton and neutron magnetic moments. and the axial-vector
coupling constants D and F', are all known with a high precision. The predictions ot
the results should be more reliable at low and intermediate energies. In the case of
K~/ K® production we also incorporate the lowest lying strange resonance T*(1335)
The weak couplings of the X*(1385) have been obtained from those of the A(1232;
using SU(3) symmetry.

In the case of n production processes, the background terms are calculated using
the chiral Lagrangian. However, from the photo- and electro- production of 1 mesons
we know that the S};(1535) gives the dominant contribution to the scattering cross
sections. Therefore, in our model we have included the .S;;(1535) resonance as well
as S511(1650) resonance. The parameters involved in the resonance mechanism arc
obtained using the helicity amplitude. For the AS = 0 associated kaon production.
we generalized the hadronic currents that are obtained from the chiral Lagrangian
to include the weak transition form factors for the baryon octet.

23
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Our future plan is to include resonances in the associated particle production
processes. We also plan to study these processes for nucleons bound inside the
nuclear targets as all the neutrino/antineutrino experiments are using heavy nuclear
targets to get significant number of events.



Bibliography

(1]

[10]

[11]

A. Aguilar-Arevalo et al., “First Measurement of the Muon Anti-Neutrino Double-Differentia,
Charged Current Quasi-Elastic Cross Section,” Phys.Rev., D88, p. 032001, 2013. 1

S. Ahn et al, “Detection of accelerator produced neutrinos at a distance of 250-<m.’
Phys.Lett., B511, pp. 178-184, 2001. 1, 2

K. Abe et al., “The T2K Experiment,” Nucl.Instrum.Meth., A659. pp. 106-135. 2011. :
2

M. Muether, “NOvA: Current Status and Future Reach,” Nucl. Phys. Proc. Suppl.. 237-
238, p. 135, 2013. 1

Y. Hayato et al., “Search for proton decay through p — K™ in a large water Cherenko
detector,” Phys.Rev.Lett.. 83, pp. 1529-1533. 1999. 2

G. Ross, Grand Unified Theories. Frontiers in physics, Westview Press. 1984, 2

S. Barish, M. Derrick, T. Dombeck, L. Hyman, K. Jaeger, et al., “Study of Neutrino Int-rac
tions in Hydrogen and Deuterium: Inelastic Charged Current Reactions,” Phys.Rev.. D19.
p. 2521, 1979. 2

N. Baker, P. Connolly, S. Kahn, H. Kirk, M. Murtagh, et al., “Strange Particle Produ tion
from Neutrino Interactions in the BNL 7-Ft Bubble Chamber.” Phys.Rev.. D24. pp. 2779
2786, 1981. 2, 20

S. Barish, M. Derrick, L. Hyman, P. Schreiner, R. Singer, et al., “Strange-Particle Prodition
in Neutrino Interactions,” Phys.Rev.Lett., 33, p. 1446, 1974. 2, 20

D. W. Schmitz, “The MINERvA neutrino scattering experiment at Fermilab.” AIP
Conf.Proc., 1405, pp. 243-249, 2011. 2

Y. Hayato, “A neutrino interaction simulation program library NEUT,” Acta Phys.Polon..
B40, pp. 2477-2489, 2009. 2, 2

25



26

BIBLIOGRAPHY

[12]

(13]

[14]

(15]

[16]

(17]

(24]

Y. Fukuda et al., “Evidence for oscillation of atmospheric neutrinos,” Phys.Rev.Lett., 81,
pp. 1562-1567, 1998. 2

Y. Kurimoto et al., “Improved measurement of neutral current coherent 7° production on
carbon in a few-GeV neutrino beam,” Phys.Rev., D81, p. 111102, 2010. 2

H. Gallagher, “The NEUGEN neutrino event generator,” Nucl.Phys.Proc.Suppl., 112,
pp. 188-194. 2002. 2
D. Casper. “The Nuance neutrino physics simulation. and the future,”

Nucl.Phys.Proc.Suppl.. 112, pp. 161170, 2002. 2

G. Zeller, “Low-energy neutrino cross-sections: Comparison of various Monte Carlo predic-
tions to experimental data,” arXiv:hep-ex/0312061, 2003. 2

C. Andreopoulos, A. Bell. D. Bhattacharya, F. Cavanna, J. Dobson, et al., “The GENIE
Neutrino Monte Carlo Generator,” Nucl.Instrum.Meth., A614, pp. 87-104, 2010. 2, 6, 7

C. B. Dover and P. M. Fishbane, “Eta and eta-prime scattering: a probe of the strange quark
(s anti-s) content of the nucleon,” Phys.Rev.Lett.. 64, pp. 3115-3118, 1990. 2

4]

D. Wall et al., “Search for nucleon decay with final states [T 1% . o7°, and o7+ ? using Soudan-

2,” Phys.Rev., D62, p. 092003, 2000. 3

D. Rein and L. M. Sehgal, “Neutrino Excitation of Baryon Resonances and Single Pion Pro-
duction,” Annals Phys., 133, pp. 79--153, 1981. 3, 8

P. Achenbach, “Strangeness physics with Kaos at MAMI,” arXiv:1101.4394, 2011. 3. 3

M. Sumihama, “Experimental results of K™% photoproduction at SPring-8/LEPS.”
Nucl.Phys., A754, pp. 303-309, 2005. 3

R. Lawall, J. Barth, C. Bennhold, K.-H. Glander, S. Goers, el al., “Measurement of the
reaction yp — K°%*t at photon energies up to 2.6-GeV.” Eur.Phys.J., A24, pp. 275-286.
2005. 3

K. Glander, J. Barth, W. Braun, J. Hannappel, N. Jopen, et al., “Measurement of yp — R TA
and vp — K30 at photon energies up to 2.6-GeV.,” Eur.Phys.J.. A19, pp. 251-273, 2004.
3

P. Ambrozewicz et al., “Separated structure functions for the exclusive electroproduction of
KTA and K20 final states,” Phys.Rev., C75, p. 045203, 2007. 3

S. Barish, J. Campbell, G. Charlton, Y. Cho, M. Derrick, et al., “Study of Neutrino Interac-
tions in Hydrogen and Deuterium. 1. Description of the Experiment and Study of the Reaction
vd — ;" pps,” Phys.Rev.. D16, p. 3103, 1977. 7

A. Aguilar-Arevalo et al.. “First Measurement of the Muon Neutrino Charged Current
Quasielastic Double Differential Cross Section,” Phys.Rev., D81, p. 092005, 2010. 7

A. Ichikawa, “The T2K long-baseline neutrino experiment,” Lect.Notes Phys., 781, pp. 17-
43. 2009. 7



BIBLIOGRAPHY i

~1

[29]

30]

43]

(4]

A. A. Aguilar-Arevalo et al., “Measurement of v, and v, induced neutral current single ="

production cross sections on mineral oil at F, ~ O(1 — GeV'),” Phys.Rev.. D81. p. 013005,
2010. 7

M. Honda, T. Kajita, K. Kasahara, S. Midorikawa, and T. Sanuki. “Calculation of atino-
spheric neutrino flux using the interaction model calibrated with atmospheric muon dita.”
Phys.Rev., D75, p. 043006, 2007. 8

K. Kobayashi et al., “Search for nucleon decay via modes favored by supersymumetric grano
unification models in Super-Kamiokande-1,” Phys.Rev., D72, p. 052007. 2005. ~.

Y. Ashie et al., “A Measurement of atmospheric neutrino oscillation parameters by SUPER-
KAMIOKANDE I,” Phys.Rev., D71, p. 112005, 2005. 8. 8

D. Rein, “Angular Distribution In Neutrino Induced Single Pion Production Processes.
Z.Phys., C35, pp. 43-64, 1987. 8

1. Altarev, E. Schilling, S. Baunack, L. Capozza, J. Diefenbach, et al., “A High power lig
uid hydrogen target for the Mainz A4 parity violation experiment,” Nucl.Instrum.Mecth.
A564, pp. 13-25. 2006. 12

K. Aniol et al, “Parity violating electroweak asymmetry in polarized-e p scatter ng.
Phys.Rev., C69, p. 065501, 2004. 12

E. McNicoll et al., “Study of the yp — np reaction with the Crystal Ball detector at the Mainv
Microtron(MAMI-C),” Phys.Rev., C82, p. 035208, 2010. 15, 16. 17

D. Drechsel, S. Kamalov, and L. Tiator, “Unitary Isobar Model - MAID2007.” Eur.Phys.J..
A34, pp. 69-97, 2007. 15

C. Regis et al., “Search for Proton Decay via p — ut K in Super-Kamiokande I, II. and [I1.
Phys.Rev., D86, p. 012006, 2012. 19

K. Abe, T. Abe, H. Aihara, Y. Fukuda, Y. Hayato, et al., “Letter of Intent: The Hyper
Kamiokande Experiment —— Detector Design and Physics Potential - -7 arXiv:1109.3262.
2011. 19

C. K. Jung, “Feasibility of a next generation underground water Cherenkov detector: 1UNO,
AIP Conf.Proc., 533, pp. 29-34, 2000. 19

J. Kisiel et al., “The LAGUNA project: Towards the giant liquid based detectors for protoun
decay searches and for low energy neutrino astrophysics,” PoS. EPS-HEP2009. p. 25
2009. 19

W. Mann, T. Kafka, M. Derrick, B. Musgrave, R. Ammar, et al.. “K Meson Productioi
By Muon-Neutrino - Deuterium Reactions Near Threshold: Implications For Nucleon Decav
Searches,” Phys.Rev., D34, pp. 2545-2553, 1986. 19

N. Solomey, “A proposed study of neutrino-induced strange-particle production reactions a
Minerva,” Nucl.Phys.Proc.Suppl., 142, pp. 74-78, 2005. 19, 20

H. Deden, F. Hasert, W. Krenz, J. Von Krogh, D. Lanske, et al.. “Strange Particle Production
and Charmed Particle Search in the Gargamelle Neutrino Experiment,” Phys.Lett.. B5&.
pp- 361-366. 1975. 20



28 BIBLIOGRAPHY

[45] O. Erriquez, M. Fogli Muciaccia, S. Natali. S. Nuzzo, A. Halsteinslid, et al., “Strange Particle
Production by anti-neutrinos,” Phys.Lett., B70, pp. 383-386, 1977. 20

[46] O. Erriquez, M. Fogli-Muciaccia, S. Natali, S. Nuzzo, A. Halsteinslid, et al.. “Production
of Strange Particles in anti-neutrino Interactions at the CERN PS,” Nucl.Phys., B140.
pp. 123-140, 1978. 20

[47] B. Choudhary et al., “Proposal of Indian Institutions and Fermilab Collaboration for Pai-
ticipation in the Long-Baseline Neutrino Experiment at Fermilab,” LBNE, 6704-v1, 2013.
20

[48] S. Singh and M. Vicente Vacas, “Weak quasi-elastic production of hyperons,” Phys.Rev..
D74, p. 053009, 2006. 20

[49) N. Cabibbo. E. C. Swallow. and R. Winston, “Semileptonic hyperon decays.”
Ann.Rev.Nucl.Part.Sci., 53, pp. 39-75. 2003. 20



Supervisor

Dr. Mohammad Sajjad Athar

Weak Production of K and n
Mesons off the Nucleon

THESIS
SUBMITTED FOR THE AWARD OF THE DEGREE OF

Boctor of Philosophy

PHYSICS

BY

MOHAMMAD RAFI ALAM

DEPARTMENT OF PHYSICS
ALIGARH MUSLIM UNIVERSITY
ALIGARH-202 002 (INDIA)

2013



AR

18810



PHYSICS DEPARTMENT
ALIGARH MUSLIM UNIVERSITY
ALIGARH - 202002 (INDIA)

PH.: 91-571-2700984
PH. & FAX: 91-571-2701001

| November 01,2013

CERTIFICATE

Certified that the work reported in this Thesis entitled, “Weak
Production of K and np Mesons off the Nucleon” is the original
work of Mr. Mohammad Rafi Alam, done under my supervision.

(Mohamttiad Sajjad Athar)

Associate Professor



Contents

Contents
Acknowledgement
List of Figures

List of Tables

List of Publications

1 Introduction

2 Weak Production of X and K

2.1 Effective Field Theory

2.1.1 Chiral Perturbation Theory . . . . .. ... ... ... .. ..
2.2 Neutrino Induced Kaon Production . . . . . . . . .. ... .. .. ..

22.1 Formalism . . .

2.2.2 Results and Discussiv(ﬁ)n .....................
2.3 Antineutrino Induced K~/K® Production . . ... ... ... ... .

2.3.1 Formalism . . .

2.3.2 Results and Discussion . . . . . . . ... ...

3 Charged Lepton Induced One Kaon Production

3.1 Introduction . . . . . .
3.2 Formalism ... .. ..

3.3 Results and Discussion

i

ix

xi



il

CONTENTS

1 Production

Associated Kaon Production

Formalism . . . . ... . .. ... .. ,
........................ 91

........................ 93
.......................... 90

5.2.1 Vector Form Factor
5.2.2  Axial Form Factor
Results and Discussion

4.1 Introduction
4.2
4.3
5
51 Introduction
5.2
5.3
6 Conclusions
Appendix

A A(1232) Decay Width

A.1 The Lagrangian NA~x
A.2 Width from Chiral Lagrangian
A.3 Relation between C and C'(0)

B Weak Magnetism in Hadronic Current

C Kinematics

C.1 Total Cross Section in Lab Frame
C.2 Recoll Factor
C.2.1 Kaon Momentum Distribution p;

Bibliography

Bibliography

Formalism . . . ... ... .. ....
4.2.1 Photoproduction of 7
4.2.2 Weak Production of 7
Results and Discussion



Acknowledgments

First of all, I would like to express my deep gratitude to my supervisor Dr Mohammiu.d
Sajjad Athar. His guidance helped me in all the time of research. Long hours of lively
discussion with him will always be my asset which I will cherish. I thank him for his
patience, understanding, kindness, and among other things, not letting me quit and
helping me in finalizing this work. I am thankful to him for his continuous support
and encouragement since I joined this department.

My sincere thanks to Prof. S. K. Singh for his constant encouragement and usecful
advice. We have also started a research collaboration with him.

Professor M. J. Vicente Vacas, I Ruiz Stmo, and Luis Alvarez-Ruso. desore
special thanks for creating welcoming atmosphere throughout my stay at the Univer
sity of Valencia, Spain. I thank them for their research collaboration and valuabl:
suggestions. I hope that our collaboration will grow by leaps and bounds.

I am thankful to the Chairman, Department of Physics, Prof. Rahimullah Kha
for providing me the basic facilities in the department.

My thanks are due to Dr. Shikha Chauhan and Ms. Huma Haider. my lal
colleague for bearing me over the past years as well as helping me in the finalization
of this work. Specially, Dr. Shikha Chauhan has spent her valuable time in proof
reading of this thesis. I also want to thank my fellow labmate Ms. Farhana Zai-li.

Thanks are due to seminar staff of the department, specially to Mr. Shakeel
Kirmani for his support.

I thank, my close friends, Jazbul, Shahab, Gaus, Maaz. ITkram. Jane Alam.
Shahid, Hashim, Sheeraj, for making my stay in A.M.U. pleasant and always celc-
brating week ends in a great way.

I thank my entire family for their love and support, and especially my parcnts

who always stood by me and allowed me to pursuit higher studies. This thesis is
dedicated to my loving parents.

1il



v ACKNOWLEDGEMENTS

My special thanks to Prof. Mohammad Ozair, Mrs. Talat Ozair and Ms. Fauzia
Ahmed for their support, help and encouragement. '

I also acknowledge DST, Government of India for the financial support under
Grant No. SR/S2/HEP-0001/2008, Maulana Azad National fellowship (J.R.F.)
and Council of Scientific & Industrial Research (S.R.F.) for providing me financial
assistance to complete this work.

Thanks are due to all those friends and relatives who have always wished me the
best for life.

Mohammad Rafi Alam



List

1.1

21

2.2
2.3
24
2.5
2.6
2.7
2.8
2.9

2.10

of Figures

Contribution to the total scattering cross section [30]. . . . . . . . ..

Feynman diagrams for the process vN — IN'K. First row from left
to right: contact term (labeled CT in the text), kaon pole term (KP):
second row: u-channel diagram (Cr¥, CrA) and pion(eta) in flight
(wP, (nP) . . . ..
Contribution of the different terms to the total cross section for v,p —
pKtpreaction. . . .. .. ...
Contribution of the different terms to the total cross section for v, n —
pKO% reaction. . .. .. ... ...
Contribution of the different terms to the total cross section for v,n —
pK*tnreaction. . . . . . ...
Cross sections as a function of the neutrino energy for single kaon
production vs. associated production obtained with GENIE [57!. . . .
Contribution of the different terms to the kaon energy distribution
(% at E, =1.5GeV for v,p —» p~ Ktpprocess. . . . ... ... ..
Contribution of the different terms to the kaon energy distribution
j—gk) at E, = 1.5GeV for v,n — = K% process. . . ... ... . ..
Contribution of the different terms to the kaon energy distribution
(fT"k) at £, = 1.5GeV for vy,n — = Ktn process. . . . . . .. .. ..
Contribution of the different terms to the Q2 distribution (-4%
E, = 1.5GeV for v,p > p  K*pprocess. . . ... .. ... ... ..
Contribution of the different terms to the Q? distribution (4%) at

Q7
E, =15GeV for vyn — p~ K% process. . . . ... ... ... ...




Vi

LIST OF FIGURES

2.11

2.12

213

2.14

2.15

2.16

217

2.18

2.19

2.20

2.21

2.22

2.23

3.1

3.2

Contribution of the different terms to the Q% distribution ( a‘-é%) at
E, =15GeV for yyn — p~ K nprocess. . . . ... ... ... .... 31
@? distribution ( 3‘2—3’3) at £, = 1GeV for single kaon production in-
duced by neutrinos. The curves are labeled according to the final
state of the process. . . . . . . . . ... ... 33
Feynman diagrams for the process #N — IN'K. First row from left
to right: s-channel ¥, A propagator (labeled SC in the text), s-channel

¥* resonance (SCR), second row: kaon pole term (KP); contact term

(CT) and last row: pion(eta) in flight (#P/nP). . . . . . . . ... .. 34
Cross-section for the processes ¥, N — p™N'K and v.N — e N'K
as a function of the antineutrino energy . . . . . . . . .. ... 39
Contribution of the different terms to the total cross section for the
process U,p — pIpK T Lo Lo 11
Contribution of the different terms to the total cross section for the
process vyn — p KT Lo Lo 12
Contribution of the different terms to the total cross section for the
process U,p = putnKC 42
Contribution of the different terms to the kaon energy distribution
(%JTI) at E, = 1.5GeV for vyn — p*K™n process. . . ... ... ... 43
Contribution of the different terms to the kaon energy distribution
(d‘fT"k) at B, = 1.5GeV for v,p — p" K pprocess. . .. ... ... .. 4
Contribution of the different terms to the kaon energy distribution
(21%7) at E, = 1.5GeV for v,p — K% process. . . ... ... ... 44
Contribution of the different terms to the Q? distribution (%’7) at
E, =15GeV for vyyn - pt K nprocess. . . . .. ... .. ... ... 45
Contribution of the different terms to the @? distribution (d‘%) at
E, =15GeV for v,p - u* K poprocess. . . .. ... ... ... ... 16
Contribution of the different terms to the Q? distribution (f—é’i) at
E, = 15GeV for v,p — pt K process. . . . ... ... .. ... 16

Feynman diagrams for the processes e N —+ v,N’K and e* N —
7. N'K. Here K stands for a K~ or K° obtained in an electron in-
duced process and K stands for K* or K° obtained in a positron
induced process. First row from left to right: s-channel ¥* resonance
term (labeled SCR in the text) , s-channel (SC) and u-channel (UC)
3. A propagator; second row: Pion/Eta meson (mP/nP) exchange
terms. Contact term (CT) and finally kaon pole term (KP). . . . .. 51
Cross section o vs electron(positron) energy E. for the K (K) production 55



LIST OF FIGURES

3.3
3.4
3.5

3.6
3.7

4.1
4.2

4.3

4.4
4.6
4.5
4.7
4.8
4.9

4.10

5.1

5.2
3.3

5.4

3.5

Contribution of the different terms to the total cross section o vs
electron(positron) energy E, for the K(K) production . . . . . . . ..
Kaon angle distributions at electron energy E, =15 GeV . . . . . ..
Kaon momentum distributions at electron energy E, = 1.5 GeV :
()? distribution at electron energy E, =15 GeV . . . . . . .. . ..
Kaon momentum distribution at electron energy E. = 1.5 GeV for
the e~ +p — v.(D.) + K~ + p channel for a dipole mass Mz = 1.25
and Mp = 0.85 GeV. The second curve (Mg = 0.85 GeV) has been
scaled to get the same area. . . . . . . ... ... ... ... ... ..

Feynman diagrams for the processes v(g) + p(p) = n(p,) + p(p')
Cross section for vp — np process. The experimental points are
obtained from MAMI crystal ball [136] and the results are shown
upto the AK threshold. . . . . . . .. ... ... ... ...
Feynman diagrams for the processes v/v(k) + N(p) — pT (k') +n(p,;) +
N'(p"). First row from left to right: s-channel nucleon pole(SC) and Sy,
resonance(SC N*); sccond row: u-channel nucleon pole(UC) and Sy, res-
onance (UC N*). . . . . . . .. o o o
Form factors for Si; resonances. The fittings are obtained using data
from the MAMI Crystal Ball experiment {136]. . . . . . . ... .. ..
Pion pole contribution to the axial current. . . . . . . . . . . ... ..
The isovector FY and Fy form factors for the S); resonances. . . . . .

Cross section corresponding to Feynman diagrams as shown in Fig. 1.
Q? distribution corresponding to Feynman diagrams as shown in Fig. 1.

Lepton Energy distribution corresponding to Feynman diagrams as
shownin Fig. 4.3 . . ... ... ... .
Eta Energy distribution corresponding to Feynman diagrams as shown
inFig. 4.3 . . . . .

Feynman diagrams corresponding to the neutrino/antineutrino in-
duced AS = 0 kaon production process. . . . . . . . . .. . ... ...
Weak transition vertex. . . . . . . . ... ...
Cross section for neutrino induced |AS| = 0 associated kaon produc-
tion Process. . . . . . . . ...
Cross section for antineutrino induced |AS| = 0 associated kaon pro-
duction process. . . . . . . . ...
Cross section for the v, +n — p~ + K+ + A process explicitly showing
the Feynman diagrams involved. . . . . . . .. .. .. .. . ...

