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The charged current (anti)neutrino induced eta production from the nucleons is studied in a model based
on the effective Lagrangians to evaluate the contribution from the nonresonant and resonant diagrams.
The contribution from the nonresonant background terms has been obtained using a microscopic model
based on the SU(3) chiral Lagrangians. The contribution from the resonant diagrams due to the low lying
S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ resonances has been evaluated using an effective phenomenological
Lagrangian with its parameters determined from the experimental values of their branching ratios and decay
widths to the Nη channel. The model is first used to reproduce satisfactorily the experimental data from the
MAINZ and JLab on the total cross sections for the photo- and electro- production of ηmesons, which fixes
the model parameters in the vector current interaction. The partially conserved axial vector current (PCAC)
hypothesis and generalized Goldberger-Treiman relation are used to fix the parameters of the axial vector
current interaction. The model is then applied to study the weak production of eta mesons induced by the
neutrinos and antineutrinos, and predicts the numerical values for the Q2-distribution, η-momentum
distribution, and the total cross section for the reactions νμ þ n → μ− þ pþ η and ν̄μ þ p → μþ þ nþ η in
the energy region up to 2 GeV. It is found that the photo, electro, and (anti)neutrino induced production of eta
mesons is dominated by the contribution from the S11ð1535Þ resonance. The results discussed in this work
are relevant for the present and future accelerator experiments like MicroBooNE, T2K, NOvA, MINERvA,
T2-HyperK, and DUNE as well as for the atmospheric neutrino experiments.
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I. INTRODUCTION

Many efforts are being made around the world to
understand more about the neutrinos, with the top priorities
focused on obtaining the precise information about the
mass hierarchy of the neutrino mass states, and the CP
violating phase delta (δCP) [1]. Various experiments using
the accelerator and the atmospheric neutrinos are being
carried out in the few GeV energy region for this purpose.
All of these experiments make use of moderate to heavy
nuclear targets such as carbon, oxygen, argon, iron, and
lead, which necessitate an understanding of the nuclear
medium effects that affects the (anti)neutrino-nucleon cross
sections when the interaction takes place with the bound
nucleons in these nuclei. The study of such nuclear medium
effects makes use of a suitable model of the nucleus for
describing the nuclear structure along with a good knowl-
edge of the scattering amplitudes for the basic weak

processes of (anti)neutrino scattering from the free nucle-
ons like the neutral current (NC) elastic, charged current
(CC) quasielastic, inelastic, and deep inelastic scattering
(DIS). While the (anti)neutrino scattering processes of NC
elastic, CC quasielastic and DIS from the free nucleons is
well studied in the standard model, this is not the case with
the inelastic scattering despite the enormous work done on
the dominant process of the inelastic single pion production
in the region of a few GeV. There are many other inelastic
processes, in addition to the single pion production, like the
production of kaons, hyperons with (without) accompanying
pions, multipions, ρ, ω, and η mesons, which have not been
studied with the same rigor as the single pion production.
A study of these processes is important in the region of a few
GeV energy where many higher resonances are excited
which decay into these particles. Such studies contribute to a
better understanding of the various electroweak processes of
the excitation of higher resonances in the energy region of
shallow inelastic scattering (SIS) leading to the DIS region.
The results in the SIS region and their comparison with the
results in the DIS region provides an opportunity to under-
stand the phenomenon of quark-hadron duality in electro-
weak interactions.
In recent years, some work on the kaon and hyperon

productions with and without accompanying pions have
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been done, but no work has been done on the η production
except a very early work by Dombey [2] and a recent work
by Nakamura et al. [3]. In view of the recent developments
in the detector technology, it is possible to experimentally
look for the weak production of η mesons induced
by neutrinos and antineutrinos in present experiments at
MicroBooNE, T2K, NOvA, MINERvA, and future experi-
ments at T2-HyperK and DUNE. For example, the
MicroBooNE collaboration is currently performing the
analysis to study the η production cross section [4]. In
addition to the additional weak processes of the η pro-
duction, which should be taken into account in modeling
the neutrino cross sections being used in various neutrino
event generators, the weak production of η is an important
source probe to search for the strangeness content of the
nucleons [5]. Moreover, the weak production of η also
plays an important role in the background studies in search
of the proton decays through the p → ηeþ modes. In view
of the topical importance of the weak production of η,
we have studied in this work the CC production of η
from the free nucleons induced by the (anti)neutrinos
through the reactions

νμ þ n → μ− þ pþ η ð1Þ

ν̄μ þ p → μþ þ nþ η ð2Þ

in a model using the effective Lagrangian approach.
Separate effective Lagrangians are used to evaluate the
contributions of the nonresonant Born terms and the
resonant terms. An effective Lagrangian based on SU(3)
chiral symmetry is used for the nonresonant Born terms.
The basic parameters of the model are fm, the meson decay
constants, 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 low lying I ¼ 1

2
resonances such as S11ð1535Þ,

S11ð1650Þ, and P11ð1710Þ. The vector form factors of
the N − S11 and N − P11 transitions have been obtained
from the helicity amplitudes extracted in the analysis of
pion photo- and electro- production data using the MAID
analysis in the unitary isobar model [6]. The present model
has been earlier used to study the associated particle
production using real photons off the proton target [7],
weak interaction induced single pion production [8], kaon
production [9–11], two pion production [12], etc. For a
detailed description, please see Ref. [13].
First, we have applied this model to obtain the results

of the cross sections for photo- and electro-induced eta
production off the nucleon target. The production of η
particle in electromagnetic reactions induced by photons
and electrons is well studied experimentally, with the
availability of high-duty cycle electron accelerators, such
as the MIT-Bates, ELSA at Bonn, MAMI at Mainz,

