
Weak Product ion o f 
K and n 

Mesons o f f the Nucleon 

Abstract of the thesis submitted for the award of the 
Degree of Doctor of Philosophy 

in Physics 

By 

MOHAMMAD RAFI ALAM 

tVVES^^ 
Department 

Of 

Physics 

Aligarh Muslim University 

Aligarh, India 

Supervisor 
Dr. Mohammad Sajjad Athar 



Contents 

Contents i 

List of Publications iii 

1 Introduction 1 

2 Weak Production of K and K 5 
2.1 Neutrino Induced Kaon Production 
2.2 Antineutrino Induced K~/K^ Production M 

3 Charged Lepton Induced One Kaon Production 1 1 

4 7] Production ] ') 

5 Associated Kaon Production 1 <) 

6 Conclusions 23 

Bibliography 25 

Bibliography 25 



CONTENTS 



List of Publications 

International 

1. M. Rafi Alam, S. Chauhan, M. Sajjad Athar and S. K. Singh, 
"P; Induced Pion Production from Nuclei at ~J 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 Nucleori,'' 
Phys. Rev. D 87, 053008 (2013) 

3. M. Rafi Alam. I. 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, I, Ruiz Simo, M. Sajjad Athar, M. J. Viceat( 
Vacas and S, K. Singh, 
" Weak Strangeness and Eta Production.'" 
To appear in the TOP Conference Proceedings (NuFact2013) 

6. M. Rafi Alam, I. Ruiz Simo, M, Sajjad Athar, L. Alvarez-Ruso and M. J. Vi­
cente Vacas, 

m 



IV LIST OF PUBLICATIONS 

" 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]. 

7. M. Rafi Alam. L. Alvarez-Ruso, M. Sajjad Athar and M. J. Vicente Vacas. 
" Weak T] Production off the Nucleon'' 
To appear in the American Institute of Physics Conference Proceedings (NuInt20I2) 
e-Print.T303.5951 [hep-ph]. 

8. M. Rafi Alam, 1. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas, 
''Neutrino(Antineutrmo) 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'' 
AIP Conf. Proc. 1405, 152 (2011) 

National 

1. M. Rafi Alam. I. 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, iM. 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). 

http://e-Print.T303.5951


CHAPTER 1 

Introduction 

Neutrino oscillation physics has entered into an era of precision physics in whicli 
both theoretically and experimentally enormous efforts are going on for the \>o\-
ter understanding of oscillation physics as well as for the understanding of had:on 
physics as these experiments are also providing cross section measurements for nian\ 
quasielastic and inelastic processes induced by the neutrino and antineutrino on in-
clear targets. The neutrino energy region of a few GeV is quite sensitive to he 
neutrino oscillation parameters. Therefore, most of the present experinunits like 
MiniBooNE [1], K2K [2], T2K [3], NOz^A [4], etc. have taken data or have bren 
planned in this energy region. These recent cross section measurements are availal)]*' 
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 A^" = 0 ruid 
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 \'( IN 
important for the analysis of ongoing and future neutrino oscillation exp(niniei)ts. 
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 p'M-
formed for neutrino/antineutrino induced reaction off free nucleon target. We have 
also performed calculation for the weak production of kaon from nucleon indue ed 
by electron/positron beam. 

1 



CHAPTER 1. INTRODUCTION 

Neutrino/Antineutrino induced charged current(CC), IAS*] = 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{b) theories. There are other decay 
channels that open up, particularly s-quark production is favored, and final states 
involving kaons, for example, p -> Kiy 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 A S = 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 MINERi^A [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 rj production is interesting because of several 
reasons. For example, r] is one of the important probe to search for the strange 
quark content of the nucleons [18]. Also a precise determination of i] production 
cross section would help in subtracting the background in proton decay searches. In 
some supersymmetric grand unified theories, r] mesons provide a prominent signal 



for proton decay [19]. Therefore, its background contribution due to atniospheru 
neutrino interactions should be well estimated. Furthermore, r/ production clianu''] is 
dominated by 5*11(1535) resonance excitation, therefore, it is expected that a prc<is( 
measurement of the cross section will also allow to determine the axial properties oi 
this resonance. In most of the Monte Carlo generators, eta contribution is obtaiiuni 
from Rein and Sehgal model [20] for the resonant pion production. We liave not 
come across any theoretical/experimental study where using neutrino/antineuti ino 
beam either the differential or total scattering cross section has been presented. 

Recently, the importance of the study of kaon production induced by real uid 
virtual photons on nucleons and nuclei, in an associated particle production process 
AS = 0, has been emphasized with the development of accelerators like MAVIl. 
TJNAF, 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 a.ssociated 
particle production process, A ^ = 1 single kaon production process may also ^ixc 
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 The )r\ 
(xPT). After introducing xPT, we have presented and discussed the results for 
neutrino and antineutrino induced single kaon and antikaon production. In Chapiev-
3, we have presented the formalism of the electron/positron induced antikaon/kaoii 
production. We have shown that kaon production through A ^ = 1 process. iiia\ 
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 j)ar-
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 hv 
results for the total scattering cross sections. We have used ;^PT approach to ob­
tain the hadronic currents for the Born diagrams and the prescription of helic it \-
amplitudes to obtaiir the contributions from the resonant 511(1535) and S'ii(16')()) 
channels. In Chapter-5, we have studied associated particle production induced b\-
neutrino and antineutrino. We have presently taken only the nonresoiiant diagrams 
and obtained the hadronic currents using xPT. 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. 
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CHAPTER 2 

Weak Production of K and K 

In this chapter, we briefly discuss the formaUsm which has been used to desciibc 
the weak strangeness production. At low energies, it is possible to obtain lucidĉ l 
independent predictions using Chiral Perturbation Theory (xPT). We use the ihi-
ral Lagrangian obtained for the meson-meson and meson-baryon interactions and 
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 î —induced K production and i/—induced K production. The ba.si( 
parameters of the model are /^, 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 E*(1385) resonan<;'e. 

2.1 Neutrino Induced Kaon Production 

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

u^ + n -^ H" + K^ + p 

i^^i~\-n ̂  jj,~ + K^ + n (2 1) 



CHAPTER 2. WEAK PRODUCTION OF K AND K 

Figure 2.1: Feynman diagrams for the process uN -)• IN'K. First row from left 
to right: contact term (labeled CT in the text), kaon pole term (KP); second row: 
u-channel diagram {CrT,, CrA) and pion(eta) in flight (TTP, (r/P). 

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 xPT 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(cr) and differential scattering cross sections like Q^ 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 TT 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 
Vi -\-p -^ l~ -h A"*" +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 off" neutrons is larger than the associated production up to 
i?;̂  =1.3 GeV and even the much smaller /C+ production off neutrons is larger than 
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Figure 2.2: Cross sections(cr) as a function of the neutrino energy for single kaoi: 
production. In left panel: o vs E^ for the three A^* = 1 processes are shown AW 
in the right panel: single kaon production vs. associated production olitained \\'\\\'-
GENIE [17] are shown. 

Table 2.1: Cross sections averaged over the neutrino flux at different laboratories 'w\ 
units of 10~^^ cm^. Theoretical uncertainties correspond to a 10% variation of thr 
form factor mass. 

Process 

v^yi —)• yTK^n 
ly^p -> ^I'-R+p 
v^n —>• fi~ K°p 

ANL 

0.06(1) 
0.28(5) 
0.17(3) 

MiniBooNE 

0.07(1) 
0.32(5) 
0.20(3) 

T2K 

0.09(1) 
0.43(8) 
0.25(5) 

the associated production up to Ei, =1.1 GeV. The consideration of these AS = i 
channels is, therefore, important for the description of strangeness productioi: foi 
all low energy neutrino spectra and should be incorporated in the (experiment a I 
analysis. 

In Table 2.1, we show the total cross section results for the three channels averagei 1 
over the ANL [26], the MiniBooNE [27] and the off-axis (2.5 degrees) T2K [28] naioii 
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 ( ros> 
section with some recent results. For instance, the cross section for neutral curr(>iii 
T:^ production per nucleon has been measured by the MiniBooNE collaboration [2*1 
obtaining (a) = (4.76 ± 0.05 ± 0.76) x 10"'*° cm^ with a data set of some tw<>iir> 
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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 

uin —>• l~pK^ 

Total 

Events e Events /i 
0.16 0.27 
0.45 0.73 
0.95 1.55 
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. 

.V(;0 i ' .Mi; - p) .VlJ.') 

•^hip, 

yi<ipC> 

Figure 2.3: Feynman diagrams for the process vN -^ IN'K. First row from left to 
right: s-channel S,A propagator (labeled SC in the text), s-channel E* resonance 
(SCR), second row: kaon pole term (KP); contact term (CT) and last row: pion(eta) 
inflight (-nP/rjP). 
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Figure 2.4: Left Panel: Contribution of the different terms to the total scattorin^ 
cross sections a vs E^. The labels are self explanatory. Right Panel: o \ s E,, for 
the A S = 1 , K~ jK^ production. 

2.2 Antineutrino Induced K jK^ Production 

In the case of antineutrino induced process, we have considered the following r( at 
tions: 

Vy, + n IJ,^ + K" +n 

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 fr )m 
lowest lying S*(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 ieft 
panel of Fig. 2.4 for i>^p —̂  pL^pK~ process. We may see that the contact ttnin is i IK^ 
most dominating one while the contribution of the S* resonance is \ery small. In 
the right panel of Fig. 2.4, we have presented the results for the total scattering cross 
section K~ jK^ production. We find that the cross section for the K^ production on 
proton target is largest, followed by the A'" production. While the K production 
on neutron target is smallest than the other channels. 

The lowest energy antikaon associate production, {KK, \tS.S\ — 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 ()pportullit^ to 
study the electromagnetic associated strangeness production of a strange and an 
anti-strange particle. The cross section for weak associated strangeness produc ion 
is obviously much smaller than that of the electromagnetic ones. Howexer. weak 
interaction allows the processes where only one strange/anti-strange(A.S' = t l 
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, ai- an 
additional kaon is required. 

The study of weak kaon production induced by charged lepton beam could i)ro\'i(i( 
valuable information on the coupling constants D and F that govern the interaction 
of the SU{'i) lightest baryon octet with the pseudoscalar mesons and also tlicir ^ 
decays. Also, one may investigate the Q"^ dependence of the weak axial form fa( r(jrs 
of nucleons and hyperons. 

The processes considered here are the charged lepton induced weak iA6'| -- 1 
K{K) production. The single antikaon(kaon) production channels induced l)y dec 
trons(positrons) are the following 

e" + n —)• î e + K^ + n 
e~ + p -> Ve + K'^ + n 
e" + p —>• i/p, + K~ + p 

e+ + n -^ t'e + K^ + n 

e+ + n -)• Pe + ^° + P 
e^ + p ^ Ue, + A'+ + p (3. 

11 
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Apart from the contributions from the lowest order chiral Lagrangian. we have 
also included the contribution of terms with i;*(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. 

a.2 
o 

0.8 

-

" 

e p—>vK p 

e n—>vK n 

- e p—>v K n 

e*p—> v K ^ p 

e^n—> v K ^ n 

- e n—> v K p 

1 ( A ) 

( B ) 

___-r^r"^^^^^ _• ' 

. , - • ' 

-^^ , -

. , - . ' • ' ' \ 

E ( G e V ) 

Figure 3.1: Cross section a vs electron(positron) energy E^. 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"(e+) +/:»-)• Veii^e) + K~{K+) + p has the largest cross 
section followed by e^(e+) + p{n) -^ t'e(i^e) + K^{K^) + n{p) and e~(e+) + n ^ 
f̂ (^e) + 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. 

To estimate the number of events for single kaon production we have considered 
a lunnnosity of 5 x lO'^^s"^ cm~^ for MAMI, that corresponds to a 10 cm liquid 
hydrogen target at an electron beam current of 20 pk as described in Ref.[34]. For 
TJNAF, we take a luminosity of 5 x 10"̂ * s~' cm^^ that corresponds to a current 
of 100 //A 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^Ve + K~ + p at TJNAF (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 diflJ'erent targets and/or current but equally important is 
the efficiency in the kaon detection, that depends on the kaon kinematics and the 
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detector. 
In the next chapter we shall present the formalism for photon and neutrino in­

duced r) particle production process. 
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CHAPTER 4 

T] Production 

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

u^ + n -^ ^~ + Tj + p v^+p -^ ix^ + T] + n (4.1-

In these processes from xPT symmetry only s- and u-channel nucleon pok> t( rui^ 
contribute. Besides Born-terms, we have also considered 511(1535) and Sii(l<)50i 
resonances. The Feynman diagrams corresponding to these processes are shown in 
Fig. 4.1. 

However, before developing the formalism for the weak interaction induceti 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 [.!(• 
and use them to obtain the isovector form factors for v/v induced processes oif 
the nucleon. Born terms are calculated using a microscopical model based on tli<' 
5t/(3) chiral Lagrangian. We consider A''*(1535) as well as /V'*(1650) Su resoiant 
intermediate states. The vector form factors of the N-S'n transition have l)een 
obtained from the helicity amplitudes extracted in the analysis of world pion photo-
and electroproduction data using the unitary isobar model [37]. The propertii\s of 
the axial N-5ii 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* -^ Nn partial decay width. We maki' an 

15 
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Figure 4.1: Fcynman diagrams for the processes u/v{k) + N{p) —>• ii^{k') + ri{py^) + N'{p'). 
First row from left to right: s-channcl nuclcon pole(SC) and Sw resonancc(SC N*): second 
row: u-channcl nucleon pole(UC) and S\\ resonance (UC A^*). 

20 

15 

X) 

10 

0.8 

"T 1 r 

Present Result 
MAMI Crystal Ball Exp. 

y+p ^ p + r| 

1.2 
Ê  (GeV) 

Figure 4.2: Cross section for ^p -^ rjp process. The experimental points are obtained 
from MAMI crystal ball [36] and the results are shown upto the AK threshold. 
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1.2 1.6 
E (GeV) 

1.5 
E (GeV) 

Figure 4.3: Contribution of the different Feynman diagrams to the total scattering 
cross section for the r] production process, where SC and UC corr6\sponds to tli( 
s-channel and u-channel nucleon pole and A''* resonances respectively. 

educated guess for the dependence on the four-momentum square transferred by tlu 
neutrino, which ultimately remains to be determined experimentally. We find i hat 
the present results describe qualitatively well the experimental data representee In 
the MAMI Crystal Ball experiment [36] except at high photon energies as shown iii 
Fig. 4.2. 

In Fig. 4.3, the results for neutrino and antineutrino induced r/ production coss 
sections are presented both for the total as well as individual contrit)utions of tacl; 
diagram. We find that 511(1535) resonance is dominant while the contnbui ion 
of 511(1650) to the total cross section is small. This can be understood Crtsilx 
because 5*11(1535) is lighter in mass and has a relatively larger branching ratio foi 
^ii -^ Nrj. We also find that the contribution of the nonresonant diagrams m 
the case of neutrino induced process is higher than the corresponding antineutriiui 
induced processes. Also in neutrino mode the contribution of u-channel diagi am 
is slightly larger than the corresponding s-channel diagram. We find that aro ind 
1-2 GeV the contribution of 511(1535) is very dominant for the neutrino induced 
process. In the case of antineutrino induced reaction up to E^ =1 GeV. 5ii(iri35) 
is dominant, however at E^^ = 1.5 GeV its contribution is around 80% of the total 
77 production cross section. The contribution of 5ii(1650) resonance is not n oit 
than 5% in the entire neutrino energy spectrum. Contributions from the s- and \v 
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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 5 

Associated Kaon Production 

The study of weak neutrino-nucleon/nucleus interactions involving associatixl ().ir-
ticle production in the energy region of a few GeV has become one of the nia oi 
theoretical and experimental area of interest due to its importance in \hv 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 theori(>s of par­
ticle and nuclear physics, the knowledge of which one obtains from electroniagnei i( 
reactions with real and virtual photons. Moreover, the study of neutrino inducHi 
AS=0 associated particle production processes provide an improved understanding 
of basic symmetries of the standard model, structure of the weak hadronic foi ni 
factors, strange-quark content of the nucleon, coupling constants, etc. One may also 
get information on the medium modification of the elementary amplitudes. Furtht r-
more, the efforts of proton decay searches at various laboratories like SuperK [3s . 
HyperK [39], UNO [40], LAGUNA [41], etc., are going on where the atniospheiic 
neutrinos while interacting with a nucleon target also produce kaons, either throu|j;li 
A^* = 0 or A ^ = 1 processes. This poses a background in the proton d(K ây searrh'-s 
as the main source of proton decay in supersymmetric grand unified models has been 
proposed through p —)• Ki/. Therefore, the importance of thorough understanding 
and reliable estimate of the cross sections for neutrino induced kaon prodtiction con­
tributing as background event has been emphasized as the proton decay experimen- s 
will be limited in statistics also [42, 43]. 