)
)
)
)

i

1t

~i



LIST OF FIGURES

viil

5.6 Cross section for the i, +p — p*+ K+ A process explicitly showing

the Feynman diagrams involved. . . . . . . . .. ... ... ... .. 9%
5.7 @Q*— distribution for the v, induced [AS| = 0 associated kaon pro-

duction process. . . . . . . . ... 99
5.8 (Q*—distribution for the 1, induced |AS| = 0 associated kaon produc-

BION PrOCESS. . . . v v o v e e e e 399
5.9 Ej— distribution for the v, induced |AS| = 0 associated kaon pro-

duction process. . . . . . . . ... 101
5.10 Ey— distribution for the v, induced |AS| = 0 associated kaon pro-

duction process. . . . . . .. .. ..o 101
5.11 Lepton energy distribution for the v, induced |AS| = 0 associated

kaon production process. . . . . . .. .. ... 102
5.12 Lepton energy distribution for the v, induced associated kaon pro-

duction process. . . . . . . ... 102
A.1 Feynman diagram for the A™" decay . . . ... ... ... ... ... 111
A.2 Weak n — A" transition vertex . ... ... ... ... ... ... .. 115
B.1 s-channel diagram for on — [T K™ n process. . . . . . . . .. ... .. 117
B.2 Kaon pole dominance at weak vertex . . . ... ... ... ... ... 118
B.3 Semileptonic decays of hyperons . . . . . . ... ... 113
B.4 Weak hyperon production. The conjugate diagram of Fig. 3.3 . . . . 119



List of Tables

1.1

21
2.2
2.3
2.4

2.5

2.6
2.7

3.1

4.1

4.2

4.3

2.1

Neutrino oscillation parameters. The upper row corresponds to the
normal mass hierarchy and lower row inverted mass hierarchy [24]

IR

Relation between cartesian components and pseudoscalar meson fields. |
Relation between cartesian components and baryon octet fields.
Values of the parameters appearing in the hadronic currents. . . . . . 2

Cross sections averaged over the neutrino flux at different laboratories
in units of 107! cm?. Theoretical uncertainties correspond to a 10%
variation of the form factor mass. . . . . . . . ... ... .. .. ... 3

Number of events calculated for single kaon production in water cor-
responding to the SuperK analysis for atmospheric neutrinos. . . . . . 30
Constant factors appearing in the hadronic current . . . . . . . . .. A
< o > (10~*1¢m?) for K production with MiniBooNE p, flux and neu-
tral current 7° production (per nucleon) measured at MiniBooNE [110] &

Constant factors appearing in the hadronic current . . . . . . . . ..

Parameters fitted using the data from the MAMI Crystal Ball [136]
experiment . . . . ... L L i
The coefficients of the functional form fit for the G%(Q?). G'5(Q?).
G%,(Q?%) and G%,(Q?) in BBBA-05 parameterization. . . . . . . . . . T

Parameters used for the helicity amplitude . . . . . . .. .. . . .. ey

The standard form factors for weak CC transitions of the SU{(3)
baryon octet. . . . . . . ... a5



LIST OF PUBLICATIONS

5.2

2.3

Constant factors appearing in the hadronic current. The upper sign
corresponds to the processes with antineutrino and lower with neu-
ELIT0. . . . Lo e e
Comparison of total cross section for the CC v, /7, induced K A chan-
nel with the results of Shrock et al. [45]. . . . . . ... ... ... .. 100



List of Publications

International

1. M. Rafi Alam, S. Chauhan, M. Sajjad Athar and S. K. Singh.
“; Induced Pion Production from Nuclei at ~1 GeV,”
Phys. Rev. D 88, 077301 (2013)

2. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“Charged Lepton Induced One Kaon Production off the Nucleon,”
Phys. Rev. D 87, 053008 (2013)

3. M. Rafi Alam, [. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas.
“Antineutrino Induced Antikaon Production off the Nucleon,”
Phys. Rev. D 85, 013014 (2012)

4. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas.
“Weak Kaon Production off the Nucleon,”
Phys. Rev. D 82, 033001 (2010)

5. M. Rafi Alam, L. Alvarez-Ruso, [. Ruiz Simo, M. Sajjad Athar. M. J. Vicente
Vacas and S. K. Singh,
“Weak Strangeness and Eta Production,”
To appear in the IOP Conference Proceedings (NuFact2013)

6. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar, L. Alvarez-Ruso and M. .J. Vi-
cente Vacas,
“Weak Production of Strange Particles off the Nucleon,”
To appear in the American Institute of Physics Conference Proceedings (Nulnt2012)
e-Print:arXiv:1303.5924 [hep-ph].



X1l LIST OF PUBLICATIONS

7. M. Rafi Alam. L. Alvarez-Ruso, M. Sajjad Athar and M. J. Vicente Vacas,
“Weak n Production off the Nucleon,”

To appear in the American Institute of Physics Conference Proceedings (Nulnt2012)
e-Print:1303.5951 [hep-ph].

8. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“Neutrino(Antineutrino) Induced Single Kaon(Antikaon) Production,”
Presented in XXV International Conference on Neutrino Physics and Astro-
physics, (Neutrino 2012) Kyoto, Japan.

9. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“Kaon Production off the Nucleon,”

AIP Conf. Proc. 1382, 173 (2011).
10. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“Strange Particle Production at Low and Intermediate Energies,”
ATIP Conf. Proc. 1405, 152 (2011)
National

1. M. Rafi Alam, 1. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“v-Induced Weak Kaon Production from Nucleons and Nuclei,”
Department of Atomic Energy Symp. on Nucl. Phys. 55, 526 (2010).

2. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas,
“v-Induced Kaon Production,”

Department of Atomic Energy Symp. on Nucl. Phys. 56, 762 (2011).

3. S. Chauhan, F. Zaidi, H. Haider, M. Rafi Alam, and M. Sajjad Athar

“Monte Carlo Generators vs Nuclear Model.”
Department of Atomic Energy Symp. on Nucl. Phys. 56, 1104 (2011).

4. M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas.

“e* Induced Single Kaon Production off the Neucleon.”
Department of Atomic Energy Symp. on Nucl. Phys. 57, 662 (2012).



Chapter

Introduction

With the observation of continuous nature of 8- spectrum by Chadwick [1] in 191
and many more experiments (2, 3| confirming this observation, physicists were poscd
with difficult problems and that were to theoretically understand these experimental
observations. The problems were not only associated with the energy-momentun
conservation law but also with the violation of angular momentum conservation law
It was Pauli [4] who in 1930 suggested that the missing energy in the 8-decay spec-
trum might be caused by some unseen weakly interacting particle. He proposed that
this particle should have a very small mass, spin % and should be neutral and called
this particle “neutron”. Three years later in 1933, Fermi [5] rechristened Pauli's
neutron to neutrino and gave the theory of neutrino interaction with matter which
was constructed in analogy with the Dirac’s formulation of quantum electrodyneun-
ics and the Hamiltonian for the interaction was written as a product of four spinor
fields now called as four Fermi point interaction given by

H = g¥, IV, U.IT, + h.c

Fermi took the interaction to be vector in nature in analogy with the second order
perturbation of quantum electrodynamics. Fermi’s formulation gave a solid founda-
tion to the Pauli’s conjecture. Later it turned out that the Fermi’s vector interaction
is too sensitive to explain many experimental observations of nuclear beta decay.
Gamow and Teller [6] showed that an axial vector or tensor interaction mav be able
to explain several experimental data. In Fermi’s theory the bilinear covariants(I,)
could be scalar(1), vector(y*), axial vector(y#v®), tensor(c#*) or pseudoscalar(~” 1 in
nature. The question was what one should opt for. The controversy settled dow1 to
V-A(vector -axial vector) interaction [7, 8], after the observation of parity violation
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in B-decay by Wu et al. [9], the prediction for which was made by Lee and Yang [10]
and the helicity measurement by Goldhaber et al. [11] where it was found that all
the neutrinos are left-handed. By the early 1960s it was fully established that the
weak interaction Hamiltonian in g-decay(n — p + ¢~ + i) should have the form
Gp - i
Hins = %[‘Pp'yu(l — 75) ¥y [lpe%(l —75) W]

where G is the universal Fermi coupling constant. Since then neutrinos have trav-
elled a long distance both theoretically as well as experimentally and gigantic efforts
have been made to understand this mysterious particle. This is also because neu-
trinos are not only a fundamental particle but along with photons are the two most
abundant particles in the universe. So to know the mysteries of the universe. we
must also understand the properties of neutrinos. Experimentally, the first neu-
trino(in fact v, ) was discovered by Reines and Cowan [12] in 1956 at Savannah river
nuclear reactor plant in South Carolina and later other flavors of neutrinos v, and
v, were discovered by Danby et al. [13] in 1963 and by DONUT Collaboration [14]
in 2000, respectively.

In the Standard Model(SM) of particle physics, there are six charged leptons
(e*, u™, Ti) and six neutral leptons (v, V., v, U, v, 7, ). These leptons can further
be arranged in three different families or generations and arranged according to their
weak isospin doublets as.

Gen. — 1 2 3
L]

S () ()
GGG

where L is a quantum number assigned to the leptons and known as “Lepton Quan-
tum Number”, which is different for the different generations.

In 1957 Pontecorvo [15] suggested that like K° — K° regeneration phenomena,
a neutrino may also oscillate into its antiparticle in vacuum if lepton number gets
violated. Their study further continued and in 1969, Gribov and Pontecorvo [16]
reiterated the concept of neutrino oscillation between different flavors of neutrinos if
neutrinos have finite mass. Around the same time the problem with the observation
of solar neutrino puzzle by Davis et al. [17] were reported. This was related with the
fact that the observed number of neutrinos(v,s) were different from the predictions
of the Standard Solar Model [18]. Then in 1980s came the atmospheric neutrino



anomaly reported by IMB [19] and Kamiokande [20] experiments and later by other

experiments where it was found that the predictions for the ratio 2= which should

Vy+ip
be theoretically  is close to 1.

Theoretically in 1986, Mikheyev and Smirnov [21] wrote a paper demonstrating
that electron type neutrino(v.) may be converted into a muon type neutrino(v,,) in
matter via a resonance like mechanism even if the intrinsic mixing angle be “ery
small. Now the phenomena of v-oscillation is well established due to the dedi-
cated experiments using solar, atmospheric, reactor as well as accelerator neutrinos
The neutrino flavor eigen states(v;,i = e, u,7) and the mass eigen states(v;. ] =
1,2,3) are related by a mixing matrix(U) known as Pontecorvo-Maki-Nakagawa-
Sakata(PMNS) [22, 23] matrix and is given by

Ve 151
v,| =U X |1n (1.2
Ur Us

where U is given by

C12€C13 812€13 s13e™" e'®1/? u
U = | —812C23 — C12823513€"°  Ci1a0a3 — 512523513€°  sa3C13 | ¥ 0 e/
S12823 — 0120235136i5 —C12823 — 512023513€i5 C23C13 0 0
C12 S19 0 1 0 0 C13 0 8136'*1-'(s
U = —812 Ci12 01 %10 Co3  S93 | X 0 1 0
0 0 1 0 —893 (a3 —Slgei(s 0 C13
N P
Solar,Eeactor Atm‘.,rAcc. Reactor‘gz Other
e’z 0 0
X 0 en/2 g where ¢;;, s;; = cosb;; & sin 6;; respectively.
0 0 1

The evidence of tiny neutrino masses represents one of the indications of physics
beyond the Standard Model(SM). However, the various parameters involved in os-
cillation physics needs to be very precisely determined. For a three flavor neutrino.
the oscillation parameters and CP violating phase § are given in Table 1.1 [24].

The different neutrino oscillation experiments in the last one decade have revealed
information about the solar mixing angle 6,5, atmospheric mixing angle 03 and verv
recently some constrain on 3 have been obtained, see for example Ref. [25]. Now
the pursuit is to see CP violation in the leptonic sector, and precise measurements
of the neutrino mixing parameters besides knowing the other properties associared
with this particle like their absolute masses, magnetic moment, etc.
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parameter best fit | 3o range
Am2, [107%¢V?] | 7.62 | 7.12-8.20
2.55 2.31-2.74
2.43 2.21- 2.64
sin2 0,0 0.320 | 0.27 - 0.37
0.613 0.36-0.68

|Am3, | [1073eV?]

si112 923
0.6 0.37 - 0.67
. 0.0246
sin? 0,5 0.017-0.033
0.0250
. 0.87
0 0-27
-0.037

Table 1.1: Neutrino oscillation parameters. The upper row corresponds to the
normal mass hierarchy and lower row inverted mass hierarchy [24].

The neutrino energy region of a few GeV is quite sensitive to the neutrino oscil-
lation parameters. Therefore, most of the present experiments like MiniBooNE [26].
K2K [27], T2K [28], NOvA [29], etc. have taken data or have been planned in
this energy region. Neutrino detection proceeds basically through various channels
of interaction with hadronic targets like quasielastic scattering, meson production
due to resonance excitations and its subsequent decay, deep inelastic scattering pro-
cess, etc. These may be understood by looking at the famous Lipari [30] curve in
Fig.-1.1, where the cross section is plotted as a function of neutrino energy. Here
the sensitivity of the average neutrino energy spectrum of the different neutrino
experiments is also shown. Looking at the Lipari curve and the experimental focus
of the different experiments, one realizes that a reliable estimate of cross sections
for these different processes is necessary. Although lots of efforts are being made
both theoretically and experimentally to understand neutrino-nucleus reaction cross
sections still there is uncertainty in the cross sections of about 20-30% [31] in the
energy region relevant to these experiments. This is because the neutrino fluxes are
not very precisely known and the other reason for it is that all these experiments
are being done using nuclear targets. As nobody can see a neutrino and measure
its energy and momentum in the incoming beam, the energy of incoming neutrino
is evaluated based on the kinematics of particles obtained in the final state depend-
ing on the detector acceptance and measurement accuracy. Therefore, it has been
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Figure 1.1: Contribution to the total scattering cross section [30)].

pointed out that the reconstructed neutrino energy and the true neutrino encrgy
may be different and true neutrino energy is really a difficult task to calculate as
the nuclear medium effects make the calculation quite difficult. Furthermore. the
nature of the neutrino-nucleus scattering cross section is also energy dependent. likc
at the low energies, it is the quasielastic scattering cross section which is dominant.
whereas at high energies the contribution mainly comes from the deep inelastic scat-
tering processes, while at ~1GeV the cross section may get contribution fron all
the possible inelastic channels besides these two. The inelastic channels include one
pion production, multipion production, kaon production, n production. etc.

As the use of nuclear targets in neutrino experiments is unavoidable, thereforc. it
is very important to understand theoretically the nuclear medium effects in the -
nucleus scattering cross section, and for this efforts have been made and on this topic
various series of neutrino conferences like Nnlnt [32], NuFact [33] are continuously
being organized. In the last one decade, the studies performed to understand the
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nuclear medium effects in the neutrino nucleus cross sections were mainly confined
to the quasielastic scattering and pion production processes [31]. However, in the
few GeV energy region, other not so well known processes like kaon and hyperon
production may also become important. In principle, their cross sections are smaller
than for the pionic processes because of phase space and the Cabibbo suppression for
AS = 1 reactions. Nonetheless, in the coming years of precision neutrino physics,
their knowledge could be relevant for the data analysis, apart from their own intrinsic
interest related to the role played by the strange quarks in hadronic physics.

In neutrino(antineutrino) induced reactions, the first inelastic reaction creating
charged current(CC) induced strange quarks is the single kaon production, with or
without accompanying a pion, where the total strangeness change is by one unit
(l.e. AS =1). The various possible reactions are

v+p — T +RAR +p v+p = T+ K +p
y+n — U +K+p n+p = F+K'+n
v+n — IT+Kt+n n4+n — "+ K +nete. (1.3)

where [ = e, u.

The basic reactions for v(v) induced charged current associated particle produc-
tion (AS = 0) from a nucleon(p or n) target are given by the following processes

v+n — IT+A+ KT v+p = [MHA+ KO
v+n — T+ 4+ KT u+p — T4+ K
v+n — I4+X" K p+p — T+ + KT

vt+p — I +YXY+ KT n+n — IT+3 +K%ete.  (1.4)

Besides the above mentioned CC AS = 0 processes, single hyperon accompanied
by a lepton may also be produced by AS = 1 quasielastic processes induced by
antineutrinos. The AS = 1 charged current quasielastic (CCQE) process is not
possible in neutrino mode because of AS # AQ selection rule. The possible AS = 1
CCQE single hyperon (1Y) production processes are,

n+p = ITHA°
m+p — 1T4+%°
n4+n — T+
n+n — IT+Y* (1.5)



where Y™ is a hyperon resonance.

Apart from AS = 0, charged current(CC) associated particle production of hyper-
ons with kaons, strange particles may be produced in neutral current(NC). AS =0
processes through the following reaction:

v+p — yu+AN+KT
vi+n — py+AN+K°
v+p - uy+IT+K°
v+p - y+X+K"
v+n — uy+3+ KO et (1.6}

Neutrino/Antineutrino induced charged current(CC) |AS| = 1 process is par-
ticularly appealing for several reasons. One of them is the important backgronmd
that it could produce, due to atmospheric neutrino interactions in the proton decay
searches [34]. Proton decay predictions were made by the minimal version of super-
symmetric SU(5) theories, where the predicted life time was about 10*' vears and
the decay was predicted through the observation of p — e* + 7. However. present
experimental limits are more than 10%3years [35]. There is a strong prediction from
the super-symmetric grand unified theories(SUSY GUTs) [36] for the protons to
have life time more than this. Therefore, the nucleon decay studies have entered
into a second generation phase, and more ambitious experiments like UNO [37 .
Hyper-K [38], ICARUS [39] etc. are planned for the future, using water-Cerenkov
technique or liquid Argon Time Projection Chamber. There are other decay channels
that open up where supersymmetric intermediate states are involved. Particularly
s-quark production is favored, and final states involving kaons, for example. p — A/
would be a dominant decay mode of protons. Thus to see nucleon to decayv. reli-
able estimate of kaons coming from the background, like from the interaction of
atmospheric neutrinos, should be well estimated. For this theoretical understand-
ing of kaon production from AS = 0 as well as AS = 1 processes are required.
These processes are also useful in the understanding of the basic symmetries of the
standard model, strange quark content of the nucleon, structure of weak hadronic
form factors, etc. The study of single kaon production would also be importan: in
the analysis of neutrino oscillation data, specially from their own intrinsic interest
related to the role played by the strange quarks in hadronic physics.

Experimentally, the currently available data is restricted to a few events measured
in bubble chamber experiments [40, 41, 42] with large systematic errors. However.
the scenario is expected to change soon as MINERvA [43] at Fermilab has started
taking data and their main goal is to study nucleon dynamics in the nuclear medinn.
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MINERwVA is using several nuclear targets like Carbon, Iron and Lead in the neutrino
energy region of 1-20 GeV. It is also planned to study specifically the strange particle
production and it is expected that thousands of events would be accumulated where
a kaon is produced in the final state [44].

There are very few theoretical calculations which deal with strange particle pro-
duction at low neutrino energies like the study by Shrock [45] and Mecklenburg [46]
on the associated particle production induced by charged and neutral currents. De-
wan [47] has studied strangeness changing (AS = 1) strange particle production and
Amer et al. [48] have studied strange particle production assuming the dominance
of s-channel resonant mechanism but the formalism is applicable at high neutrino
energies. Singh et al. [49] and Mintz et al. [50] have studied antineutrino induced
single hyperon production. Due to the scarcity of theoretical work. the MonteCarlo
generators used in the analysis of the experiments apply models that are not too
well suited to describe the strangeness production at low energies. For instance,
NEUT [51], used by K2K [27], T2K [28], Super-Kamiokande [52] and SciBooNE [53]
only considers associated kaon production implemented by a model based on the
excitation and later decay of resonances [51]. A similar model is used by other event
generators like NEUGEN [54], NUANCE [55] (see also discussion in Ref. [56]) and
GENIE [57]. However, it has been realized that this approach is not appropriate for
low energy strange particle production.

The other inelastic process that we have studied is the eta production induced
by neutrinos/antineutrinos. Although eta production induced by electromagnetic
process has been extensively studied both theoretically and experimentally but there
is few literature on the n production induced by weak interaction. To the best
of our knowledge there is absolutely no results for the differential as well as the
total scattering cross section for neutrino and antineutrino induced 7 production off
nucleon and nuclear targets. The basic reaction for the neutrino and antineutrino
induced charged current eta production is

v+n — 1" +p+n
y+p — IT+n+n (1.7)

where | = e, u. Study of 1 production is interesting because of several reasons. For
example, n is one of the important probe to search for the strange quark content
of the nucleons [58]. Also a precise determination of the 1 production cross sec-
tion would help in subtracting the background in proton decay searches. In some
supersymmetric grand unified theories, 77 mesons provide a prominent signal for
proton decay [59]. Therefore, its background contribution due to atmospheric neu-
trino interactions should be well estimated. Furthermore, the n production channel



is likely to be dominated by N*(1535) resonance excitation. This state sits near
the threshold of the N7 system and has large branching ratio for the Nn chan-
nel. Thus, a precise measurement of the cross section will also allow to deternine
the axial properties of this resonance. In addition to the above reasons, a second
class (via pion pole) n production mechanism that could compete with resonance
production in certain kinematic conditions has been singled out [60]. In most of
the Monte Carlo generators, eta contribution is obtained from Rein and Sehigal
model [61] for the resonant pion production. With the aim of reducing systematics
in the neutrino oscillation experiments to measure precisely oscillation parameters
a reasonable knowledge of these production cross section is required. We have not
come across any theoretical/experimental study where using neutrino/antineutrino
beam either the differential or total scattering cross section has been presented.

Recently, the importance of the study of kaon production induced bv real and
virtual photons on nucleons and nuclei has been emphasized due to the development
of accelerators like MAMI, TINAF, LNS, ELSA, SPring-8, GRAAL, etc. [62. 63. 34.
65, 66, 67, 68, 69, 70, 71, 72]. In particular, the availability of very high luminosity
beams has given the opportunity to study the photo induced strange particle and
antiparticle production [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83]. This study is quite
important keeping in mind the experimental efforts of studying kaon production
using real or virtual photons obtained from the accelerators like MAMI. JLAB.
LNS, ELSA, SPring-8, GRAAL, etc. [62, 63, 64, 65, 66, 67, 68, 69, 70, 71. 72] and
using dedicated detectors for the kaon signal. However, at the energies of these
experiments kaons coming from weak interaction may also contribute significantlv.

In this work, we have performed studies for the single kaon production process
induced by neutrino/antineutrino beams, eta production by these projectiles and
electron/positron induced single kaon production process and neutrino/antineutrino
induced associated particle production process. We develop a microscopical model
based on the SU(3) chiral Lagrangian. The basic parameters of the model are ;.
the pion decay constant, Cabibbo angle, the proton and neutron magnetic moments
and the axial vector coupling constants for the baryons octet, D and F'. that are
obtained from the analysis of the semileptonic decays of neutron and hvperons.