NIKHEF at Watergraafsmeer, and CEBAF at JLab [14–24].
Recently, results have been reported from MAMI-C [18]
using Crystal Ball and TAPS multi photon spectrometer in
the energy range of 707 MeV to 1.4 GeV for the differential
as well as the total scattering cross sections. In theoretical
studies of the η production in the electromagnetic reactions
induced by photons and electrons [25–43], the contribution
of the vector current is fairly known. We find that the
theoretical results obtained in this model explain well the
photoproduction total cross section data from CLAS
2006 [44] for γ þ p → Λþ K, and the photoproduction
data from MAMI Crystal Ball [18,19] for γ þ p → pþ η
and γ þ n → nþ η, and the electroproduction data from
CLAS 2001 [16] for eþ p → eþ pþ η. These results have
been used to fix the electromagnetic vector couplings and the
Q2 dependence of the vector N − R transition form factors.
This information is then used to obtain the isovector vector
form factors for N − R transitions. The axial vector coupling
is fixed using the experimental S11 → Nπ and P11 → Nπ
partial decay widths. Assuming the pion-pole dominance
together with the PCAC hypothesis, the pseudoscalar form
factor is obtained in terms of the axial vector form factor.
For the Q2 dependence of the axial vector form factor, we
have used a dipole form with the value of axial dipole mass
taken to be MA ¼ 1 GeV.
The plan of the paper is following. In Secs. II A and II B,

we present the formalism for photon and electron induced
eta production, respectively. In Sec. II C, the formalism for
the charged current νlðν̄lÞ induced eta production has been
presented. The results and discussions are presented in
Sec. III, and Sec. IV concludes our findings.

II. FORMALISM

The eta meson is an isoscalar pseudoscalar particle
(I ¼ 0; JP ¼ 0−), a member of the ground state SU(3)
meson nonet with mass 547.86 MeV, a life time of
about 5 × 10−19 sec and decays mainly to 3π ð∼56%Þ,
2γ ð∼39%Þ, and πþπ−γ ð∼4.5%Þ modes. The η mesons are
produced at Eνlðν̄lÞ ≥ 0.71ð0.88Þ GeV for νeðνμÞ induced
CC reactions. In the following sections, we have first
applied our model to study the electromagnetic production
of eta mesons induced by real and virtual photons, followed
by the weak production of eta induced by (anti)neutrinos
from the free nucleon target.

A. η production induced by photons

The differential cross section for the photoproduction
of η meson off the free nucleon, i.e.,

γðqÞ þ NðpÞ → Nðp0Þ þ ηðpηÞ; ð3Þ

is written as
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dσ ¼ 1

4ðq · pÞ ð2πÞ
4δ4ðqþ p − pη − p0Þ dp⃗η

ð2πÞ3ð2EηÞ

×
dp⃗0

ð2πÞ3ð2E0Þ
X
r

X
jMrj2; ð4Þ

where N ¼ p or n, the quantities in the parentheses of
Eq. (3) represent the four momenta of the corresponding
particles, Eη and E0, respectively, are the energies of the

outgoing eta and nucleon.
P̄ P jMrj2 is the square of the

transition matrix element Mr, for the photon polarization
state r, averaged and summed over the initial and final
spin states.
Using Eq. (4), the differential cross section dσ

dΩ in the c.m.
frame (Fig. 1) is written as

dσ
dΩ

����
c:m:

¼ 1

64π2s
jp⃗0j
jp⃗j

X
r

X
spin

jMrj2; ð5Þ

where the c.m. energy
ffiffiffi
s

p
is obtained as

s ¼ W2 ¼ ðqþ pÞ2 ¼ M2 þ 2MEγ; ð6Þ

with Eγ being the energy of the incoming photon in the
laboratory frame.
In the above expression, the transition matrix element

Mr for the reaction (3) is written in terms of the real photon
polarization vector ϵrμ, i.e.

Mr ¼ eϵrμðqÞJμ; ð7Þ

where e ¼ ffiffiffiffiffiffiffiffi
4πα

p
with α being the fine-structure constant,

Jμ ¼ hNðp0ÞηðpηÞjJμEMjNðpÞi is the matrix element of the
electromagnetic current (JμEM) taken between the hadronic
states jNi and jNηi, and ϵrμðqÞ satisfy the condition

X
r¼�1

ϵ�ðrÞμ ϵðrÞν → −gμν: ð8Þ

The hadronic tensor J μν is defined in terms of the hadronic
current Jμ as

J μν ¼
XX

spins

Jμ†Jν ¼ Tr½ð=pþMÞJ̃μð=p0 þM0ÞJν�;

J̃μ ¼ γ0ðJμÞ†γ0; ð9Þ

where M and M0 are the masses of the incoming and
outgoing nucleons, respectively. The hadronic matrix
element receives contributions from the nonresonant back-
ground terms and the terms corresponding to the resonance
excitations, which diagrammatically are shown in Fig. 2.
The total current Jμ is therefore written as:

Jμ ¼ JμNR þ JμRe
iΦ ð10Þ

whereΦ is the relative phase with which the hadronic current
corresponding to the nonresonant (JμNR) and the resonance
(JμR) terms are added. In the case of pion production, the
value ofΦ is generally taken as zero [45–47] and the currents
are added coherently. We have followed the same prescrip-
tion, in the case of η production, and added the currents
corresponding to the nonresonant and resonance terms
coherently. The hadronic currents for the various nonreso-
nant terms shown in Fig. 2 are obtained using the nonlinear
sigma model which in the following has been discussed
very briefly. The explicit expressions for the hadronic
currents are given in Sec. II A 2 for the nonresonant and
the resonance terms.
Using Eqs. (8) and (9), the transition matrix element

squared is obtained as

X̄
r

X
spin

jMrj2 ¼ −
e2

4
gμνJ μν; ð11Þ

used for the cross sections defined in Eq. (5).