19 



20 CHAPTER 5. ASSOCIATED KAON PRODUCTION 

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[8J, 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, tfie MINERi/A experiment at Fermi Lab [43], is a dedicated exi)eriment 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 u{i') charged current induced associated particle produc­
tion accompanied by a kaon from a nucleon(p or n) target are, 

i^^n —)• fr 

l/f^p - > / / " 

t/,,r7, - ^ / r 

iy^,n - > iLi 

-K+A 

-K+E+ 

-A'+EO 

-A ' °S+ 

i^iiP -^ fi^K'^A 
i^^p -> n+K^TP 
i^pP -^ fJ^^K+E-
u^ji -^ i^i^K^T.' 

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

A If! _v 'i'¥ 

/ 

.V(p) 

• % . 

\K\}-i^ 

X 

\ / 
V 

/ 
•'Ki 

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 lA^I = 0 associareri 
kaon production process. 

In Fig. 5.2, we have presented the results for the neutrino(left panel) and antin.ni-
trino(right panel) induced A5 = 0 associated kaon production processes. In the c>LS(> 

of neutrino induced reactions when we compare the results of the cross sections for 
the processes v^p -^ ^~E+K+ and u^n -^ pT KK^, we find that the cross section for 
the /^"^E^ channel is around 70% smaller at E^ = \.b GeV and around 25% smaller 
at El, = 2 GeV in comparison to the cross section for the K'^A channel. While he 
cross sections for the other two channels namely f^n —)• /i"S+A''^ and //"E"K^ irv 
much smaller than the K^A cross section. 

While in the case of antineutrino induced production processes where one nia\ 
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 Ep, ~ 1.5 Ge\' 
the cross section for u^p -)• p,'^K^A is around 55% larger than the cross section for 
ly^n -^ p^K^T,", while around 2 GeV the production cross section for Vfj) -^ //^A "A 
is comparable with that of P^n ->• / / + A : ° E " . The cross section for the react on 
u^p ->• II'^K^TP is around 40% smaller than the cross section for A'"A channel at 
Ep^ = 2 GeV, whereas v^p -> /x+ZC+E" 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 ni-iin 
results. 
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CHAPTER 6 

Conclusions 

In this thesis we study the weak production mechanism for the low lying nuson 
having strange quark(s) like, K^,K^,K^ and 77. A precise knowledge about tlie,s( 
processes would be very important for the analysis of ongoing and future neutiiud 
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(\P7\) . In 
particular, the parameters involved for the octet baryons are, Cabibbo angle, tlu 
pion decay constant, proton and neutron magnetic moments, and the axial-vectoi 
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 cas(^ ot 
K~/K^ production we also incorporate the lowest lying strange resonance S*(13S5) 
The weak couplings of the E*(1385) have been obtained from those of the A(rJ32 i 
using SU(3) symmetry. 

In the case of rj production processes, the background terms are calculated usini; 
the chiral Lagrangian. However, from the photo- and electro- production of ij mesons 
we know that the 511(1535) gives the dominant contribution to the scattering Cioss 
sections. Therefore, in our model we have included the 5*11(1535) resonance as ivell 
as 5ii(1650) resonance. The parameters involved in the resonance mechanism arc 
obtained using the helicity amplitude. For the A 5 = 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. 
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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. 
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Introduction 

With the observation of continuous nature of d- spectrum by Chadwick [1] in 1914 
and many more experiments [2, 3] confirming this observation, physicists were posed 
with difficult problems and that were to theoretically understand these f^xporinienta! 
observations. The problems were not only associated with the energy-momeiinui! 
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 /3-dccay s])e(-
trum might be caused by some unseen weakly interacting particle. He proposed l hat 
this particle should have a very small mass, spin \ and should be neutral and call ed 
this particle "neutron". Three years later in 1933, Fermi [5] rechristened Pauli ^ 
neutron to neutrino and gave the theory of neutrino interaction with matter which 
was constructed in analogy with the Dirac's formulation of quantum electrodynam­
ics and the Hamiltonian for the interaction was written as a product of four spinoi 
fields now called as four Fermi point interaction given by 

Fermi took the interaction to be vector in nature in analogy with the second oidc 
perturbation of quantum electrodynamics. Fermi's formulation gave a solid found 
tion to the Pauli's conjecture. Later it turned out that the Fermi's vector interact u 
is too sensitive to explain many experimental observations of nuclear b(^ta de< a 
Gamow and Teller [6] showed that an axial vector or tensor interaction ma>' be abl 
to explain several experimental data. In Fermi's theory the bilinear covariants(r,) 
could be scalar(l), vector(7''), axial vector(7^7^), tensor(a'"') or pseudoscalar(^^ • in 
nature. The question was what one should opt for. The controversy settled dowi. to 
V-A(vector -axial vector) interaction [7, 8], after the observation of parity violation 

1 

1(1 

)n 

ecav, 

(• 
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in /3-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 ah 
the neutrinos are left-handed. By the early 1960s it was fully established that the 
weak interaction Hamiltonian in /i-decay(n -^ p + e' + V'e) should have the form 

where Gp 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 luiiverse. we 
miist also understand the properties of neutrinos. Experimentally, the first neu-
trino(in fact Ug) was discovered by Reines and Cowan [12] in 1956 at Savannah river 
nuclear reactor plant in South Carolina and later other flavors of neutrinos t'^ and 
Vr 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 
{er^, f^"^, T"^) and six neutral leptons {ug, u^, u^, 9^, Ur, VT)- 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 
Li 

+ 1 
U^X I I'p.X i VT 

e J \ / i / \T 

I tn n r ; i , (i.i: 
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(fes) were different from the predictions 
of the Standard Solar Model [18]. Then in 1980s came the atmospheric neutrino 



anomaly reported by 1MB [19] and Kamiokande [20] experiments and later by orher 
experiments where it was found that the predictions for the ratio ^77!^ which should 

be theoretically | is close to 1. 
Theoretically in 1986, Mikheyev and Smirnov [21] wrote a paper denionstrariiij.; 

that electron type neutrino(fe) may be converted into a muon type neutrino(z/,,) in 
matter via a resonance like mechanism even if the intrinsic mixing angk^ be "er\ 
small. Now the phenomena of i^-oscillation is well established due to the dedi­
cated experiments using solar, atmospheric, reactor as well as accelerator ueutriuos 
The neutrino flavor eigen states(fi,z = e,yu,T) and the mass eigen states(j/j. / --
1,2,3) are related by a mixing matrix(U) known as Pontecorvo-Maki-Nakagawa 
Sakata(PMNS) [22, 23] matrix and is given by 

t^e 

l^^^ 

A. 
= U X 

l^l 

V2 

. ^ 3 . 

L.2 

where U is given by 

C12C13 

U = 

U = 

Cl2S23Sl3e 
iS 

—•512C23 

•5l2'523 — Ci2C23Si3e 

C12 •^12 0 \ / I 

- S 1 2 C12 0 x 0 

0 0 1/ \ 0 

i6 iS 
S12C13 

C12C23 - 512523^136^ 

~ C i 2 S 2 3 ~ 5120235136 

0 0 \ / Ci3 

C23 S23 I X 1 0 

i& 

-523 C23. -5136* 

j < * i / 2 (i 
• 0 : / 2 

Solar, Reactor 

J-<t>\ / 2 Q 

Atm.,Acc. Reactor & Othe 

0 
0 0 

1/2 0 where QJ, Sij cosOij & sinO^j respectively. 

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 5 are given in Table 1.1 [24j. 

The different neutrino oscillation experiments in the last one decade have reveaknl 
information about the solar mixing angle 612, atmospheric mixing angle ^23 ^nd verv 
recently some constrain on ^13 have been obtained, see for example Ref. [25j. 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 

Amj^ [iQ-^eV^^; 

lAmlil [lO-^el/^] 

sin^ 6*12 

sin^ ^23 

sin^ 6*13 

S 

best fit 

7.62 

2.55 

2.43 

0.320 

0.613 

0.6 

0.0246 

0.0250 

O.STT 

-O.OSTT 

3cr range 

7.12- 8.20 

2.31-2.74 

2.21- 2.64 

0.27- 0.37 

0.36-0.68 

0.37 - 0.67 

0.017-0.033 

0-27r 

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], NOt^A [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 [30J 

pointed out that the reconstructed neutrino energy and the true neutrino en<'rgy 
may be different and true neutrino energy is really a difScult task to calculat-' a.̂  
the nuclear medium effects make the calculation quite difficult. Furthermore, tin 
nature of the neutrino-nucleus scattering cross section is also energy dependent, like 
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 s '̂at 
tering processes, while at ~ l G e V the cross section may get contribution fronj all 
the possible inelastic channels besides these two. The inelastic channels include on( 
pion production, multipion production, kaon production, ry production, etc. 

As the use of nuclear targets in neutrino experiments is unavoidable, therefore it 
is very important to understand theoretically the nuclear medium effects in th<' i'-
nucleus scattering cross section, and for this efforts have been made and on this topu 
various series of neutrino conferences like Nnint [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 liadronic 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 
(i.e. AS = 1 ) . The various possible reactions are 

1^1+p -> r + K^ +p i^t +P -^ l^ + K~ +p 

i^i + n -^ r + K'^ +p 9i+p ^ 1+ + A'" + n 

ui + n ^ r + K^ + n ui + n ^ l^ + K^ +n,etc. (1.3) 

where I = e.ji. 

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

ui + n -^ r +K^ + K+ 

Pi + n ^ r +E^ + K° 

ui+p -^ r + E"- + /^+ 1^1 +n -> 1+ + ^^ + K'',etc. (1.4) 

Besides the above mentioned CC A ^ = 0 processes, shigle 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 (lY) production processes are, 

lyi+p ^ /+ + A° 

1^1+p ^ /+ + S° 

i>i + n -^ t + T,^ 

ui+n ^ r + y * (1.5) 

i^i+P 

1^1+P 

ui+p 

I'l + n 

-^ 

-> 

-^ 

-> 

/+ + A" + K" 

1+ + E" + A'" 

/+ + E- + A'+ 

/+ + E^ + i^°,efc. 



where Y* is a hyperon resonance. 
Apart from AS = 0, charged current(CC) associated particle production of hv])(-i -

ons with kaons, strange particles may be produced in neutral current(NC). AS = 0 
processes through the following reaction: 

t^l+p 
ui + n 

1^1+P 

vi+p 

ui + n 

—̂  

— ) • 

-)• 

-^ 

-^ 

ui + A° + K+ 

iyi + A' + K^ 

vi + T^ + /^° 

i/; + S° + K+ 

VI + YP + K^,etc^ . { ) ) 

Neutrino/Antineutrino induced charged current(CC) | A 5 | = 1 i)rocesR is par­
ticularly appealing for several reasons. One of them is the important background 
that it could produce, due to atmospheric neutrino interactions in tht> proton d(ca\ 
searches [34]. Proton decay predictions were made by the minimal version of supiM-

iWA symmetric SU(5) theories, where the predicted life time was about 10 years 
the decay was predicted through the observation of p ^ e"̂  + TT*̂ . However, present 
experimental limits are more than lO'̂ '̂ years [35]. There is a strong prediction fioui 
the super-symmetric grand unified theories(SUSY GUTs) [36] for the protons to 
have life time more than this. Therefore, the nucleon decay studies hav(> ent( red 
into a second generation phase, and more ambitious experiments like UNO [ 57 . 
Hyper-K [38], ICARUS [39] etc. are planned for the future, using water-Cerenko\ 
technique or liquid Argon Time Projection Chamber. There are other decay channels 
that open up where supersymmetric intermediate states are involved. Parti(ul<irl> 
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, jeli-
able estimate of kaons coming from the background, like from the interaction ol 
atmospheric neutrinos, should be well estimated. For this theoretical understand­
ing of kaon production from AS" = 0 as well as AS = 1 processes are reciniied. 
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 hadrornc 
form factors, etc. The study of single kaon production would also be imjjortan' in 
the analysis of neutrino oscillation data, specially from their own intrinsic int(Mest 
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. Howe\ei-. 
the scenario is expected to change soon as MINERi/A [43] at Fermilab has stai ted 
taking data and their main goal is to study nucleon dynamics in the nuclear medium. 
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MINERz/A 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 
Anier 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 rj 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 rj production off 
nucleon and nuclear targets. The basic reaction for the neutrino and antineutrino 
induced charged current eta production is 

1^1 + n —> l~ + p + f] 

ui+p —> l^+n + r] (1.7) 

where I = e, fi. Study of 77 production is interesting because of several reasons. For 
example, f] is one of the important probe to search for the strange quark content 
of the nucleons [58]. Also a precise determination of the rj production cross sec­
tion would help in subtracting the background in proton decay searches. In some 
supersymmetric grand unified theories, rj 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 T] production channel 



is likely to be dominated by A'̂ *(1535) resonance excitation. This state sits iieai 
the threshold of the Nrj system and has large branching ratio for the Nri chan­
nel. Thus, a precise measurement of the cross section will also allow to detcrndnc 
the axial properties of this resonance. In addition to the above reasons, a second 
class (via pion pole) r] production mechanism that could compete with resonaiict^ 
production in certain kinematic conditions has been singled out [60]. In niosi of 
the Monte Carlo generators, eta contribution is obtained from Rein and Seligal 
model [61] for the resonant pion production. With the aim of reducing systeniatirs 
in the neutrino oscillation experiments to measure precisely oscillation parameters 
a reasonable knowledge of these production cross section is required. We have uot 
come across any theoretical/experimental study where using neutrino/antineutnno 
beam either the differential or total scattering cross section has been pres(>nted. 

Recently, the importance of the study of kaon production induced by real find 
virtual photons on nucleons and nuclei has been emphasized due to the development 
of accelerators like MAMI, TJNAF, LNS, ELSA, SPring-8, GRAAL, etc. [62. 63. iJ. 
65, 66, 67, 68, 69, 70, 71, 72]. In particular, the availability of very high luminosit> 
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 q\nt<> 
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 significant!v. 

In this work, we have performed studies for the single kaon production proces.s 
induced by neutrino/antineutrino beams, eta production by these projectiles aiid 
electron/positron induced single kaon production process and neutrino/antineutriiu; 
induced associated particle production process. We develop a microscopical model 
based on the SU{2) chiral Lagrangian. The basic parameters of the model are ;';,. 
the pion decay constant, Cabibbo angle, the proton and neutron magnetic monunits 
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 hyperons. 

In Chapter-2, we shall present in brief the basic ingredients those one require 
from Chiral Perturbation Theory (xPT) while writing hadronic current. We kn( \v 
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 whi( h 
is applicable in certain kineniatical region. x P T is one such type of approach, ;tn 
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 ^PT, 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 Q^ 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 S'u(1535) and 5'ii(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, Q^ 
distributions and the results for the total scattering cross sections are presented. 