In Chapter-2, we shall present in brief the basic ingredients those one require
from Chiral Perturbation Theory (xPT) while writing hadronic current. We know
that quantum chromodynamics is gauge theory of the strong interactions with color
SU(3) as the underlying gauge group. But at the same time we also understand that
QCD can not be solved analytically. Therefore one uses an effective approach which
is applicable in certain kinematical region. xPT is one such type of approach, «n
effective field theory, based on the symmetries of the underlying theory and general
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principles of quantum field theory. One writes the most general possible Lagrangian
based on the allowed symmetry principles. Then one obtains the matrix elements
using this Lagrangian. After introducing yPT, we shall present and discuss the
results for neutrino and antineutrino induced single kaon and antikaon production.
respectively.

In Chapter-3, we have presented the formalism of the electron/positron induced
antikaon/kaon production. We have shown that kaon production through AS =1
process may also contribute significantly in the beams of electron/positron in the
experiments being performed at JLAB, Mainz, etc. We have presented and discussed
the results for the differential and total scattering cross section.

In Chapter-4, we have studied photo and neutrino/antineutrino induced eta par-
ticle production off the nucleons. We have obtained the results for the various distri-
butions like eta momentum, lepton energy and * distributions as well as the results
for the total scattering cross sections by using xPT approach to obtain the hadronic
currents for the Born diagrams and using the prescription of helicity amplitudes to
obtain the contributions from the resonant S5;(1535) and 51,(1650) channels.

In Chapter-5, we have studied associated particle production induced by neutrino
and antineutrino. We have presently taken only the nonresonant diagrams and
obtained the hadronic currents using yPT. The results for kaon momentum, Q?
distributions and the results for the total scattering cross sections are presented.

In Chapter-6 we summarize the results and conclude our findings.



Chapter

Weak Production of K and K

In this chapter, we briefly discuss the model which has been used to describe the weak
strangeness production. In Sec. 2.1, we present in brief the Effective Field Theory
approach which is used to describe the dynamics of the reactions. In Secs. 2.2 and 2 =
we apply the formalism to obtain the results for neutrino and antineutrino induced
AS =1 single kaon and antikaon production respectively.

2.1 Effective Field Theory

The ultimate goal of the physicists is to have a theory which should be able to
explain and correlate all the known physical phenomena happening around us. This
theory would be the “Theory of Everything”. Using this theory one would be able
to understand all the observed phenomena in terms of some fundamental dvnamics
among the basic constituents of nature. However, even if we are able to achieve 1his
goal, a quantitative analysis at the most elementary level is going to be of little use
for comprehensively describing nature at all physical scales. Therefore, to analvze
a particular physical system, first the isolation of the system from the surrounding,
is required so that one would be able to understand that particular system without
going into the details of the surrounding. To understand a particular system then
one requires a smart choice of appropriate variables which should be able to describe
the physical system which is more relevant for the problem at hand. Fortunately.
many physical problems involve energy scales of wide energy range that gives an
opportunity to study either low energy dynamics which is almost independem of
the details of high energy scattering or vice versa. For example, by now it is well
established that complete description of particle physics requires the powers of full

11
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blown Quantum Field Theory(QFT). In the some large scheme of things we might
resort to either some approximation or some limits of parameters involved. In this
context for several decades we have come to the realization that for the description of
some strongly interacting systems we might use a sort of reduced form of QFT called
Effective Field Theory(EFT)!. In these theories some of the degrees of freedom are
integrated out as their detailed inclusion is neither needed nor is manageable.

These effective field theories are basically tools to describe low energy physics
where one defines low energy scale with respect to some reference energy scale A.
In principle effective field theories contain infinite number of couplings which allow
us to achieve order by order renormalization. Therefore, the use of effective field
theory spares us the task of having to deal with the complications associated with
the detailed dynamics of the underlying fundamental theory. For example, Quan-
tum Chromodynamics(QCD) is a well established quantum field theory to describe
strong interactions, with the quarks as building blocks for baryons and mesons, and
the gluons as the mediators of the interaction. This has got unprecedented suc-
cess at large momentum transfer. However, in the low energy domain, due to the
growing of running QCD coupling and the associated confinement of quarks and
gluons it becomes very difficult to perform a complete realistic analysis of the QCD
dynamics in terms of these fundamental degrees of freedom. Therefore, at low ener-
gies we need an effective field theory and among the various effective field theories
applicable at low energies, Chiral Perturbation Theory(xPT) is perhaps one of the
most successful one [84, 85, 86], which has been found out to be very suitable at the
energies below the typical hadron masses. It describes the dynamics of the light-
est hadrons(mesons and baryons) as well as their interactions at low energies. The
Lagrangian of xPT contains a set of coupling constants which are better known as
low energy constants that not only describe the interactions of the lightest hadrons
but also include the contributions of the resonances in some effective way. This the-
ory has been successfully applied for understanding p-p scattering, m—N scattering.
7 — 7 scattering, pion photoproduction data, etc.

2.1.1 Chiral Perturbation Theory
The gauge invariant QCD Lagrangian in the limit of vanishing quark masses is given
by,

y = /\0 (e 1 Q [N %
Lycp = 7" 0ug — 9 (q ’7“?(1> G, — ZG‘“’G # (2.1)

IFor details see Refs. [84, 85, 86, 87. 88, 89, 90, 91]
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where ¢ denotes the composite spinor for the color triplet quarks, G is vector gluon
field, G%, is gluon field-strength tensor with « as a color index and g is the guark-
gluon coupling strength. We have considered only light quarks viz. u. d and s. This
Lagrangian has a global symmetry,

G = §U(Nf)L & SU(Nf)E@)U(l)V ® U(l)A )
chiral g?oup Gy

where Ny is the number of quark flavors and the subscripts denote the left(l) and
right(R) handed quark fields. G, is the chiral group for QCD, and for Ny = 3 quarks
(u-, d- and s- quark), has a symmetry given by G, = SU(3), ® SU(3)r. However.
if such a symmetry exists, one would observe parity doublets of SU(3) multipiets
of particles. Although SU(3) flavor symmetry has been observed but there is no
evidence of parity doubling at least for the light hadrons like pions. Therefore, one of
the SU(3) groups has to be spontaneously broken. In the present case the breaking
of chiral symmetry leads to appearance of Goldstone bosons. These Goldstone
bosons in the case of SU(3), are light pseudoscalar particles like pions. kaons and
eta mesons.

In order to get the Lagrangian which describes the dynamics of these Goldstone
bosons, we need continuous fields which should be described in terms of these Gold-
stone modes. The elements of SU(3) are written in terms of a unitarv matrix

U(©) = exp (—z’(—)k—/\Q—k) , (22)

where ©, are the real set of parameters and Ay are the Gell-Mann matrices given by

010 0 — 0 I 00
M=l 100}, =2 00}, A3=}10 —-10
0 00 0 00 0 00
0 01 0 0 —1 0 0090
M=1000 7}, =100 0], =001
1 00 ¢ 0 0 01 0
00 0 1 1 0 O
A= 00 — |, A= 3 01 01¢p. (2.3)
0+ 0 0 0 -2

Each Goldstone boson corresponds to the z-dependent cartesian component »f
the fields, ¢x(z). These cartesian components with Gell-Mann matrices Ax gives a
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parameterization of the Goldstone fields ®(z) as
O3+ T8 iy G4~ igs

3
P(z) = Zfﬁk(f))\k = | &1 +igy %8—5 —¢3 g6~ g7 (2.4)
k=1 G4+ 195 @ + 107 —2%

The component ¢ (z) are related to Goldstone field by the relation ¢ = 3Tr{A®(x)].
Furthermore, these cartesian components are expressed in terms of the physical fields
as given in Table 2.1

Table 2.1: Relation between cartesian components and pseudoscalar meson fields.

P +ids — V2t [ —igy » V21 63— #°
Gy +ids — V2K | ¢y —igs — \/51\; P —> M
G6 + 107 — V2K 6 — 17 —> V2K°

In the above table, the various entries like 7¢, K* & 7 stand for the pseudoscalar
fields which depend on space time coordinates. However, for convenience we have
dropped the x dependence from the fields. Using Table 2.1, Eq. 2.4 modifies to,

0 + %r} V2t V2Kt

8
O(x) =D dulx)he = VorT e e V2K (2.5)
k=1 VoK~ V2K° ‘\3377

For the baryons, we follow the same procedure as we did for the mesons. However,
unlike the pseudoscalar mesons where the fields are real, in the case of B matrix
each entry is a complex-field and the general representation is given by,

by + 2 by —iby by —ibs

8
1 1 V3 .
B(z) =Y 7—ibk(gg)xk =5 by+iby & —by b —ibr |, (2.6)
k=1 by + by b + by ——2{%

The component bs are related to Dirac fields and have been shown in Table 2.2,

"able 2.2: Relation between cartesian components and baryon octet fields.

by +iby — V22t [ b —iby > V28 | by — X°
by + ibs — =0 || by —ibs > V2 | bs > A
be +ib; — V2= | b —iby = V2n
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Using Table 2.2 the baryon matrix B may be given in terms of the four-component
complex Dirac fields as

51 %ZD + %A ot P
B(z) =) ﬁbk(x)/\k — £ v 2 A ST
k=1 =" =0 iiﬁA

After getting the parameterization of pseudoscalar meson octet ®(r) in Eq. 2~
and baryon octet B(x) in Eq. 2.7, we now discuss the construction of Lagrangian for
meson-meson, baryon-meson interactions and their interaction with external fieids.

2.1.1.1 Meson - Meson Interaction

The simplest Lagrangian which should be chirally invariant may be constructed by
using SU(3) unitary matrix U(zx),

U(z) = exp (2@(@) , ()

fx
where ®(x) is given by Eq. 2.5 and f, is a constant which can be obtained from
weak decay of pions i.e. 77 — pv,. The Lagrangian is written either in ters
of increasing powers of momentum or equivalently in terms of increasing munoer
of derivatives. The unitarity of U(z) demands that, even to generate a non-trivial

interaction, we need at least two derivatives to construct the Lagrangian. and this
may be given as

2
L% = %Tr [0.Uto#U] . (2.9
We must point out that the above Lagrangian represents the scattering among the
members of the pseudoscalar mesons. However, if one introduces couplings to cx-
ternal fields, like

v —  vector

a* — axialvector A

p — pseudoscalar (2.10;
s — scalar,

then this technique becomes more generalized. The QCD Lagrangian given v
Eq. 2.1 in the presence of external fields now read as

L= Loep + qr(v* +v5a")g — qs — ivsp)g. (2.11)
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It is more convenient to write the above Lagrangian in terms of the left(q,) - handed
and and right(gg)- handed quark fields. For this we shall introduce left(l*) and
right(r#) handed currents which are obtained from fields v* and a* as [87]:

1 1
rH— 5(1)“ + a#), # = 5(U“ —a"). (2.12)

Inserting the above fields into the Eq. 2.11 and with some simplification, we get

L = Ldep+ andha = 2arrqr — gr(s +ip)gr — qu(s — ip)gr
= Locp + Leat (2.13)

Now we make the effective chiral Lagrangian invariant under the local transforma-
tions by replacing the partial derivatives by the covariant derivatives like

DU = 0*U — U + iU,
prUt = oMUt U U (2.14)

Thus the lowest-order SU(3) chiral Lagrangian describing the pseudoscalar mesons
in the presence of an external current is obtained as

2 2
£ = TIDU(DU)]+ I+ Ux ], (2.15)

where the parameter f,(= 92.4A7eV') is the pion decay constant. The second term
appearing in the Lagrangian of Eq. 2.15 consists of scalar and pseudoscalar fields
where the field x is defined as

X = 2By(s + ip), (2.16)

with By as a constant. However, this term that incorporates the explicit breaking
of chiral symmetry coming from the quark masses [86], is not relevant for our study.
For different interactions the left-(1*) and right-(r*) handed currents(for SU(3)

case only) are,

Interaction ’ T l,

EM —eQA, —eQA, (2.17)
CC 0 ~%(WJT+ + W, 1) '
NC g tan Oy sin Gy QZ,,, —gcosy QZ,
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where ‘EM’ stands for the electromagnetic, and ‘CC’ and ‘NC’ stands for the weak
charge- and neutral-current interactions, respectively. A* is the electromagnetic
four-vector potential and ‘Q’ is the SU(3) quark charge given by

0

2

0
0 , with EM coupling, a = <
4

Q=

1
3
0 -

O O Wi

1
3

W% represents the W boson field and

T.=120 0 0 and T_=1 Vg 0 0
0 0 0 Ve 00

where Vj; are the elements of the Cabibbo-Kobayashi-Maskawa matrix (87, Z, ix
the weak Z-boson and the fy is the Weinberg angle given by [92],

My
cos Oy = —— = 0.8815 .
VT My
In the next section, we briefly discuss the interaction of baryons with the pscu-
doscalar Goldstone bosons as well as with the external ficlds at low energices.

2.1.1.2 Baryon - Meson Interaction

Till now we have discussed the interaction of Goldstone bosons(pseudoscalar mesons
among themselves and with the external fields. To incorporate the barvons in
the theory we have to take care of their masses which do not vanish in the chi-
ral limit [90]. However, if we take nucleons as massive matter fields which coupies
to external currents and Goldstone fields(pions etc.), we have to then expand the
Lagrangian according to their increasing number of momenta. Here we shall present
in brief the extension of the formalism to incorporate the heavy matter fields. First
we will discuss the interaction of mesons with SU(3) baryon octet and then we
extend our formalism to include the baryon decuplet fields.

To construct the meson-baryon Lagrangian, we first choose a suitable representa-
tion of baryons which transforms under the chiral group G, = SU(N;); @ SU(N;) 1.
as we did while obtaining meson-meson Lagrangian in Sec. 2.1.1.1.

It is more convenient to define a new unitary matrix for the pseudoscalar field s

VT = (1222,
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Now we introduce a Lorentz vector u* which is known as chiral vielbein or simply
as vielbein and is given by [87]:

W =i (W (0" — iy — w0 - iyt (2.18)

The vector u* is axial in nature as it changes sign under parity i.e. u# —— —u*. The
lowest-order chiral Lagrangian for the baryon octet in the presence of an external
current may be written in terms of the SU(3) matrix B as,

"35\11)13 =Tr [B (P — M) B] — gTr (Bv*vs{u,. B}) — gTr (By*75{uy. Bl), (2.19)

where M denotes the mass of the baryon octet, and the parameters D = 0.804 and
F = 0.463 are determined from the baryon semileptonic decays [93]. The covariant
derivative of B is given by

D,B = ,B + [, B, (2.20)
where we use another vector known as connection, which is given by [87]:

1 : , .
= 5 [ul (0" — ir*)u + u(0¥ ~ il . (2.21)
The next order meson baryon Lagrangian contains many new terms (see for instance
Ref. [94]). Their importance for kaon production will be small at low energies and
there are some uncertainties in the coupling constants. Nonetheless, for consistency
with previous calculations, we will include the contribution to the weak magnetism

coming from the pieces

Nz

L8 = dgTr (Blfy- 0" B]) + diTr (B{f},, 0" B}) + ..., (2.22)
where the tensor f, can be reduced for our study to
= Oy — Dl — ill L], (2.23)

In this case, the coupling constants are fully determined by the proton and neutron
anomalous magnetic moments. This same approximation has also been used in
calculations of single pion production induced by neutrinos [95].

In our model for the AS = 1, K~ /K° production we have also considered the
lowest lying resonance X*(1385). which is a member of the baryon decuplet. In
the next section we present in brief the the treatment of (decuplet)resonance in our
formalism.
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2.1.1.3 Resonance in Chiral Perturbation Theory

The decuplet fields are represented by Rarita-Schwinger field with both vector
and spinor indices. The spin—-% decuplet baryons form a fully-svmmetric rank-3
tensor(T%, ), which in the present notation is given by a 3 x 3 x 3 array of matrices

+ 1 Ay /L A+ LAO0 1§40
At —\/—§A+ by ﬁA ﬁA fz

V3 6
= LA+ A0 Ly Il 1 AD — 1y
_LZ*+ _1__2*0 _I_E*O —LE*O LZ** __1_5*_
V3 V6 3 V6 V3 V3
1 ovwt 1 vw0 1 =0
\/152*0 162— \1/5:*~
E:. _\_/—3:

The interaction of the baryon decuplet with the octet meson and baryon and with
the external weak field may be given as

Lgoe = C (2T w? B + h.c.), (2.25)
w.b™c

ade

where a — e are flavor indices. B corresponds to the baryon octet and u, is the
SU(3) representation of the pseudoscalar mesons interacting with weak left , and
right 7, handed currents (See Eq. 2.17). C is a free parameter which is fitted to the
A(1232) decay width and details of which is given in Appendix. A.

Using the Lagrangian for the meson-meson and meson-baryon interactions and
their interactions with external fields, we now apply this formalism to write the
hadronic currents for the various processes and using them we will obtain the differ-
ential and total scattering cross sections for v—induced K production in Sec. 2.2 and
v—induced K production in Sec. 2.3. We must point out that in this thesis we have
used the same formalism to write the hadronic currents for the various processes
like e~ /e™ induced K-production, n production and associated K-production.

2.2 Neutrino Induced Kaon Production

In neutrino induced reactions, the first inelastic reaction creating strange quark
is the single kaon production (without accompanying hyperons)?. This charged
current(CC), AS = 1 process is particularly appealing for several reasons. One
of them is the important background that it could produce, due to atmospheric

2For antineutrinos the lowest threshold for |AS| = 1 reactions is much lower and correspon s
to hyperon production.
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neutrino interactions, in the analysis of one of the main decay channels the proton
has in many SUSY GUT models (p — v+ KT) [96, 97, 98]. A second reason is its
simplicity from a theoretical point of view. At low energies, it is possible to obtain
model] independent predictions using Chiral Perturbation Theory (xPT) and due to
the absence of S = 1 baryonic resonances, the range of validity of the calculation
could be extended to higher energies than for other channels. Furthermore, the kaon
associated production (with accompanying hyperons) has a higher energy threshold
(1.10 vs. 0.79 GeV) which implies that even when the associated production is not
Cabibbo suppressed, for a wide energy region (such as the ANL, the MiniBooNE or
the T2K neutrino spectrum), singie kaon production could still be dominant [47].

2.2.1 Formalism

The basic reaction for the neutrino induced charged current kaon production is
(k) + N(p) = U7 (K') + N'(p') + K(px), (2.26)

where [ = e, u and N&N'=n,p. The expression for the differential cross section in
the laboratory (lab) frame for the above process is given by.
1 A&’ dp’ dpi

T = INE@ RE) RE) R ¢ TP T mIEEIME 227

where k and k' are the 3-momenta of the incoming and outgoing leptons in the lab
frame with energy E and F’, respectively. The kaon lab momentum is p; having
energy Fy, M is the nucleon mass, LY | M |? is the square of the transition amplitude
averaged(summed) over the spins of the initial(final) state. At low energies, this
amplitude may be written as

Gr Ly ) _ _9 (L)l g H)
M_ﬁ G gl =5/ T 2\[%( , (2.28)

Where ],,, ) and J*H) are the leptonic and hadronic currents respectively, G =
\/— é’A_IT = 1.16639(1) x 107°GeV™? is the Fermi coupling constant and g is the
gauge couphng The leptonic current can be readily obtained from the standard
model Lagrangian coupling the W bosons to the leptons

£ = 2f (W00 (1 = )l + W (1L = o]

- f [g(L) Wi+ hee. } (2.29)
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Figure 2.1: Feynman diagrams for the process ¥N — [N'K. First row from left
to right: contact term (labeled CT in the text), kaon pole term (KP}: second row:
u-channel diagram (CrY, CrA) and pion(eta) in flight (7P, (nP)

For the evaluation of the hadronic current J##) we consider four different chan-
nels which are depicted in Fig. 2.1. There is a contact term (CT), a kaon pole (KP
term, a u-channel process with a ¥ or A hyperon in the intermediate state and fi-
nally a meson (7, ) exchange term. The contribution of the different terms can be
obtained in a systematic manner using x P7". This allows one to identify some teris
that were missing in the approach of Ref. [47] which only included the u-channel
diagrams in the calculation. For the specific reactions under consideration. there
are not s-channel contributions given the absence of S = 1 baryonic resonances.
The current of the KP term is proportional to ¢#. This implies, after contraction
with the leptonic tensor, that the amplitude is proportional to the lepton mass and
therefore very small.

Now, writing the amplitude for the coupling of the W boson to the hadrons for
each of the terms in the form ;% (J; W + h.c.), for consistency with Eq. 2 25, we
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Table 2.3: Values of the parameters appearing in the hadronic currents.
| Process | Acr Ber  Aces Acrn  Axp Ap Agp |
vn—=1lKn{ 1 D-F -(D-F) 0 1 1 1
vp—1Kp | 2 -F -(D-F)/2 (D+3F) 2 -1 1
vn »(Kp| 1 -D-F (D-F)/2 (D+3F) 1 -2 0 |

get the following contributions to the hadronic current

. \f
ju[CT - —lACTVuSQf N ()" + +*v°Ber ) N(p).
. . V2 20 "
" = iAcrsVis =N Hp T 2Hn v, oy 4 5
s AcrsVusy (p)(v s + (D~ F)ly qz_]\i,zcéh)
A
G N
- - V2 i D+ 3F o
it = {AcaVys—N / By s TP pv , — no 5
75 P+ My b
o) - M2

, . V2 oo 1
]#‘[(p = IAKPVus——N(p )(ﬁ + ]’);\7)]\7(]{)) qQ _ A,{QQ’I'
k

4f:
V2 M N
1 = APV (D+ F N’ (¢ - 2p*)N(p),
1, pVas( oy PR T ') (¢" — 2" )N (p),

V2 M o
2fn (g —pr)? — MgN(p "e" = 2p)N(p),  (2.30)

where, ¢ = k — k' is the four momentum transfer, V,, = sinfc = 0.22 where ¢
is the Cabibbo angle, N(-), N(-) denote the nucleon spinors, p, = 1.7928uy and
fin, = —1.9130uy> are the proton and neutron anomalous magnetic moments. The
value of the various parameters in Eq. 2.30 are shown in Table 2.3. One may notice
the induced pseudoscalar form factor in the j“[ Crs.crp COTTEDLS, which takes into
account the coupling of the W boson to the baryon through a kaon. However, as
for the KP term, its contribution is suppressed by a factor proportional to the final
lepton mass and is negligible. Now, we discuss in some detail the terms that appear

i = iAgpVis(D — 3F) s

1

3 1y is nuclear magneton
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in the coupling of the weak currents to the octet baryons for the u-channel diagram
With very general symmetry arguments, this coupling may be described i terms
of three vector and three axial form factors. Following the notation of Ref. [93; we
have

f2 f3 5.
/L’ = “ =2 gt -_— U. (‘231'
0y fit + MBO qv + MBq : :
P g3 5 5 99
fo_ T S PR LE AP 232
Oh = (90" + qp-0"a + 3p-a' )y <

where Mp is the baryon mass. At the order considered, the chiral Lagrangian
provides finite values for f;, the weak magnetism form factor fo. ¢; and a pole
contribution to g3. The scalar f3 and a non-pole part of the pseudoscalar g; form
factors would only appear at higher orders of the chiral expansion. Furthermore.
their contributions to the amplitude is suppressed by a m; (lepton mass) factor and
they are usually neglected. The value of g, vanishes in the limit of exact ST (3)
symmetry and there is very little experimental information about it. In fact, it is
also neglected in most analyses of hyperon phenomenology [99]. The values of f,
and g; obtained from the lowest order chiral Lagrangian describe well the hyperon
semileptonic decays [93, 99, 100]. The details of the inclusion of the weak magnetism
form factor f, in our formalism is described in Appendix B.