1. Nonlinear sigma model

The lowest-order SUð3Þ chiral Lagrangian in the non-
linear sigma model describing the pseudoscalar mesons in
the presence of an external current, is given by [48,49]:

LM ¼ fm
4
Tr½DμUðDμUÞ†�: ð12Þ

The covariant derivatives DμU and DμU† appearing in
Eq. (12) are expressed in terms of the partial derivatives as

DμU ≡ ∂
μU − irμU þ iUlμ;

DμU† ≡ ∂
μU† þ iU†rμ − ilμU†; ð13Þ

FIG. 1. Diagrammatic representation of the process γðqÞ þ
NðpÞ → ηðpηÞ þ Nðp0Þ in the center of mass (c.m.) frame. The
quantities in the parentheses represent the four momenta of the
corresponding particles. θc.m. is the angle between photon and eta
in the c.m. frame.
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where U is the SUð3Þ unitary matrix given as

UðxÞ ¼ exp

�
i
ΦðxÞ
fm

�
; ð14Þ

where fm is the meson decay constant,ΦðxÞ corresponds to
the 3 × 3 pseudoscalar meson matrix. rμ and lμ, respec-
tively, represent the right and left handed currents, defined
in terms of the vector (vμ) and axial-vector (aμ) fields as

lμ ¼
1

2
ðvμ − aμÞ; rμ ¼

1

2
ðvμ þ aμÞ: ð15Þ

The vector and axial-vector fields are different for the
interaction of the different gauge boson fields with the
meson fields.
In the case of electromagnetic gauge fields, the left and

right handed currents are identical and are expressed as

lμ ¼ rμ ¼ −eQ̂Aμ; ð16Þ

where e is the strength of the electromagnetic interaction,
Aμ represents the photon field and

Q̂ ¼

0
B@

2=3 0 0

0 −1=3 0

0 0 −1=3

1
CA

represents the charge of the u, d, and s quarks. In the case
of weak CC induced processes, the left and right handed
currents are expressed as

lμ ¼ −
g
2
ðWþ

μ Tþ þW−
μT−Þ; rμ ¼ 0; ð17Þ

where g ¼ e
sin θW

, θW is the Weinberg angle, W�
μ represents

the W-boson field and T� is defined as

Tþ ¼

0
B@

0 Vud Vus

0 0 0

0 0 0

1
CA; and T− ¼

0
B@

0 0 0

Vud 0 0

Vus 0 0

1
CA;

ð18Þ

with Vud ¼ cos θC and Vus ¼ sin θC being the elements
of the Cabibbo-Kobayashi-Maskawa matrix and θC being
the Cabibbo angle.
The lowest-order chiral Lagrangian for the baryon

octet in the presence of an external current, may be
written in terms of the SUð3Þ matrix of the baryons B
as [48,49],

LMB ¼ Tr½B̄ði=D −MÞB� −D
2
TrðB̄γμγ5fuμ; BgÞ

−
F
2
TrðB̄γμγ5½uμ; B�Þ; ð19Þ

where M denotes the mass of the baryon octet, D ¼ 0.804
and F ¼ 0.463 are the symmetric and antisymmetric axial-
vector coupling constants for the baryon octet, and the
Lorentz vector uμ is given by [49]:

uμ ¼ i½u†ð∂μ − irμÞu − uð∂μ − ilμÞu†�: ð20Þ

FIG. 2. Feynman diagrams corresponding to the nonresonant Born terms (left panel) and resonance excitations (right panel) for the
process γðqÞ þ NðpÞ → ηðpηÞ þ Nðp0Þ. Diagrams shown in the top panel are the nucleon pole diagrams, while the one shown in the
bottom panel corresponds to the cross nucleon pole diagrams. In the case of electromagnetic interactions,W ¼ γ; γ� andN0 ¼ N ¼ p, n,
while in the case of CC induced weak interactions, W ¼ W� and N0 and N corresponds to the different nucleons depending upon the
charge conservation. The quantities in the parentheses represent the four momenta of the corresponding particles.
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In the case of meson-baryon interactions, the unitary matrix
for the pseudoscalar field is expressed as

u ¼
ffiffiffiffi
U

p ≡ exp

�
i
ΦðxÞ
2fm

�
; ð21Þ

and the covariant derivative Dμ on the baryon fields B is
given by

DμB ¼ ∂μBþ ½Γμ; B�; with

Γμ ¼ 1

2
½u†ð∂μ − irμÞuþ uð∂μ − ilμÞu†�; ð22Þ

which is known as the chiral connection.

2. Currents for the nonresonant Born terms
and resonance excitations

Expanding the Lagrangians given in Eqs. (12) and (19)
for the lowest lying baryons and mesons, one obtains the
Lagrangians for any desired vertex involving the inter-
actions of mesons and baryons among themselves or
with the external fields. Using these Lagrangians, the
expressions of the hadronic currents for s-, u-channels
of the η photoproduction processes, corresponding to the
Feynman diagrams shown in Fig. 2 (left panel), are
obtained as [13]:

JμjsN ¼ −AsFsðsÞūðp0Þ=pηγ5
=pþ =qþM
s −M2

×

�
γμeN þ i

κN
2M

σμνqν

�
uðpÞ; ð23Þ

JμjuN ¼ −AuFuðuÞūðp0Þ
�
γμeN þ i

κN
2M

σμνqν

�

×
=p0 − =qþM
u −M2

=pηγ5uðpÞ; ð24Þ

where N stands for a proton or a neutron in the initial
and final states, s is defined in Eq. (6) and u ¼ ðp0 − qÞ2,
Ai’s; i ¼ s, u are the coupling strengths of s, and u
channels, respectively, and are obtained as [13]

As ¼ Au ¼
�
D − 3F

2
ffiffiffi
3

p
fη

�
: ð25Þ

D and F are the axial-vector couplings of the baryon
octet and fη ¼ 105 MeV [50] is the η decay constant. The
value of κ for proton, and neutron are κp ¼ 1.7928, and
κn ¼ −1.913 in units of μN [51].
In order to take into account the hadronic structure of the

nucleons, the form factors FsðsÞ, and FuðuÞ, are introduced
at the strong vertex. Various parametrizations of these form
factors are available in the literature [52]. We use the most

general form of the hadronic form factor which is taken to
be of the dipole form [7]:

FxðxÞ ¼
Λ4
B

Λ4
B þ ðx −M2

xÞ2
; x ¼ s; u; ð26Þ

where ΛB is the cutoff parameter taken to be the same for
the s- and u-channel nonresonant Born terms. x represents
the Mandelstam variables s, u, andMx ¼ M corresponds to
the mass of the exchanged nucleons in the s and u channels.
The value of ΛB is fitted to the experimental data for
both the proton and neutron targets simultaneously and the
best fitted value is ΛB ¼ 0.78 GeV for s- and u-channel
diagrams. One of the most important property of the
electromagnetic current is the gauge invariance which
ensures the current conservation and is implemented in
the case of η production.
In the present work, we have taken into account only

the low lying resonances, which have massMR < 1.8 GeV
and have a significant branching ratio to the Nη mode
reported in PDG [51]. Specifically, we have considered
three spin 1