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



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 Throry 
approach which is used to describe the dynamics of the reactions. In Sees. 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 abl* 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 dynamics 
among the basic constituents of nature. However, even if we are able to achieve t his 
goal, a quantitative analysis at the most elementary level is going to be of little us(-
for comprehensively describing nature at all physical scales. Therefore, to analv/.c 
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 systt^m t'len 
one requires a smart choice of appropriate variables which should be able to desci ilx' 
the physical system which is more relevant for the problem at hand. Fortunatel>'. 
many physical problems involve energy scales of wide energy range that gives an 
opportunity to study either low energy dynamics which is almost independent of 
the details of high energy scattering or vice versa. For examplt;, by now it is \v'cll 
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 hmits 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(;t^FT) 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, vr—N scattering. 
TT — vr 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, 

^̂ CD = Prd.q - 9 (g r^qj G^ - J G ° , G " - (2.1) 

^For details see Refs. [84, 85, 86, 87, 88, 89, 90, 91] 
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where q denotes the composite spinor for the color triplet quarks, G° is vector gluoii 
field, (?°j, is gluon field-strength tensor with a as a color index and g is the qviark-
gluon coupling strength. We have considered only light quarks viz. u. d and ,s. This 
Lagrangian has a global symmetry, 

g = SU{Nf)L ® SU{Nf)R »U{l)v ® U{1)A , 
^ ^ ' 

chiral group Q^ 

where Nj is the number of quark flavors and the subscripts denote the left(L) unci 
right(R) handed quark fields. ^^ is the chiral group for QCD, and for Nj = 3 (luarks 
(it-, d- and s- quark), has a symmetry given by Q^ = SU{2)L ® SU{S)R. HowoA-er. 
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 tlu^re is no 
evidence of parity doubling at least for the light hadrons like pions. Therefore ,̂ om • 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 Goldstonc^ 
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 unitary matrix 

f/(e) = exp f - z e , ^ " ) , (2 21 

where Q^ are the real set of parameters and X^ are the Gell-Mann matrices given by 

/ O 1 0 \ 
Ai = 1 0 0 , A2 = 

V 0 0 0 / 

A4 - I 0 0 0 I , A, = I 0 0 0 I , Afi = 

A7= 0 0 -z , A8 = W- 0 1 0 . (2.3) 

Each Goldstone boson corresponds to the x-dependent cartesian component )f 
the fields, 4>k{x). These cartesian components with Gell-Mann matrices Â- giv(\s a 
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parameterization of the Goldstone fields $(x) as 

^x) = Y^<i)i,{x)\k 
k=\ 

h + % ^1 

'H + ''05 

(2.4) 
4 - •''05 ^ 

(^3 (pe- 1(1)7 

\̂  04 + ?05 06 + ?'07 - 2 ^ y 

The component 0/t(a:) are related to Goldstone field by the relation 0/;. — |Tr[Ak$(x)j. 
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. 

01 + '02 -^ A/27r + 

04 + 7.05 -> \ / 2 i ^+ 

06 + «07 -> V^A'° 

01 - 0̂2 -> \/2vr 
04 - ?'05 ^^ \f2K~ 
06 - /:07 ^ v^A-" 

03 -H' 7r° 

0 8 ^> 7] 

In the above table, the various entries like TT*. /T' & T/ 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, 

^k^) = Y^<^M\k = -7r° + ^r7 y2A'0 73^ f2.5) y27r" 

\ x/2A'" V2K- - ^ 7 / y 

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, 

^3 + ^ fci - ih2 hi '- th \ 

K - ibi , (2.6) 

— 2 - ^ / 

The component b^s are related to Dirac fields and have been shown in Table 2.2, 

Table 2.2: Relation between cartesian components and baryon octet fields. 

6i + tb2 -> \ / 2E+ 

64 + ?b5 - ^ \ /2H° 
66 + tbj -> V2E' 

61 - ib2 ^ V ^ E ^ 

64 — ib^ —> v^p 
^6 — ibr —>• \ / 2 n 

6 3 - ^ S» 
^8 "> A 

file:///f2K~
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Using Table 2.2 the baryon matrix B may be given in terms of the four-compoiKMit 
complex Dirac fields as 

1 / 7i^° + Ta^ S" 

V = 2° - * A 

After getting the parameterization of pseudoscalar meson octet $(;/) in Ec}. J ' 
and baryon octet B{x) in Eq. 2.7, we now discuss the construction of Lagrangiau foi 
meson-meson, baryon-meson interactions and their interaction with external fie (Is. 

2.1.1.1 Meson - Meson Interaction 

The simplest Lagrangian which should be chirally invariant may be const ructtTl 1)\ 
using SU{Z) unitary matrix U{x), 

f/(x) = exp ( " z ^ V (-.'.M 

where $(x) is given by Eq. 2.5 and /^ is a constant which can be obtained fV()iii 
weak decay of pions i.e. TI^ —)• ^^t'^- The Lagrangian is written either in teiins 
of increasing powers of momentum or equivalently in terms of increasing ninnoer 
of derivatives. The unitarity of U[x) demands that, even to generate a non-tri^ ial 
interaction, we need at least two derivatives to construct the Lagrangian. and this 
may be given as 

f2 
£(2) ^ :^Tr [a^U^a'^U] . (2,9) 

We must point out that the above Lagrangian represents the scattering among ihe 
members of the pseudoscalar mesons. However, if one introduces couplings t o < -x-
ternal fields, like 

( 2 . 1 0 ' 

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

^ = ^1>CD + 97AXK + 75a'')g - q{s - h5p)q- (2.1L) 

y/-

a'' 

P 
s 

-^ 
-^ 

-^ 

—̂  

vector 
axialvector 
pseudoscalar 
scalar. 
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It is more convenient to write the above Lagrangian in terms of the ]eft(g/J - handed 
and and vight{qii)- handed quark fields. For this we shah introduce left(/'') and 
right(r' ') handed currents which are obtained from fields v'^ and a^ as [87]; 

r^ = hv" + a^), F -Uv'''- a"). (2.12) 

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

^ = ^QCD + QLI^I^'QL - l^qnr"qR - qR{s + ip)qi ~ qi^{s - ip)qR 

= ^QCD + '^ext (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 

D^'U = d^U-ir^'U + iUl^, 

D^'U^ = d"U^ + iU^r^' ^H"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 

£ i ? = ^Tv[D,U{D^U)^] + ^TvixU^ + Ux^], (2.15) 

where the parameter / „ (= 92AMeV) 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 = 2Bo{s + ip), (2.16) 

with BQ 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-(/^) and right-(r'^) handed currents(for SU{3) 
case only) are, 

Interaction 

EM 
CC 

NC 

i. 

0 ^ - ^ ( w ; r + + w;T_) ^'-''^ 
g taxi 9w sin OwQ21^,, —gcos0w Q2^, 
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where 'EM' stands for the electromagnetic, and ' C C and ' N C stands for the weak 
charge- and neutral-current interactions, respectively. A^ is the electromagneti( 
four-vector potential and 'Q' is the SU{3) quark charge given by 

I 0 0 , 2 

Q = \ 0 - \ 0 , with EM coupling, a = 
3 

0 0 
in 

W^ represents the W boson field and 

0 Kd K . \ / 0 0 0 
r+ = ( 0 0 0 and T_ = Vud 0 0 

0 0 0 / \ K.S 0 0 

where Vij are the elements of the Cabibbo-Kobayashi-Maskawa matrix [87i. Z^ is 
the weak Z-boson and the 6w is the Weinberg angle given by [92]. 

cos0tv = TT^ = 0.8815. 
Mz 

In the next section, we briefly discuss the interaction of baryons with tlie pstni-
doscalar Goldstone bosons as well as with the external fields at low energies. 

2.1.1.2 Baryon - Meson Interaction 

Till now we have discussed the interaction of Goldstone bosons(pseudoscalar mt\so]is j 
among themselves and with the external fields. To incorporate the baryons in 
the theory we have to take care of their masses which do not vanish in tlie ciii-
ral limit [90]. However, if we take nucleons as massive matter fields which couples 
to external currents and Goldstone fields(pions etc.), we have to then expand tiie 
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 \vv 
extend our formalism to include the baryon decuplet fields. 

To construct the meson-baryon Lagrangian, we first choose a suitable represent,t-
tion of baryons which transforms under the chiral group Q^ = SU{Nf)i ^SL'(Nf) ;. 
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 ;is 

u = x / t / ^ exp ( ^ t - ^ 
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Now we introduce a Lorentz vector u'' which is known as chiral vielhem or simply 
as vielbein and is given by [87]: 

u" = t [u^d" - ir'')v - u{d" - il'')u^] . (2.18) 

The vector u'^ is axial in nature as it changes sign under parity i.e. u^ i—^ — «''. 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 D as, 

Ci]\ = Tr [B (iP - M) BJ^^Tv {BYld^,. B}) - | T r [BYl.K. B\) , (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=^0„B + [T^,B], (2.20) 

where we use another vector known as connection, which is given by [87]: 

r" = - [u^d^" - ir^)u + uid" - iF)u^] . (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 

Cf}^ = dsTr (B[/;, , a'^-'B]) + d/Tr {B{f^^, a^^B}) + ..., (2.22) 

where the tensor / ^ can be reduced for our study to 

f^,^d,X-dJ,~i[l,,Q. (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 i;*(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 botli vector 
and spinor indices. The spin—| decuplet baryons form a fully-symmetric rank-;;) 
tensor(T^^j.), which in the present notation is given by a 3 x 3 x 3 array of maTnccs 

J ijk — 

X (2.24) 

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

£^, = C {e^'%',X,»B: + h.c.), (2.25) 

where a — e are flavor indices. B corresponds to the baryon octet and ii^, is ! he 
SU(3) representation of the pseudoscalar mesons interacting with weak left /,, and 
right r^ handed currents (See Eq. 2.17). C is a free parameter which is fitted to ihc 
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 tlie differ­
ential and total scattering cross sections for z^—induced K production in Sec. 2.2 aad 
P—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, rj 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 r<:;asons. One 
of them is the important background that it could produce, due to atniosphoric 

^For antineutrinos the lowest threshold for |AS| 
to hyperon production. 

1 reactions is much lower and correspond 
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neutrino interactions, in the analysis of one of tlie main decay channels tlie proton 
has in many SUSY GUT models (p —)• î  + K'^) [96, 97, 98]. A second reason is its 
simpUcity 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), single kaon production could still be dominant [47]. 

2.2.1 Formalism 

The basic reaction for the neutrino induced charged current kaon production is 

ui{k) + N{p) -^ I'ik') + N'ip') + K{p,), (2.26) 

where I = e,^ and N^N'=n,p. The expression for the differential cross section in 
the laboratory (lab) frame for the above process is given by. 

where k and k' are the 3-momenta of the incoming and outgoing leptons in the lab 
frame with energy E and E', respectively. The kaon lab momentum is p^ having 
energy EK, M is the nucleon mass, EEIA^]'^ 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 

M = ^A'^J'"-"^ = -^J\t^^-^J'^"\ (2.28) 
^•>i^ 2V^ ' Ml. 2^2 

where Jlt and J'" '̂̂ ) are the leptonic and hadronic currents respectively, Gp = 
\/2^r- = 1.16639(1) x lO^^GeV""^ is the Fermi coupling constant and g is the 
gauge coupling. The leptonic current can be readily obtained from the standard 
model Lagrangian coupling the W bosons to the leptons 

c = ~:^[w;:uir{i~To)i + w;iY\i-iM 
9 

2 v ^ L' 
'''\W^ + h.c. r^L)^, (2.29) 
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Figure 2.1: Feynman diagrams for the process uN -4 IN'K. First row from left 
to right: contact term (labeled CT in the text), kaon pole term (KP); second row; 
u-channel diagram (C'rE, CrA) and pion(eta) in flight (TTP, (riP) 

For the evaluation of the hadronic current J'^(^) we consider four different cluui-
nels which are depicted in Fig. 2.1. There is a contact term (CT), a kaon pole (KPi 
term, a u-channel process with a E or A hyperon in the intermediate state and fi­
nally a meson (TT, 77) exchange term. The contribution of the different terms can be 
obtained in a systematic manner using xPT. This allows one to identify some terms 
that were missing in the approach of Ref. [47] which only included the u-chaunel 
diagrams in the calculation. For the specific reactions under consideration, there 
are not s-channel contributions given the absence of 5 = 1 baryonic resonances. 
The current of the KP term is proportional to q'^. 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 ^{JH^^ + h.c), for consistency with Eq. '2 2b. \^e 
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Table 2.3: Values of the parameters appearing in the hadronic currents. 
Process 

un —>• IKn 

vp —)• IKp 

vn -^ IKp 

ACT 

1 
2 
1 

BcT 

D-F 
-F 

-D-F 

AcrZ 

-(D-F) 
-(D-F)/2 
(D-F)/2 

AcrA 

0 
(D+3F) 
(D+3F) 

AKP 

1 
2 
1 

ATTP 

1 
-1 
-2 

ArjP 

1 
1 
0 

get the following contributions to the hadronic current 

-iAcTVu.,~fN{p'){Y + Yl''BcT)Nip). f CT 

\CTT. Ml 

{p-p,y~Aq 
V2 

hi'N{p)^ 

\Cr\ - tAcrAVus^N{p') Y + i-^y^'^v -

X 

4A 

{p - p,f ^ Ml 

MP D + ^F 

2M 
(Y-

<f-Ml' r 
•i>ki''N{p). 

\KP = ^/lK•pK.f^iV(p')« + ^)^^(p) g2 _ Mf g^ 

= Z A , P K . ( £ ' - 3 F ) 
2/ . (<? - Pk? - Ml 

-N{p'h\{q' ' 2p,nN{p), (2.30) 

where, q = k - k' is the four momentum transfer, K.s = sin^c = 0.22 where 0c 
is the Cabibbo angle, N{-), N{-) denote the rmcleon spinors, /ip = 1.7928/iAr and 
Pn = -1.9130/xjv'̂  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 Y\cr^^crA currents, which takes into 
account the coupling of the W boson to the baryon tlirough 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 

"^ fiN is nuclear magneton 
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in the coupling of the weak currents to the octet baryons for the u-channel diagiani 
With very general symmetry arguments, this coupling may be described in trrni.^ 
of three vector and three axial form factors. Following the notation of Ref. [<)3j \vi 
have 

where MB is the baryon mass. At the order considered, the chiral Lagran^ian 
provides finite values for / i , the weak magnetism form factor /2. .(?i and a pole 
contribution to g^. The scalar /a and a non-pole part of the pseudoscalar 9,5 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 §2 vanishes in the limit of exact SI (3) 
symmetry and there is very little experimental information about it. In fact, i: is 
also neglected in most analyses of hyperon phenomenology [99]. The values ol /i 
and gi 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 /2 in our formalism is described in Appendix B. 

Eventually, if the cross sections for the discussed processes were nieasurf>d w t h 
more precision, one could use them to explore these form factors at several cf values. 
The current experimental information, based on the semileptonic decays, covers oul\ 
a very reduced range for this magnitude. 

Finally, we consider the q'^ dependence of the weak current couplings pro\ided in 
the chiral Lagrangian discussed earlier. We must point out that, even at relativ( 1> 
low energies and low momenta of the hadrons involved in our study, q^ reaches 
moderate values. The q"^ dependences of the needed form factors (e.g. KTT, Y N | 
are poorly known if at all. Several prescriptions have been used in the literatuie. 
For instance, for quasielastic scattering and single pion production, the vector form 
factors are usually related to the well known nucleon electromagnetic ones (si'(> 
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{'S) sector we expei t 
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 jjossil)!" 
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Figure 2.2: Contribution of the different terms to tfie total cross section for v^p -^ 
liK^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 F{q^) = 1/(1 — q^/Mj-Y, 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: 

vi + n -^ r + K^ + p 

i>i + n -^ r + K^' +n {I = e, //) (2.33) 

The total scattering cross section a 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 

*The details are given in Appendix C, 
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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 they are included in the full 
model curves. We observe the relevance of the contact term, not included in previous 
calculations. 