Eventually, if the cross sections for the discussed processes were measured w:th
more precision, one could use them to explore these form factors at several = values.
The current experimental information, based on the semileptonic decays. covers ouly
a very reduced range for this magnitude.

Finally, we consider the ¢* dependence of the weak current couplings provided iy
the chiral Lagrangian discussed earlier. We must point out that, even at relatively
low energies and low momenta of the hadrons involved in our studv, ¢ reaches
moderate values. The ¢? dependences of the needed form factors (e.g. K. YN)
are poorly known if at all. Several prescriptions have been used in the literatne.
For instance, for quasielastic scattering and single pion production, the vector form
factors are usually related to the well known nucleon electromagnetic ones (see
e.g. [95, 101, 102] and references therein). This procedure is well suited for these
two cases because of isospin symmetry. However, in the SU(3) sector we expect
to have some symmetry breaking effects. Similarly, for the axial form factors. a
q* dependence obtained from the nucleon-nucleon transition obtained in neutrino-
nucleon quasielastic scattering is normally used. However, the axial mass is not well
established and it runs from values around 1 GeV [103, 104] to 1.2 GeV recentlv
obtained by the K2K [105] and MiniBooNE [106] collaborations. Again here. we
expect a different behavior for the hyperon-nucleon vertices. One of the possible
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Figure 2.2: Contribution of the different terms to the total cross section for v,p —
K7 p reaction.

choices (e.g. [48]) is to use a dipole form with the mass of the vector(axial) meson
that could couple the baryon to the current. In this work, in view of the present
uncertainties, we adopt a global dipole form factor £(¢%) = 1/(1 — ¢*/M32)?, with a
mass Mp ~ 1 GeV that multiplies the hadronic currents. Its effect, that should be
small at low neutrino energies will give an idea of the uncertainties of the calculation
and will be explored in the next section.

2.2.2 Results and Discussion

We consider the following reactions:

y+p = T +K +p
v+n — U +K+p
v+n — U+K +n (Il=¢€ p) (2.33)

The total scattering cross section ¢ has been obtained by integrating over the
kinematical variables! of Eq. 2.27 and using Eqs. 2.28-2.30. In Figs. 2.2-2.4, we

4The details are given in Appendix C.
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Figure 2.3: Contribution of the different terms to the total cross section for v,n -
1K reaction.
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Figure 2.4: Contribution of the different terms to the total cross section for v,n --
K n reaction.
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present the results of the contributions of the different diagrams to the total cross
sections. The contribution coming from the kaon pole are negligible at the studied
energies and are not shown in the figures although thev are included in the full
model curves. We observe the relevance of the contact term, not included in previous
calculations.

Starting from v, + p — p~ + K* + p channel as shown in Fig 2.2, we find that
the contact term is in fact dominant. For example, in the neutrino energy range of
1.5 — 2. GeV the contact term is about 20 — 25% higher than the net contribution
to the total scattering cross section. The next major contribution comes from the
u-channel diagram with a A in the intermediate state and the 7 exchange term
where the fraction to the total cross sections are ~ 35% and ~ 22% respectively.
As observed by Dewan {47] the u-channel ¥ contribution is much less important,
basically because of the larger coupling (NKA > NKY) of the strong vertex. The
curve labeled as Full Model has been calculated with a dipole form factor with a
mass of 1 GeV. The band in Fig. 2.2 corresponds to changing up and down this
mass by a 10 percent. A similar effect is found in the other channels and we will
only show the results for the central value of 1 GeV. These uncertainties, due to
the vector/axial mass of the dipole form factor, would partially cancel in ratios of
cross sections, such as o(K?)/o(K™). Although the cancellation is not total. due
to the different ¢? dependence of the channels, the uncertainty bands for the ratios,
when the masses are changed by 10%. is less than 5%. We have also checked that
the cross section obtained without the contact term and after correcting for the
different values of the Cabibbo angle and the Yukawa strong coupling agree well
with the result of Fig. 7 of Ref. [47] at its lowest energy. Higher energies are well
beyond the scope of our model.

The process v, +n — u~ + K° + p has a cross section of a similar size and the
contact term is also the largest one with ~ 20% higher than the total cross section
obtained by using full model, followed by the 7w exchange diagram and the u-channel
(A) term. As for the previous channel. we observe a destructive interference between
the different terms and the cross section obtained with the full model is smaller than
that produced by the contact term alone.

Finally, the reaction vyn — [~ K*n has a relatively smaller cross section probably
because of the absence of A intermediate term which has significant contribution
to the cross section in the other two diagrams. The contribution from the pion
exchange term is substantially larger than the u-channel (X) term. as already noted
in Ref. [47]. The contact term is also dominant for this channel and the total
cross section calculated only with this term practically coincides with the full result.
Therefore, we have found that the contact term, required by symmetry, play a major
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Figure 2.5: Cross sections as a function of the neutrino energy for single kaon
production vs. associated production obtained with GENIE [57].

role in the description of the kaon production induced by neutrinos at low energies.

Above the energy threshold for the production of kaons accompanied by hyperons.
this latter kind of processes could have larger cross sections due to the larger coupling
for AS =0, (V,q vs V). To explore this question and the range of energies where
the processes we have studied are relevant we compare our results in Fig. 2.5, with
the values for the associated production obtained by means of the GENIE Monte
Carlo program [57]. We observe that, due to the difference between the encrgv
thresholds, single kaon production for v; + p — = + K* + p is clearly dominant
for neutrinos of energies below 1.5 GeV. For the other two channels associated
production becomes comparable at lower energies. Still, single K° production »ff
neutrons is larger than the associated production up to 1.3 GeV and even the much
smaller Kt production off neutrons is larger than the associated production up to
1.1 GeV. The consideration of these AS = 1 channels is therefore important for the
description of strangeness production for all low energy neutrino spectra and should
be incorporated in the experimental analysis.

After getting the considerable description of cross section at the energies below
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do /dE, (10™ cm’ /GeV)

Figure 2.6: Contribution of the different terms to the kaon energy distribution (
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2 GeV we obtain the differential cross section at F, = 1.5 GeV i.e. near the
K N —threshold. To explore the dynamics of the reactions we present the kaon
energy distribution (4/aE,) shown in Figs. 2.6-2.8 and the Q? distribution(47/sq?)
which are shown in Figs. 2.9-2.11.

In Figs. 2.6-2.8 we have presented the kaon energy distribution corresponding to
the each Feynman diagram as shown in Fig. 2.1 for the neutrino lab energy of 1.5
GeV. As one may see that the results with full model in all the three cases peaks
at low energies. It may also be observed from these curves that at low energies the
main contribution comes from the contact term. For the v,n — p~ K*n, and " K"
the contact term is followed by the pion exchange term and u-channel A diagram.
whereas for the v,p — p~ K*p we find that the pion exchange term and u-channel
A diagram are approximately of same order. We may also notice that the u-channel
mechanism is almost flat over the wide range of kaon energies as compared to rhe
other diagrams.

The @? distribution for the processes given in Eq. 2.33 are shown in Figs.. -
2.11 at neutrino energy 1.5 GeV. We find that the contact term is dominating for
vyn — p~ K*tn and v,p — p~ K*p processes, while in the peak region of ()2 for 'he
process v,n — pu~ K% pion exchange term is dominating.

In Table 2.4, we show the total cross section results for the three channels averaged
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over the ANL [107], the MiniBooNE [108] and the off-axis (2.5 degrees) T2K [109]
muon neutrino fluxes, all of them peaking at around 0.6 GeV. After normalization
of the neutrino flux ¢ we have

(o) = / " 4E $(E)o(E), (2.34)

Etn
where £}y, is the threshold energy for each process and Ejyigy, is the maximum neutrino
energy. As discussed previously, in these three cases, the neutrino energies are low
enough for single kaon production to be relevant as compared to associated kaon

Table 2.4: Cross sections averaged over the neutrino flux at different laboratories in
units of 1074 cm?. Theoretical uncertainties correspond to a 10% variation of the

form factor mass.

[ Process T ANL  MiniBooNE  T2K l
vyn — p~ K*n | 0.06(1) 0.07(1) 0.09(1)
v,p— u K*p | 0.28(5) 0.32(5) 0.43(8)
vun — p~ K% | 0.17(3) 0.20(3) 0.25(5)
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Table 2.5: Number of events calculated for single kaon production in water corre-
sponding to the SuperK analysis for atmospheric neutrinos.

| Process Events e~ Events p~
yn— 1 nK"* 0.16 0.27
vy — " pk" 0.45 0.73
up — I pK™ 0.95 1.55
Total 1.56 2.55

production. Also the invariant mass of the hadronic system and the transferred
momentum only reach the relatively small values where our model is more reliable.

We can get an idea of the magnitude of these channels by comparing their cross
section with some recent results. For instance, the cross section for neutral current
7° production per nucleon has been measured by the MiniBooNE collaboration [110]
obtaining (o) = (4.76 £ 0.05 + 0.76) x 1071 cm? with a data set of some twenty
thousand valid events. The cross sections predicted by our model with the same
neutrino flux are around two orders of magnitude smaller, what means that a few
hundreds of kaons should have been produced.

The atmospheric neutrino spectrum [111] also peaks at very low energies and
our model should be very well suited to analyze the kaon production. In Table 2.5,
we show the number of kaon events that has been obtained for the 22.5 kT of
water target and for a period of 1489 days as in the SuperK analysis {98, 112] of
proton decay. As in the Refs. [98, 112], we include cuts in the electron momentum
(p. > 100 MeV) and muon momentum (p, > 200 MeV). We find that single kaon
production is a very small source of background. In the SuperK analysis the kaon
production was modeled following Ref. [61, 113] and only includes associated kaon
production. Although some of the cuts applied in their analysis, such as looking
for an accompanying hyperon, are useless for our case. we find that this source of
background is negligible, given the smallness of our results and the totally different
energy distribution of kaons and final leptons in the production and decay reactions.

Finally, in Fig. (2.12) we compare the Q* distribution for all the processes at
relatively low value of neutrino energy E, = 1 GeV. If high values of this magnitude
are relevant, the results would be sensitive to higher orders of the chiral Lagrangian
and/or a more precise description of the form factors. The reactions are alwayvs
forward peaked (for the final lepton), even in the absence of any form factor (F(¢*) =
1), favoring relatively small values of the momentum transfer. In this figure. we
also show the dependence of the cross section on the mass of the final lepton that
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Figure 2.12: @ distribution (d%%) at F, = 1GeV for single kaon production indiced
by neutrinos. The curves are labeled according to the final state of the process.

reduces the cross section at low Q? values. The process v, +n — ¢~ + K" + p
shows a slightly different behavior that reflects an important (and Q* dependent)
interference between the pion exchange and the contact terms.

Till now we have discussed the kaon production off free nucleons. However. most
of the experiments are carried out on detectors containing complex nuclei such as
carbon, oxygen, iron etc. On the other hand, nuclear effects are known to be quite
large for pion production induced by neutrinos {102, 114, 115, 116]. Fortunately.
this question is much simpler for the kaons. Firstly, because there is no kaon ab-
sorption and the final state interaction is reduced to a repulsive potential. sniall
when compared with the typical kaon energies, secondly, because of the absence of
resonant channels in the production processes. We should remember here that some
of the major nuclear effects for pion production are originated by the modification
of the A(1232) properties on nuclei. Other nuclear effects, such as Fermi motion
and Pauli blocking will only produce minor changes on the cross section and can
easily be implemented in the Monte Carlo codes.
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2.3 Antineutrino Induced K /K Production

Now we discuss single antikaon production off nucleons. The theoretical model is
necessarily more complicated than for kaons because resonant mechanisms, absent
in the kaon case, could be relevant. On the other hand, the threshold for associated
antikaon production corresponds to the K — K channel and it is much higher than
for the kaon case (KY). This implies that the process we study is the dominant
source of antikaons for a wide range of antineutrino energies.

The study may be useful in the analysis of antineutrino experiments at MINERvA.
NOvA, T2K and others. For instance, MINERVA has plans to investigate several
strange particle production reactions with both neutrino and antineutrino beams [44]
with high statistics. Furthermore, the T2K experiment [117] as well as beta beam
experiments [118] will work at energies where the single kaon/antikaon production
nay be important.
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Figure 2.13: Feynman diagrams for the process vN — [N’ K. First row from left to
right: s-channel ¥, A propagator (labeled SC in the text). s-channel ¥* resonance
(SCR), second row: kaon pole term (KP); contact term (CT) and last row: pion(eta)

in flight (7 P/nP).
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2.3.1 Formalism

The basic reaction for antineutrino induced charged current antikaon production i

v(k) + N(p) = U(K") + N'(p') + K (px), (235

where | = et, u™ and N& N’ are nucleons. The expression for the differential cros-
section in the laboratory frame for the above process is given by

1 dk'  dp’  dp;
dAME(27)° (2E)) (2E)) (2Ey)

d’c =

S k+p—k —p —p)STIMPE (2.36

where k(k’) is the momentum of the incoming(outgoing) lepton with energy E(E").
p(p’) is the momentum of the incoming(outgoing) nucleon. The kaon 3-momentum is
Pk having energy Ej, M is the nucleon mass, ©¥|M|? is the square of the transi:ion
amplitude averaged(summed) over the spins of the initial(final) state. It car he
written as

Gr . g . 1 g
M=—=3,J"= J#,
ﬂ]u 2\/§JMM124/2\/§

(237

where j, and J* are the leptonic and hadronic currents respectively, Gy = ﬂ;{fm—
is the Fermi coupling constant, g is the gauge coupling and My is the mass of the
W-boson. The leptonic current can be readily obtained from the standard model
Lagrangian coupling the W bosons to the leptons

g . _ 9 99
L= —m [J#WM +hC] . (2.38)

We construct a model including non-resonant terms and the decuplet resonances.
that couple strongly to the pseudoscalar mesons. The same approach successfully
describes the pion production case (see for example Ref. [95]). The channels that
contribute to the hadronic current are depicted in Fig. 2.13. There are s-channels
with X, A(SC) and ¥*(SCR) as intermediate states, a kaon pole (KP) term. a contact
term (CT), and finally a meson (7P,nP) exchange term. For these specific reactions
there is no u-channel process with hyperons in the intermediate state.

The contribution coming from different terms are obtained from the yPT la-
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Process Ber | Acr | As | Ax | Akp | A | Ay | As-
vn —ItK™n | D-F 1 -110 -1 1 {1
vp—>ItKp | -F 2 |31 1] -2 |11

vpo> UK |-D-F| 1 | 2| 1| -1 |-2[0]} -1

Table 2.6: Constant factors appearing in the hadronic current

grangian as discussed in Sec. 2.1.1. The contributions to the hadronic current are

—@N(p’) (v* + Ber v5) N(p)

2fn
V2 pg+ M (bp + 2ptn)

JH = 4A D—F‘/m—]\’ Vo Ty N el T g

o = iAy( ) W)ps 7, TR (v i,

JHer = iAcrVis

2f7T

v (D-F) {w -t ) V)

. 1 ]5‘!‘4-{*]»[,\ . ,u
JH A = iAaVi(D + 3F Ny ———— ([ + i 0",
(D+3F) q“
e R v J R A0
\/_ q*
J“)A’P = 7AAPVus 2, ( );é N() A[Q
. lW\/i ; 2pk ~—q‘u _
JH = 1A,——Vs(D+ F N(p )y N
| 57, VPt G N
 MV2 e
JH = A, =2V, (D — 3F ()5 N
‘) l i 2f7r ( 3 )(q_pk)Q_anlg‘/\((p)/ (p)
C 1 pﬁ B
H O x - - A AN /
JHs 1Az fﬁ\/_V P2 MZ + il M (r")
X Prs, (OV + TN (p) (2.39)

In T#" + % the same form of the transition form factors are taken as for the At
case. Acr, BCT,etC. are the constant factors and have been tabulated in Table 2.6.
As it is the case for the A(1232) in pion production, we expect that the weak
excitation of the ¥*(1385) resonance and its subsequent decay in NK may be im-
portant. The lowest order SU(3) Lagrangian coupling the pseudoscalar mesons with
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decuplet-octet baryons in presence of external weak current is given by
Laec = C (e Thgeul ,BS + hec), (240

where T* is the SU(3) representation of the decuplet fields, a — e are flavor indices .
B corresponds to the baryon octet and u,, is the SU(3) representation of the pseu-
doscalar mesons interacting with weak left {, and right r, handed currents Scc
Eq. 2.17). The parameter C ~ 1 has been fitted to the A(1232) decay-width. The
spin 3/2 propagator for ¥* is given by

Pps(P)
P? — M2, +iMg- g’

GH(P) = (241,

where P = p + ¢ is the momentum carried by the resonance, ¢ = k — k" and PJ( i
the projection operator

;w
P BS

y 1 2PHPY 1Py - U]
=) U= -

Mga) | g — 24tg” — E
AR A Sl -ty v il S v

spins

(242,

with Ms- the resonance mass and ¢* the Rarita-Schwinger spinor. The ¥* width
obtained using the Lagrangian of Eq. 2.40 may be written as

FZ* = FE*——H\‘A’ + FE'-—-)ET!‘ + FZ*—>NI_( ) (243

where

Cy £ 2 (W+My)2—m
1927 \ fr W
x &(W — My —m). (2 44

2
NPW? M, m?)

FZ*—)Y, meson

Here, m, My are the masses of the emitted meson and baryon. A(z.y.z) = (»—y -
z)? — 4yz and © is the step function. The factor Cy is 1 for A and % for N and ¥

Using symmetry arguments, the most general W~ N -+ ¥* vertex may be written
in terms of a vector and an axial-vector part as,

(5P =p+q|VHINip) = Vigdhu(P)T (p, q) u(@),

(% P=p+q|A"|N;p) = Vuda(®TY (p,9) u(®), (2.45)

5The physical states of the decuplet are: Ty1; = AT Ty, = T,Tlgg = T;,ngg =A". Ty =
7- T123—7= T223—W T3 = f,T133 \/§,T333—Q§-
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where

\% \%
g = | (g — ) + S (g7 P — g ")
' M M?

V

C: , ;
+=—=(9™q-p—q¢"p") + Cy 9‘“’} oF

M2
CA (03 (87 '3 CA (83
= []Tj(g “4—q 7‘)+V42(g “q- P —q*P")
A c¢
+Cs 9™ + 1 q“qa} . (2.46)

IY(p.q)

Our knowledge of these form factors is quite limited. The Lagrangian of Eq. 2.40
gives us only C2(0) = —2C//3 (for the ¥X*(1385) case). However, using SU(3)
symmetry we can relate all other form factors to those of the A(1232) resonance,
such that C=* /CAT = —1 and C™*7 /CP™ = /2. See Refs. [95, 114, 119, 120, 121]
for details of the WNA form-factors. In the A case. the vector form factors are
relatively well known from electromagnetic processes and there is some information
on the axial ones from the study of pion production. We will use the same set as in
Ref. [95, 121], where pion production induced by neutrinos has been studied, except
for C2(0), obtained directly from the Lagrangian and Cg'. These latter two form
factors are related by PCAC so that C& = CAM?/(m% ~ ¢*).

Even from relatively low neutrino energies, other baryonic resonances, beyond
the ¥*(1385), could contribute to the cross section, as they are close to the kaon
nucleon threshold. However, their weak couplings are basically unknown. Also,
the theoretical estimations of these couplings are still quite uncertain. Nonetheless,
recent advances in the radiative decays of these resonances, both experimental and
theoretical (see, e.g., Refs. [122, 123]), may help to develop a more complete model
in the future.

Finally, we consider the ¢* dependence of the weak current couplings provided by
the chiral Lagrangian. In this work, we follow the same procedure as in Ref. [124]°
and adopt a global dipole form factor F(q?) = 1/(1—¢*/M})?, with a mass My ~ 1
GeV that multiplies with all the hadronic currents, except the resonant one, that has
been previously discussed. Its effect, that should be small at low neutrino energies
will give an idea of the uncertainties of the calculation and will be explored in the
next sectlon.

6 A more detailed discussion can be found there.
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Figure 2.14: Cross-section for the processes 7, N — u*N'K and v, N — ¢ " N'K a~
a function of the antineutrino energy

2.3.2 Results and Discussion

We consider the following strangeness changing (JAS| = 1) charged-current reac-
tions:

n+p - T+ K +p
v+p = P+ K°+n
n+n — "+ K +n. (2.47)

The total scattering cross section ¢ has been obtained by integrating over the
kinematical variables” of Eq. 2.36 and using Eqgs. 2.37-2.39. In Fig. 2.1, we slow
their total cross section for electronic(z.) and muonic(z, ) antineutrinos as a function
of neutrino energy. We obtain similar values to the cross sections of kaon productiou
induced by neutrinos as obtained in Sec. 2.2.2, even when there are no resonant
contributions. The electronic antineutrino cross sections are slightly larger. hut
they do not present any other distinguishing feature. For all channels. the cross

"The details are given in Appendix C.
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Table 2.7: < o > (10~*"em?) for K production with MiniBooNE #,, flux and neutral
current 7° production (per nucleon) measured at MiniBooNE [110]

Process <o>
Vyp+p = put+ K +p 0.11
v,4+p—pt+K'+n 0.08
Vpt+n—pt+ K™ +n 0.04

U, +N—->u, +N+7° [ 148+£05+23

sections are very small, as compared to other processes induced by antineutrinos
at these energies, like pion production, due to the Cabibbo suppression and to the
smallness of the available phase space.

Before discussing in more detail each of the channels, we will make some com-
ments. First, the lowest energy antikaon associate production, (KK, |AS| = 0),
has a quite high threshold (=~ 1.75 GeV) and thus, it leads to even smaller cross
sections in the range of energies we have explored. For instance, at 2 GeV, GENIE
predicts antikaon production cross sections at least two orders of magnitude smaller
than our calculation.