2
resonances viz. S11ð1535Þ, S11ð1650Þ, and

P11ð1710Þ. The general properties of these resonances like
mass, decay width, spin, etc. are given in Table I, where
we see that S11ð1535Þ resonance dominates the coupling to
the Nη channel.
The hadronic vector transition current for the spin 1

2

resonance state is given by [53]

jμ1
2

¼ ūðp0ÞΓμ
1
2

uðpÞ; ð27Þ

where uðpÞ and ūðp0Þ are, respectively, the Dirac spinor
and the adjoint Dirac spinor for spin 1

2
particles and Γμ

1
2

is the vertex function. For a positive parity state, Γμ
1
2
þ is

given by

Γμ
1
2
þ ¼ Vμ

1
2

; ð28Þ

and for a negative parity resonance, Γμ
1
2
− is given by

Γμ
1
2
− ¼ Vμ

1
2

γ5; ð29Þ

where Vμ
1
2

represents the vector current parametrized in

terms of FRþ;R0

2 , as

Vμ
1
2

¼
�
FRþ;R0

2

2M
iσμαqα

�
: ð30Þ

The coupling FRþ;R0

2 is derived from the helicity amplitudes
extracted from the real photon scattering experiments.
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The explicit relation between the coupling FRþ;R0

2 and the
helicity amplitude Ap

1
2

is given by [7]:

Ap;n
1
2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πα

M
ðMR ∓ MÞ2
M2

R −M2

s �
MR �M

2M
FRþ;R0

2

�
; ð31Þ

where the upper (lower) sign stands for the positive
(negative) parity resonance. Rþ and R0 correspond, respec-
tively, to the charged and neutral states of the isospin 1

2

resonances. MR is the mass of corresponding resonance.
The value of the helicity amplitude Ap;n

1
2

for the S11ð1650Þ
resonance is taken from MAID [54], while for the other
spin 1

2
nucleon resonances, these values are taken from

PDG [51] and are quoted in Table II.
The most general form of the hadronic currents for the

s− and u−channel processes where a resonance state R1
2
is

produced and decays to a η and a nucleon in the final state,
are written as

jμjs ¼
gRNη

fη
ūðp0Þ=pηΓs

�
=pþ =qþMR

s −M2
R þ iMRΓR

�
Γμ

1
2
�uðpÞ;

jμju ¼
gRNη

fη
ūðp0ÞΓμ

1
2
�

�
=p0 − =qþMR

u −M2
R þ iMRΓR

�
=pηΓsuðpÞ;

ð32Þ

where ΓR is the decay width of the resonance, Γs ¼ 1ðγ5Þ
stands for the positive (negative) parity resonances. Γ1

2
þ and

Γ1
2
− are, respectively, the vertex functions for the positive

and negative parity resonances, defined in Eqs. (65)
and (66), respectively. gRNη is the coupling strength for
the process R → Nη, given in Table I.
We determine the RNη coupling using the value of

branching ratio and decay width of these resonances from
PDG [51] and use the expression for the decay rate which
is obtained by writing the most general form of RNη
Lagrangian [55]:

LRNη ¼
gRNη

fη
Ψ̄RΓ

μ
s∂μη

iτiΨ; ð33Þ

where gRNη is the RNη coupling strength. Ψ is the nucleon
field andΨR is the resonance field. ηi is the eta field and τ is
the isospin factor for the isospin 1

2
states. The interaction

vertex Γμ
s ¼ γμγ5 (γμ) stands for positive (negative) parity

resonance states.
Using the above Lagrangian, one obtains the expression

for the decay width in the resonance rest frame as [13]:

ΓR→Nη ¼
C
4π

�
gRNη

fη

�
2

ðMR �MÞ2 EN ∓ M
MR

jp⃗cm
η j; ð34Þ

where the upper (lower) sign represents the positive
(negative) parity resonance. The parameter C depends upon
the charged state of R, Nη and is obtained from the isospin

TABLE II. Parametrization of the transition form factors for
S11ð1535Þ, S11ð1650Þ, P11ð1710Þ resonances on the proton and
neutron targets. Aαð0Þ is given in units of 10−3 GeV−2 and the
coefficients a1 and b1 in units of GeV−2.

Proton target Neutron target

Resonance
Helicity
amplitude Aαð0Þ a1 b1 Aαð0Þ a1 b1

S11ð1535Þ A1
2

95.0 0.5 0.51 −78.0 1.75 1.75
S1

2
−2.0 23.9 0.81 32.5 0.4 1.0

S11ð1650Þ A1
2

33.3 1.45 0.62 26.0 0.1 2.5
S1

2
−3.5 2.88 0.76 3.8 0.4 0.71

P11ð1710Þ A1
2

50.0 1.4 0.95 −45.0 −0.02 0.95
S1

2
27.4 0.18 0.88 −31.5 0.35 0.85

TABLE I. Properties of the spin 1
2
resonances available in the PDG [51], with Breit-Wigner mass MR, the

total decay width ΓR, isospin I, spin J, parity P, the branching ratio full range available from PDG (used in the
present calculations) into different meson-baryon like Nπ, Nη, KΛ, and Nππ, and the strong coupling constant gRNπ

and gRNη.