Starting from i^^ + p -^ fr + A'+ + 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 intermejdiate state and the TT exchange term 
where the fraction to the total cross sections are ^ 35% and ^ 22% respectively. 
As observed by Dewan [47] the u-channel E contribution is much less important, 
basically because of the larger coupling {NKA > NKE) 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^)/a{K^). Although the cancellation is not total, due 
to the different q^ 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 -^ ^^ + 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 TT exchange diagram and the u-charmel 
(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 t/;n —̂  I' 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 (E) 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 synnnetry, play a major 



2.2. NEUTRINO INDUCED KAON PRODUCTION 

5 

s 
o 

? 0.5 
'o 

0.1 

0.05 

—1 

_l / 

' 1 

* * Genie e 
X-—^ Genie \i 

/ / 
/ / 

/ / 
/ / 

/ / 
/ / 

/ / 
' / / 

, / 1 i 

• • •• - f - ' •• - I — r • • "1 • - , - , , 

+ ^ 
V,+p -> / +P+K ^ i ^ ^ ^ 

/ / 
/ / / / / / V / 

/ / / / / / / ' ~ ' / 
y 1 1 1 1 1 1 1 

E, (GeV) 
1.5 

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 hyperous. 

this latter kind of processes could have larger cross sections due to the larger coupling 
for AS* = 0, (Ktd vs Vus)- To explore this question and the range of energies whore 
the processes we have studied are relevant we compare our results in Fig. 2 "̂ i. with 
the values for the associated production obtained by means of the GENIE Mont(̂  
Carlo program [57]. We observe that, due to the difference between the energ\-
thresholds, single kaon production for t̂ j + p —>• /"̂  + K^ + p is clearly domin;aiT 
for neutrinos of energies below 1.5 GeV. For the other two channels associated 
production becomes comparable at lower energies. Still, single K^ production )fi' 
neutrons is larger than the associated production up to 1.3 GeV and even the much 
smaller K^ production off neutrons is larger than the associated production up ttj 
1.1 GeV. The consideration of these l\S = 1 channels is therefore important for th(̂  
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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Figure 2.8: Contribution of the different terms to the kaon energy distribution (j^^ 
at E^ = l.5GeV for u^n —> ii~K^n process. 

2 GeV we obtain the differential cross section at Ey = 1.5 GeV i.e. near the 
/<'A''—threshold. To explore the dynamics of the reactions we present the kaon 
energy distribution {'^/dEk) shown in Figs. 2.6-2.8 and the Q"^ distributioii('^'^/,/Q-) 
which are shown in Figs. 2.9-2.11. 

In Figs. 2.6-2.8 we have presented the kaon energy distribution correspondinj; to 
the each Feynman diagram as shown in Fig. 2.1 for the neutrino lab energy of 1 o 
GeV. As one may see that the results with full model in all the three cases peak,'-
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 u^n jj. K~^n, and / / ' K'^]) 

the contact term is followed by the pion exchange term and u-channel A diagriuu. 
whereas for the v^p —>• ii~K^p we find that the pion exchange term and u-chauiK l̂ 
A diagram are approximately of same order. We may also notice that the u-diaiincl 
mechanism is almost flat over the wide range of kaon energies as compared to the 
other diagrams. 

The Q^ distribution for the processes given in Eq. 2.33 are shown in Figs.: .'i-
2.11 at neutrino energy 1.5 GeV. We find that the contact term is dominating for 
v^n -> n~K~^n and u^^p -> p~K^p processes, while in the peak region of Q^ for ' he 
process u^n -^ ^.^ K^p pion exchange term is dominating. 

In Table 2.4, we show the total cross section results for the three channels averaij,ed 



30 CHAPTER 2. WEAK PRODUCTION OF K AND K 

60 

50 -

^ 40 
O 

30 

O 

20 

U ' ' 1 ' ' ' 1 • ' ' ' 
1 \ 

-I \ 
1 \ 

I \ ^ J \ ̂  
1 \ ^ 
1 \ ^ 
I \ N 

1 NN 
1 N>. 
1 \ . ^ 

' • ' 1 ' ' 

— -" — • Contact Term 
T] in Flight 

— — — • Cross A 

E^=1.5GeV 

' 

-

0.2 0.4 0.5 

O' (GeV") 

Figure 2.9: Contribution of the different terms to the Q'^ distribution 

1.5GeV for i^^p —> /2~K'^p process. 

da at E^ 

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 6 we have 

{cr} = 
•E'high 

dE<l){E)(T{E), (2.34) 
fith 

where £'th is the threshold energy for each process and '̂high 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 diff"erent laboratories in 
units of 10""̂ ^ cm^. Theoretical uncertainties correspond to a 10% variation of the 
form factor mass. 

Process 

f^n -^ ii~K^n 
u^p^ li'K^p 
f^n -^ i^rK^p 

ANL 

0.06(1) 
0.28(5) 
0.17(3) 

MiniBooNE 

0.07(1) 
0.32(5) 
0.20(3) 

T2K 

0.09(1) 

0.43(8) 
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 
viji —> l~nK^ 

uin —s- l^pK" 

Total 

Events e Events // 
0.16 0.27 
0.45 0.73 
0.95 1.55 
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 
-K^ production per nucleon has been measured by the MiniBooNE collaboration [110] 
obtaining {a) = (4.76 ± 0.05 ± 0.76) x 10"'*° 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 immber 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 
(Pe > 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 tlie 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 totaUy different 
energy distribution of kaons and final leptons in the production and decay reactions. 

Finally, in Fig. (2T2) 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 always 
forward peaked (for the final lepton), even in the absence of any form factor {F{q^) = 
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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Q^ (GeV^) 

Figure 2.12: Q'^ distribution ( ^ ) at Ei, = iGeV for single kaon production indiio 
by neutrinos. The curves are labeled according to the final state of the process. 

reduces the cross section at low Q^ values. The process Vf. 4- n —> e^ I A" f p 
shows a slightly different behavior that reflects an important (and Q^ de]jend( nt) 
interference between the pion exchange and the contact terms. 

Till now we have discussed the kaon production off free nucleons. ffowe\ er. uio.'-t 
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 qiiTe 
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 al)-
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 soiue 
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 aiitikaon 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 MINERj/A. 
NOJ^A, T2K and others. For instance, MINERj/A 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 
may be important. 

yi^dh'i 

-V(p) .V(p') 

Figure 2.13: Feynman diagrams for the process vN ^ IN'K. First row from left to 
right: s-channel E,A propagator (labeled SC in the text), s-channel S* resonance 
(SCR), second row: kaon pole term (KP): contact term (CT) and last row: pion(eta) 
in flight (vrP/r/F). 
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2.3.1 Formalism 

The basic reaction for antineutrino induced charged current antikaon jiroduction is 

vi{k) + N{p) ^ l{k') + N'{p') + K{pk). (^•.35 ) 

where / = e+,)U+ and NkN' are nucleons. The expression for the differential cross 
section in the laboratory frame for the above process is given by 

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 kaoii 3-monientuin is 
Pk having energy Ek, M is the nucleon mass, EIl |A1p is the square of the transirioii 
amplitude averaged(summed) over the spins of the initial (final) state. It cai hv 
written as 

where j ^ and J^ are the leptonic and hadronic currents respectively, Gf. = \/2-^yr 
is the Fermi coupling constant, g is the gauge coupling and Mw is the mass of tlu 
VF-boson. The leptonic current can be readily obtained from the standard model 
Lagrangian coupling the W bosons to the leptons 

9 
2\f2 

{3^W-^^h.c\. (2.38) 

We construct a model including non-resonant terms and the decuplet resonanit^s. 
that couple strongly to the pseudoscalar mesons. The same approach successful]) 
describes the pion production case (see for example Ref. [95]). The channels tiiat 
contribute to the hadronic current are depicted in Fig. 2.13. There are s-chanuels 
with E, A(SC) and E*(SCR) as intermediate states, a kaon pole (KP) term, a contact 
term (CT), and finally a meson (7rP,77P) 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 \ P T La-
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Process 

up ^ l^K^p 
up -^ l+K°n 

BcT 
D-F 
-F 

-D-F 

ACT 

1 
2 
1 

AJ: 

-1 
1 
2 

1 
2 

^ A 

0 
1 
1 

AKP 

-1 
-2 
-1 

An 

1 
-1 
-2 

Ari 

1 
1 
0 

^ E * 

2 
1 

-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 

v ^ 
J^\CT = tAcTV,,s~N{p'){^^ + BcTYl,)N{p) 

J'% = ^A^{D-F)K.^N{p')Ar.p~^~:-^^[r+^ 

r\ 

J'-k-

2M 
-o^'q. 

q^ - Mfc 

2 v ^ / . {p + qf - Ml r + .|^.-.. 
[D + 3F) r r"-̂  hh 

r N{p) 

J^KP = tAKpVus^N{p')iN{p)~^ 

J'L = 'iA„'^VUD - 3F) ^__ ^^.' 'r^^l Mp'h-oNip) 
' 2A 

C 1 
- z y l . , - - — K , Pfc f\J(J\ 

(2.39) 

In r^^ + r^'', the same form of the transition form factors are taken as for the A+ 
case. ACT, Bcr-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 E*(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 

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 l^ and right r^ handed currents See 
Eq. 2.17). The parameter C ~ 1 has been fitted to the A(1232) decay-width. Tlic 
spin 3/2 propagator for E* is given by 

where P = p + q is the momentum carried by the resonance, q = k — k' and Pj.'^i; i,'-
the projection operator 

^/^5(^)=E^"^' = -(̂ +^^ '̂) 
spins 

1 „ ^ 2 P'^P" 1 Pi'Y - F " ' " 
g^^ _ YY - -3 ' ' 3 M | . 3 Mv-

(2 42 

with Ms. the resonance mass and •0'̂  the Rarita-Schwinger spinor. The E* width 
obtained using the Lagrangian of Eq. 2.40 may be written as 

(243 i Ti;* — Ts'-fATT + rx;._>.S7r "I" Tj^ . .^^/^- , 

where 

CY (Cy{W + MYf^ 

X Q{W -MY-m). 

2 

- m \^'\W\Ml,rn' 

Here, m, MY are the masses of the emitted meson and baryon. X{x. y. z) = (j 
^2 

( 2 4 4 ! 

'/ 
Y - Ayz and 6 is the step function. The factor CY is 1 for A and | for N and E. 

3 
Using symmetry arguments, the most general Vl̂ 'A^ -^ E* vertex may l)e written 

in terms of a vector and an axial-vector part as, 

{T.*-P = p + q\V^\N-p) = F„.0«(P)r7(p,9)«(j5), 

{Y.*-P = p + q\A^\N-p) = K.0a(p) r7(p ,g)u(p) , (2,45) 

^The physical states of the decuplet are: Tm = A++, rn2 = ^ , ^ 1 2 2 = 4^.1222 = A" .7 i j i 
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where 

^TiP^Q) 

r7(p,9) -

^ (9""^ - q"l") + % {9""q • P - q'^Pn 

cl {g'"g-p-qyn + c^\r' lb 
M2 

' {g'^'i - q"in + % {g'^'q • P - q'^Pn 91 
M 

ct 

(2.46) 

Our knowledge of these form factors is quite limited. The Lagrangian of Eq. 2.40 
gives us only C5^(0) = -2C/y/3 (for the S*-(1385) case). However, using SU(3) 
symmetry we can relate all other form factors to those of the A(1232) resonance, 
such that C p 7 C f ^ = - 1 and Cf*~/Cf*" = V2. 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 C'^{0), obtained directly from the Lagrangian and C^. These latter two form 
factors are related by PCAC so that C^ = CiAP/{m\ - q^). 

Even from relatively low neutrino energies, other baryonic resonances, beyond 
the E*(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 q^ 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 - q'^/Mpf., with a mass Mp - 1 
GeV that nmltiplies 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 section. 

^A more detailed discussion can be found there. 
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2.3.2 Results and Discussion 

We consider the following strangeness changing (IAS*] = 1) charged-current rtac 
tions: 

ui+p -> t + K^ + n 

ui + n -)• t + K~ + n. (2.47 

The total scattering cross section a has been obtained by integrating over the 
kinematical variables'' of Eq. 2.36 and using Eqs. 2.37-2.39. In Fig. 2. LI. we slow 
their total cross section for electronic(z>e) and niuonic(i/^) antineutrinos as a function 
of neutrino energy. We obtain similar values to the cross sections of kaon product iou 
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, but 
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: <a> (10 -^'cm'] for K production with MiniBooNE Vr, flux and neutral 
current 7r° production (per nucleon) measured at MiniBooNE [110] 

Process 

i'ii. + P -^ /J'̂  + K' + p 
i^ii. + P -^ fi^ + A'" + n 
fjfj + n —>• ̂ i+ + K^ + n 

î ^ + -V -> z/̂ , + .¥ + TT" 

< a > 
0.11 
0.08 
0.04 

14.8 ± 0 . 5 ± 2 . 3 

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 th(! 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, | A 5 | = 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 < cr > 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 7r° 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 7r° 
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 energy 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 i/̂  and 
i^f, 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. [HI] 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 //+ 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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1.2 1.6 
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Figure 2.15: Contribution of the different terms to the total cross section for 'he 
process v^p -^ ji^pK~. 

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 momentum 
q is small. This procedure has been used, for instance, in the analysis of two i)iou 
production induced by neutrinos [126, 127]. 

In Fig. 2.15, we show the size of the different contributions to the i^fj) —> fi^pjl^' 
reaction. The cross section is clearly dominated by the non-resonant terms, aiid 
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 5Z*(13b5) 
channel. In fact, the addition of the E*(1385) resonance leads to the further lowering 
of the cross section which is about 7% at 2 GeV. This fact is at variance with t i c 
strong A dominance for pion production and it can be easily understood because^ 
the E* 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 othi-r 
channels and we will only show the results for the central value of 1 GeV. Apa 1 
from the CT term the s-channel with A propagator and pion pole give a significant 
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Figure 2.16: Contribution of the different terms to the total cross section for the 
process î n̂ —> n'^nK^. 
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Figure 2.17: Contribution of the different terms to the total cross section for the 
process v^p —>• fi'^nK^. 
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E (GeV) 

Figure 2.18: Contribution of the different terms to the kaon energy distributic 
[jSr) at Ey = l.^GeV for u^n —>• ix^K~n process. 

)ii 

contribution to the cross sections. The contributions from other channels arĉ  x̂ rx 
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 -asc 
here also the CT term is very important. We observe, however, that the pion-i:>()l<' 
term gives a contribution as large as the CT one for the u^p —>• I^L^IIIC^ process 
For the v^^n —> fi^nK^ case, we find a substantial contribution of the E* resonance. 
due to the larger value of the couplings (see Table 2.6). As in the first case, tiu^rc 
is some destructive interference between the difi^erent mechanisms participating m 
these processes. 

In Figs. 2.18-2.20, we present the kaon energy distribution {'^'^/dE^) at £, ^ 
l.SGeV as we did for the neutrino induced reactions in Sec. 2.2.2. For the //,,r -r 
jji^K^n we find that here also CT term is dominant, followed by the TT excluuigc 
term(7rP) and the E* resonance(SCR) term. In the peak energy region the CT t'-rni 
is slightly lower as compared to the full model. Here we would like to emphasize 
that the shape of the E* resonance is relatively fiat 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 i>^p -> fi^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 seel ion 
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Figure 2.21: Contribution of the different terms to the Q^ distribution 
Ely = l.bGeV for i/^n —>• /i^K~n process. 

da at 

comes from the s-channel A term, the distribution of which is fiat in nature. We 
find that there is hardly any contribution from the resonant term. In the case oi ly^, 
induced reaction i/f^p —> /I'^K^n (Fig. 2.20) we find that the CT term peaks ~ 25/f 
higher than the results obtained using the full model. While TTP contribution in t his 
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 may 
also notice that the shape of the distribution for Pf^p -> ji^K'^n process is relativch-
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. '̂ < /̂,/Q-

vs Q^ at Eo = l.SGeV. We find the Q"^ distribution to be sharply peaked at low 
Q^. The contribution from the different terms of the hadronic current to the toal 
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 CI 
term and s-channel mechanism. Both of which are sharply peaked unlike their E^ 
distributions. For example, in the case of z/̂ ra ^ ji^K^n the peak of CT term is 
about 12% higher than the full model, unlike in the case of '^^/dEk 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 7rP and resonance mechanism. While in the case of u^p —> p^K^p the 
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Figure 2.22: Contribution of the different terms to the Q'^ distribution ( ^ ) at 
Ey = l.hGeV for i>̂ j7 —> fi^^K'p process. 