As it was expected, our results would lead to a very minor signal in past experi-
ments. For instance, we have evaluated the flux averaged cross-section < ¢ > for the
MiniBooNE antineutrino flux [125] in the sub GeV energy region. The results are
given in Table 2.7 and compared with the recent measurement of the neutral cur-
rent 7° production per nucleon with the same flux [110]. We find that the antikaon
production cross section is around two orders of magnitude smaller than the NC 70
one at MiniBooNE. Given the number of neutral pions observed for the antineutrino
beam we expect that only a few tens of antikaons were produced in this experiment.
One should notice here that the average antineutrino energyv at MiniBooNE is well
below the kaon threshold. Thus, we are only sensitive to the high energy tail of the
flux. One could expect a relatively larger signal for the atmospheric neutrino v, and
v, induced events at SuperK, given the larger neutrino energies. But even there we
find a very small background from antikaon events. Taking the antineutrino fluxes
from Ref. [111] we have calculated the event rates for the 22.5kT" water target and
a period of 1489 days as in the SuperK analysis of Ref. [112]. We obtain 0.8 e*
and 1.5 ut events. Although the model has large uncertainties at high energies, the
rapid fall of the neutrino spectrum implies that the high energy tail contributes very
little to the background.

Our results correspond to relatively low antineutrino energies. where our model is
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Figure 2.15: Contribution of the different terms to the total cross section for rhe
process v,p — utpK~.

more reliable. However, the model could also be used to compare with data obtained
at much higher neutrino energies selecting events such that the invariant mass of
hadronic part is close to antikaon-nucleon threshold and the transferred momentun
q is small. This procedure has been used, for instance, in the analysis of two pion
production induced by neutrinos [126, 127].

In Fig. 2.15, we show the size of the different contributions to the v,p — " pl~
reaction. The cross section is clearly dominated by the non-resonant terms. and
more specifically the contact term has the largest contribution. We see the destruc-
tive interference that leads to a total cross section smaller than that predicted by the
CT term alone. We could also remark the negligible contribution of the X7 (1385}
channel. In fact, the addition of the ¥*(1385) resonance leads to the further lowering
of the cross section which is about 7% at 2 GeV. This fact is at variance with tae
strong A dominance for pion production and it can be easily understood because
the ¥* mass is below the kaon production threshold. We have also explored. the
uncertainties associated with the form factor. The curve labeled as “Full Model”
has been calculated with a dipole form factor with a mass of 1 GeV. The band corr:-
sponds to a 10 percent variation of this parameter. The effect is similar in the other
channels and we will only show the results for the central value of 1 GeV. Apa:t
from the CT term the s-channel with A propagator and pion pole give a significant
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contribution to the cross sections. The contributions from other channels are cery
low and they are not visible at the said energies.

In Figs. 2.16 and 2.17, we show the other two channels. As in the previous rase
here also the CT term is very important. We observe, however, that the pion-pole
term gives a contribution as large as the CT one for the v,p — u*nA" process
For the u,n — pu*nK ™ case, we find a substantial contribution of the ¥* resonance.
due to the larger value of the couplings (see Table 2.6). As in the first case, there
is some destructive interference between the different mechanisms participating in
these processes.

In Figs. 2.18-2.20, we present the kaon energy distribution (do/dag,) at E,. -
1.5GeV as we did for the neutrino induced reactions in Sec. 2.2.2. For the v, —
pt K~ n we find that here also CT term is dominant, followed by the 7 exchangc
term(7P) and the ¥* resonance(SCR) term. In the peak energy region the C'T torm
is slightly lower as compared to the full model. Here we would like to emphasize
that the shape of the ¥* resonance is relatively flat over the region of interest while
all the other diagrams are peaked near the kaon rest mass. In Fig. 2.19, we present
the results for the kaon energy distribution for v,p — u* K p. Here we find that
the peak of CT term and results obtained by using the full model coincide. however.
CT term is wider in nature. The next contribution to the differential cross section
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Figure 2.19: Contribution of the different terms to the kaon energy distribution
(d%%) at E, = 1.5GeV for v,p — pu* K~ p process.
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Figure 2.21: Contribution of the different terms to the Q? distribution (5‘% at
E, =1.5GeV for v,n — p" K ~n process.

comes from the s-channel A term, the distribution of which is flat in nature. We
find that there is hardly any contribution from the resonant term. In the case of v,
induced reaction #,p — u* K®n (Fig. 2.20) we find that the CT term peaks ~ 25%
higher than the results obtained using the full model. While 7P contribution in this
case is even stronger. However, the s-channel mechanism with A as an intermediate
state is smaller than the full model in the peak region of kaon energy. We mayv
also notice that the shape of the distribution for 7,p — p*K°n process is relatively
broader in nature as compared to the other two channels.

In Figs. 2.21-2.23, we have presented the results for Q? distribution i.e. d47/sg:
vs Q% at E; = 1.5GeV. We find the ? distribution to be sharply peaked at low
Q?. The contribution from the different terms of the hadronic current to the to al
@Q? distribution is slightly of different nature as compared to these contributions in
the case of kaon energy distribution. This difference is mainly driven by the (T
term and s-channel mechanism. Both of which are sharply peaked unlike their /7,
distributions. For example, in the case of 7,n — p*Kn the peak of CT term is
about 12% higher than the full model, unlike in the case of 49/4E, where it is slightly
lower in the peak region. However, the shape of both the distributions are different
which otherwise give the same cross section. The other important contributions
come from P and resonance mechanism. While in the case of v,p — p* K p the
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CT term is about 55% higher in the peak region in compare to the full model. [his
also suggests that the contribution from other diagrams comes with opposite sign
which tend to reduce the cross section. In Fig. 2.23, we have presented the Q-
distribution for ,p — u™K°n channel. We find that the pion exchange term comes
out to be most dominant one followed by the CT term. While the s-channel A is
very close to the full model and the shape of the distribution is largely determined
by it.

Thus we find that the study of single kaon production induced by v, /v, is im-
portant in the energy region of ~ 1 GeV. These studies would be relevant for the
precise measurement of v-oscillation parameters as well as to the background study
of nucleon decay searches.

In the next chapter we shall present the formalism and results for the clec-
tron/positron induced single kaon production based on the formalism discussed in
the present chapter.
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Chapter

Charged Lepton Induced One Kaon
Production

3.1 Introduction

With the development of accelerators like MAMI, JLAB, LNS, ELSA, SPring-x.
GRAAL, etc. [62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72|, the importance of the
study of kaon production induced by real and virtual photons on nucleons and
nuclei has been laid. In particular, the availability of very high luminosity beams
has provided the opportunity to study the electromagnetic associated strangeness
production [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83] of a strange and an anti-strange
particle.

The cross section for weak associated strangeness production is obviously nmuch
smaller than that of the electromagnetic ones. However, weak interaction allows for
processes where only one strange/anti-strange particle is produced. (AS = £1) and
these reactions could have a substantially lower threshold. For instance. the thresh-
old for electron induced weak K~ production on a proton is around 600 MeV whereas
it is 1.5 GeV for electromagnetic production, as an additional kaon is required.

The study of these reactions could provide valuable information on the ou
pling constants D and F' that govern the interaction of the SU(3) lightest baivon
octet with the pseudoscalar mesons and also their 8 decays. More specifically. the
ga(= D + F) combination, related to the neutron 3 decay, is very well known. but
the knowledge of the D and F values are less precise [93]. Also, one may investigate
the Q? dependence of the weak axial form factors of nucleons and hyperons. Here
we explore the possibility of doing such experiments and present a quantitative anal-
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ysis of the charged current reaction in which a kaon/antikaon is produced without
conserving AS. This study is based on the formalism which we have discussed in
Chapter-2 and here it has been extended for single kaon production off the nucleon
obtained from electron as well as positron beams.

We proceed by introducing the formalism in brief in Sec. 3.2. Results and dis-
cussions are presented in Sec. 3.3.

3.2 Formalism

The processes considered here are the charged lepton induced weak |AS] = 1, K(K)
production. The single antikaon production channels induced by electrons are

e +n — v.+K +n

e +p > v +K'+n

e +p — vVe+ K +p, (3.1)

and the corresponding positron induced channels are

et4+n — v, +K"+n

et +n — v +K%+p

e +p - v +K +p (3.2)
The expression for the differential cross section in the laboratory frame for the

above processes is given by

1 dik'  dp’ dpi §
9 — 4k _k/—',v' ‘ZEMQ, 33
T = IME.(20) 2E,) (2E)) aay kP P p)REIMI (3.3)

where k(k’) is the momentum of the incoming(outgoing) lepton with energy E.(E, ),
p(p') is the momentum of the incoming(outgoing) nucleon with mass A/. The kaon 3-
momentum is g having energy Ej, | M |? is the square of the transition amplitude
averaged (summed) over the spins of the initial(final) state. The transition amplitude

may be written as

Gr | g . 1 g
M=—j,J"= JH, (3.4)
2 22 " MZ 22
2
where j, and J# are the leptonic and hadronic currents respectively, Gr = \/ﬁﬁ!ﬁ

is the Fermi coupling constant, g is the gauge coupling and M,y is the mass of the
W-boson.
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Figure 3.1: Feynman diagrams for the processese N — v, N'K and ¢ ' N -5 1, N/ A
Here K stands for a K~ or K° obtained in an electron induced process and K stands
for K* or K° obtained in a positron induced process. First row from left to right:
s-channel ¥* resonance term (labeled SCR in the text) . s-channel (SC) and u-
channel (UC) X, A propagator; second row: Pion/Eta meson (7FP/nP) exchange
terms, Contact term (CT) and finally kaon pole term (KP).

First, we shall discuss the leptonic current, the hadronic current and the transition
amplitude corresponding to the reactions shown in Eq. 3.1. The leptonic curremt
is obtained from the Standard Model Lagrangian coupling of the W-boson to the
leptons

L= - (Wi (1 s+ Wiy (1 — 45)l]

3

2% W +he ] (3.5

The Feynman diagrams that contribute to the hadronic current are depicted i
Fig. 3.1. There is a meson (7P,nP) exchange term, a contact term (C'T) and «
kaon pole (KP) term. For the electron induced reactions we also have the s-channel
diagrams with ¥, A(SC) and £*(SCR) as intermediate states. In the case of positron
induced reactions the s-channel diagrams (SC and SCR) do not contribute. but we
must include the u-channel (UC) one. The contributions to the hadronic current
coming from different terms are written using the Lagrangian obtained from chiral
perturbation theory(xPT).
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We have also included the contribution of terms with ¥*(1385) resonance belong-
ing to the SU(3) baryon decuplet, which is near the threshold of the NA system.
This is suggested by the dominant role played by the A(1232) resonance in pion
production reactions. For the weak excitation of the ¥*(1385) resonance and its
subsequent decay in NK, the lowest order SU(3) Lagrangian coupling the pseu-
doscalar mesons with decuplet-octet baryons in presence of external weak current is
given by:

Lgec =C ( abery T uy,, ng + h.c. ) (3.6)
where T* is the SU(3) representation of the decuplet fields, C is a parameter which

is fixed by fitting the A(1232) decay width and a — e are flavor indices.
The spin 3/2 propagator for ¥* is given by

(3.7)

PEC(P)
Py = RS
) = B i T

where P = p + ¢ is the momentum carried by the resonance, ¢ = k — k' and Ppg is
the projection operator

Phe(P) = Y gt
spins
1 9 pupv IP“’YU . PU"/N
= (P M) g - oy = . (38
(P o+ M) {g 377 T3ME 3T M (38)

with M, the resonance mass and ¥* the Rarita-Schwinger spinor. The ¥* width
obtained using the Lagrangian of Eq. 3.6 may be written as

Iss = Tseoan tUsosr + vk (3.9)

where

Cy [(C\*(W+ My)?~m?
Isenye = 9;7r (f ) ( V‘;E’) /\B/Q(WQ,]\I}Q/,TTLQ)

x O(W — My —m). (3.10)

Here, m, My are the masses of the emitted meson(¢) and baryon. AMr,y.z) =
(z —y — 2)? — 4yz and © is the unit step function. The factor Cy is 1 for A dlld =

for N and X.
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Using symmetry arguments, the most general W~N — X* vertex may be wrirten
in terms of a vector and an axial-vector part as,

(TP =p+qVHN;p) = Vidho PYLI (p, q) w(P),
(ZP=p+q|A*IN;p) = Viusta(P)YTY (p,q)u(p), (311

where

I-\au — C_Zy( aud_ o u)_}_C_X_ e, . p_ aPu)
V(P 9) ar 9 ")+ 55 (9% q

CV (67 (87 O
+op (970 p— 4P + Cig” ] s
r%pq = {—A; (9%'d — a™/") + 575 (9 P — ¢"P")
CA
+C8g% + E;—zq“qa] : (3.12

The details of the C; N-E* transition form factors are given in Ref. [121. 1281, For
all background terms, we adopt a global dipole form factor F(¢?) = 1/(1 —¢*/M3)*.
with a mass Mp ~ 1.05 GeV that multiplies the hadronic currents. Its effect for
energies of electron presently available at the accelerators will be discussed.

Process BCT ACT Ag AA ACr):) ACrA AKp 147r A,] AL
en—>vKn| D-F 1 -1 0 0 0 -1 1 1 2
ep—=>vKp| -F 2 | -3 1 0 0 2 -1 1 1
ep—->vK'n |-D-F| 1 | L |1 0 0 120 -
etn - vKtn | D-F | -1 0] 0 -1 0 -1 -1 -1 0
e'tp—vK*p | -F | 2 | 0] 0] -2 1 2 11 -1] 0
etn - vK° |-D-F| -1 010 2 1 -1 210 0

Table 3.1: Constant factors appearing in the hadronic current

The final expressions of the hadronic currents j* for the electron as wel as
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positron induced processes are obtained using the present formalism as

Pler = ierVugmN() (0 + Ber 1#3) Np)

Pl = iAeaVus V() (3 + g, + (0~ B - L)
i L)

Flom = idonVaut e 80) (+# +idiomy, - 25 0 - ')
Ll b N ).

Jy = iAg(D - F%i ey (?i’é)—i‘fw— (wﬂ(—‘i’%ﬁ“’—‘)o%y

CEEE g_jm,_,,;} ) M)

. 1 ﬁ + ﬁ + ]\/[A N‘P n
JH = AD F 5—————— M y
(D +3F) { u q;lr } 5)
B S Nl DV S N
3 (i el (p)
z AV LEN () N(p)—L
Jkp = iAxp “wof. (p")4 (P)qg — M7
A/I\/i 2pk“ - q” T
LY I V(D + F N N
s iAr—r— 27, ( )(q R — (P") sV (p)
. j\/[\/ﬁ 2pk“ - qp T/ !
JH, = 14A,—— V(D — 3F NP )sN(p)
LT A N e T A
. C 1 Pr
#loo = — * :
J lL ZAE fﬂ. \/6 ‘/us P2 - MEZJ* + 'I:FE* ME*
x N(p') Prs,,(T% +T%') N(p) (3.13)

In I 4+ T'%, the form factors are taken as for the A™. A;(i = CT,CrX, etc.) are
coustants which are tabulated in Table 3.1.
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Figure 3.2: Cross section o vs electron(positron) energy E, for the K (K) production

3.3 Results and Discussion

The total scattering cross section o has been obtained by integrating over the kine-
matical variables of Eq. 3.3 and using Egs. 3.4-3.13. Firstly, we present in Fig 3 -
the results for the total scattering cross section ¢ for the reactions given in Eqs. 3
and 3.2.

We find that e~ (e*) + p = ve(P.) + K (K™) + p has the largest cross section
followed by e~ (e%) + p(n) — ve(v.) + K%(K®) + n(p) and e~ (') + n — v.(v)
K~ (K*)+ n. Furthermore, we find that the cross sections for the positron induced
processes are larger than for the corresponding electron induced processes. This is
basically due to the different interference between the s-channel and contact terms.
as can be seen in Fig. 3.3, where we explicitly show the contribution of the individual
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terms of the hadronic current for the two channels'.

We find that the contribution of the contact term is the largest followed by the
mechanism with a A in the intermediate state, the 7 pole term, etc. The contribution
due to the X* in cross section for the discussed energies is quite small, for example
it is around 10% at F, =1 GeV and 5% at E, =1.5 GeV of the total cross section.
Therefore, these reactions are not suitable to learn about the ¥*(1385) resonance
properties. The contributions of A intermediate states both in UC and SC are
larger than those corresponding to the ¥ hyperon, which can be easily understood
by the corresponding Clebsch-Gordan coefficients. Similar is the trend for the other
channels not shown in the figure.

Given the smallness of the resulting cross sections, it is important to consider the
feasibility of their experimental measurement. Here, we will only discuss electron
processes. Let us remark that at energies below 1.5 GeV and in electron induced
reactions, the presence of an antikaon in the final state fully defines the process,
in the sense that it is necessarily a charge exchange weak production process and
there is no other additional strange particle in the final state®. This is so because of
the higher energy threshold of any other mechanism that could produce antikaons.
Therefore, there is no need to measure other particles in coincidence.

To estimate the number of events for single kaon production we have considered
a luminosity of 5 x 103 57! em™2 for MAMI, that corresponds to a 10 cm liquid
hydrogen target at an electron beam current of 20 uA as described in Ref.[129]. For
TJINAF, we take a luminosity of 5 x 10® s~! cm™2 that corresponds to a current
of 100 pA and a larger liquid hydrogen target [130] that has been used on the
measurement of parity violating electron proton scattering. Under these conditions
and for 1.5 GeV electrons, we would have some 480 events per day for the reaction
¢~ +p — v+ K™ +pat TINAF (48 at MAMI). For e~ +p — v, + K° + n reaction,
we would get 320 events per day at TJNAF (32 at MAMI). Certainly, the numbers
could be changed by using different targets and/or current but equally important is
the efficiency in the kaon detection, that depends on the kaon kinematics and the
detector.

The kaon angle and momentum distributions for the electron induced processes
are shown in Figs. 3.4 and 3.5 at an electron energy of E. = 1.5 GeV, that could
be appropriate for both the TINAF and MAMI facilities. As shown in Fig. 3.4, the
three channels under study are forward peaked, specially for the K° production. The

1Certainly, these individual contributions are not observable and they are shown here to help
explaining the sensitivity of the physical processes to the various parameters.
2Processes with additional particles, such as a pion, are also expected to be much smaller

because of their phase space.
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Figure 3.4: Kaon angle distributions at electron energy F, = 1.5 GeV

momentum distributions peak around 0.3 GeV fore ' n = v, K n,ande p — v, K p
while for e7p — v. K it peaks around 0.6 GeV. This is because the contact term,
which has dominant contribution for K~ production channels, peaks at low pg. For
K° production, there is a significant contribution from s-channel A term, which
flattens for a wide range of py. Its interference with the contact term shifts the peak
for the kaon momentum distribution.

As an example, we have applied in our calculation some cuts corresponding to the
KAOS spectrometer at MAMI. Following Ref. [62], the kaon momentum has been
restricted to the range 400 — 700 MeV/c and the kaon angle to the range 21 — 43°.
For electron energies of 1.5 GeV, these cuts would reduce the signal by a factor =~ 6.
Moreover, taking into account the kaons survival probability in KAOS [63] would
further reduce the number of events by a similar factor. Thus, the measurement
of these cross section at currently existing facilities, with their luminosities and
detectors would require quite long runs.

We have also investigated how the Q% dependence of the weak form factors would
affect our predictions. As mentioned above, very little is known about this de-
pendence given that the existing experimental information comes from beta decay
that occurs for very low ? values. In this calculation, we are assuming a simple
dipole dependence and the same form factor for all background channels. Thus,
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Figure 3.7: Kaon momentum distribution at electron energy E. = 1.5 GeV for the
e~ +p — ve(t) + K~ + p channel for a dipole mass Mr = 1.25 and Mz = 0.85
GeV. The second curve (Mg = 0.85 GeV) has been scaled to get the same area.

we can only obtain some idea on the uncertainty/sensitivity of our results to the
form factors. As can be seen in Fig. 3.6, the processes have a small contribution
from large Q% values. Thus the size of the cross section depends moderately on the
form factors. For instance, by changing the dipole mass(Mp = 1.05 GeV), a 20%
up/down, one gets changes of about 10% for the neutron channel and about 28%
for the two proton channels at E, = 1.5 GeV. We have also studied the sensitivity
of the electron induced cross sections to the D and F parameters, that govern the
hyperon beta decays. For that, we have modified the D value by a 5% while keeping
g4(=D + F)=1.26 constant. Our results show cross sections that grow around 5%
for the proton processes and decrease by a similar factor for the neutron case. This
implies that some ratios, such as ogo/ox- on deuteron could be a sensitive probe
for these parameters.

The measurement of the Q% dependence would require the detection of the final
nucleon in addition to the kaon. However, also some purely kaonic observables show
some sensitivity to the form factors. For instance, Fig. 3.7 shows how a larger dipole
mass pushes the kaon momentum towards larger values.

Thus. the study performed here predict cross sections that, although small. could
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be measured at current experimental facilities. Furthermore, our results could fa-
cilitate the study of the hyperon/nucleon weak coupling constants and their form
factors.

In the next chapter, we present the formalism for photon and neutrino induced
71 particle production process.
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Chapter

n Production

4.1 Introduction

Efforts are being made both theoretically as well as experimentally to study eta
production induced by virtual as well as real photons from nucleons and nuclei
[131, 132, 133]. For example the studies performed at ELSA in Bonn, MAM! in
Mainz have revealed properties associated with eta meson [133, 134, 135]. Recently
results have been reported from Mainz Microtron(MAMI-C) [136] using Crvstal Ball
and TAPS multiphoton spectrometer in the energy range of 707MeV to 1.4GeV for
the differential as well as total scattering cross section. Photoproduction of eta me-
son off the nucleon, v+ /N — 5+ N, provides a useful and an alternative tool to stidy
nucleon resonances besides the other processes through which one gets information
like wN scattering and pion photoproduction processes. Since 7N couples onlv to
nucleon resonances with isospin [ = %, therefore, these processes are comparativelyv
more cleaner and selective to distinguish other resonances in comparison to other
sources those are being used. Due to this property, 1 production, provides an op-
portunity to access to less explored nucleon resonances, like the resonances of higher
mass about which little information is available. Recently, eta photoproduction ex-
periments have proven a useful tool in the search for narrow nucleon resonances like
the N*(1685) resonance [137]. As the lifetime of 7 meson is very short. therefore. it
can not be detected directly and is reconstructed from its decay products.