Resonance →
S11ð1535Þ S11ð1650Þ P11ð1710ÞParameters ↓

MR (GeV) 1.510� 0.01 1.655� 0.015 1.700� 0.02
ΓR (GeV) 0.130� 0.02 0.135� 0.035 0.120� 0.04
IðJPÞ 1

2
ð1
2
−Þ 1

2
ð1
2
−Þ 1

2
ð1
2
þÞ

Branching ratio (in %) Nπ 32–52 (43) 50–70 (60) 5–20 (16)
Nη 30–55 (40) 15–35 (25) 10–50 (20)
KΛ − 5–15 (10) 5–25 (15)
Nππ 4–11 (17) 20–58 (5) 14–48 (49)

jgRNπj 0.1019 0.0915 0.0418
jgRNηj 0.3696 0.1481 0.1567
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analysis and found out to be 1. jp⃗cm
η j is the outgoing eta

momentum measured from the resonance rest frame and is
given by,

jp⃗cm
η j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2 −M2

η −M2Þ2 − 4M2
ηM2

q
2MR

ð35Þ

and EN , the outgoing nucleon energy is

EN ¼ W2 þM2 −M2
η

2MR
; ð36Þ

where W is the total center of mass energy carried by the
resonance.
In analogy with the nonresonant terms, we have con-

sidered the following form factors at the strong vertex, in
order to take into account the hadronic structure:

F�
xðxÞ ¼

Λ4
R

Λ4
R þ ðx −M2

xÞ2
; ð37Þ

whereΛR is the cutoff parameter whose value is fitted to the
experimental data, x represents the Mandelstam variables s,
u, and Mx ¼ MR corresponding to the mass of the nucleon
resonances exchanged in the s, and u channels. In general,
ΛR would be different from ΛB, however, in the case of η
production by photons, it happens that the same value ofΛR

as that of ΛB, i.e., ΛR ¼ ΛB ¼ 0.78 GeV gives the best fit
to the experimental data. The same values of ΛR and ΛB
help us to minimize the number of free parameters used to
fit the experimental data.
In Fig. 3, we have presented the results for the total

scattering cross section σ as a function of W for γ þ p →
pþ η and γ þ n → nþ η processes in the region of W
from η production threshold to KΛ production threshold.
We have compared our theoretical results with the
experimental data obtained by McNicoll et al. [18] for
the MAMI crystal ball collaboration on the proton
target and the quasifree neutron data from Werthmuller
et al. [19] for the MAMI A2 collaboration. It may be
observed from the figure that in the case of η production
from the proton and neutron targets, our results, with a
very few free parameters, are in a very good agreement
with the available experimental data. To show the
dominance of S11ð1535Þ resonance in the first peak
region, we have also presented the results obtained by
switching off S11ð1535Þ resonance. It may be noticed that
the first peak in the case of pη as well as nη channels is
dominated only by S11ð1535Þ resonance.

B. Electroproduction of eta meson

The electron induced η production off the nucleon target
is given by the reaction

e−ðkÞ þ NðpÞ → e−ðk0Þ þ Nðp0Þ þ ηðpηÞ; ð38Þ

where the four-momentum for each particle is indicated in
the parentheses. The four-momentum of the virtual photon
exchanged in electroproduction is given by q ¼ k − k0.
The differential cross section for the electroproduction

process can be written as

dσ¼ 1

4MEeð2πÞ5
dk⃗0

ð2ElÞ
dp⃗0

ð2ENÞ
dp⃗η

ð2EηÞ
δ4ðkþp−k0−p0−pηÞ

×
XX

jMj2; ð39Þ

where kðk0Þ is the four momentum of the incoming (out-
going) electron with energy EeðElÞ; p is the four momen-
tum of the incoming nucleon which is at rest, EN and p0
are respectively the energy and four momentum of the
outgoing nucleon, and the four momentum of η is pη with
energy Eη, and M is the nucleon mass. The different
kinematical variables used in the numerical calculations
of the scattering cross section are depicted in Fig. 4, where
the scattering plane is in the laboratory frame while the
reaction plane is in the center of mass (c.m.) frame.P̄ P jMj2 is the square of the transition amplitude
averaged (summed) over the spins of the initial (final)
states and the transition matrix element is written in terms
of the leptonic and the hadronic currents as

1.5 1.55 1.6 1.65 1.7

W (GeV)

0

2

4

6

8

10

12

14

16

� 
(�

b)

� + p � p + �
� + n � n + �
MAMI 2010
MAMI 2014
p� (Without S

11
 (1535))

n� (Without S
11

 (1535))

FIG. 3. Total cross section σ vs.W for γp → ηp (solid line) and
γn → ηn (dashed line) processes using the full model. The results
obtained when the contribution of S11ð1535Þ resonance is
switched off are shown here by a solid line with triangles (dashed
line with triangles) for pηðnηÞ production channels. The exper-
imental points for the proton target (solid circle) are obtained
from MAMI crystal ball collaboration [18], and for the neutron
target (solid diamond) we have used the quasifree neutron data
from MAMI A2 collaboration [19].
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M ¼ e2

q2
lμjμ; ð40Þ

where lμ and jμ, respectively, are the leptonic and hadronic
currents. The leptonic current is given as

lμ ¼ ūðk0ÞγμuðkÞ; ð41Þ

and jμ is the sum of the hadronic currents corresponding to
the Born terms and resonance excitations, which will be
discussed later in Sec. II B 1.
Integrating over the three momentum of the outgoing

nucleon, the expression for the differential scattering
cross section given in Eq. (39) in the hadronic c.m. frame
becomes

d5σ
dEldΩldΩqpη

¼ 1

32ð2πÞ5
jk⃗0jjp⃗ηj
EeMW

XX
jMj2: ð42Þ

The fivefold differential cross section for the electropro-
duction can also be expressed as [56–58]:

dσ
dΩldEldΩqpη

¼ Γ
dσv
dΩqpη

; ð43Þ

with the flux of the virtual photon field given by

Γ ¼ α

2π2
El

Ee

K
Q2

1

1 − ε
: ð44Þ

In the above equation, K ¼ ðW2 −M2Þ=2M denotes the
“photon equivalent energy,” the laboratory energy neces-
sary for a real photon to excite a hadronic system with c.m.
energy W. The transverse polarization parameter of the
virtual photon

ε ¼
�
1þ 2

jq⃗j2
Q2

tan2
θl
2

�−1
; ð45Þ

where Q2 ¼ −q2 ¼ −ðk − k0Þ2.
It is useful to express the angular distribution of the eta

mesons in the c.m. frame of the final hadronic states,
particularly for the use of multipole decompositions.
Therefore, the virtual photon cross section dσv=dΩ should
be evaluated in the c.m. frame, while the fivefold differ-
ential cross section in Eq. (43) is interpreted with the flux
factor in the lab frame. By choosing the energies of the
initial and final electrons and the scattering angle θl (see
Fig. 4), we can fix the momentum transfer Q2 and the
polarization parameter ε of the virtual photon.