40 

30 

20 

o 

10 

' ' ' 1 ' ' ' 1 ' ' ' 

- ^ 

i' ^̂  
J \-. 

f \ X 

L-"^ ^ i ~ ! T'm~i » - . r i wv.-«i««_X. —J.i— ^ . ^ ^ 

' ' ' ! ' ' 

— • Contact Term 
. ^ . . . 7[ in Flight 

E^=1.5GeV 
-

0.2 0.4 0.6 
Q'(Ge\r) 

0.8 

Figure 2.23: Contribution of the different terms to the Q^ distribution ( ^ ) at 

E^ = l.SGeV for v^,p -^ ^i^K^n process. 



2.3. ANTINEUTRINO INDUCED R-IK^ PRODUCTION 

CT term is about 55% higher in the peak region in compare to the full model. Fhi^ 
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 D^p -^ n'^K^n channel. We find that the pion exchange term conies 
out to be most dominant one followed by the CT term. While the s-chaunel A is 
very close to the full model and the shape of the distribution is largely detc^mineii 
by it. 

Thus we find that the study of single kaon production induced by ffji'^, is ini 
portant in the energy region of ~ 1 GeV. These studies would be relevant foi the 
precise measurement of i/-oscillation parameters as well as to the backgro\uid si U(l\ 
of nucleon decay searches. 

In the next chapter we shall present the formalism and results for the ''lee 
tron/positron induced single kaon production based on the formalism discussed in 
the present chapter. 
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Charged Lepton Induced One Kaon 
Production 

3.1 Introduction 

With the development of accelerators like MAMI, JLAB, LNS, ELSA, SPnllg-^; 
GRAAL, etc. [62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72], the importance of thr 
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 Ix anih 
has provided the opportunity to study the electromagnetic associated strajigenes.--
production [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83] of a strange and an anti-str;ing( 
particle. 

The cross section for weak associated strangeness production is obviously miicli 
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 thr<'sh 
old for electron induced weak K~ production on a proton is around 600 Me\ ' wh(>r(vi> 
it is 1.5 GeV for electromagnetic production, as an additional kaon is rcquircHl. 

The study of these reactions could provide valuable information on the o n 
pling constants D and F that govern the interaction of the 5*^ (̂3) lightest bai von 
octet with the pseudoscalar mesons and also their P decays. More specifically, the 
^ A ( = D + F) combination, related to the neutron /5 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 auah 

49 
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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 formaUsm 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 —)• z/g + K^ + n 

e~ +p -^ Ue + K^ + n 

e~-{-p -^ Ue + K'+p, (3.1) 

and the corresponding positron induced channels are 

e+ + n -^ Ue + K~^ + n 

e+ + n -> Ue + K° + p 

e + + p -> Ue + K++p (3.2) 

The expression for the differential cross section in the laboratory frame for the 

above processes is given by 

where k{k') is the momentum of the incoming(outgoing) lepton with energy Ee{Ei,), 
p{p') is the momentum of the incoming(outgoing) nucleon with mass M. The kaon 3-
momentum is Pk having energy E^. ES |A^p is the square of the transition amplitude 
averaged (summed) over the spins of the initial(final) state. The transition amplitude 
may be written as 

M = %J,J^ = ^ j ^ - i — ^ J " , (3.4) 
y^-"" 2^2 '^Af2,2v/2 

where j^, and J'" are the leptonic and hadronic currents respectively, Gp = V^'l^P'. 

is the Fermi couphng constant, g is the gauge coupling and Mw is the mass of the 

ly-boson. 



3.2. FORMALISM 

Figure 3.1: Feynman diagrams for the processes e^N -> u^N'K and (-^N -^ //, A 'A 
Here K stands for a K~ or K^ obtained in an electron induced process and K stands 
for K^ or /C° obtained in a positron induced process. First row from left to right: 
s-channel S* resonance term (labeled SCR in the text) , s-channel (SC) and u 
channel (UC) E,A propagator; second row: Pion/Eta meson {TrP/rjP) 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 current 
is obtained from the Standard Model Lagrangian coupling of the W -̂boson to tli( 
leptons 

(3 . .V 

The Feynman diagrams that contribute to the hadronic current are depicted in 
Fig. 3.1. There is a meson (7rP,77P) exchange term, a contact term (CT) and a 
kaon pole (KP) term. For the electron induced reactions we also have the s-chaiuiel 
diagrams with E, A(SC) and E*(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 cturent 
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 E*(1385) resonance belong­
ing to the SU(3) baryon decuplet. which is near the threshold of the A"A' system. 
This is suggested by the dominant role played by the A(1232) resonance in pion 
production reactions. For the weak excitation of the E*(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: 

£dec = C {e^''r:,,MUBl + 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 S* is given by 

where P = p + q is the momentum carried by the resonance, q = k — k' and P !̂̂ . is 
the projection operator 

P'RsiP) = E < ^ ' " 
spms 

-if + Mj:, 
1 O pu pi' 1 pti^l' _^ P"^'' 

^ r ^ 3 A/2 ^ 3 M^, 
(3. 

with MY,* the resonance mass and i/̂ '' the Rarita-Schwinger spinor. The E* width 
obtained using the Lagrangian of Eq. 3.6 may be written as 

F E * = T^.-^ATT + r£*_>E7r + rv*_^^/f , (3.9) 

where 

Cy (C\{W + Myf~m^, , , 

rE*-.v;. = J^[jJ W^ ^ {W,My,m) 
xe{W - My-m). (3.10) 

Here, m, My are the masses of the emitted meson(0) and baryon. X{x,y.z) = 
{x -y - zf - Ayz and 0 is the unit step function. The factor Cy is 1 for A and | 

for A'̂  and E. 



3.2. FORMALISM 

Using symmetry arguments, the most general W N ^ E* vertex may be wrirreu 
in terms of a vector and an axial-vector part as, 

{j:*;P = p + q\V''\N;p) 

V^,MP)Tj{p,q)u{p), •3.11 

where 

rr(p,g) = 

rT(p,g) 

+%{g''''q-P-q''T^) + cU"' 75 

^ {g'^'i - q'^in + — {g'-'q • P - q'-P') 

+C^g'"' + ^q'^q" A/2' (:^.12. 

The details of the Ci N-E* transition form factors are given in Ref. [121. 128]. Foi 
all background terms, we adopt a global dipole form factor F{q^) = 1/(1 — f/^/Aipi' 
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 
e~n —)• i/K~n 
e~p -^ uK^p 
e~p —>• uK^n 
e+n —)• i'K~^n 
e^p —>• vK^p 
e+n —>• uK^n 

BcT 
D-F 
-F 

-D-F 
D-F 
-F 

-D-F 

ACT 

1 
2 
1 

-1 
-2 
-1 

^ s 
-1 

1 
2 

2 

0 
0 
0 

^ A 

0 
1 
1 
0 
0 
0 

A-Cri: 
0 
0 
0 
-1 

1 
2 

1 
9. 

A-CrA 
0 
0 
0 
0 
1 
1 

AKP 

-1 
-2 
-1 
-1 
-2 
-1 

Aj^ 

1 
-1 
-2 
-1 
1 
2 

Aj, 

0 
-1 
-1 

0 

AY.-

2 
1 

-1 
0 
0 
0 

Table 3.1: Constant factors appearing in the hadronic current 

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

-r^:: i.^^mp). 

i)-i)k + Ml A 

[p - PkY ~ M^ 

- t ^ '^^(---)'^.-S'*(^').«.^^^ii^(r.-:<^^^..'^. 
+ (D-F){',"--—^^}l'']N{p) 

,n. = a.K„,D.3f)^MP')^«=^^^^i^(." + .|;^.'-v 

'"^"'^^•"-A^^^^'l-"" 
g t' 

J'\. = ^ '-4.-^^.(1) - 3F) . ^ /^^ . ^ _^^ ,iV(p07,v^(pj 

JIE. = - ^ ^ E 4 - 4 K ""̂^ 

xiV(p')FRs.,(rf+ r/)iV(p) (3.13) 

In r^ '̂ + r'^'', the form factors are taken as for the A+. A,{i = CT,CrY.,etc.) are 
constants which are tabulated in Table 3.1. 
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Figure 3.2: Cross section a vs electron (positron) energy E^ for the K{K) jiroduc ti ion 

3.3 Results and Discussion 

The total scattering cross section a has been obtained by integrating over the kinc-
matical variables of Eq. 3.3 and using Eqs. 3.4-3.13. Firstly, we present in Fig ! 
the results for the total scattering cross section a for the reactions given in Eqs > 
and 3.2. 

We find that e"(e"'") + p -^ '̂e(î e) + K~{K^) +p has the largest cross section 
followed by e"(e+) + p{n) -)• Uei^e) + K^{K^) + n{p) and e"(e+) + n -^ Veii^.) -\ 
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 TT pole term. etc. The contribution 
due to the E* in cross section for the discussed energies is quite small, for example 
it is around 10% at E^. =1 GeV and 5% at £"(, =1.5 GeV of the total cross section. 
Therefore, these reactions are not suitable to learn about the S*(1385) resonance 
properties. The contributions of A intermediate states both in UC and SC are 
larger than those corresponding to the E 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 antikaoiis. 
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 10^''s~' cm~^ for MAMI, that corresponds to a 10 cm liquid 
hydrogen target at an electron beam current of 20 /xA as described in Ref.[129]. For 
TJNAF, we take a luminosity of 5 x 10̂ ^̂  s " ' cm"^ that corresponds to a current 
of 100 /iA 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 
e~ +p-^Ue + K~ +paX TJNAF (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 Ee = 1.5 GeV, that could 
be appropriate for both the TJNAF and MAMI facilities. As shown in Fig. 3.4, the 
three channels under study are forward peaked, specially for the A'° production. The 

^Certainly, these individual contributions are not observable and they are shown here to help 
explaining the sensitivity of the physical processes to the various parameters. 

^Proce.sses 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 Ef. = 1.5 GeV 

momentum distributions peak around 0.3 GeV for e~n -> ff.K^n, and erp -> feK^p 
while for e~p -^ feK^n it peaks around 0.6 GeV. This is because the contact term, 
which has dominant contribution for K~ production channels, peaks at low pk- For 
K^ production, there is a significant contribution from s-channel A term, which 
flattens for a wide range of p^. 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 Q^ 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 3.5: Kaon momentum distributions at electron energy Ef. = 1.5 GeV 
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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(M/r = 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 Ep = 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 
(7^(=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 o"/fo/cr/c- 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 inductMl 
T] particle production process. 
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T] Production 

4.1 Introduction 

Efforts are being made both theoretically as well as experimentally to stndy eta 
production induced by virtual as well as real photons from nucleons and nucliM 
[131, 132, 133]. For example the studies performed at ELSA in Bonn, MAMl ni 
Mainz have revealed properties associated with eta meson [133, 134, 135]. Receutlx 
results have been reported from Mainz Microtron(MAMI-C) [136] using Crystal Ball 
and TAPS multiphoton spectrometer in the energy range of 707MeV to 1.4GeV foi 
the differential as well as total scattering cross section. Photoproduction of eta iiiê  
son off the nucleon, j + N —>• r] + N, provides a useful and an alternative tool to stuch 
nucleon resonances besides the other processes through which one gets informal ion 
like TTN scattering and pion photoproduction processes. Since 7]N couples onh' to 
nucleon resonances with isospin I = | , therefore, these processes are comparati\'el\ 
more cleaner and selective to distinguish other resonances in comparison to other 
sources those are being used. Due to this property, rj production, provides an op­
portunity to access to less explored nucleon resonances, like the resonances of hiĵ hei 
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 A''*(1685) resonance [137]. As the lifetime of rj meson is very short,' therefor-', 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. r] is one of the important probes to search for the strange quark 
content of the nucleons [58], also a precise determination of r] production cross sec­
tion would help in subtracting the background in proton decay searches, etc. In 

63 
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some supersymmetric grand unified theories, 77 mesons provide a prominent signal 
for proton decay [59]. Therefore, its backgromid contribution due to atmospheric 
neutrino interactions should be well estimated. Furthermore, rj production channel 
is expected to be dominated by .'V*(1535) resonance excitation like in the case of 
electromagnetic processes, and this state sits near the threshold of the N-q 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) rj 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 ryN interaction little progress has 
been made in comparison to TTN interaction. Unlike the case of pion scattering and 
pion photoproduction where TTNN coupling is preferred to be pseudovector (PV). in 
the case of ryNN 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 HINN/ATX 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, ri production is dominated 
by S'n(1535) resonance. In the numerical calculations we have considered 511(1535) 
and 511(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 -q production off the nucleon using neutrino 
or antineutrino beams. However, we must point out that Dombey [60] has studied 
weak T] 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 u/V induced processes off the nucleon. Born terms are calculated using a 
microscopical model based on the SU{Z) 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 baryon octet. D 
and F, that are obtained from the analysis of the semileptonic decays of neutron 
and hyperons. We consider A''*(1535) as well as A^*(1650) Su resonant intermediate 
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states. The vector form factors of the N-^n transition have been obtained from ihc 
hehcity ampHtudes 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-.i,, 
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 A'̂ * —̂  NTI partial decay width. We make an educated guî s.s 
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 17 prod\ictiov\ )tT 
the nucleon. Finally, we present and discuss our results in Sec. 4.3. 

4.2 Formalism 

4.2.1 Photoproduction of 77 

The reaction for the 77 production induced by real photon is, 

7(g) + A(p) ^ / 7 ( p , ) + iV(p') (4.1 

for which the differential scattering cross section in lab frame is given by. 

1 rf'p~ rfV 
i. = (2.r.nP, + P -,-rtj^(^^p^El^!">l^ (4 .2) 

where p k, p' are four momenta for initial and final nucleon. The photon 1-

momentum is denoted by g, while the 4-momentum for r] meson is p,,. The transition 

amplitude is M.r\ the square of which may be written as: 

\M^;\^ = ehl^'^e\;'^H>"' (4.5) 

where e is the electromagnetic gauge coupling(or simply the electric charg(>) and f ' ' 
and its conjugate e '̂* are the photon polarization vectors with the superscript s' 
representing its polarization state. If the photon polarization is unknown then tlie 
summation over all polarization states are performed, which results. 

e;/̂ )e(«) _ > -g^^, (4 4) 
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Figure 4.1: Feynman diagrams for the processes ^<{q) + p(p) -^ ri{P7)) + p{p') 

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

J2\Mi^^\'-^^e'9,.H'- (4.5) 

The hadronic tensor H^" in Eq. 4.3 may be written in terms of hadronic current ,1'^ 
as 

H'"' = Tr ii> + M)J^(^' + M) . r , :V = 7o(.F)^o (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 theo ry (xFr ) as discussed in Eqs. 2.15 and 2.19 of Sec.2.1.1. The 
left(/^) and right(i^) handed currents for photoproduction process are taken from 
Eq. 2.17, which are given by 

'n — ^u — Sy^Jip (4.7) 

where A^^ is the electromagnetic four-vector potential with 'Q' as the SU{3) quark 
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0 
0 1 . (48i 

Currents corresponding to the nucleon Born terms are obtained using \ PT approach 

as: 

where 

O'^ ^ fn^^h' + f^iq^Y^^'"^^ ( 4 . ]0 ! 