The neutrino/antineutrino-induced eta production is interesting because of sev-
eral reasons, e.g. 7 is one of the important probes to search for the strange quark
content of the nucleons [58], also a precise determination of n production cross sec-
tion would help in subtracting the background in proton decay searches. etc. In
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some supersymmetric grand unified theories, 7 mesons provide a prominent signal
for proton decay [59]. Therefore, its background contribution due to atmospheric
neutrino interactions should be well estimated. Furthermore, n production channel
is expected to be dominated by N*(1535) resonance excitation like in the case of
electromagnetic processes, and this state sits near the threshold of the N7 system
and hence has large branching ratio and thus a precise measurements of the cross
section will also allow to determine the axial properties of this resonance. More-
over, a second class (via pion pole) n production mechanism that could compete
with resonance production in certain kinematic conditions has been singled out [60].
Finally, theoretical models like the present one allow to improve the Monte Carlo
simulations which are being used to analyze neutrino oscillation experiments.

In spite of the efforts being made to understand nN interaction little progress has
been made in comparison to 7N interaction. Unlike the case of pion scattering and
pion photoproduction where 7NN coupling is preferred to be pseudovector (PV), in
the case of NN coupling one takes either a pseudoscalar(PS) coupling as preferred
by Breitmoser et al. [138] or Kirchbach et al. [139], or a PV coupling. For a PS cou-
pling. the coupling constant 9;n~/1x varies between 0 and 7 with the large couplings
arising from fits of one boson exchange potentials [140]. However, in our formalism
which is based on chiral approach pseudovector coupling is preferred.

Like the A dominance in the pion production process, i production is dominated
by S11(1535) resonance. In the numerical calculations we have considered S};(1535)
and 51;(1650) resonances as well as contribution from Born diagrams. We have not
found in literature any (experimental or theoretical) study that gives the differential
or total scattering cross sections for n production off the nucleon using neutrino
or antineutrino beams. However. we must point out that Dombey [60] has studied
weak 7 production but no numerical results are presented. Therefore, our present
study would be quite useful in estimating the event rates coming from eta meson
production in the neutrino oscillation experiments being performed to determine
precisely the oscillation parameters.

We have studied photon induced eta production to first fix the electromagnetic
form factors by comparing it with the available results for scattering cross section
from Crystal Ball experiment [136] and use them to obtain the isovector form fac-
tors for v/ induced processes off the nucleon. Born terms are calculated using a
microscopical model based on the SU(3) chiral Lagrangian. The basic parameters of
the model are f., the pion decay constant, Cabibbo angle, the proton and neutron
magnetic moments and the axial vector coupling constants for the baryon octet. [
and F. that are obtained from the analysis of the semileptonic decays of neutron
and hyperons. We consider N*(1535) as well as N*(1650) Sy; resonant intermediate
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states. The vector form factors of the N-S;; transition have been obtained from the
helicity amplitudes extracted in the analysis of world pion photo- and electrop:o-
duction data using the unitary isobar model [140]. The properties of the axial N-5|;
transition current are basically unknown but assuming the pion-pole dominance of
the pseudoscalar form factor, together with PCAC one can fix the axial coupling
using the empirical N* — N7 partial decay width. We make an educated guess
for the dependence on the 4-momentum square transferred by the neutrino. which
ultimately remains to be determined experimentally.

In the Sec. 4.2, we briefly discuss the formalism for the photoproduction of «ta
meson and for the charged current neutrino/antineutrino induced n production Htf
the nucleon. Finally, we present and discuss our results in Sec. 1.3.

4.2 Formalism

4.2.1 Photoproduction of 7
The reaction for the n production induced by real photon is,

v(g) + N(p) = n(p,) + N () (411
for which the differential scattering cross section in lab frame is given by.

dO’“(QTF)454( + 0 ) 1 d3pn d3p’ "SIM(S)lZ (12)
- PP 4= Ply g M (2m)32E, (21)32E v h

where p & p’ are four momenta for initial and final nucleon. The photon 1-
momentum is denoted by ¢, while the 4-momentum for 7 meson is p,. The transition

amplitude is M,(-S), the square of which may be written as:

I/\/l,(f)l2 = 6262(5)6(8)[‘]’“/ (1.3)

v

where e is the electromagnetic gauge coupling(or simply the electric charge) and e '
and its conjugate e;(s) are the photon polarization vectors with the superscript *s’
representing its polarization state. If the photon polarization is unknown then the

summation over all polarization states are performed, which results.

Zs:ﬂEL(S)EI(JS) 7 "G (4.4)
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Figure 4.1: Feynman diagrams for the processes v (q) + p(p) — n(p,) + p(p')

Furthermore, if the polarization states of hadrons remain undetected, the averag-
ing(summation) over the initial(final) spins reduces to:

~ ()2 ! 2 7

Z'Mr I - _Ze g;wH (45)
The hadronic tensor H*" in Eq. 4.3 may be written in terms of hadronic current J*
as

=T [+ M)T(F + M]3 = (3 (4.6)

To get the hadronic current J# we used the Feynman diagrams which have been
depicted in Fig. 4.1.

For the nonresonant terms we have used the Lagrangian obtained from the chiral
perturbation theory(xP7T") as discussed in Eqs. 2.15 and 2.19 of Sec.2.1.1. The
left({,) and right(l,) handed currents for photoproduction process are taken from
Eq. 2.17, which are given by
L=1,= —eQA, . (4.7)

© [T

where A, is the electromagnetic four-vector potential with ‘Q as the SU (3) quark
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charge given by
0

0 —_

-

Q =

o O

(48]

Wi

O O win

ol

Currents corresponding to the nucleon Born terms are obtained using xPT approach
as:

D —-3F _ p+d+ M
H — / 5 Ou .
D —-3F p—1,+ M
JE o= un(p)O% ! Yun(p), (19:
v = g, NN ar )
where
o - q ,
Oy = fHeW + £ (@i 5 (4.10)
For real photons ¢? = 0, therefore, one may write the above expression as.
O% = FNOW + 1 (0)io"" 2 (4.11)

oM
While in the case of hadronic current corresponding to the Si; resonance, N*(1535)

and N*(1650) the currents are written keeping their odd parities in mind. Therefore.

for the resonant terms, we write the s-channel Jg ., and the u-channel Jg | currents
as:

p+g+ Mg

H — oo O*
JR(S) Zgr/NSnuN (p )p/n (p + q)2 — M}Q{ + ZFRA[R RUN(p)
. _ ’ ﬁ B 152 + MR
n _ w o y
JR(u) - ZgnNSnuN* (p )OR (p — Pn)Q — A’[I% T Z.FRA/[RH/HUN (p), («112)
where
FN 2 =0 ’
OI;{ = :t"Q—(—QqET—)Z'O'“pqp’Yg, (415)

The plus sign in Of is with s-channel and minus sign is with u-channel diagrams. For
the real photons no contribution comes from F}¥(0) and therefore not mentioned m
Eq. 4.13. Here we must point out that the currents in Egs. 4.12 and 1.13 are written
for both the resonances viz. 5;;(1535) and S;;(1650). However, the parameters like
the coupling constants g,ns,,, mass of resonance My, decay width 'y, and the form
factors F 11\/2 are different for both the resonances.
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To fix the coupling we follow the same procedure as described in Chapter- 2 for X*
resonance in antineutrino induced K~/K° production. The primary decay channels
with their decay fraction for the N*(1535) resonance are

N*— N 35 — 50%
N* = Nn (42 + 10)% (4.14)
N* 5 Nrrm 1-10%,

and for N*(1650) are,

N* = Nx 50 — 90%

N* — Ny 5 - 15% o
N* 5 AK 3-11% (4.15)
N*—> Nrr 10 — 20% .

By looking at the above branching ratios, we must realize that the decay channels
also have large uncertainties.

The couplings for the vertices n/N N*(1535) and n/NN*(1650) are fixed using the
partial decay widths at their on-mass shell. To obtain the partial decay width we
start from the Lagrangian

Ly = —%—Uw* (T38,17r + \/—708 T+ \/~7_0 7 )un + h.c. (4.16)

J T
where for convenience we have redefined gyns,, as 5}—?, with ¢ = 7w.7n. 734 are the
Pauli matrices in spherical basis which act on the nucleon states
Ty |n) = |p), 73p) = p)
7 |p) = In), T3ln) = —|n).
For the case of N* — N7 the interaction Lagrangian is given by

EN*NW——%UN* ~H 0 T]U\r+hC (417)
Now using the general expression for partial decay width
1 d&pn d°po
dl n+ N ) — PN — M 2n) 4.18
N*N® = 2W2EN2E (pn+ — PN P@ZZ‘ |( ( )
along with BEq. 4.17 we obtain the expression for I'(N* — N@) decay width as

2. 2 AM2V2 2 (T2 1% — 27N M
I'nonve = Co g e | (W~ M7) m(I,(WZ £ 2 (4.19)
f.) 8x W=
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where Cy = 3 for pion and Cy = 1 for eta meson and

(ost| = /77— (O + o] W7~ (M = ma ] (420

W is the energy at resonance rest frame, which for on-mass shell reduces to the mass
of resonance i.e. Wy, nass = Mpg. Using the expression of partial decay width. we
obtain the following values for the different couplings:

S11 resonance with positive charge:
g, = —0.105
g%ﬁm = —0.088
g = 0.284
9.0 = 0.092
S1; resonance with neutral charge:
gl = 0.131
9,"" = 0.0868
g% = 0.286
g% = 0.106 (4.21}

The nucleon form factors fle;"‘p are determined in terms of the Sachs electric
G%"(¢*) and magnetic G%}'(¢%) form factors, which for the case of real photon be-

comes:

70 = 6)
2"(0) = Gi0) - GBM(0) (422

with,
CLO) =1,  GR(0)=(1+p) and  GH(0) = i

We fix the form factors associated with the N* resonances using the helicity
amplitudes, which are given by [141];

2ra 1 -1
o e * _ + 71 —
Ay = \/ 7 <N,JZ—§ e, N7JZ*7>C
_ 21, |q] A -1 .
S% = V', \[Q_2<N ,JZ—§ €,J; N,JZ:-2— e (14.23)
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Table 4.1: Parameters fitted using the data from the MAMI Crystal Ball [136]
experiment

Resonance— | S11(1535) | S11(1650)
Helicity A,(0) A(0)
Amplitude] 1073 1073
Af/Q(O) 89.38 53.0
%2(0) -16.5 -3.9
In the resonance rest frame Kp = %%ﬂ and € = —%(O, 1,7,0). The parameter

¢ is model dependent which is related to the sign of N* — N7, and for the present
calculation we have taken ¢ = 1. A% is generally parameterized as [142]:

M MZ-M? 2M F5°(0) (4.24)

- \/ e, (Mg + M)2 My — M
We must point out that as S 1 amplitude comes from the longitudinal component,
therefore, it is not relevant for the case of real photons. To fix the helicity amplitude
on proton target we used the data from the MAMI Crystal Ball [136].

Once we have fixed the parameters mentioned in Eq. 1.21. the results for the total
scattering cross section using Eq. 4.2 for the photon induced processes are obtained.
We find that the present results describe qualitatively well the experimental data
represented by the MAMI Crystal Ball experiment [136] except at high photon
energies as shown in Fig. 1.2. Once we have fixed the electromagnetic form factors
and the coupling constant as mentioned in Eq. 4.21, we now proceed to develop the
formalism for v/ induced 7 production off the nucleon and obtain the results for
the differential and total scattering cross sections.

4.2.2 Weak Production of 7

v/v—induced charged current 7 production processes are,

v (k) +n(p) — p (&) +n(py) +p@)
v, (k) +p(p) — w (k) +n(py) +n(p) (4.25)

The quantities in the parenthesis are the four momenta of the particles. The gen-
eral expression of the differential scattering cross section for the reaction shown in
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Present Result

. MAMI Crystal Ball Exp.

1
E, (GeV)

Figure 4.2: Cross section for yp — np process. The experimental points are obtained
from MAMI crystal ball [136] and the results are shown upto the AK threshold.

Eq. 4.25 in the laboratory frame is given by,

1 dK'  dp’  dp,

d'a = IMEQr) (2E) (2E}) (2E,)

Hh+p—K —p —p)ETIMPP (4.26)

where the symbols have usual meaning and |M|? is square of the transition ampli-
tude written in terms of the leptonic (L*¥) and hadronic tensors (H*") as.

2
SLIM? = %&L’“’ x H

9 s (4.27)

where the factor % comes from the spin averaging and G is the Fermi coupling

constant. The hadronic tensor may be expressed in terms of the amplitudes corre-
sponding to the Feynman diagrams shown in Fig. 4.3.

The standard V — A current is taken for the leptonic part and the hadronic cur-
rents are obtained for the Born diagrams (s- and u-channels) with nucleon poles and
for the resonant diagrams corresponding to the S;;(1535) and S;;(1650) resonances.
The Feynman diagrams corresponding to the above processes are depicted in Fig. 1.3
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Figure 4.3: Feynman diagrams for the processes v/v(k)+ N(p) — pT (k') +n(pn)+ N'(p').
First row from left to right: s-channel nucleon pole(SC) and Sy; resonance(SC N*); sccond
row: u-channel nucleon pole(UC) and S;; resonance (UC N*).

and the hadronic currents for nonresonant terms using yPT is obtained as,

’ gVua D — 3F s pHg+ M
y gV D—=3F . p—pgh+ M .
T = 55 avmy, JON G =, 7 — gt un (P
7r 7
where
. 4 ’ : q 15 )
0% = R+ £ (@)io" L= — fa(@®'y° — fe(d)g"y°  (4.28)

2My

For the resonant $11(1535) and S7;(1650) channels the hadronic currents are given
by,

i o gvud - i, ﬁ + ﬂ + ]\[R u ’
JR(S) — _2\/—_2297)11N(p )Z/T} (p + q)2 _ ]\[[2? + /[rRJ\[R ORUJV (p)

1) _ gVud _ ’ O” ﬁ"_]sZ‘i’]\/IR
JR(U) - ZﬁlgﬂuN(p ) R (p _ pn)g _ A{?{ + ,IIxR]\JRpé’IuN(p)a

where )
| FV q2 ) FV (qz) . )
Or = ?ﬁ);(ﬂq“ — ) + =50 g,
. Fp(q?

M
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where, fV5(q?) are the isovector form factors and fa(q*), fp(¢®) are the axial vector
and pseudoscalar form factors, respectively for nucleons. The two isovector form
factors fY,(q%) are expressed in terms of Dirac(f{""(¢?)) and Pauli(f"(¢°)) form
factors for protons and neutrons and are given by

2@ = Fa(d®) = Fa(d?) (4.30)

where,

2 q° ! q2
) - (1-90) R - 1 G

2 ~1
n q n X0 1
2p (qz) = (1 - 4]\,,[2) [GIIJW (q2) - Glliﬂ (q2)] . (4.1

Here, G%"(Q?%) and G};'(Q?) are Sach’s electric and magnetic form factors. They are
obtained using electron scattering experiments. There are various parameterization
for G",,(Q*) those are available in literature. For the present work we have taken
parameterization from Bradford et al. {143] also known as BBBA-05 paraneteriza-
tion. The functional form of the BBBA-05 parameterization is given bhy.

n=3
S aptk 0?
Gg,M(QQ) = k:0:4 ) T = 7+ Q* =—¢° (4.32)
n 4M
1+ Z b7k
k=1

The coeflicients for the fit of the functional form is summarized in Table -1 2
The axial form factor is parameterized as

9 -2
2 q 2
= 0) |1 ——= 433
falg®) = fa(0) [ Mf;] , (433)
where f4(0) is the axial charge and M, is the axial dipole mass. For the numerical
calculations we have taken f4(0) = - 1.267 and M4 = 1.05 GeV. The pseudoscalar

form factor f;/ (¢*) is given in terms of f4(q?) using the Goldberger-Treiman relation
defined as

M f4(q?
::752{¥%§, (4.34)

5 @)

where m, is the mass of pion.
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Table 4.2: The coeflicients of the functional form fit for the G7.(Q*). G%:(Q?).
G, (@*) and G7,(Q?) in BBBA-05 parameterization.

Form | ag a a9 b, b bs by
Factors
GL(Q%) | 1 ]-0.0578+0.166 - 11.14£0.217 ) 13.6£1.39 | 33.048.95 -

GR(Q%) | 1 | 0.15040.0312 11.1+0.103 | 19.6+0.281 | 7.544+0.967 -

GL(Q*) | 0 1.2540.368 1.30 | -9.86£6.46 | 305+28.6 | -7H8x£77.5 | 802
+1.99 +156

G QY [ 1| 1.81£0.402 — [ 14140597 | 20.7£255 | 68.7¢14.1 | -

In the case of S}, resonance, isovector form factors F: 1‘/2 are given in terms of the
electromagnetic transition form factors of charged(P*) F}, and neutral(N*) F}',
form factors and are given by,

(¢ = F(¢) - F'd)
FY () = Fl(@") - F(d). (4.35)
These form factors are related to the helicity amplitudes as we have already men-

tioned earlier for the case of the N* resonance. However, in the case of weak produc-
tion their ¢° dependence is also important, and therefore we rewrite them as [141}:

(27 1 -1
L — € ANY*,, —_ = + {l N _
2ra,  |{] ] 1 —1
= - N* Jy=—-|eJ'IN, Jy = — 4.36
E KR\/@< Sl R VA (430
where in the resonance rest frame.
M2 — M? M2 — M? + ¢?)? )
Ko = Mg e HE0) g
R R
1 )
Ei = ZF%(O,I,:tz,U)
r oo L 1.0.%,  and Q7= —q. (4.37)

€ = o
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The parameter ¢ is model dependent which is related to the sign of N° — N7,
and for the present calculation is taken as ¢ = 1. The parameters A, and 5_ arc

generally parameterized as [142]:
@) = A
@) = 8

The amplitudes A, (Q?) and S%(Qz) are related to the form factors FF" and "
as [120]:

oa, (Mg + M2+ Q* [ QP o Mp—M .
P fads jas
Ay \/ i i\t @) Ty e

A
S

(0) (1+a @) e
(0) (1+a Q) e, (.38

(SIS
[N

1 1
2 bl

gon _[70e (Ma — M)? +Q (Mg + M) + @Q*
s M M2- M2 AMpM
(MR - M

ST - FQY). (4.3

1.5 e — —I 0.8 s
]

N*(1535)  [— =

] 0.6
L =
o] o
- -~
g <
AN e

~ 05 - 04
5
=t =

0.2

M SRR 0L i
2 25 0 0.5 ] 15 2 25

QHGeV?)

Figure 4.4: Form factors for S;; resonances. The fittings are obtained using data
from the MAMI Crystal Ball experiment [136].

Thus after getting a proper fitting for the amplitudes A L (@Q*) and S1(Q?%). the
form factors FT'™™ and F}" have been obtained. The parameters used to fit the



76 CHAPTER 4. » PRODUCTION

Table 4.3: Parameters used for the helicity amplitude

Resonance— S11(1535) S11(1650) |
Helicity A, (0) a I&; Ax(0) ! o}
Amplitude} | 107 1073
Af/Q( ) 89.38 | 1.61364 0.75879 53 1.45 0.62
S7,(Q7) | 165 | 28261 0.73735| 35 | 2.88 0.76
A?[Z(QQ) -52.79 | 2.86297 1.68723 9.3 0.13 1.55
SI"/Z(QQ) 29.66 | 0.35874 1.55 10.0 -0.5 1.55

amplitudes for N* resonances are tabulated in Table 4.3. We used the MAMI
Crystal Ball data to parameterize A%(O) and S 1 (0), however, for the Q* dependence
we used MAID parameterization [142]. At this point we would like to emphasize that
none of the parameterization is able to define n photoproduction data completely.
The Q? dependence of FF"(Q?)(i=1,2) form factors are shown in Fig. 4.4.

The Q*-dependence of isovector form factors £} and F})', obtained using Eq. 4.35,
shown in Fig. 4.5. We must point out that the form factors F{;’ which are used
to obtain F), are parameterized with the help of helicity amplitudes as discussed
earlier which in turn is the direct consequence of CVC(Conserved Vector Current)
hypothesis. The weak form factors F4(Q?) and Fp(Q?) are fixed using PCAC(Partial
Conservation of Axial Current) and pion pole dominance. For this we start with the
pion pole contribution to the axial current as shown in Fig. 4.6. The Lagrangian for

the Wnt vertex is

-9 - 1 y
L= —2V V2 f 0t W! 4.40

Figure 4.6: Pion pole contribution to the axial current.
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1.6 T T Ty 1 T

Iso Vector Form Factor

Figure 4.5: The isovector F} and F)/form factors for the Si; resonances.

Using the above Lagrangian along with N* N7 vertex given by Eq.1.16. one may
write

~i—1Vudﬂp* (—Foq")uy,

22
= iV2frigt ———i

(
2 2
q° —mg

—Yn . _ —g .

fz \/5(*2%)”1)*70‘“1\/mVudFN*Nn(qz)- (4.41)
We introduced here a new form factor F -y, which accounts for off-shell dependerice
for the vertex shown in Fig. 4.6. Using Dirac equation and comparing both the sicdes
of Eq. 4.41, we get

Mp—M

Fp =29, FN*Nﬂ'(QQ)

which in the chiral limit i.e. m, — 0 and assuming PCAC, may be written as

6MA“ = 0 =Fud+ qu2
= Fs(Mg — M) — 2 gz Fn+n(¢")(Mg — M) (4.43)
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Figure 4.7: Cross section corresponding to Feynman diagrams as shown in Fig. 1.3
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This leads to,
Falq®) = 2 grFn-nx(0%) (4.44)

Furthermore. by using Goldberger-Treiman relation F4(0) is related to g, as.
F4(0) = 2g,. We take the form factor Fy-yx(g?) to be of dipole form. Therefore,
form of the weak form factors of N* resonance are taken as.

¢\~
2 — — —_—

. Mp — Af
Fpl?) = —Falg)—2—

pr— (4.45)

We have used the same coupling strength for S|, resonance which has been earlier
used to describe the photoproduction results and are given in Eq. 4.21. In the next
sectlon we are going to present the results of our numerical calculations obtained
for the v/ induced 7 production off the nucleon.