1. Currents for the nonresonant Born terms
and resonance excitations

Currents corresponding to the nucleon Born terms for the
electroproduction of eta mesons, depicted in Fig. 2, are
obtained using the nonlinear sigma model discussed in
Sec. II A 1 and are written as:

JμNðsÞ ¼
D − 3F

2
ffiffiffi
3

p
fη

ūNðp0Þ=pηγ
5

=pþ =qþM
ðpþ qÞ2 −M2

Oμ
NuNðpÞ

JμNðuÞ ¼
D − 3F

2
ffiffiffi
3

p
fη

ūNðp0ÞOμ
N

=p − =pη þM

ðp − pηÞ2 −M2
=pηγ

5uNðpÞ;

ð46Þ

where the γNN vertex operatorOμ
N is expressed in terms of

the Q2 dependent nucleon form factors as,

Oμ
N ¼ FN

1 ðQ2Þγμ þ FN
2 ðQ2Þiσμν qν

2M
: ð47Þ

The Dirac and Pauli form factors of the nucleon viz.
Fp;n
1 ðQ2Þ and Fp;n

2 ðQ2Þ, respectively, may be expressed

FIG. 4. Electron (electromagnetic)/(anti)neutrino (weak) scattering and reaction planes, depicting the hadronic plane in c.m. frame and
scattering plane in the laboratory frame. The kinematical variables used in the calculation of the scattering cross sections are defined in
the figure.
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in terms of the Sach’s electric [Gp;n
E ðQ2Þ] and magnetic

[Gp;n
M ðQ2Þ] form factors of the nucleons as,

Fp;n
1 ðQ2Þ ¼

�
1þ Q2

4M2

�−1�
Gp;n

E ðQ2Þ þ Q2

4M2
Gp;n

M ðQ2Þ
�

Fp;n
2 ðQ2Þ ¼

�
1þ Q2

4M2

�−1
½Gp;n

M ðQ2Þ − Gp;n
E ðQ2Þ�: ð48Þ

There are various parametrization for Gp;n
E;MðQ2Þ those are

available in the literature. For the present work we have
taken the parametrization of these form factors fromBradford
et al. [59], also known as BBBA05 parametrization.
Now we discuss the hadronic current corresponding to

the resonance excitations and their subsequent decay to Nη
channel. The general expression of the hadronic current for
the resonance excitation in the s- and u-channels, corre-
sponding to the Feynman diagrams shown in Fig. 2 (right
panel), are written, as,

jμjs ¼
gRNη

fη
ūðp0Þ=pηΓs

�
=pþ =qþMR

s −M2
R þ iMRΓR

�
Γμ

1
2
�uðpÞ;

jμju ¼
gRNη

fη
ūðp0ÞΓμ

1
2
�

�
=p0 − =qþMR

u −M2
R þ iMRΓR

�
=pηΓsuðpÞ;

ð49Þ

where gRNη is the strong coupling constant, which we have
fixed using the η production data. The vertex function Γμ

1
2
�

for the positive and negative parity resonances is given in
Eqs. (65) and (66), respectively, where the vector current
Vμ

1
2

in the case of electroproduction processes is expressed

in terms of the Q2 dependent form factors FRþ;R0

1;2 ðQ2Þ as

Vμ
1
2

¼FR
1 ðQ2Þ
ð2MÞ2 ð=qqμþQ2γμÞþFR

2 ðQ2Þ
2M

iσμνqν; R¼Rþ;R0:

ð50Þ

The electromagnetic transition form factors for the
charged [FRþ

1;2ðQ2Þ] and neutral [FR0

1;2ðQ2Þ] states are then
related to the helicity amplitudes given by the following
relations [13];

A1
2
¼

ffiffiffiffiffiffiffiffi
2πα

KR

s �
R; JZ ¼ 1

2

����ϵþμ Jμi
����N; JZ ¼ −1

2

	
ζ

S1
2
¼ −

ffiffiffiffiffiffiffiffi
2πα

KR

s
jq⃗jffiffiffiffiffiffi
Q2

p �
R; JZ ¼ 1

2

����ϵ0μJμi
����N; JZ ¼ −1

2

	
ζ

ð51Þ

where in the resonance rest frame,

KR ¼ M2
R −M2

2MR
; jq⃗j2 ¼ ðM2

R −M2 −Q2Þ2
4M2

R
þQ2;

ϵμ� ¼∓ 1ffiffiffi
2

p ð0; 1;�i; 0Þ; ϵμ0 ¼
1ffiffiffiffiffiffi
Q2

p ðjq⃗j; 1; 0; q0Þ:

ð52Þ

The parameter ζ is model dependent which is related to the
sign of R → Nπ, and for the present calculation is taken
as ζ ¼ 1.
Using Eq. (52) in Eq. (51), the helicity amplitudes

A1
2
ðQ2Þ and S1

2
ðQ2Þ in terms of the electromagnetic form

factors FRþ;R0

1 and FRþ;R0

2 are obtained as [55]:

Ap;n
1
2

ðQ2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πα

M
ðMR þMÞ2 þQ2

M2
R −M2

s �
Q2

4M2
FRþ;R0

1 ðQ2Þ þMR −M
2M

FRþ;R0

2 ðQ2Þ
�

Sp;n1
2

ðQ2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πα

M
ðMR −MÞ2 þQ2

M2
R −M2

s
ðMR þMÞ2 þQ2

4MRM

�
MR −M

2M
FRþ;R0

1 ðQ2Þ − FRþ;R0

2 ðQ2Þ
�
: ð53Þ

The Q2 dependence of the helicity amplitudes [Eq. (53)] is
generally parametrized as [54]:

AαðQ2Þ ¼ Aαð0Þð1þ αQ2Þe−βQ2

; ð54Þ

where AαðQ2Þ are the helicity amplitudes; A1
2
ðQ2Þ and

S1
2
ðQ2Þ and parametersAαð0Þ are generally determined by a

fit to the photoproduction data of the corresponding
resonance. In the present work, the values of A1

