
Weak production of strange particles off the nucleon

M. Rafi Alam∗, I. Ruiz Simo†, M. Sajjad Athar∗, L. Alvarez-Ruso∗∗ and M. J.
Vicente Vacas∗∗

∗Department of Physics, Aligarh Muslim University, Aligarh-202 002, India
†Dipartimento di Fisica, Universitá degli Studi di Trento Via Sommarive 14, Povo (Trento) I-38123, Italy

∗∗Departamento de Física Teórica and Instituto de Física Corpuscular, Centro Mixto Universidad de
Valencia-CSIC, E-46071 Valencia, Spain

Abstract. The strange particle production off the nucleon induced by neutrinos and antineutrinos is investigated at low and
intermediate energies. We develop a microscopic model based on the SU(3) chiral Lagrangian. The studied mechanisms are
the main source of single kaon production for (anti)neutrino energies up to 1.5 GeV. Using this model we have also studied
the associated production of kaons and hyperons. The cross sections are large enough to be measured by experiments such as
MINERνA, T2K and NOνA.

Keywords: chiral Lagrangian, kaon production, associated particle production
PACS: 14.40.Df,13.15.+g,12.15.-y,12.39.Fe

INTRODUCTION

With the observation of a largeθ13, neutrino experiments now pursue the discovery of CP violation in the leptonic
sector, and the precise determination of neutrino mixing parameters. These goals require a better precision in the
measurements, which can only be achieved with a very good theoretical and experimental understanding of neutrino
interactions on both nucleons and nuclear targets. Not onlythe study of neutrino induced weak interactions is important
to understand the analysis of the various oscillation experiments, but would also help to unravel the structure of weak
hadronic currents, in particular the strange quark contentof the nucleon, provide better estimates of atmospheric
backgrounds for nucleon decay searches and might even show hints for non-standard interactions. In the last several
years,ν −N quasi-elastic and one pion production processes have been studied in detail [1]. However, not much
attention has been paid to other inelastic channels like single kaon production, associated strange particle production
and single hyperon production [2].

In neutrino induced reactions, the first inelastic process creating strange quarks is the single kaon (K+ or K0)
production. This charged current (CC)|∆S|= 1 process is particularly appealing for several reasons. One of them is the
important background that it could produce, due to atmospheric neutrino interactions, in the analysis of proton decay
experiments. Another reason is its simplicity from a theoretical point of view. At low energies, it is possible to obtain
model independent predictions using Chiral Perturbation Theory (χPT) and, due to the absence ofS= 1 baryonic
resonances at these energies, the range of validity of the calculation could be reliably extended to energies higher
than for other channels. Furthermore, the associated production of kaons and hyperons has a higher energy threshold
(1.10 vs. 0.79 GeV) forνµ induced processes. This implies that, even when the associated production is not Cabibbo
suppressed, for a relatively wide energy region single kaonproduction could still be dominant. Similarly, in the case
of antineutrino induced processes on nucleon targets, the threshold for associated antikaon production corresponds to
theK− K̄ channel, and is much higher than for the single kaon case. Therefore, a|∆S|= 1 process, where an antikaon
(K− or K̄0) is produced is the dominant source of antikaons for a wide range of antineutrino energies. Our study may
be useful in the analysis of antineutrino experiments at MINERνA, NOνA, T2K and others. For instance, MINERνA
has plans to investigate several strange particle production reactions with both neutrino and antineutrino beams [3]
with high statistics. Furthermore, the T2K experiment [4],LBNE experiment [5] as well as beta beam experiments [6]
will work at energies where the single (anti)kaon production may be important.

Here we present the results of our calculations for (anti)neutrino induced single (anti)kaon production [7, 8]
reactions, and also for the associated production (|∆S| = 0) channel. Our microscopic model is based on the SU(3)
chiral Lagrangian. The basic parameters of the model arefπ , the pion decay constant, Cabibbo’s angle, the proton and
neutron magnetic moments and the axial vector coupling constants for the baryons octet,D andF , that are obtained
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FIGURE 1. Feynman diagrams for theν/ν̄(k)+N(p) → l(k′)+K(pk)+Y(p′)

from the analysis of the semileptonic decays of neutron and hyperons. For antineutrino induced singleK− or K̄0

production, we have also considered a mechanism with theΣ∗(1385) resonance in the intermediate state. In Sect.II,
we describe the formalism in brief and in Sect.III, the results and discussions are presented.

FORMALISM

The basic reactions forν(ν̄) CC single kaon production and associated particle production accompanied by a kaon
from a nucleon (p or n) target are,

νl +N → l− +N′ +K
ν̄l +N → l+ +N′ + K̄

}

CC (∆S= 1) (1)

νl +N → l− +Y+K
ν̄l +N → l+ +Y+K

}

CC (∆S= 0) (2)

wherel = e,µ , N&N′ are nucleons andY denotes a hyperon. The expression for the differential cross section in lab
frame for the above processes is given by

dσ =
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Here,ki( j) = (Ei( j),~ki( j)) are the initial(final) 4-momenta andM is the nucleon mass.̄ΣΣ|M |2 is the square of the
transition amplitude averaged (summed) over the spins of the initial (final) state. At low energies, this amplitude can
be written as
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where j(L)
µ andJµ (H) are the leptonic and hadronic currents respectively,GF is the Fermi coupling constant andg is

the gauge coupling. The leptonic current can be readily obtained from the standard model Lagrangian coupling of the
W bosons to the leptons

L = − g

2
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2

[

W+
µ ν̄l γµ(1− γ5)l +W−

µ l̄γµ(1− γ5)νl
]

. (5)