For real photons q^ = 0, therefore, one may write the above expression as. 

O'^ ^ J^{^)l' + f^Wa''^. (4.11) 

While in the case of hadronic current corresponding to the S\i resonance, A*(1535) 
and iV*(1650) the currents are written keeping their odd parities in mind. Therefoie. 
for the resonant terms, we write the s-channel J'i, . and the u-channel Jt, , ( urreiits 

as: 

where 

The plus sign in O'^ is with s-channel and minus sign is with u-channel diagrams. F( )r 
the real photons no contribution comes from F/^ (0) and therefore not mentioned in 
Eq. 4.13. Here we must point out that the currents in Eqs. 4.12 and 4.13 are written 
for both the resonances viz. ^ul lSSS) and 511(1650). However, the parameters like 
the coupling constants ^^ivs„, mass of resonance MR, decay width T^ and the form 
factors F/̂ 2 ^̂ "̂  different for both the resonances. 
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To fix the coupling we follow the same procedure as described in Chapter- 2 for H* 
resonance in antineutrino induced K"/K^ production. The primary decay channels 
with their decay fraction for the iV*(1535) resonance arc 

(4.14) 
N* 
N* 
N* 

V N 

N* 
N* 
N* 
N* 

-^ 

-^ 
—> 

NTT 

NTI 

Niin 

*(1650) ai 

-~> 

— ) • 

-^ 

— > • 

NTT 

Nri 
AK 
NTTTV 

35 
(42 
1 -

50-
5 -
3 -

- 50% 
± 10)% 
- 10%, 

- 9 0 % 
- 15% 
- 11% 

(4.15) 

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 TJNN* [1535) and r;A^A''*(1650) are fixed using the 
partial decay widths at their on-mass shell. To obtain the partial decay width we 
start from the Lagrangian 

CN'N. = -Y^lN-Yindf^TT^ + V2Tad,TT+ + \/2r_9^TT" )?/,Â  + h.C. (4.16) 
JIT 

where for convenience we have redefined g^NSu ^^ 11 ̂  with (f) = ix.rj. r3.± are the 
Pauli matrices in spherical basis which act on the nucleon states 

^+ I") = \P) , T-3 \p) = \p) , 
r_ 1̂3) = \n) , T-i \n) = - |n) . 

For the case of Â * —> Nr} the interaction Lagrangian is given by 

I^N*NT, = -J-UN' Y df,r] UN + h.C. (4.17) 

Now using the general expression for partial decay width 

1 d^pN d^P<i> 
dT^,^,^^ = ^ - ^ ^ ^ 5 \ p N , - P N - p * ) ^ ^ | A ^ | ^ ( 2 7 r ) ^ (4.18) 

along with Eq. 4.17 we obtain the expression for r(A'* -> Ncj)) decay width as 
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where Gj, = 3 for pion and C$ = 1 for eta meson and 

\PCM\ = ^y/[W'-{M + m^n [W^^iM-m^n (4.-0) 

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

Sn resonance with positive charge: 

^ii resonance with neutral charge: 

leau 
1650 

9^ 

9^' 

arge: 
1650 

1650 

9v 
gr 
91"'' 

= 

= 

= 

= 

^ 

= 

= 

= 

-0.105 
-0.088 

0.284 

0.092 

0.131 

0.0868 

0.286 

0.106 (4.21) 

The nucleon form factors / i 2"'^ ^^^ determined in terms of the Sachs electiic 
G^"(g^) and magnetic G'̂ "(g'̂ ) form factors, which for the case of real photon be­
comes: 

/r(o) = G|"(o) 
(4,22) 

with, 

G^̂ IO) = 1, GlriO) = (1 + /ip) and 0^0) = ^^n• 

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

Ai = 

Si = 
2 

27rae 
N\J. = - N,Jz = 

1 

KR VQ^r ' ^"2 ^iJt 

2 

N,Jz 

c 

[4.2:^ 
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Table 4.1: Parameters fitted using the data from the MAMI Crystal Ball [136] 
experiment 

Resonance—)-
Helicity 

Amplitude^, 

A\,M 
s\,M 

811(1535) 
^A(O) 

10-3 
89.38 
-16.5 

811(1650) 
^ A ( O ) 
10-3 

53.0 
-3,5 

In the resonance rest frame KR 2A/„ and J' -
-75(0'1 i ,0). The parameter 

N-K, and for the present C is model dependent which is related to the sign of A'̂  
calculation we have taken ^ = 1- ^ i . is generally parameterized as [142]: 

AT -
l2Tvae{MR + M)^MR-M 

M Ml KP 2M 
F,^ (0) (4.24) 

We must point out that as Si 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. 4.21. 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. 4.2. 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/u induced 77 production off the nucleon and obtain the results for 
the differential and total scattering cross sections. 

4.2.2 Weak Produc t ion of 7/ 

i^/i>—induced charged current 77 production processes are, 

u^{k) + n{p) H-{k') + rj{pr,)+p{p') 

P+{k') + T]{pr,) + 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 



4.2. FORMALISM 71 

20 

1 5 -

•§. 
10 

0 
0.8 

• 1 . • 

I 1 . I 

, . . . 
T> « T> 1* 

MAMI Crystal Ball Exp. 

y + p -^ p + r| 

1 1 1 1 1 

• ' i ^ 

1.2 
E^ (GeV) 

Figure 4.2: Cross section for 7p —> 77̂  process. The experimental points are obtainet 
from MAMI crystal ball [136] and the results are shown upto the AK threshold. 

Eq. 4.25 in the laboratory frame is given by, 

(fa = dk' dp' dP^i s'{k+p-k'~p'-p,)J:nM\' 
4ME{2nf {2Ei) {2E'^) {2E,) 

(4.2()) 

where the symbols have usual meaning and |A1p is square of the transition ampli­
tude written in terms of the leptonic (L'"^) and hadronic tensors {H^"') as. 

EE|A^p 
1 r"^ 
2 2 / / y J (4.2< 

where the factor | comes from the spin averaging and Gf is the Fermi coupling 
constant. The hadronic tensor may be expressed in terms of the amplitudes coirc-
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 511(1535) and 511(1650) resonances. 
The Feynman diagrams corresponding to the above processes are depicted in Fig. 4 i 
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Figure 4.3: Fcynman diagrams for tiie processes u/i>{k) +N{p) -^ fJ''^(k') + 'I]{PT]) + N'{p'). 
First row from left to right: s-channcl nuclcon polc(SC) and 5ii rcsonancc(SC A^*); second 
row: u-channcl nucleon polc(UC) and S\i resonance (UC A^*). 

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

'N(s) 

"'iV(u) 

where 

2v^ 2V3U 
gVudD~?>F 

2V^ 2v^A 

{p + QY - ^i'" 

UN{PWJ, 
{p-PriY-AP 

-.li-nl^UN^p)-

o TV n{q')r+f2i<iy^' 2M, N 

For the resonant 5ii(1535) and 5ii(1650) channels the hadronic currents are given 

by, 

Jo, „̂  = 7= igr, U N (P )p/r, 
i) + i+ MR 

'R(s) 

P' 

where 

O'k 

2^f2 {p + qy^M], + iTRMR 
O'RUMP) 

(2M)2 

-FAiq'h" T 

2M 

Fpil 
M 

(4.29) 
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where, fi2{Q^) ^^'^ ^^e isovector form factors and fAi'f), /P(<?^) ^ '̂̂  thc' axial vector 
and pseudoscalar form factors, respectively for nucleons. The two isovector form 
factors f^2il^) ^^^ expressed in terms of Dirac(/f'"(g^)) and Pauh(/?'"(g")) form 
factors for protons and neutrons and are given by 

fLiQ') - fU<}") ~ fW) (4,30) 

where, 

1 
UP) 

G'/W 

[G'^riQ' 

4M2 

GTiQ')] 

Gl'Piq') 

(4,;;l 

Here, ^^"(Q^) and G^^^{Q'^) are Sach's electric and magnetic form factors. They arc 
obtained using electron scattering experiments. There are various parameterization 
for G^^\j{Q'^) those are available in literature. For the present work we have tak(>u 
parameterization from Bradford et al. [143] also known as BBBA-05 parameteriza­
tion. The functional form of the BBBA-05 parameterization is given by. 

iQ' 

n=3 

fc=0 
71=4 ' 

1 + E hr^' 
fe=i 

T = 
AM^' Q' (4.32) 

The coefficients for the fit of the functional form is summarized in Table 
The axial form factor is parameterized as 

fA{q') = fA{0) 1 -
ML 

4-33 

where / A ( 0 ) is the axial charge and MA is the axial dipole mass. For the numerical 
calculations we have taken /^(O) = - 1.267 and MA = 1.05 GeV. The pseudosc^ilar 
form factor fp{q^) is given in terms oi fAiq^) using the Goldberger-Treiman relation 
defined as 

f'Aq') 
2MfA{q' 

mt 
(4,34) 

where m.,^ is the mass of pion. 
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Table 4.2: The coefficients of the functional form fit for the G%{Q'^)., G'^iQ'^ 
Gl,{Q'^) and Glj{Q'^) in BBBA-05 parameterization. 

Form 
Factors 

GW) 
Gl,{Q'] 
Gim 
GUQ') 

do 

1 
1 
0 

1 

a I 

-0.0578±0.166 
0.150±0.0312 

1.25±0.368 

1.81±0.402 

(12 

-

-

1.30 
±1.99 

-

hi 

11.1±0.217 
11.1±0.103 
-9.86±6.46 

14.1±0.597 

b-z 

13.6±1.39 
19.6±0.281 
305±28.6 

20.7±2.55 

^3 

33.0±8.95 
7.54±0.967 
-758±77.5 

68.7±14.1 

bi 

-

-

802 
±156 

-

In the case of Su resonance, isovector form factors F^'.^ ^^^ given in terms of the 
electromagnetic transition form factors of charged(P*) Ff2 and neutral(A^*) F"2 
form factors and are given by, 

Ff{q') - Fl^{q') 

F^iq') - F;^{q') (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 q'^ dependence is also important, and therefore we rewrite them as [141]: 

Ai 

Si 

27raf, 

Kf 
N\Jz 

1 
N,J, 

KR jQi\ ' ^ 2 ^J^ 

c 

N.Jz = -^)Q (4.36) 

w here in the resonance rest frame. 

KR 
2Mn ^ kt 

{Ml - M^ + q'^f 

ml 
zp (0,l,±z,0) 

^ 
:(|g-1,l,0,gO), and Q' = - q ' (4.37) 
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The parameter C, is model dependent which is related to the sign of A* -^ A - . 

and for the present calculation is taken as C = 1- The parameters Ai and S_ arc 

generally parameterized as [142]: 

-0Q' (4.;5«i 

The amplitudes Ai{Q^) and SiiQ"^) are related to the form factors Ff'" and Fi'" 

as [120]: 

AT = 

rip.n 
^Trae (MR - M)2 + Q2 [MR + Af )2 + Q2 

M 

MR - Af 

2Af 

Ml - A/2 AMRM 

FriQ') - Fr(Q')) (4.39) 
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Figure 4.4: Form factors for Sn resonances. The fittings are obtained using data 
from the MAMI Crystal Ball experiment [136]. 

Thus after getting a proper fitting for the amplitudes Ai{Q'^) and Si{Q'^). the 

form factors Ff'" and Fl*'" have been obtained. The parameters used to fit th.> 
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Table 4.3: Parameters used for the 
Resonance-^ 

Helicity 
Araplitudel 

A^Q') 
sUiQ") 
A'^nm 
S'^^^iQ') 

811(1535) 
^A(O) 

89.38 
-16.5 

-52.79 
29.66 

Q 

1.61364 
2.8261 

2.86297 
0.35874 

/3 

0.75879 
0.73735 
1.68723 

1.55 

lelicity amplitude 
811(1650) 

^A(O) 

10^^ 
53 

-3.5 
9.3 
10.0 

a 0 

1.45 0.62 
2.88 0.76 
0.13 1.55 
-0.5 1.55 

amplitudes for N* resonances are tabulated in Table 4.3. We used the MAMI 
Crystal Ball data to parameterize ^i(O) and 5i(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 T] photoproduction data completely. 
The Q^ dependence of Ff'"(Q^)(i=:l,2) form factors are shown in Fig. 4.4. 

The Q*^-dependence of isovector form factors F^ and F2 , obtained using Eq. 4.35, 
shown in Fig. 4.5. We must point out that the form factors F^:" which are used 
to obtain Fĵ j ^^^ parameterized with the help of helicity amplitudes as discussed 
earlier which in turn is the direct consequence of CVC( Conserved Vector Cm'rent) 
hypothesis. The weak form factors FA[Q^) and Fp{Q'^) are fixed using PCAC(PartiaI 
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 W^n^ vertex is 

2v2 
(4.40) 

w + 

\ TT + 

n P* 
Figure 4.6: Pion pole contribution to the axial current. 



4.2. FORMALISM 

1^ 
iX 

^ • » , - J . - ' 

1.6 

S-i 

o 

I 1-2 

o 
t^ 0.8 

O 
O 

O 
CO 

— 1 1 1 1 1 1 1 1 — 1 1 r r 1 1 1 — 1 i 1 r 1 1 r 1 1 — 

\ F^ N*{1535) 

\ Fi^ AT*(1650) 
\ pV \r* (-1 f rr)\ 

\ X t<2 iV ^lOOUJ 
\ \ ^ 

~ S X. ~ 
\ >v 

V. \ 
\ ^ ^ 

•V ^Nw 
^ ^ N ^ 

• ^ ^ S s ^ 
— • ^ ^ * ^ ^ • ~' ^ ^ ^ ^ ^ _ — 

y •***•• «^ "̂ ^ , ^ ^ ^ " ^ s ^ 
' ^ ' ™ ' ^ * " — — * » ^ _ " * * ' " • ^ " T * ' •»«>• ^^******iiifc^ 

" • , "̂ ^''*-*-»-I^r^*—-^-^......^^ -
****——̂ *̂ ——̂ _̂  *̂* ^ 

1 1 1 1 1 1 1 1 1 1 1 1 — 1 — 1 — 1 — I — 1 — 1 — 1 — 1 — I — 1 — 1 — 1 — 

0 . 4 ^ - - - ^ 

0 0.5 1 1.5 

QHGeV) 
2.5 

Figure 4.5: The isovector F^ and F2^form factors for the Sn resonances. 

Using the above Lagrangian along with N*N-R vertex given by Eq.4.l(), one iua>-
write 

-i--l=VudUp'{-Fpq^)Ur. 

iV2fnt(, 
-QlT 

<f- - ml U 
\/2{~iqa)up*l''UN-J^VudFN'N.[q')- (4.41 

We introduced here a new form factor F '̂.̂ f̂f which accounts for off-shell dependence 
for the vertex shown in Fig. 4.6. Using Dirac equation and comparing both the si(!es 
of Eq. 4.41, we get 

q^ — m^ 

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

d^A''= 0 =FAi + Fpq^ 

= F^iMn - M) - 2 5 , F ^ - ^ . ( g ' ) ( M ^ - M) 

(4.42) 

4.43) 
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E, (GeV) 

Figure 4.7: Cross section corresponding to Feynman diagrams as shown in Fig. 4.3 
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This leads to, 

F,i(g2) = 2 g^FN*N^{q') (4.44) 

Furthermore, by using Goldberger-Treiman relation FA{Q) is related to g.^ as. 
F A ( 0 ) = 2g„. We take the form factor F^'N-Kiq^) to be of dipole form. Therefore, 
form of the weak form factors of N* resonance are taken as. 