2
ð0Þ

are taken from the PDG [51]. While the parameters α
and β for each amplitude are obtained from the

electroproduction data available at different Q2 from the
CLAS experiment [60–63], and the values of these param-
eters for the different nucleon resonances parametrized are
tabulated in Table II. The Q2 dependence of the helicity
amplitudes for S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ res-
onances is described by Eq. (54), which are then used in

Eq. (53) to obtain the electromagnetic FRþ;R0

1;2 ðQ2Þ form
factors.
In Figs. 5 and 6, we have shown the Q2 dependence of

Ap;n
1
2

and Sp;n1
2

, respectively, for S11ð1535Þ, S11ð1650Þ,
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and P11ð1710Þ resonances. The values of Ap;n
1
2

ð0Þ are

taken from PDG [51]. The data points shown in these
figures are obtained from the analysis of the experimen-
tally measured differential cross sections, longitudinally
polarized beam asymmetries, and longitudinal target
and beam-target asymmetries for π and η electroproduc-
tions from the proton target available from the CLAS
experiment [60–63]. To determine the helicity amplitudes

at the different values of Q2, in Refs. [60–63] the
experimental data are analyzed using the two different
approaches viz. dispersion relations and a unitary isobar
model, and the final results are the average of the
two analyses. The Q2 dependence of the electromagnetic

form factors FRþ;R0

i ðQ2Þ; (i ¼ 1, 2) for the resonances
S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ are presented
in Fig. 7.

FIG. 5. Q2 dependence of the helicity amplitude Ap;n
1=2 appearing in Eq. (54) for S11ð1535Þ (left panel), S11ð1650Þ (middle panel),

and P11ð1710Þ (right panel) resonances. Solid (dashed) lines are our results for Ap
1=2ðAn

1=2Þ amplitudes. Solid square (up triangle)

are the values of Ap
1=2ðAn

1=2Þ at Q2 ¼ 0 from the PDG [51]. Solid circle and right triangle are the data points available from the CLAS
experiment [60–63].
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FIG. 6. Q2 dependence of the helicity amplitude Sp;n1=2 given in Eq. (54) for S11ð1535Þ (left panel), S11ð1650Þ (middle panel), and
P11ð1710Þ (right panel) resonances. Lines and points have the same meaning as in Fig. 5.
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FIG. 7. Q2 dependence of the electromagnetic form factors FRþ;R0

i ðQ2Þ; (i ¼ 1, 2) given in Eq. (53) for S11ð1535Þ (left panel),
S11ð1650Þ (middle panel), and P11ð1710Þ (right panel) resonances.
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Using the expressions of the hadronic currents given in
Eqs. (46) and (49), respectively, for the nonresonant Born
terms and resonance excitations, and the leptonic current
given in Eq. (41) in Eq. (43), we obtain the angular
distribution ( dσv

dΩqpη
) of the scattering of virtual photons with

proton. Performing integration over cos θqpη
and ϕqpη

, we
obtain the total cross section σv for γ�p → ηp process,
which is presented in Fig. 8 as a function of c.m. energyW
at different values of Q2 viz. Q2 ¼ 0.375, 0.625, 0.875,
1.125, and 1.375 GeV2. The theoretical calculations pre-
sented as the full model receives contribution from the
nonresonant Born terms as well as from the S11ð1535Þ,
S11ð1650Þ, and P11ð1710Þ resonances. In order to depict
the individual contribution of the different nucleon reso-
nances to the total cross section, we have also presented the
results for the full model by switching off the contribution
of an individual resonance. It may be observed from the
figure that at all values of Q2, the first peak region around
W ∼ 1.52 GeV is dominated by S11ð1535Þ resonance while
in the region of W > 1.65 GeV, the relative contribution
from P11ð1710Þ becomes significant. We have also com-
pared our theoretical calculations with the experimental

data available from the CLAS experiment [16] and found a
good agreement between the experimental and theoretical
results especially in the low Q2 region. An important point
to mention here is that the contribution from the nonreso-
nant background terms is quite small in the c.m. energy
region considered in the present work. This implies that the
η electroproduction (Fig. 8) as well as the photoproduction
(Fig. 3) is dominated by the resonant production, S11ð1535Þ
in the region of W ≤ 1.65 GeV, beyond which the con-
tribution from the other resonances become important.
Indeed, the present work justifies the resonance production
model used by various authors in describing the electro-
magnetic production of η mesons [25–28,32,35]. However,
the contribution of the nonresonant terms may be important
for the other physical observables like beam and/or target
polarizations [27].

C. η production induced by (anti)neutrinos

(Anti)neutrino induced single η production off the
nucleon target (Fig. 2) are given by the following reactions

νμðkÞ þ nðpÞ → μ−ðk0Þ þ ηðpηÞ þ pðp0Þ; ð55Þ
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FIG. 8. Integrated cross section σv vs W at different Q2 for γ�p → ηp process. The experimental points are taken from the CLAS
data [16]. Solid line shows the results of the full model which receives contribution from the nonresonant Born terms as well as from the
nucleon resonance excitations. Double-dashed-dotted, dashed-dotted, and dashed lines, respectively, show the results of the full model
without S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ resonances.
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ν̄μðkÞ þ pðpÞ → μþðk0Þ þ ηðpηÞ þ nðp0Þ; ð56Þ

where the quantities in the parenthesis are the four
momenta of the particles.
Using the general expression of the differential scattering

cross section given in Eq. (39) for the reactions shown in
Eqs. (55) and (56), the double differential scattering cross
section dσ

dQ2dW, in the laboratory frame, is obtained as

dσ
dQ2dW

¼
Z

2π

0

dϕqpη

×
Z

Emax
η

Emin
η

dEη
1

ð2πÞ4
1

64E2
νM2

W
jq⃗j

XX
jMj2;

ð57Þ

where W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpþ qÞ2

p
is the hadronic c.m. energy. The

transition matrix element M, in the case of weak inter-
action induced process, is given by