4.3 Results and Discussion

To get the numerical results for the differential and total scattering cross section
we integrate Eq. 4.26 and used Eqs. 4.27-4.29. In Fig. 1.7, the results for neutrino
and antineutrino induced 7 production cross sections are presented both for the
total(taking all the diagrams shown in Fig. 4.3) as well as individual contributions of
each diagram. We find that S;(1535) resonance is dominant while the contribution
of 511(1650) to the total cross section is small. This can be understood easily
because S17(1535) is lighter in mass and has a relatively larger branching ratio for
S11 — Nn. We also find that the contribution of the nonresonant diagrams in
the case of neutrino induced process is higher than the corresponding antineutrino
induced processes. Also in neutrino mode the contribution of u-channel diagram is
slightly larger than the corresponding s-channel diagram. We find that around 1-2
GeV the contribution of S11(1535) is very dominant for the neutrino induced process.
In the case of antineutrino induced reaction up to 1 GeV, S1;(1535) is dominant,
however at E; = 1.5 GeV its contribution is around 80% of the total 1 production
cross section. The contribution of S;;(1650) resonance is not more than 5% in the
entire neutrino energy spectrum. Contributions from the s- and u- channel diagrams
of nucleon pole are around 10 — 15% to the total cross section. In Figs. 4.8. 1.9 and
1.10, we have presented separately the results for the Q? distribution (%/4Q?), n
energy distribution (4°/4k,) and muon energy distribution (4o/4E,), respectively.
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In Fig. 4.8, we have shown the Q% dependence for neutrino and antineutrino in-
duced processes at the incident energy of 1.5 GeV. We find that the distribution i~
almost flat. Although the background terms(nucleon pole) are more sharply peaked
but the dominance of S;;(1535) resonance gets reflected even in the Q? distribution.
511(1650) does not contribute significantly at these energies. Moreover. the con-
tribution of u-channel diagram is almost nonsignificant in the present kinematical
range.

In Fig. 4.9, we present the results for the lepton energy distribution at neut:ino
energy of 1.5 GeV. Here also we can see the dominance of the Sy, (1535) resonance.
Unlike the Q? distribution here the nucleon pole term has flat distribution. however.
the low energy peaking comes from S;,(1535). Again the contribution of S; (1650}
and the u-channel resonant diagrams are not significant. However. their contribu-
tions lead to modified nature of lepton energy distribution as can be seen in Fig. 1.9,
where the peaking tends to shift towards the lower lepton energies. For example in
the case of neutrino induced n production processes the contribution from the full
term is slightly lower than the contribution coming from 51;(1535) resonance. the
opposite interference effect is observed in the case of antineutrino where enhance-
ment in the lepton energy distribution is observed. This can be understood bv
looking at the different signs in the antisymmetric term of the leptonic tensor for
neutrino and antineutrino cases.

In the case of eta energy distribution, shown in Fig. 1.10, we find that the trend
is almost of similar nature as in the case of lepton energy distribution. Here also
the distribution due to nucleon pole is flat but the overall peaking is dominated by
the S17(1535) resonance.

To conclude, in this work we have studied charged current neutrino and antineu-
trino induced n production off free nucleons. We find that the cross sections are
large enough to be measured in experiments like T2K, NOvA and MINERvA. We
must point out that this is perhaps the first study to best of our knowledge where
the total scattering cross section as well as differential cross sections have heen ob-
tained for the neutrino/antineutrino induced processes. This study may be used in
the analysis of neutrino oscillation results.

In the next chapter, we present the formalism for the associated particle produc-
tion and present the results for the total scattering cross section as well as differential
scattering cross section.
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Chapter

Associated Kaon Production

5.1 Introduction

The study of weak neutrino-nucleus interactions involving associated particle pro-
duction in the energy region of a few GeV has become one of the major theoretical
and experimental area of interest due to its importance in the fields of astrophysics.
cosmology, particle as well as nuclear physics. First of all a good understanding of
these interactions would lead to a better insight into nucleon and nuclear structures.
This will be an additional tool to complement the theories of particle and nuclear
physics, the knowledge of which one obtains from electromagnetic reactions with real
and virtual photons. Moreover, the study of neutrino induced AS=0 associated par-
ticle production processes provide an improved understanding of basic symmetries
of the standard model, structure of the weak hadronic form factors. strange-quark
content of the nucleon, coupling constants, etc. One may also get information on the
medium modification of the elementary amplitudes. Furthermore, the efforts of pro-
ton decay searches at various laboratories like SuperK [35], HyperK [38], UNO [37.
LAGUNA [144], etc., are going on where the atmospheric neutrinos while interact-
ing with a nucleon target also produce kaons, either through AS = 0 or AS = 1
processes. This poses a background in the proton decay searches as the main source
of proton decay in supersymmetric grand unified models has been proposed through
p — Kv. Therefore, the importance of thorough understanding and reliable c¢s-
timate of the cross sections for neutrino induced kaon production contributing as
background event has been emphasized as the proton decay experiments will he
limited in statistics also [44, 96].

The experimental observations of the neutrino induced associated particle pro-
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duction processes are quite limited. These are limited both by statistics as well as
by the large systematic errors. Earlier the experiments were performed at BNL[41],
ANL [42] and CERN[145, 146, 147], however, to have neutrino oscillation parame-
ters with high precision, many experiments are coming up in the energy range of a
few GeV, where nuclear targets are being used or have been planned with. The aim
of these experiments is to understand the nucleon dynamics in the nuclear medium.
For example the MINERVA experiment at Fermi Lab [44]. which is a dedicated
experiment to measure the cross sections, and their aim is also to study many as-
sociated particle production processes using several nuclear targets like *He, '*C,
160, *Fe and 28 Pb. This will allow physicists to gain considerable insight into the
structure of the nucleon and the hadronic weak current via the (anti)neutrino in-
duced weak production of strange particles. There are other planned experiment like
LBNE [148] which would also be sensitive to the measurement of strange particles.

Theoretically, the early attempts were made by Shrock et al. [45], Mecklenburg
et al. [46], Dewan et al. [47] and Amer et al.[48]. Shrock et al. [45] considered both
charged and neutral current processes in the region of the ANL [42] neutrino spec-
trum which is concentrated in the low-energy region. The processes considered by
this group may be writtenasv + N - [ +K + Yandv + N - v + K + Y,
where Y refers to a A or a ¥ hyperon. The calculations were performed using nonres-
onant Born approximation and only s, t and u channels were considered. However,
the results do not fit into the experimental data very well and do not level off at high
energies. Amer et al. (48] used a model of neutrino production based on harmonic
oscillator quark model. They estimated cross section to be between 1.35 and 2.65
x107% em? for KA production, however, this has also been found out to be an
order of magnitude smaller than the experimental results [149]. Dewan et al. [47]
extended the calculation of Shrock et al. [45] to high energies, where the form factors
at the hadron vertices were used. Recently Adera et al. [150, 151], have studied as-
sociated particle production using the Born approximation in the framework of the
Cabibbo theory and SU(Sg symmetry and presented the results at the level of differ-
ential cross section ﬁWis((;k)-dﬁJ' In their calculation no resonance was considered.
On the other hand the associated particle production cross sections used for exam-
ple in the NUANCE Monte Carlo generator [55] considers only the resonant kaon
production based on the Rein and Sehgal model for pion production [61]. Moreover,
these cross sections misses the experimental data points by almost a factor of four
and has an overall x? of !1/6 [152]. Therefore, there is an urgent need for estimating
the weak interaction induced associated particle production cross section were the
efforts are being made to get the neutrino oscillation parameters with high precision.

In this chapter, we have studied associated particle production off the nucleon
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induced by neutrino and antineutrino. The formalism for writing the hadronic cur-
rent is the same as was adopted in the case of single kaon and eta meson production
processes discussed in Chapter- 2 and Chapter- 4 respectively. Specifically. we have
studied charged current(CC) induced AS = 0 process like

V1+N-—)l—+Y+K

m+N—H++Y+K} CC (A5 =0), .11

where | = e, p and N is nucleon, K stands for a kaon and Y is a hyperon(A or ). For
the energies above 1.5 GeV it is AS = 0 kaon production which is more dominant
in comparison to the corresponding AS = 1 processes as the later is suppressed by a
factor of tan? fc. However, in the case of antikaon the AS = 0 mode is not possible
in three body final state due to the change in the total strangeness quantum number
by 2 units (JAS] = 2). This can be understood with a simple argument, like

w N > I- K Y
S 0 ~1 —1 |AS|=2 -

The only possible strangeness conserving process for K~, K is through the channels
like,

v+N->I"+K+K+ N, (AS = 0), (5.31

however, threshold for such type of process is around 2 GeV and we are focused here
upto an energy region of 2 GeV.

In this chapter we present the results of our calculations for (anti)neutrino induced
associated production (|AS| = 0) of kaon along with a hyperon. Our microscopic
model is based on the SU(3) chiral Lagrangian which has been briefly discussed in
Chapter-2. The basic parameters of the model are f,, the pion decay constant.
Cabibbo angle, the proton and neutron magnetic moments and the axial vector co-
pling constants for the baryon octet, D and F, that are obtained from the analysis
of the semileptonic decays of neutron and hyperon. We have considered only non-
resonant diagrams. In Sec. 5.2, we describe the formalism in brief and in Sec. 7. 3.
the results and discussions are presented.
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5.2 Formalism

The basic reactions for v() charged current induced associated particle production
accompanied by a kaon from a nucleon(p or n) target are,

vun — " KYA vp — utKOA

vup — pu” KT8t vp — pt K%Y
vyn — p” K30 vp— ptKTE”
vyn — p” K0T vyn — pt K%~

for which the differential cross section is generally written as,

1 k' dp’  dp,
AME(2m)® (2E)) (2E,) (2Ek)

o = Hhk4+p—K —p —p)BX|M2, (54)

where k and &’ are the 3-momenta of the incoming and outgoing leptons in the lab
frame with energies £ and E’ respectively. p, and Ex are the 3-momentum and
energy of the final state kaon. The hyperon energy and 3-momentum are denoted
by p’ and Ey respectively. M is the nucleon mass, LX.|M|? is the square of the
transition amplitude averaged(summed) over the spins of the initial(final) state and
is generally written as

Gi

[Mlz - _2_ Luu H" (55)

where, G is the Fermi coupling constant. The leptonic tensor L, is given by
Luw = 8 (Kukl, -+ ok, — gk ' & €uash®h”) (5.6)

where, plus sign is for neutrino and minus sign is for antineutrino. The hadronic
tensor H*¥ occurring in Eq. 5.5 is written in terms of the hadronic current J# as,

Hr — ZZ Jget gy (5.7)

The contribution to the hadronic current J# comes from the different pieces of the
Lagrangian corresponding to the Feynman diagrams shown in Fig. 5.1.
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Figure 5.1: Feynman diagrams corresponding to the neutrino/antineutrino indured
AS = 0 kaon production process.

We generalize the nucleon and hyperon pole diagrams to incorporate form fac-
tors at the weak vertices where the relevant diagrams are labeled by *A" and ("
respectively in Fig. 5.1. To understand the introduction of the form factors in cur
formalism we proceed by taking a simple example as shown in Fig. 5.2. Here a hy-
peron(or a nucleon) with momentum k is changing its identity after interacting with
the weak field to another nucleon(or hyperon) with momentum &’. However, this for-
malism may be extended for any allowed process like N <3 N/, N« YandY & Y7,
where N, N’ = n,p and Y, Y’ =hyperon. The matrix element corresponding to the

Figure 5.2: Weak transition vertex.

hyperon nucleon transition may be written as,

T = (Y (K)|V* — A*|N(k)) (5.8)
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The currents V# and A" are expressed in terms of the vector fi(¢%) and axial-
vector ¢;(¢*) transition form factors as,

v 1t
| - o 2 ot q 2 2y q
VL) + o e e f2(q7) + f3(q )—My
v o
Af = 1 2 722 q 2 2 ;
Vq) 0" e (@) + 0s(@ ) g | (5.9)

The various form factors those appear in the vector and axial vector currents may
be determined using the prescription given in Refs. [49, 93]. In the Standard Model
these currents are written as:

» N
V., = 959
A = 45w (5.10)

where ¢ is quark field and i\z— are the generators of flavor SU(3). The form of
A; are given in Eq. 2.3. For light quarks u, d and s, we may neglect their mass
differences leading to the non-breaking effects of flavor SU(3), which may be taken
as a reasonable approximation at low energies. Now we define a SU(3) octet operator
O; which connects two octet states through the reduced matrix elements F and D
as:

<Bnlozﬁ'Bm> =F dinm +D finm (511)

where fi,,, are the structure constants of SU(3) and d;,,,, comes from the anticom-
mutation relations of the generators: {A;, A} = 26;, + 2d;,,,. The above definition
also suggests that F' and D are related to the antisymmetric and symmetric cou-
plings of baryon octet(B, and B,,) in the initial and final states. Therefore. the
vector and axial vector form factors f;(¢*) and g;(¢*) may also be expressed in terms
of the two reduced matrix elements, say FY¥ (¢?) and D} (%) for vector and Fy}(¢?)
and D#(g?%) for axial vector currents as:

fild) = aF/(¢®) + 8Dy (¢%),
g:(¢%) = aFA g% + BDg?), where, (i=1,---,3) (5.12)

The constants «, 3 appearing in Eq. 5.12 may be understood as the SU(3) Clebsch-
Gordon coefficient. In the next section we discuss in brief the vector form factors

appearing in Eq. 5.9.
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5.2.1 Vector Form Factor

In this section we discuss the vector form factors, fi(¢®),i = 1,2,3. those appearcd
in Eq. 5.9. Following the Conserved Vector Current(CVC) hypothesis the vector
part of the weak and electromagnetic currents belong to the same octet. Theretore.
the form factor f3(¢*) = 0 and the other two vector transition form factors( ;" ¢*)
are determined in terms of the electromagnetic form factors of protons and neutrons.
The electromagnetic form factors fi,(¢®) are defined by the expectation values of
electromagnetic current V7™ of the quark fields as:

(BAIVE|Br) = alk) |2# £ (¢?) + o™ S (a2 | (k). N
(5.13)

with
vem = 7" Oq (5 1h

where Q is the charge operator of quark field which is expressed in terms of the third
component of the isospin(/3) and the hypercharge(Y') using the Gell-Mann-Nishjima
formula as,

A Y

Q113+—2‘ (H.1D)

Therefore, the electromagnetic current V7™ is decomposed into SU(3) octet currents
as

yem =y +%V58) (5.16)
with

v = qv"%?:q

1/})(8) _ qu)‘;q (H. 7

where the superscripts in Eqgs. 5.16,5.17 are the SU(3) indices. Using Eqs. . -
5.17, the nucleon form factors may be expressed in terms of the functions FY (¢?)
and D} (¢?) as:
"o 2
fiq) = 3D/(¢)

1
@) = F@) + 3D/ (@), i=1,2 (5.1%)
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Since the nucleon form factors f/*? are well known, we may express £ (q%) and
DY (g?) in terms of fI'P(q?) as

FY@) = )+ 5ha)

DY g*) = —gfz-"(qz) (5.19)

Once the values for £V (¢%) and D} (¢?) are determined, all the vector transition

form factors may be expressed in terms of the nucleon form factors f""(q*). The

electromagnetic form factors f"F(¢?) are written in terms of the experimentally

determined Sachs electric G%"(¢?) and magnetic G%7'(¢?) form factors as [153],

¢ 17 . ¢ .
prgR) - [1 J {G’g"(q?) &)

Y e
2 ~1
N q n KD -
) = |1 ] G- e (5.20)

where we have taken the following parameterization [49, 153] for the electric and
magnetic Sachs form factors:

Gu(e®) = —F=—

q2

GH@) = o (27) CLKs
Ghld®) = (1+p,)Gh(d")
Guld®) = pGhl(d®)

q2

6 = 1
T ]__Anm
with A, = 56
p, = 1.792847
fn = —1.913043
My = 084GeV (5.21)

Now we shall present in brief the parameterization for the axial vector form
factors.
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5.2.2 Axial Form Factor

The form factors, in the axial vector current g;(¢?) in Eq. 5.9 are obtained in terms
of the FA(q?) and D#(¢?) defined in Eq.5.12. However, before going into the details
of it we shall point out the constraints which comes from various symmetries. like

(i) In the case of exact flavor SU(3) symmetry the weak - electric form factor 4.
will not contribute i.e. gy(g?) = 0.

(ii) Applying Partial Conservation of Axial Current(PCAC) the pseudo-vector
transition form factor (gs;(g?)) is related to the axial vector transition form
factor (g;(¢?)) as

2M?

93(¢%) = mgl(ff) | (5.

(el
o
o

The major source of information on the weak axial vector transition form factor
gi(¢*) comes from the semileptonic hyperon decays and AS = 0 neutrino-nucieon
scattering. In such processes the contribution of gs(g?) is proportional to the lepton
masses and may be neglected. This implies that in the case of axial vector current
we are left with only one form factor i.e. g,(q?).

From the beta decay experiments and the reactions of the kind v, +p —» p~ + p.
the form of g)¥(q?) is determined and is generally taken to be of dipole form

-2
¢ N
9 (¢%) = ga(0) (1 — ——M%> , (523

with axial dipole mass M4 taken as 1.03 +0.5GeV. As for the transition of N — N’
the SU(3) Clebsch Gordon coefficient in Eq. 5.12 turns out to be 1 for both a and
B, and the form factor may be expressed as

9 (¢*) = F{{(¢*) + D (g?). (521

Assuming, the same ¢*> dependence as for ¢V (¢?) in Eq. 5.23 we may write the
separate ¢* dependence for both F}(¢?) and D#(¢?) as

FAG) = F(0) (1——q2—)_2

A q2 -
DA@) = Di(0) (1——) | (5.25)
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where F(0) and D;(0)" are extracted from semileptonic decays of nucleons and
hyperons [93]. Once F{*(¢*) and D#(q?) are fixed following the same procedure as
we did for vector current we obtain the other transition form factors. The form
factors f1, and g; in terms of the known quantities are listed in Tab. 5.1. Also we
write the amplitudes corresponding to the Feynman diagrams as shown in Fig. 5.1
in Eq. 5.26. The various constants/parameters appearing in Eq. 5.26 are tabulated
in Table 5.2. The hadronic currents corresponding to the diagrams shown in Fig. 5
now read as

. . V2 s P+ M
s = ZAsqudm uy (p')Pey mﬂ“w(p)
1 V2 / P—pr + My 5
]l lu = Z14(})% udeTr Y(p )HH (p — k)2 o M)Q/,ﬁk‘ly ll.N(p)
“f4 \/— / q# - QP'Z
it = dAry udﬂ;(M + My) uy (p')ys un(p) PP m?
. - ﬂ — ,
Hler = ZACTVud”QT uy (p') (v + Bor v9°) un(p)
. V2 g ,
e = iAx V;wl f7r ay (p') (g + Pr)un(p )m (5.26)
where,
f2 v . dq" 5 =
=iy + ZQM g —ga{ — PR v (5.27)

is the transition current for Y & Y’ with Y = Y’ = Nucleon and/or Hyperon.
Using the expression for hadronic current given in Eq. 5.26 we obtain the hadronic
tensor H“* which contract with the leptonic tensor L* and we get the expression
for matrix element square which is used in Eq. 5.4 to obtain the results for the
differential and total scattering cross sections. In the next section we present and
discuss the results of our findings.

1For convenience we will now refer Fy(0) and D;(0) as F' and D.
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Figure 5.3: Cross section for neutrino induced |AS| = 0 associated kaon production
Process.

5.3 Results and Discussion

The total scattering cross section o has been obtained after integrating Eq. 5.4 over
the kinematical variables and using Eqgs.5.5-5.7 and 5.26. The cross sections for
the y,N = p YK and v, N — pu*tY K processes are shown in Figs. 5.3 and 5.4,
respectively. We find that the cross section for the reaction channel with a A in the
final state are in general larger than that for the reactions where ¥ is in the final
state. This can be understood by looking at the relative strength of the coupling,
for example the ratio of square of the couplings for the vertices nK°A to nK°30 is
9% kaled r = 14. Furthermore, the cross section for the A production is favored by
the available phase space due to its small mass relative to X baryons.

When we compare the results of the cross sections in Fig. 5.3 for the processes
vp = u ETKT and v,n — p”AK™*, we find that the cross section for the KX
channel is around 70% smaller at £, = 1.5 GeV and around 25% smaller at £, = 2
GeV in comparison to the cross section for the K*A channel. While the cross
sections for the other two channels namely v,n — p~ " K° and pw~ EPK* are much
smaller than the K+ A cross section.

In Fig. 5.4 we have shown the cross section for antineutrino induced production
processes where one may notice that unlike the neutrino induced processes the chan-
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Figure 5.4: Cross section for antineutrino induced [AS| = 0 associated kaon pro-
duction process.
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the Feynman diagrams involved.
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Figure 5.6: Cross section for the v, + p — u* + K° + A process explicitly showing
the Feynman diagrams involved.

nel with A in the final state is not very dominating. For example, we find that at low
energies say Ej;, ~ 1.5 GeV the cross section for u,p — p* K°A is around 55% larger
than the cross section for o,n — p+*K°%~, while around 2 GeV the production cross
section for ,p — p"K°A is comparable with that of v,n — u* K%~ The cross
section for the reaction 7,p — p* K% is around 40% smaller than the cross section
for KA channel at E;, = 2 GeV, whereas v,p — p"K*5X~ cross section is about
10% to the cross section of KYA channel. We have also compared our results of
the cross section with the results of Shrock et al. [45]. The results are tabulated
in Table 5.3. We find that our results are about 2 times larger than the results of
Shrock et al. [45].

From Figs. 5.3 and 5.4 we notice that the neutrino induced reactions are dominant
source of KT production where as antineutrino induced reactions favors the K9 pro-
duction. For example at E, = 1.5 GeV, 0(K*) = ¢(AK™") + o(Z°K ) + o(ZTKT),
is around 3.7 x 10~%em?, while o(K%) = o(STK?) is around 0.18 x 10~ em?.
At E, = 2 GeV, o(K*) is ~ 29 x 107" em? while 0(K?) is about 2 x 107" cm?.
Similarly, for the antineutrino induced reactions at £, = 2 GeV, 0(K") = o(AK") +
o (LK) 4+ o(X7K°), is around 11 x 107" em? whereas o(K+) = o(X~K*) is about
0.5 x 1074 em?.
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Figure 5.7: Q*— distribution for the v, induced |AS]| = 0 associated kaon production
process.
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o x 107" em?

Process E, =12GeV E, =16GeV E, =2 GeV
Present Work 0.2 4.0 15.0
-AK+
v > WART g ek et al. [43] 0.14 1.8 5.4
) . Present Work 0.1 2.0 8.0
; +A KO
vup > WART gy ek et al. [45] 0.12 1.4 1.1

Table 5.3: Comparison of total cross section for the CC v, /v, induced KA channel
with the results of Shrock et al. [45].

One may notice from Table 5.3 that our results for the cross sections are quite
different from the results of Ref. [45]. This difference may be due to the additional
Feynman diagrams like contact term and 7 in flight term taken in our approach
which is absent in their work besides some minor differences like choosing the value
of axial dipole mass M,=1.05GeV vs 0.95GeV, etc. In Fig. 5.5 we have presented
the results for the total cross section o for v,+n — u~ + K* 4 p process, and in and
in Fig.5.6 the results are presented for v, +p — ™+ K°+n process. In these figures
the contribution of individual channel(like s-channel, u-channel, contact term, etc.)
as well as the results of “Full Model” (when all the diagrams are taken together) are
shown. We find that the contribution to the total cross section from the contact term
is the largest followed by s-channel and t-channel(K-exchange) terms and the results
from the “Full Model” is smaller than the results obtained only with the contact
term. This may be due to the destructive interference of the different amplitudes
contributing to the cross section.