Ml 

Fp{q') = -FAq')^^^. (4.45) 

q^ - mi 
We have used the same coupling strength for Sn resonance which has been earlier 
used to describe the photoproduction results and are given in Eq. 4.21. In the next 
section we are going to present the results of our numerical calculations obtained 
for the U/D induced rj 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. 4.7, the results for neutrino 
and antineutrino induced r] 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 511(1535) resonance is dominant while the contribution 
of 511(1650) to the total cross section is small. This can be understood easily 
because 5ii(1535) is lighter in mass and has a relatively larger branching ratio for 
Sn —̂  Nrj. 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 5n (1535) is very dominant for the neutrino induced process. 
In the case of antineutrino induced reaction up to 1 GeV, 5ii(1535) is dominant, 
however at Ep = 1.5 GeV its contribution is around 80% of the total rj production 
cross section. The contribution of 5ii(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. 4.9 and 
4.10, we have presented separately the results for the Q^ distribution {'^'^/dQ'^), rj 
energy distribution {'^'^/dEr,) and muon energy distribution {'^IdE^,), respectively. 
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In Fig. 4.8, we have shown the Q^ dependence for neutrino and antineutrind 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 peaknl 
but the dominance of 511(1535) resonance gets reflected even in the Q'^ distribuiion 
511(1650) does not contribute significantly at these energies. Moreover, the 'on 
tribution of u-channel diagram is almost nonsignificant in the present kineniatical 
range. 

In Fig. 4.9, we present the results for the lepton energy distribution at neut iuo 
energy of 1.5 GeV. Here also we can see the dominance of the S'ii(1535) resonaacc 
Unlike the Q^ distribution here the nucleon pole term has flat distribution, however. 
the low energy peaking comes from Sii(1535). Again the contribution of Sii(l{>5()) 
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 'i. 
where the peaking tends to shift towards the lower lepton energies. For example in 
the case of neutrino induced rj production processes the contribution from th(^ full 
term is slightly lower than the contribution coming from 511(1535) resonance, tlie 
opposite interference effect is observed in the case of antineutrino where enlian ce­
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. 4.10, we find that the tr( nd 
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 Sn(1535) resonance. 

To conclude, in this work we have studied charged current neutrino and antineu­
trino induced 77 production off free nucleons. We find that the cross sections are 
large enough to be measured in experiments like T2K, NO«^A and MINERt^A. A\V 
must point out that this is perhaps the first study to best of oiu- knowledge wli(r(> 
the total scattering cross section as well as differential cross sections have been (4)-
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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Associated Kaon Production 

5.1 Introduction 

The study of weak neutrino-nucleus interactions involving associated particle pro­
duction iir 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'. 
LACUNA [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 -> Ku. Therefore, the importance of thorough understanding and reliable es­
timate of the cross sections for neutrino induced kaon production contributing as 
background event has been emphasized as the proton decay experiments will \)v 
limited in statistics also [44, 96]. 

The experimental observations of the neutrino induced associated particle pr > 

85 
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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 tlie MINERz^A 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, 
16Q^ 56^g ^^^ 208p^ 'pĵ jg .^jjj QIIQ^ 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 written us v + N -> I + K + Y and u + N —>• u + K + Y, 
where Y refers to a A or a S 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 
xlO"''^ crn^ for K^A. 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(3) symmetry and presented the results at the level of differ­
ential cross section ,„ ,, ^ ÂO • 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 'V^ [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 hadronir cur­
rent is the same as was adopted in the case of single kaon and eta meson produc tion 
processes discussed in Chapter- 2 and Chapter- 4 respectively. Specifically, we have 
studied charged current(CC) induced AS = 0 process like 

^'+^,-^;:+j;+^l cc (AS=O), (VI 

where / = e, /i and A'' is nucleon, K stands for a kaon and y is a hyperon(A or E). For 
the energies above 1.5 GeV it is A^ = 0 kaon production which is more domiiianl 
in comparison to the corresponding A5 = 1 processes as the later is suppressed by a 
factor of tan^^c- 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 (IAS"! = 2). This can be understood with a simple argument, like 

V, N ^ I- K Y 
5 0 - 1 - 1 | A 5 | - 2 *• - ' 

The only possible strangeness conserving process for K , K^ is through the chanuels 
like, 

ui + N--,r+ K + K + N', (A5 = 0), (5 3) 

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 mduciHl 
associated production (lA^I = 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 /„, the piou decay constant. 
Cabibbo angle, the proton and neutron magnetic moments and the axial vector cou­
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 oiily non-
resonant diagrams. In Sec. 5.2, we describe the formalism in brief and in Sec. 5. i. 
the results and discussions are presented. 
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5.2 Formalism 

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

Uf^n^/j-K^A Oijj)-^ fi'^K^A 

for which the differential cross section is generally written as, 

^^ - wk^^m&m-f^'.p-«-p' -p.mMî . (5.4, 
where k and k' are the 3-momenta of the incoming and outgoing leptons in the lab 
frame with energies E and E' respectively, p^ and Ej^ 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, ES|A^p is the square of the 
transition amplitude averaged (sunmied) over the spins of the initial (final) state and 
is generally written as 

\M\'^^L,^H^^ (5.5) 

where, Gp is the Fermi coupling constant. The leptonic tensor L^j, is given by 

L,. = 8 {kX + Kk',, - g,.k.k' ± e^^^Xk'^) (5-6) 

where, plus sign is for neutrino and minus sign is for antineutrino. The hadronic 
tensor //' '" occurring in Eq. 5.5 is written in terms of the hadronic current J'' as, 

/ / ^ • ^ ^ ^ ^ j ^ ^ r (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: Feyiiman diagrams corresponding to the neutrino/antinentrino indmivl 
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 C 
respectively in Fig. 5.1. To understand the introduction of the form factors in (.ur 
formalism we proceed by taking a simple example as shown in Fig. 5.2. Here a h\-
peron(or a nucleon) with momentum k is changing its identity after interacting with 
the weak field to another nucleon(or hyperon) with momentum k'. However, this for­
malism may be extended for any allowed process like N ^ N', N ^Y and Y <(-> T'. 
where Â , Â ' — n,p and F, Y' =hyperon. The matrix element corresponding to the 

Figure 5.2: Weak transition vertex. 

hyperon nucleon transition may be written as, 

J'' = {Yik')]^ - A''\N{k)) (5.b) 
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The currents V" and yl̂  are expressed in terms of the vector f,{q'^) and axial-
vector .9,(9 )̂ transition form factors as, 

M + My''''^ ' "̂'̂ ^ 'M^ 
•r (5.9) 

Tlie 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: 

A' 

2 
A' 

^ ; = ^177^75?, (5.10) 

where q is quark field and y 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 dtifine a SU{3) octet operator 
Oi which connects two octet states through the reduced matrix elements F and D 
as; 

{B„\0,]B„,) = F d,nm + D Unm (5 .11) 

where fi^rn are the structure constants of SU{2,) and di„m comes from the anticom-
mutation relations of the generators: {A,, A„} = 24:„ -f- 2d,„„i. The above definition 
also suggests that F and D are related to the antisymmetric and symmetric cou­
plings of baryon octet(5,; and Bm) in the initial and final states. Therefore, the 
vector and axial vector form factors fi{q^) and ,9,(9^) may also be expressed in terms 
of the two reduced matrix elements, say F^'{q^) and D] {q^) for vector and F;'^{q^) 
and Df-{q^) for axial vector currents as: 

h{q') = aFl'{q') + l3Dr{q'), 
gM') = aFf{q')+^Dt{q^). where, (i = ! , • • • , 3) (5.12) 

The constants a,/3 appearing in Eq. 5.12 may be understood as the S'[/(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 

( '(1 In this section we discuss the vector form factors, fi{q ),i = 1,2,3. those api)e;u-
in Eq. 5.9. Following the Conserved Vector Current(CVC) hypothesis the vcctoi 
part of the weak and electromagnetic currents belong to the same octet. lli(;retorc. 
the form factor f^iq^) = 0 and the other two vector transition form factors(/f"^2(g-)i 
are determined in terms of the electromagnetic form factors of protons and neutiojis. 
The electromagnetic form factors f^2{Q^) t̂re defined by the expectation values ot 
electromagnetic current V^"^ of the quark fields as: 

{B'^\Vr\BN) - n{k') rf^{e)+^a^--|^^f^{e) u{k), y -- p. n 

(5,1:^1 

with 

V^'''= q-f'^Qq (5 14) 

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

Y 
Q = h + - (5.15) 

Therefore, the electromagnetic current F^ "̂' is decomposed into SU(3) octet curn nts 
as 

with 
,A3 

qi^^q 

^ ^ ' = qY~q (5.. 7, 

where the superscripts in Eqs. 5.16,5.17 are the SU{?>) indices. Using Eqs. 5. .',-
5.17, the nucleon form factors may be expressed in terms of the functions F} ((j^) 
and Dj[q^) as: 

/r(g^) = \Dr{q') 

mq') = Fri^) + \D^icf). 1 = 1.2 (.5.1S) 
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Since the nucleoli form factors /"'^ are well known, we may express F,̂  {q'^) and 
i:)f(g2) in terms of i;"'^(92) as 

(5.19) 

Once the values for F^{q'^) and D] {q^) are determined, all the vector transition 
form factors may be expressed in terms of the iiucleon form factors fl'^^iq^)- Tlie 
electromagnetic form factors /,"'*'(g^) are written in terms of the experimentally 
determined Sachs electric (^^"(g^) and magnetic G'̂ f (g^) form factors as [153], 

/r(g') = 

-.2 T - 1 

4i \ /2 

-.2 

n / 2 ̂  G^'i^ G'^{q') 

q 
UP 

AAP 

(5.20) 

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

GW) = 
M,' 

GW) = l^n[-^^GW)i., 

GW) = [l + ^i,;)GW) 
Gl,{q') = l^uG^) 

1 
^n = 2 

4A72 1 " -^"SA 
with An = 5.6 

I2p = 1.792847 

^„ = -1.913043 

A/v- = OMGeV ),2r 

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 gi{q^) in Eq. 5.9 are obtained in tet•nl^ 
of the Ff^{q^) and D^{q^) defined in Eq.5.12. However, before going into tlie details 
of it we shall point out the constraints which comes from various symmetries, like 

(i) In the case of exact flavor SU{Z) symmetry the weak - electric form factor //j 
will not contribute i.e. 52(9^) = 0. 

(ii) Applying Partial Conservation of Axial Current(PCAC) the pseudo-vc'toi 
transition form factor {gz{q^)) is related to the axial vector transition form 
factor {g\{q^)) as 

9,{q') = ^f—M^") (5.22; 

The major source of information on the weak axial vector transition form faitoi 
gi{q^) comes from the semileptonic hyperon decays and AS' = 0 neutrino-nucieon 
scattering. In such processes the contribution of g^iq^) is proportional to the le])ton 
masses and may be neglected. This implies that in the case of axial vector curiem 
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 -^ // f p-
the form of pf^(q^) is determined and is generally taken to be of dipole form 

^ r ( 9 ' ) = 5 ^ ( 0 ) ( l - ^ ) ' , (5 23) 

with axial dipole mass MA taken as 1.03±0.5GeV. As for the transition of A' —> N' 
the SU{2>) Clebsch Gordon coefficient in Eq. 5.12 turns out to be 1 for both a and 
/?, and the form factor may be expressed as 

gnq')-Kiq') + Dt{q'). (5.24^ 

Assuming, the same q^ dependence as for g^{q^) in Eq. 5.23 we may write the 
separate q"^ dependence for both F^{q'^) and Df{q^) as 

Ft(e) - f.(o)(i^ J ) ' 

Dtif) = Dim ( 1 - ^ 1 , (5 24, 
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where Fi(0) and Di(0)^ are extracted from seniileptonic decays of micleons and 
hyperons [93]. Once F^{q^) and Df{q'^) are fixed following the same procedure as 
we did for vector current we obtain the other transition form factors. The form 
factors fi2 and gi 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. 5.1 
now read as 

'2// " '''^"^ ''''^' (p-iyr-mi 
\/2 

f\cT = tAcTVud^Uy{:p')[l''+BcTl^l')uN{p) 

^-J-Uy{p')i4+h)nN{p)^^^, /Uf = iA^V,,di7-UY{p){4 + h)uN{p) 2_. 2 (^-26) 

where. 

W' = /r7'' + 4.-*-..(v-^)7= (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. 

'For convenience we will now refer Fi(0) and Di{0) as F and D. 
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15 

10 

V + n 

v^ 1 n 

• — • — V + p 

-^ 

—> 

—> 

-^ 

H" + K%£" 

^" + K* + A" 

H~ + K* + z" 

ix" + K"" + r* 

1.5 
E„ (GeV) 

Figure 5.3: Cross section for neutrino induced lA^S] = 0 associated kaon production 
process. 

5.3 Results and Discussion 

The total scattering cross section a has been obtained after integrating Eq. 5.4 over 
the kinernatical variables and using Eqs.5.5-5.7 and 5.2G. The cross sections for 
the i/^N —>• fj,'YK and i/i^N —̂  fi^YK 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 E 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 n/C°S° is 
SNKA/S^^J, ~ 14. Furthermore, the cross section for the A production is favored by 
the available phase space due to its small mass relative to E baryons. 

When we compare the results of the cross sections in Fig. 5.3 for the processes 
i^fjP -^ ji^T^^K^ and v^n -> (i^AK^, we find that the cross section for the A'^E^ 
channel is around 70% smaller at E^ ^ 1.5 GeV and around 25% sraaher at E^^ = 2 
GeV in comparison to the cross section for the K^A channel. While the cross 
sections for the other two channels namely Uf^ri —>• ji'H^K^ and ;u~E°K+ 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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Figure 5.5: Cross section for the u^ + n-^ JJ, + K^ + h process explicitly showing 
the Feynman diagrams involved. 
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Figure 5.6: Cross section for the Ofj. + p -^ i-i^ + /C" + 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 iJp̂ , ~ 1.5 GeV the cross section for I'^p -^ jU+A'°A is around 55% larger 
than the cross section for P^n -^ fi^K^T,', while around 2 GeV the production cross 
section for i>̂ p ^ ^+A'°A is comparable with that of />,/« -> /x^A'°E~. The cross 
section for the reaction iy^p -^ j^i^K^TP is around 40% smaller than the cross section 
for A'°A channel at Ep^^ = 2 GeV, whereas Vf^p —>• p^K^T,' cross section is about 
10% to the cross section of A'̂ 'A 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 K^ production where as antineutrino induced reactions favors the K^ pro­
duction. For example at E^ - L5 GeV, G{K+) = (T{KK+) + a{T,'^K+) + a{E+K+), 
is aroimd 3.7 x IQ-^^cm^, while a{K°) = a(S+A'°) is around 0.18 x 10-" cm -41 

- 4 1 
cm At E^ = 2 GeV, a{K+) is ~ 29 x 10^^' cm^ while a(A'°) is about 2 x 10 

Similarly, for the antineutrino induced reactions at Ei, ^2 GeV, cr(A'") = a(AA'") -I-
a(E°A"°) + CT(E'^A'°), is around 11 x 10"^^ cm^ whereas (T(A'+) = a{^~K+) is about 
0.5 X lO^^i cni^. 
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Process 

u^n —>• n" KK^ 

v^p —> H'^AK" 

Present Work 
Shrock et al. [45] 

Present Work 
Shrock et al. [45] 

E^,. =1.2 GeV 

0.2 
0.14 
0.1 

0.12 

a X 

= 1.6 GeV 

4.0 
1.8 
2.0 
1.4 

E^,. =2 GeV 

15.0 
5.4 
8.0 
4.1 

Table 5.3: Comparison of total cross section for the CC î î/ĵ ,, induced A'A 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 TT 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 a for t'^ + n -> fx' + K~^ +p process, and in and 
in Fig.5.6 the results are presented for i^^+p —>• n'^ + 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 E^^^^p^, =1.5 
GeV. In the case of Q^ distribution for u^ induced process shown in Fig, 5.7, we find 
that except for f^n —> /i^E"''A'° 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 tho,se of neutrino 
induced reactions. 