The hadronic current is obtained using Chiral PerturbationTheory (χPT). The lowest-order SU(3) chiral Lagrangian
describing the pseudo scalar mesons in the presence of an external weak current is discussed in Refs. [7, 8], and is
given by

L
(2)
M =

f 2
π
4

Tr[DµU(DµU)†]+
f 2
π
4

Tr(χU†+Uχ†), (6)

where the parameterfπ = 92.4 MeV is the pion decay constant,U is the SU(3) representation of the meson fields
and its covariant derivativeDµU = ∂µU − ir µU + iUl µ . In the CC case, the right and left handed currents,rµ = 0



TABLE 1. Constant factors appearing in the hadronic current. The upper sign corresponds to the processes withν̄
Process ACT BCT ASY AUΣ AUΛ ATY Aπ
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√

2)(W+
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µ T−), whereW± are the W fields while the matricesT± define the mixing of quark
flavors and depend on the Cabibbo angle. The lowest-order chiral Lagrangian for the baryon octet in the presence of
an external current can be written as [7]:
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whereMB denotes the mass of the baryon octet andB is the Baryon SU(3) matrix;Dµ B = ∂µB+ [Γµ ,B] whereΓµ
depends on the meson fields and the external currentsrµ and lµ introduced above. The parametersD = 0.804 and
F = 0.463 which are determined from the baryon semileptonic decays. For the single kaon/antikaon production, the
Feynman diagram and the corresponding hadronic currents are given in Refs. [7, 8]. Here we are discussing explicitly
the ∆S=0 channel. The Feynman diagrams contributing in this caseare shown in Fig. 1. The first row consists of
s-channel, t-channel and u-channel diagrams, whereas the next row has the contact andπ-pole terms. Using the chiral
Lagrangian for the different interaction vertices, the different contributions to the hadronic current coupling to theW
bosons for the above set of Feynman diagrams are
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HereY stands for the hyperon in the final state andY′ for the one in the intermediate one in the u-channel diagram.As
the dependence of the different terms on the momentum transferred to the nucleon is poorly known, if at all, a global
dipole form factorF(q2) = (1−q2/M2

A)−2 with a natural value ofMA = 1.05 GeV has been taken for the numerical
calculations. It’s effect is small at relatively low neutrino energies.
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FIGURE 2. Cross section for the|∆S|= 1 single kaon production.

RESULTS AND DISCUSSION

The total scattering cross sectionσ has been obtained from Eq. (3) after integrating over the kinematical variables. The
cross sections for theνµN → µ−N′K andν̄µN → µ+N′K̄ processes are given in the left panel of Fig. 2 whereas in the
right panel we show the explicit dependence of the differentterms of the amplitude for̄νµ p→ µ+p′K− 1. It is clear
from the figure that the contact term comes out to be the dominant one. For the said process the other important terms
are u-channel with aΛ in the intermediate state and theπ in flight. We have investigated all the channels for single
kaon production and they have almost the same trend [7, 8]. Here it is important to note that the resonant term is not so
significant even at high energies, in variance with weak pionproduction, where the cross section comes predominantly
from the∆(1232) resonance at the energies considered here.

Unlike the single kaon production channels,∆S= 0 processes are not Cabibbo suppressed. Therefore, they are
assumed to be dominant even at low energies. Moreover, theremay be important resonant contributions to the∆S= 0
processes, which we have not considered in the present study. However, we must point out that the inclusion of these
resonances, which make the dynamics of these channels more involved, can play a relevant role as it is known from
associated strangeness photoproduction studies. Recently, a model that describes reasonablyπ ,γ → KΛ,KΣ has been
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FIGURE 3. Cross section for the|∆S| = 0 associated kaon production.

1 Further details can be found in our papers on kaon production[7, 8]
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used to predict the corresponding reactions induced by neutrinos in the forward direction by applying PCAC [9].
Within our model the contact term turns out to be the most dominant contribution followed by the s- and u- channel

diagrams. Using Eq. (3), we have obtained the cross section as a function of the (anti)neutrino energy. The results are
shown in Fig. 3 for neutrino (left panel) and antineutrino (right panel) induced reactions. We find that the cross sections
for the reaction channels with aΛ in the final state are the largest. This can be understood fromthe relative strength of
the couplinggNKΛ =

√
3(D + 3F)/(6 fπ) vs gNKΣ = −3(D−F)/(6 fπ). Furthermore,Λ production is favored by the

available phase space due to its small mass relative toΣ baryons. Forνµn→ µ−Σ+K0 andν̄µ p→ µ+Σ−K+ there is
no contribution from the contact term and hence the cross sections are relatively lower.

We have also studied the nature of theQ2 distribution near threshold at 1.5 GeV for (anti)neutrino induced∆S= 0
processes and the results are shown in Fig. 4. We also find thatthe processes with aΛ in the final state have a sharper
peak than the other channels, whileνµn → µ−Σ+K0 has a broader peak. It is also important to note that theQ2

distributions for antineutrino reactions are more forwardpeaked than those of the corresponding neutrino channels.
To summarize, in this work we have studied single kaon production and the associated strange particle production

processes on nucleons induced by (anti)neutrinos. The present study, based on the SU(3) chiral Lagrangians, should
be quite reliable at low and intermediate energies as the parameters of the model are well known. For the single kaon
production, we find that the cross sections are large enough to be measured at the Minerva, T2K and other experiments.
Furthermore, the study of these cross sections may be helpful in estimating background contribution in nucleon decay
searches. The present study of associated particle production is a first step towards a realistic description of these
reactions that would be helpful to update the present modelsused in neutrino Monte Carlo generators.
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