In Figs. 5.7 and 5.8, we have presented the results for Q* distribution at £, 5, =1.5
GeV. In the case of @ distribution for v, induced process shown in Fig. 5.7, we find
that except for v,n — p~ X1 K channel the other channels producing K™ in the
final state peak at low Q?. The Q? distribution for antineutrino induced reaction as
shown in Fig. 5.8 is more forward peaked than corresponding to those of neutrino
induced reactions.

In Figs. 5.9 and 5.10. we present the results for the kaon energy distribution
(do/4E, ) at the neutrino and antineutrino energies of 1.5 GeV. Here also we find that,
kaon energy distribution for antineutrino induced reactions is more forward peaked
than the kaon energy distribution in the case of neutrino induced processes. In
Figs. 5.11 and 5.12 we present the results for the muon energy distribution (4/4£,)
for neutrino and antineutrino induced processes. We find that the muon energy
distributions are more forward peaked in neutrino induced reactions as compared to
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Figure 5.9: E;— distribution for the v, induced |AS| = 0 associated kaon production
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Figure 5.11: Lepton energy distribution for the v, induced |AS| = 0 associated kaon
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Figure 5.12: Lepton energy distribution for the v, induced associated kaon produc-
tion process.
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the antineutrino induced reactions.

We must point out that in the present work, resonances contributing to the
associated particle production processes have not been considered. This we plan to
include in our future studies. In the next chapter we present the summary of Hur
results and conclude our findings.
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Chapter

Conclusions

Neutrino oscillation physics has entered into an era of precision physics in which
both theoretically and experimentally enormous efforts are going on for better vu-
derstanding of the oscillation physics as well as for understanding the hadron physics
as these neutrino oscillation experiments are also providing cross section measure-
ments for many quasielastic and inelastic processes induced by the neutrino and an-
tineutrino on nuclear targets. These recent cross section measurements are available
mostly for AS = 0 processes in nonstrange sector. In strange sector neutrino Monte-
Carlo generators use the results of older work available in literature for AS = 0 and
AS = 1 processes. However, with the availability of high intensity neutrino and
antineutrino beams in present generation neutrino oscillation experiments the pos-
sibility of experimentally studying, with better statistics, the weak production of
strange particles through AS = 0 and AS = 1 processes induced by neutrinos and
antineutrinos from nuclear targets are being made. On the theoretical side there
are very few works available in literature. However, specific and precise knowledye
about these processes would be very important for the analysis of future and o:-
going neutrino oscillation experiments and these processes as well would facilita:e
in understanding of hadron structure and their properties. In the present thesis ve
performed theoretical calculations for some of the channels which are not well stid-
ied like single kaon production, eta production and associated particle production
processes. These studies are performed for neutrino/antineutrino induced reaction
off free nucleon targets.

In Chapter-1, we briefly introduced neutrinos and their fundamental properties
and outlined the importance of strange quarks in the sector of inelastic processes.
The study of these processes have been made by developing a microscopic model
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which is based on the SU(3) chiral perturbation theory(for nonresonant terms) which
provides us model independent prediction for the cross sections. The basic param-
eters of the model are the pion decay constant f,, Cabibbo angle, the proton and
neutron magnetic moments, and the axial vector coupling constants for the baryons
octet, D and F, obtained from the analysis of the hyperon semileptonic decays.

In Chapter-2, we briefly introduced Chiral Perturbation Theory, the basic in-
gredients of the model and the various coupling constants. Using this microscopic
model we have studied single kaon/antikaon production off nucleons induced by neu-
trinos/antineutrinos. For the neutrino induced single kaon production processes this
model would be quite reliable at low and intermediate energies given the absence of
S = 1 baryonic resonances in the s-channel. We presented the results for the total
scattering cross section &, kaon energy distribution and Q?* distribution. We also
discussed the results of the contributions from the different Feynman diagrams like
contact, kaon pole, u-channel CrX, CrA, pion and eta in flight terms to the total
cross section. We found the contribution of kaon pole term to be almost negligible
at the studied energies. We observed the relevance of the contact term, not included
in earlier calculations by Dewan et al. [47]. In fact this term has been found to
be very dominant followed by the u-channel diagram with a A intermediate state
and the m exchange term. We have found that although the total scattering cross
section obtained for the neutrino induced processes are around two orders of magni-
tude smaller than that of cross section for pion production for neutrino spectra such
as those of ANL or MiniBooNE, nevertheless, the cross sections are large enough
to be measured, for instance, with the expected MINERvA and T2K fluxes and
could have been well measured at MiniBooNE. Furthermore, we found that due to
higher threshold of the associated kaon production, the reactions we have studied
arc the dominant source of kaons for a wide range of energies, and thus their study
is important for some low energy experiments and for the atmospheric neutrino flux.
For the antineutrino induced single antikaon production we extended our model to
include the lowest lying decuplet baryon e.g. in the case of inelastic production of
pions the cross section is dominated by the decuplet resonance A(1232). Our model
is inspired by the model that predict pion production in the resonance region. The
background terms were obtained from the chiral Lagrangian and the resonant mech-
anism that include the £*(1385) have been included in the model. We understand
that the presently studied process is the dominant source of antikaons for a wide
range of energies. We found that the cross sections are clearly dominated by the
nonresonant terms, and in this case also the largest contribution comes from the
contact term. More specifically, we observed destructive interference that leads to
a total cross section smaller than obtained from the contact term alone. There



is almost negligible contribution from ¥*(1385) channel. For antikaon production
we found that the cross sections are around two orders of magnitude smaller than
that for pion production for antineutrino fluxes used in the MiniBooNE experiment.
Nonetheless, the study may be useful in the analysis of antineutrino experiments at
MINERvA, NOvA, T2K and others with high statistics and/or higher antineutrino
energies.

In Chapter-3, we have used the model discussed in Chapter-2 to study tle single
kaon production off nucleons induced by electrons/positrons. This study is quite
important as the strangeness conserving electromagnetic reactions have a higher
energy threshold for K (K) production and with the availability of high luminosity
beams at TINAF and Mainz there exists a chance of observing single kaon produic-
tion. For the electron induced process, we have also considered the contribution from
the ¥*(1385) resonance term, the weak couplings for which has been obtained using
SU(3) symmetry from those of the well established A(1232) resonance. We observed
that the cross sections, although small, could be measured at current experimental
facilities. Furthermore, our results could facilitate the study of Q% dependence of
the hyperon/nucleon weak form factors.

In Chapter-4, we have studied charged current neutrino/antineutrino induced
production off free nucleons. We considered s- and u-channel Born diagrams and
used the prescription discussed in Chapter-2. In addition to that, we considercd
511(1535) and S;;(1650) resonances as it is well known from electro- and photo-
induced processes that eta production is dominated by Si1(1535) resonance. 0
obtain precise value for the vector part of the N-S); tramsition form factor. we
studied photon induced eta production to fix the electromagnetic form factors by
comparing it with the available results for the scattering cross section from Crvstal
Ball experiment [136]. The vector form factors of the N-Sj; transition have been
obtained from the helicity amplitudes extracted in the analysis of world pion photo-
and electro-production data using the unitary isobar model [140]. The propertics
of the axial N-S;; transition current are basically unknown but assuming the pion-
pole dominance of the pseudoscalar form factor, together with PCAC and fixed tlie
axial coupling using the empirical N* — N7 partial decay width. We have found
that N*(1535) resonance is dominant while the contribution of N*(1650) to the
total cross section is small. Furthermore, we have observed that the contribution
from nonresonant diagrams are also non-negligible. Moreover, the contribution from
nonresonant diagrams in the case of neutrino induced process is higher than in the
corresponding antineutrino induced processes. We observed that the cross sections
are large enough to be measured in experiments like T2K, NOvA and MINERvA.
This study may be quite useful in the analysis of neutrino oscillation physics.
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In Chapter-5, we have studied associated strange particle production processes
from nucleons induced by neutrino and antineutrino. In the present work we have
only considered Born-diagrams based on the SU(3) chiral Lagrangian discussed
in Chapter-2. In this case also we found that the contribution from the contact
term is largest followed by s-channel nucleon pole and meson exchange term. The
cross section for the reaction v,n — p~ AK™ is largest in comparison to the cross
section where we have ¥ in the final state, and this is understood because of the
coupling as well as the available phase space. We presented the results for Q?
distribution and kaon energy distribution. Furthermore, we also discussed total K%
vs K° production, i.e. by taking into account all the reaction channels studied in
Chapter-5 those have K+ or K in the final state, and we found that the neutrino
induced reactions are dominant source of K production while the antineutrino
favors K production.

Our future plan is to include resonances in the associated particle production
processes. We also plan to study these processes for nucleons bound inside the
nuclear targets as all the neutrino/antineutrino experiments are using heavv nuclear
targets to get significant number of events.
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Appendix A

A(1232) Decay Width

A.1 The Lagrangian NA7

We start with the following interaction Lagrangian for the diagram shown in Fig. = .1

Lyax = T{L ‘i’u(iﬂ : a”‘l;) v (A1)

7('

where ¥, is 4-plet of of Rarita-Schwinger field for As and
T, = (A A A0 A-)

i

¥ is the nucleon doublet,

(P
W:(n) (A.3)

A=

D

Figure A.1: Feynman diagram for the A™* decay
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¢ is the triplet of pion fields and T' is a collection of three 4 x 2 matrices (one
matrix for each pion field) that connects the correct nucleon field with the right
Rarita-Schwinger field of the As; each 4 x 2 matrix is basically a Clebsch-Gordan
array. Expanding the dot product in the spherical basis, we may write

£NA7r = ;%‘I}H(Tgauéo - Ti]a’1¢,1 - lealt¢+])\lj -+ h.c. (A-l)

‘T

The spherical components are related to the cartesian ones as:

QSO = sz (A5>
= Lis —id '
06—1 — \/’2—(¢I a)y) (A())

, o 1
@—{-1 — \/§

The field ¢ annihilates and creates a neutral pion 7. ¢_,/ (Z)TH creates a m~ and
annihilates a 7*. And finally, (btl /&y creates a w7 and annihilates a 7.

(e + ithy) = =@ | (A7)

We have taken the following normalization for the isospin transition operator Tl

341 13
<?Aﬂ[ﬂ§nn>:(L§,?AmmAﬂ (A.8)

with A a spherical basis index. For A™* — p+ 7%, the Lagrangian may be written
as

f*

L = '*_‘\P;ATiﬂp 0"¢p_1 +he
My
GpjLEY G
- —f v (15211 2.2) (1’573511’?751) v o“¢p_y + he
m, " (lv?é'lév:g—l) (l‘é’gll’;zl":%)
1 0
= I” 0 % p m
- ﬁmﬂ'\pp O 0 n . 8 ¢v1 + h.C
0 0O

* ~ 1 -
_ M, (A:+p+ ﬁA:n> +h.c (A.9)

s



A.l. THE LAGRANGIAN NA~n L

()

For the decay of the A™t, we need the Hermitian conjugate vertex of Eq. V. i ¢
f” p 4 f A ATt 1 +
Eh.c.:_ Wa ¢_1 pA” +7§nAll (A.H)l

Applying the Feynman rules, we obtain the transition matrix element. as corre-
sponding to Fig. A.1

if*

L

M = =k u(p")u,(Ps) (A

and the square of the transition matrix element is

Mp= (L
My

2
) KA (5 (5 it (7 () A

If now we sum over the final spin of the proton and average over the initial spin of
the AT, we get

i

%\ 2
SoMP — 5 B (L) ket ot

Spins

* 2
1 (f—) KA T [P (pa) (7 + M)] (13

4 \m,

where P (pa) is the spin % projection operator, given by:

1 2pﬂpv lpﬂ,yv_pu,}p
puv =—(Ya+ M wo_ _apav  ZEATA L CPA A At

Using Eqgs. A.13 and A.14, we have:

_ f* 2 2 ‘

EE\MP = (m ——3]\/[2 (p2A —pa - kﬂ)(pA . kﬂ)z
e A

2M 2 ) |

where |[M|? is evaluated in the A rest frame and it does not contain any angular
dependence. Now using the general expression for partial decay width

S Y./ SOV - ) |
A—pr — 2MA 2Ep 2Eﬂ— ( 7T) (pA— P_kW)ZZlM’ (Al(‘)
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along with Eq. 4.17 we obtain the expression for I'(A — pr) decay width as

r = ———-1—-47r-|;€| Y g(M2 MAE)E?
o 32m2M2 "\ g(Ma = Mabr)E,
2 , 2 2 2 2 2 2
+ —gAfA[AEﬂ* §MA[A77L7T‘gmw(A[A—A[AEw) (AI?)

where F, is

M3 +m2 — A
20

E, = (A.18)

and
M2(ME M2, m2)
2Ma

where A(z,y, z) is the Callen lambda function. Putting the values for the rest mass
of the particles we obtain I’ ~ 112 MeV.

H;r' = (A.19)

A.2 Width from Chiral Lagrangian

Let us again take the example of A™ — p+ 7+, The vertex for such transition is
given by following Eq. 2.25:

L=-V2 ?— AfTpdry +he (A.20)

Comparing Eq. A.10 with Eq. A.20, we get a relation between the two parameters
as:

AN ﬁfg (A.21)

My

Using the above relation together with the value of width (I' ~ 112 MeV) as obtained
from the Eq. A.17, we get C ~ 1.0.

A.3 Relation between C and C:(0)

In the previous section we have obtained the relation between C and f*, namely:

B S'fe 214 x93 1012 (A.22)

C = =
m.v2 V2 x 139
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Now we are going to obtain the relation between C and C:'(0). For the weak tran-
sition n — A% we have the following vertex from the Lagrangian:

quud A,B

Loeak = \/_ Wg (A.23)

W+

Figure A.2: Weak n — A" transition vertex

The current for the vertex shown in Fig. A.2 may be written as:

(A%ipa = pt qlit, (O)lnip) = wﬁg’cj@d (P)g
g 20Vig - A o
= ST )l (A20)

Taking out 2’—9—\/— as it has been used explicitly in the definition of hadronic current

(in order to write M = 7-5 leptonic ]Z“dm"“) we may write:

2CV,q4
V3

We compare our parameterizations with the available parameterization like in Ref. [95].
According to this parameterization, the matrix element reads, when one takes for
['*#(p, q) only the leading contribution C¢ go#:

(ATipa =p+ qliby (0))n5p) = Viagtia(Pa)C2H(0) g% u(p)
= VuaC2(0)u" (Pa)u(p) (A.26

(AT ipa = p+ qliber (0 p) = a*(pa)u(p) (A.25)
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Comparing Eqgs. A.24 and A.25, we get the following result:

=C0)=C = ?Cg‘(()) = \_2@ % 1.15 = 0.996 ~ 1.0 (A.27)



Appendix B

Weak Magnetism in Hadronic Current

n(p) X (p+q) n(p)

Figure B.1: s-channel diagram for on — [T K~ n process.

We start with a specific case of 'n — [YK ™n, the Lagrangian for the vertices
nYX~W ™ and n¥~ K~ which are obtained from the chiral Lagrangian

—1

Los-k- = ﬁf—ﬂn(p')%”rs(D — F)?" K ug-(p) + h.c.
Los-w- = %Vusﬂz(p) (Y*7°(D — F) + " )ua(p) W, + h.c. (B.1)

Using the above Lagrangian the hadronic current may be written as,

- N, v 2 ig BaB _ ~ b
= Vi (D~ Py LM oy D - ) (B2

4fx (p+q)* — M2

Now we try to incorporate the kaon pole at weak vertex,
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Figure B.2: Kaon pole dominance at weak vertex

The Lagrangian for the additional piece is,
—1
Ly-g- = —2—30K+fwgvuswf (B.3)

With the insertion of the pole term we get,

—i(D — F) _ i

_\/'Qf—_u"(p a0 K b+~ M Q%Vus (7" + (D = F)y#y®
-(D - F)zlz—j—“mﬁs) un(p) (B.4)

We next try to incorporate the weak magnetism in the above current as we did
for the AS = 1 production of K-production. For this we took the prescription given
in the works of Cabbibo et al. [93] and has been depicted in Fig. B.3,

W {(q)

Figure B.3: Semileptonic decays of hyperons
The weak part of hadronic current following Cabibbo et al. [93] is written as
in (Py) (0}, 4 01 us(ps).

for the semileptonic decays of hyperon 3, A. O/‘f and Of} are vector and axial-vector
currents. Here we must point out that we have used a different convention from
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Cabbibo model [93] and to distinguish it with our model we put a (sub)superscript
¢ where it differs from our conventions

fa . f3
——O' ——
Mot Ty

(c c R e _cv g3 e
OV = giys+ SO+ T (B.5)

OL/(C) = fl’Yu + qu + q.

W (g

Y

XA

n,p

Figure B.4: Weak hyperon production. The conjugate diagram of Fig. 3.3

To match the expressions with our conventions the relationships among the dif-

ferent terms are, 2 = —° , 0¥ = —io® and M, ~ M. Therefore, with these
changes Eq. B.5 may be written as,
4 - f2 v f3
O;‘: = fl%z - Z'Mguuq + —Mqu
- g2 v _ 93 .
Oi = —guus + 1370w s8” — 750 (B.5)

The Hermitian conjugate of it will give us the current which is of our interest i.c.
current for weak hyperon production,

us(Px )y’ (O,‘f + O,':l)T’YOUN(ﬁN) (B.7)

Using the properties of Dirac gamma matrixes,

o=
U/Tw = 700;w 70
7; =

[UuquS] = 0 (BS)



120 APPENDIX B. WEAK MAGNETISM IN HADRONIC CURRENT

one can easily obtain the following expressions:

f2 /3
AI;OOL/T’TO = f17u + ?AIUWQ + A[q# (Bg)
g2 gs
1O = g +ig7om s+ S5 (B.10)

In the above expression we neglect the contribution of f3, as it comes from higher
orders in the chiral expansion and set go = 0 which is exact in the SU(3) flavor
symmetry limit. In the limit of chiral symmetry the masses of all octet baryons
are same. Using Table-1 of Cabibbo [93] for the weak vertex NWX, we have % =

Lﬂl’—%@—"—) Therefore, after inserting the weak magnetism part i.e. f,. the hadrouic

current may be written in terms of the magnetic moments for neutron p,, and proton
fiy AS.

—i(D - F)_ i ig ( f2
—— (P ) Vs X (7 + 5zic™a,
A ey BTy T
_‘& A5 (D F)q“ >
7 YR ————54 7" ) unlp)
P+ 4+ Ms {pp + 2u,)
- ‘u:, D — F n o__—.——_ H AL TP 5
( %U( PPy I i

Ho- - L) B11)



Appendix C

Kinematics

C.1 Total Cross Section in Lab Frame

For the process

v(k) + N(p) - 1" (K')+ K(p1) + Y(p2); where l = e, u, 7 (C.1)

the expression for differential cross section is given by

1 1 BE 1 B
dQO = (27T 454 Pi — p = = ~
) Z ; ') 2B(k) 2E(p) (27)3 2B, () (2r)°
y 1 d*p1 1
2E2(ﬁ2) (27T)3 2E1 (ﬁl)
where 2E(k)-2F(p) = 4MFE and in lab frame E(p) = M the rest mass of nucleon.
Ury=1(in natural units) for neutrino'.
From momentum conservation k + p = &’ + p; + py The above expression will be
Lo — (2m)* d°K' d*p, d*p,
AME (2m)3(2E)) (27)3(2E,) (27)3(2E»)

LY|IM|? (C.2)

S k+p—K —p1—p) XM (C.3)
Sinceﬁgzﬁ+ﬁ—/z'—ﬁ1

/63(E+ﬁ~1?—ﬁ1 — Pa)d’py =1 (C.4)

!For convenience we dropped the vector sign.
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and
APk = K Pk |dQ, = Bk |dEdQy,
d3p1 = '171’2d|131]d9p1 = E \ﬁlldEl de

This would result

fo - 1 1 g+ M—FEy—F dE,dQ,; dE,dS
- 4A/[E (27{_)5 qo0 2 1)m [ vl ALY Pl
x E, ;AT'; E, |pi] EX|M|?
d°o 1 K] < 2 .
= dEdY, dEdSY,, | 32 (2 0 @0t M= By = By s BEIM| (C5)
C.2 Recoil Factor
C.2.1 Kaon Momentum Distribution p;
Using Eq.(C.3) with substitution
/63 E % [71 - ﬁz)(ﬁ]}g =1 (CG)

and using the relations
CK = KK [dS,
and
&’p1 = |p1[*d|pi|d cos 0, do,

the differential scattering cross section is given by

- do L1 st 8% + M — By — Ey)

= = cosf,,8"(q —

ARl de,,  s2(mpt !
R 2
I g g C.7
MEREE, ™M (€7)

For observing kaon momentum distribution we have to calculate recoil factor by
performing integration [ d%gy + M — Ey — Fy)dcosf),, and using property of delta
function

[ astls - ory

- (C.8)

Tr=x9
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1IN
S

And the d—function appeared in Eq. C.7 goes with the integration of

/60(q0 + M — Ey — Es)dcosb,, (€9
The above integration can be evaluate using Eq. C.8.
of  _ 0lgo+M — 1@+ |p[* — 2ldlipi|cost,, + m5 — Ey)
Ocostly, Ocost,,
L il 2 o
dcosby, VIG? + 112 - 2[qlIpi [cosb,, +mj

The recoil factor(R) thus obtained from the Eq. C.10 ? may be written as

of | |V +1m [~ 2ldllpilcosby, + mi| _Ey (
= |z = = = - (C.11)
Ocosby, |qllp1] iy
Using the d—function we can find the cost,, and it comes out to be
2 2 2 ]u _ E 2
cost, — |91° + 11"+ ms — (g0 + 1) (21

2|91

Using this form of recoil factor the expression of differential scattering cross section
given by Eq.(C.7) modifies to

. d°o S S S L T
d| k') dS2,.d|P) | deby, 32 (2m)® MEE,ELE, |q)|p1]
To get the cross section we have to integrate over all the kinematical variables

d ko 27 1 Pl
29 / dk, / d,, 2m / deosty———"2 : (L
ldpi|  Jk 0 -1 d|K'|dQdpidy,

uy|mMy? (C.13)

I
min

here we used,
E? =5 + MZ, E, dE, = |pi|d|p]

T1 = E1 — My, dE1 = dT1

where T} is the kinetic energy of kaon.

2This has to be positive as it is absolute.
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