In Figs. 5.9 and 5.10, we present the results for the kaon energy distribution 
{'^'^/(lEt,) 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 neutruio induced processes. In 
Figs. 5.11 and 5.12 we present the results for the muon energy distribution {^"/dE,,) 
for neutrino and antineiitrino induced processes. We find that the nmon energy 
distributions are more forward peaked in neutrino induced reactions as compared to 
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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 )ur 
results and conclude our findings. 
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Conclusions 

Neutrino oscillation physics has entered into an era of precision physics lu winch 
both theoretically and experimentally enormous efforts are going on for better un­
derstanding of the oscillation physics as well as for understanding the hadron physio 
as these neutrino oscillation experiments are also providing cross section measure­
ments for many quasielastic and inelastic processes induced by the neutrino and fin-
tineutrino on nuclear targets. These recent cross section measurements are availal>k 
mostly for A 5 ~ 0 processes in nonstrange sector. In strange sector neutriiK) Monte-
Carlo generators use the results of older work available in literature for A 5 = (i and 
AS = 1 processes. However, with the availability of high intensity neutiino and 
antineutrino beams in present generation neutrino oscillation experiments the pt'S-
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 kn(jwled;i;e 
about these processes would be very important for the analysis of future and o i-
going neutrino oscillation experiments and these processes as well would facilita:e 
in understanding of hadron structure and their properties. In the present tliesis ve 
performed theoretical calculations for some of the channels which are not well stud­
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 niodrl 
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106 CHAPTER 6. CONCLUSIONS 

which is based on the SU{'i) 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 /„ , Cabibbo angle, the proton and 
neutron magnetic moments, and the axial vector coupling constants for the baryoiis 
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 
5 = 1 baryonic resonances in the s-channel. We presented the results for the total 
scattering cross section a, 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 C r S , 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 TT 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 
are 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 E*(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 E*(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 exi)eriment. 
Nonetheless, the study may be useful in the analysis of antineutrino experiments ar 
MINERi/A, NOi/A, 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 the sin'_!,l(> 
kaon production off nucleons induced by electrons/positrons. This study is quite 
important as the strangeness conserving electromagnetic reactions have a liighei-
energy threshold for K{K) production and with the availability of high luminosit\ 
beams at TJNAF and Mainz there exists a chance of observing single kaon produc­
tion. For the electron induced process, we have also considered the contribution from 
the E*(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 obser\(Hl 
that the cross sections, although small, could be measured at current experiment a! 
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 ij 
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 considered 
511(1535) and 5ii(1650) resonances as it is well known from electro- and photo-
induced processes that eta production is dominated by S'ii(1535) resonance. 'O 
obtain precise value for the vector part of the N-Su transition form factor, we 
studied photon induced eta production to fix the electromagnetic form factors In-
comparing it with the available results for the scattering cross section from Crystil 
Ball experiment [136]. The vector form factors of the N-S'n transition ha\'e been 
obtained from the helicity amplitudes extracted in the analysis of world pion phot< )-
and electro-production data using the unitary isobar model [140]. The properties 
of the axial N-S'n transition current are basically unknown but assuming the ])ioii-
pole dominance of the pseudoscalar form factor, together with PCAC and fixed the 
axial coupling using the empirical Â * ^ Nn partial decay width. We have found 
that A^*(1535) resonance is dominant while the contribution of A'*(1650) to tlie 
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, NOi^A and MINER7/A. 
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-charmel imcleon pole and meson exchange term. The 
cross section for the reaction u^n -> ^^AK^ is largest in comparison to the cross 
section where we have E 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 A'° 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 A'"*" 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 heavy nuclear 
targets to get significant number of events. 
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A: Appendix 

A(1232) Decay Width 

A. l The Lagrangian NATT 

We start with the following interaction Lagrangian for the diagram shown in Fig. ' I 

UA. = —^^.{'T^•^''$)^ (Al l 

where ^^ is 4-plet of of Rarita-Schwinger field for As and 

*^, = ( A++ A+ A« A- ) (A,2) 

'^ is the nucleon doublet, 

'^=( I I- (A. 5) 

/ ^ 

P 

Figure A.l: Feynman diagram for the Â "*" decay 
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0 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 

^WA. = —^^{Tyd^o - T | , 6 > ' > ^ I - T l i ^ ' V + i ) * + h.c. 

The spherical components are related to the cartesian ones as: 

^0 = 

<P+i 

V2 (0x -- 'i0y) 

7i> + i(l>y) = 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

The field 0o annihilates and creates a neutral pion TT^. 0 ^ I / 0 ! ^ I creates a TT" and 

annihilates a 7r+. And finally, 0_i/0+] creates a n^ and annihilates a TV~. 

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

I.M\rll\.rn = : ( l , - . - l A , m , A / ) 

with A a spherical basis index. For A ++ 

(A.8) 

p + TT'^, the Lagrangian may be written 

as 

rrirr 

f* -
' VJ-i 2 ' 2 1 

(1 - -1 
( 1 - - | ] 1 'I'l' 

\ \^^ 2- 1^ 

1 i 3) 
A? 9 1 ciy 

1 - - ) 
-^' 2 ' 2 ^ 

[ i ^ ) 
'̂  • 2 ' 1 1 / I 0 \ 

f* - 0 * 
0 0 

Vo 0 j 
{:) 

(1 i 2|i ^ 

V-^' 2 ' 2 l • 2 

(1 i 1̂1 -^ 
V ^ ' 2 ' 2 ' ' 2 ' 

(1 i ^h z± 
V-^i 2 " 21 ' 2 ' 

. a > _ i + h.c 

1) \ 
I) ^ a ^ c h.c 

. ila'^_,(ArP+^A,>Kh,c (A.9) 
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For the decay of the A"*"""", we need the Hermitian conjugate vertex of Ecj. A.'), i e: 

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

M = '-^K Hp'KiPA) A . l 
m^ 

and the square of the transition matrix element is 

2 

l-̂ l 
/ * 

m^ 
KK uip')Uf,{pA)u^{pA)u{p') A . l 2 i 

If now we sum over the final spin of the proton and average over the initial spin ol 
the A+''", we get 

EE\M\^ = 
1 + 1 ^ 

r 
2 JA + i "—̂  V m^ 

spins 

2 

KK U{P')U^,{PA)U^{'PA)U{P') 

1 (r 
4 \ m . 

A;^fc:Tr[P,,(pA)(/ + Af)] 

where V^^{p/\) is the spin | projection operator, given by: 

(A. 1.3) 

^^'"^(PA) = - (]/A + MA) 
^ 3 ' ' Z Ml Z MA 

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

SEIA4P = 
3M1 

(PA -^PA •K)[PA -Kf 

+ 
1M 2 2 

^ ^ ( P A • K? - -MM^ml - -m^(p^ - PA • K. 

(A.U) 

A.l: 

where \A4\^ is evaluated in the A rest frame and it does not contain any anguhir 
dependence. Now using the general expression for partial decay width 

dV A">p7r 
1 d?kp d^k 

2MA 2E„ 2E^ - (27r)4 5\pA -k,~ k,)J2 E 1^1' (A-1̂ ' 
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along with Eq. 4.17 we obtain the expression for r (A —̂  pn) decay width as 

+ ^MM^El-^MM^vi',-?^mi(Ml-M^E,)] (A.17) 

where E.^ is 

2AfA 

and 

^^ = - ^ ^ 7 i r f (A.18) 

1̂ .1 ^̂ ^̂ ^ (A.19) 

where \{x, y, z) is the Callen lambda function. Putting the values for the rest mass 
of the particles we obtain F ^ 112 MeV. 

A.2 W i d t h from Chiral Lagrangian 

Let us again take the example of A "̂̂  -> p + 7r+. The vertex for such transition is 
given by following Eq. 2.25: 

£ = - \ / 2 - ^ A++p9'^7r++h.c. (A.20) 

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

as: 

^ -^ V2^ (A.21) 

Using the above relation together with the value of width (F ~ 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 /*, namely: 

C = n ^ = 2_14><03 ^ J ^^2 
m^V2 N / 2 X 1 3 9 
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Now we are going to obtain the relation between C and C^{0). For the weak tr lu-
sition n — A"*" we have the following vertex from the Lagrangian: 

x/6 
Cu,eak = -^KnW^ (A.:23) 

w + 

a A + 

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

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

-u^{pc^)xi{p) (A.2M 
2\/2 \/3 

Taking out ^ as it has been used explicitly in the definition of hadronic current 

(in order to write M = ^JieptoniJ^'"^'''^''') ̂  we may write: 

2CV 
{A+-p^=p + q\ji;^^{0)\n;p) = —^u^^{p^)uip) (A.25) 

We compare our parameterizations with the available parameterization like in Ref. [95]. 
According to this parameterization, the matrix element reads, when one takes for 
r"''(p, g) only the leading contribution C^g""^: 

{A+;PA=P + q\j^,40)\n;p) = Vudiia{PA)C^iO)g''''uip) 

= VudC^im'^iPAHp) (A.26 
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Comparing Eqs. A.24 and A.25, we get the following result: 

^ = Q^(0) = ^ C = ^C-^{Q) = ^ X 1.15 = 0.996 ~ 1.0 (A.27) 
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Weak Magnetism in Hadronic Current 

/ 
/ 

/ 

/K-{pk\ 
/ 

nip) ' T. ip + q) nifJ) 

Figure B.l: s-channel diagram for vn —> l^K~n process. 

We start with a specific case of Dn —>• l^K~n, the Lagrangian for the vertices 
nL^W~ and nYj~K~ which are obtained from the chiral Lagrangian 

J^-nJl-K- = -^Un{p')lMD'-F)d'K+Ur^-{p)+\i.C. 
v2/7r 

Cn^-w- = ^VusUi:{p){ri\D~F) + Y)u^{p)W- + h.c. (B.L) 

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

'' -Ur^ip'hMD - F)d''K^-—^-—--^V^s{l'lHD - F) 4- Y')u„ip) 

Now we try to incorporate the kaon pole at weak vertex, 
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X*" 

n E~ 

Figure B.2: Kaon pole dominance at weak vertex 

The Lagrangian for the additional piece is. 

U'K- = Y^K^f.gVusW^ (B.3) 

With the insertion of the pole term we get. 

-{D-F) "^''^jAuM (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, 

n. p 

Figure B.3: Semileptonic decays of hyperons 

The weak part of hadronic current following Cabibbo et al. [93] is written as 

n7v(pW)(0j + 0;f)us(ps). 

for the semileptonic decays of hyperon E, A. O^ and O^ 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)supersc'ipr 
c where it differs from our conventions 

o r = frl. + ^c^;.<l' + ^Q. 

W-{q) 

E,A 

n. V 

Figure B.4; Weak hyperon production. The conjugate diagram of Fig. B -3 

To match the expressions with our conventions the relationships among the dif­
ferent terms are, 7^ = —7̂  , a-^" = —ia^" and Mp ~ M. Therefore, with these 
changes Eq. B.5 may be written as, 

Oi = -517/.75 + i | |c^^i /75g' ' - ^ 7 5 ? , . (B.G) 

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

Using the properties of Dirac gamma matrixes, 

7J = 7°7M7° 

75 = 75 

k/.^.,75] = 0 (B.8) 
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one can easily obtain the following expressions: 

/ 0 , f / = _^j^^.^5 + , | | ^^ ,^^ ,^ - + | i ^ , ^ ^ (B.IO) 

In the above expression we neglect the contribution of /a, as it conies from higher 
orders in the chiral expansion and set 52 = 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-I of Cabibbo [93] for the weak vertex NWE, we have ^ = 
(Mp+ I'n) ^ Therefore, after inserting the weak magnetism part i.e. /2. the hadronic 
current may be written in terms of the magnetic moments for neutron fi^ and proton 
Mn as. 

-i{D-F)^__^ ... _ _^ I ig ^^ , / „ , f'. 

V2U ^^^^^'^'^'^TTF^^^ ^ {'' ̂  wr'^'^ 
'V'^~ir^^^^^^ 

2 -~M,^' 
+{D - F) {Y ' - r ^ ^ \ 7' 1 un{p) (B.ii) 



c Appendix 

Kinematics 

C.l Total Cross Section in Lab Frame 

For the process 

ui{k) + N{p) -> r{k') + K{pi) + y(j92); where l = e,i^,T [C 1 

the expression for differential cross section is given by 

,9 ,r, , 4 .4 / v ^ - r ^ \ 1 1 d^k' 1 rf''p2 

1 rfVi 1 
2E2{p2){2n)^'2Er{pi) 

SE|A^|' {C:2) 

where 2E{k)-2E{p) = AME and in lab frame E{p) — M the rest mass of nucloou. 
tVe/ = l(in natural units) for neutrino^ 

From momentum conservation k + p ^ k' + pi + p2 The above expression will I >e 

^ _ (27r)4 d'k' d^p, d^p2 ^,, 
^ " = lMEj2nr{2E^) {2.n2E{) (2^)3(2£;,)^ (^+p-A: ' -p,-p,)EE|Mi^ ' (C.::) 

Since P2 = k + p — k' — pi 

S^k + p ^ k'- pi ~ p2)d^P2 = I (C.4) 

^For convenience we dropped the vector sign. 
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and 

d'k' = \k'\'d\k'\diXi = Ei\k'\dEidQ,^ 

d^Pi = \pi\''d\pi\dn,^ = E,\pME^d% 

This would result 

1 1 .n. . , „ „ , 1 

'^^ = 4 M ^ ( 2 ^ ^ ' ( ^ ° + ^ ' ^ ^ ^ ^ - ^ ^ ) 8 £ ^ ^ ^ ^ ' ' " ^ ' ^ ^ ^ ^ ^ ^ ^ ^ 

xEi \k'\ El |pi| E S | X | 2 

•f" _ 1 1 rf,. , . , .• , .^l*'IIP.U^,w,. 

C,2 Recoil Factor 

C.2.1 Kaon Momentum Distribution pi 

Using Eq.(C.3) with substitution 

6\k + p^k'- p, - p2)rf'p2 = 1 (C.6) 

and using the relations 

d^k' = \k'\^d\k'\dnyi 

and 

Q ' V = |piprf|piM cos (9pj#p, 

the differential scattering cross section is given by 

d^a 1 1 

d\k'\dn,id\p^\d<i)^, 32(27r)5 
dcosep,6^{qo + M - E2~ El] 

X J^B^ilLssiA^P (C.7) 
MEE1E2E1 ' ' ^ ^ 

For observing kaon momentum distribution we have to calculate recoil factor by 
performing integration /(5°(go + M — Ex — E2)dcos9p^ and using property of delta 
function 

dx5[f{x)] = df 
dx 

-1 

(C. 
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And the 5—function appeared in Eq. C.7 goes with the integration of 

S^iqo + M ' E l - E2)dcosep^ 

The above integration can be evaluate using Eq. C.8. 

df 

f ((.M) 

d{qo + M - y/WTWif~MW^\^os9~rr4 £, 
dcosdpy 

df 
dcosO p i 

mpi\ 

The recoil factor(7?.) thus obtained from the Eq. C.IO '^ may be written as 

df 

(C 1(1) 

n = dcosO. p\ 

y/W + \pi\'-2mpr\cose,,+m, 

k1lPi 

Eo 
( C i i ; 

Using the 5—function we can find the cosOp^ and it comes out to be 

COS^pj = (C'.J2) 

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

=> 
d^a 

d\k'\dQ.yid\pi\d(j).^ p\ 

1 1 IfcflPlI''^ ^2 

Z2{2T^Y MEEiE2Ei\q\\pi 
•EE|A^p (C.13) 

To get the cross section we have to integrate over all the kinematical xariables 

da P"'"^ Ẑ " /^ 
-^— = / dki I d4>p^2Tr I dcosO^^i 

here we used, 

El = f, + Ml Er dEr = \PMPI\ 

Ti = El — nil, dEi — dTi 

where Ti is the kinetic energy of kaon. 

^This has to be positive as it is absolute. 

d^a 

d\k'\dQ^idpid(pp, 
iC.il) 

http://iC.il
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