M ¼ GFffiffiffi
2

p cos θClμJμ; ð58Þ

with GF being the Fermi coupling constant and θC being
the Cabibbo mixing angle. The leptonic current lμ is given

lμ ¼ ūðk0Þγμð1 − γ5ÞuðkÞ ð59Þ

and Jμ is the weak hadronic current, which receives
contribution from the vector and axial vector charged
currents. We have earlier seen in Sec. II B that the
electromagnetic production of η is dominated by the
resonance production and the contribution of the back-
ground terms is small. However, this treatment of the
dominant resonance production model has not been applied
in the weak production of η. We, therefore, consider the
contribution of the nonresonant (JμNR) as well as resonant
(JμR) terms and write Jμ as Jμ ¼ JμNR þ JμR.
The hadronic currents for the Born diagrams (s- and

u-channels) with nucleon poles, using the nonlinear
sigma model discussed in Sec. II A 1, are given in
Eq. (49), except for the fact that ON is now replaced by
OV where OV ¼ Vμ − Aμ is the weak vertex factor and Vμ

and Aμ are defined in terms of the weak vector and axial-
vector form factors as

Vμ ¼ fV1 ðQ2Þγμ þ fV2 ðQ2Þ
2M

iσμνqν; ð60Þ

Aμ ¼
�
g1ðQ2Þγμ þ g3ðQ2Þ

M
qμ
�
γ5; ð61Þ

where fV1;2ðQ2Þ are respectively the isovector form factors,

and g1ðQ2Þ and g3ðQ2Þ are the axial vector and

pseudoscalar form factors. The two isovector form factors
fV1;2ðQ2Þ are expressed in terms of the Dirac [Fp;n

1 ðQ2Þ] and
Pauli [Fp;n

2 ðQ2Þ] form factors, discussed in Sec. II B 1, for
the protons and the neutrons using the relationships,

fV1;2ðQ2Þ ¼ Fp
1;2ðQ2Þ − Fn

1;2ðQ2Þ: ð62Þ

These electromagnetic form factors may be rewritten in
terms of Sachs’ form factors using Eq. (48).
The axial form factor, g1ðQ2Þ is parametrized as

g1ðq2Þ ¼ gAð0Þ
�
1þ Q2

M2
A

�−2
; ð63Þ

where gAð0Þ ¼ 1.267 is the axial charge andMA is the axial
dipole mass, which in the numerical calculations is taken
as the world average value, i.e., MA ¼ 1.026 GeV [64].
On the other hand pseudoscalar form factor g3ðQ2Þ may be
expressed in terms of g1ðQ2Þ using the PCAC hypothesis
and Goldberger-Treiman relation as,

g3ðQ2Þ ¼ 2Mg1ðQ2Þ
m2

π þQ2
; ð64Þ

with mπ as the pion mass.
Next, we discuss the positive and negative parity reso-

nance excitationmechanism for theweak interaction induced
η production. The general expression of the hadronic current
for the s− and u−channel resonance excitations and their
subsequent decay to Nη mode are given in Eq. (49), where
the vertex factor Γμ

1
2
� is now written as

Γμ
1
2
þ ¼ Vμ

1
2

− Aμ
1
2

; ð65Þ

for the positive parity resonance, and as

Γμ
1
2
− ¼ ðVμ

1
2

− Aμ
1
2

Þγ5; ð66Þ

for the negative parity resonance. The vector and axial vector
vertex factors for the weak interaction processes are given by

Vμ
1
2

¼ fCC1 ðQ2Þ
ð2MÞ2 ðQ2γμ þ =qqμÞ þ fCC2 ðQ2Þ

2M
iσμαqα ð67Þ

Aμ
1
2

¼
�
gCC1 ðQ2Þγμ þ gCC3 ðQ2Þ

M
qμ
�
γ5; ð68Þ

where fCCi ðQ2Þ (i ¼ 1, 2) are the isovector transition form
factors which in turn are expressed in terms of the charged
[FRþ

i ðQ2Þ] and neutral [FR0
i ðQ2Þ] electromagnetic transition

form factors as:

fCCi ðQ2Þ ¼ FRþ
i ðQ2Þ − FR0

i ðQ2Þ; i ¼ 1; 2 ð69Þ
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for isospin 1
2
resonances. Further, these form factors are

related to the helicity amplitudes as discussed in Sec. II B 1.
The axial-vector current consists of two form factors viz.

gCC1 ðQ2Þ and gCC3 ðQ2Þ, which are determined assuming the
PCAC hypothesis and pion pole dominance of the diver-
gence of the axial-vector current through the generalized
GT relation forN − R transition [13]. The divergence of the
axial vector current, defined in Eq. (68), is obtained as

∂μA
μ
1
2

¼ ūðpRÞ
�
gCC1 ðQ2ÞðMR �MÞ þ gCC3

M
q2
�
γ5ΓuðpÞ

ð70Þ
where pR is the four momentum of the resonance,
Γ ¼ 1ðγ5Þ and þð−Þ in MR �M stands for the positive
(negative) parity resonances.
The Lagrangian at the strong NRπ vertex is written as

LRNπ ¼
ffiffiffi
2

p gRNπ

fπ
Ψ̄RΓ

μ
s∂μϕiτ

iΨ ð71Þ

where gRNπ is the coupling constant at the strong vertex,
fπ is the pion decay constant, ϕ represents the triplet of
the pion field. The value of the strong coupling gRNπ is
obtained using the partial decay width of the resonance to
the Nπ mode, using Eq. (34) with C ¼ 3 andMη is replaced
by mπ.
The axial vector current obtained in the pion pole

dominance of the divergence of the axial vector current
[using Eq. (71)] is given by

Aμ
PP ¼

ffiffiffi
2

p
ūðpRÞ

gRNπ

fπ
ðMR �MÞγ5ΓuðpÞ

ffiffiffi
2

p
fπqμ

q2 −m2
π
: ð72Þ

The divergence of the above expression, in the limit of
mπ → 0, is obtained as

∂μA
μ
PP ¼ 2gRNπūðpRÞðMR �MÞγ5ΓuðpÞ: ð73Þ

Comparing the term associated with gCC1 ðQ2Þ at Q2 ¼ 0 in
Eq. (70) with the above expression, we obtain

gCC1 ð0Þ ¼ 2gRNπ; ð74Þ

with gRNπ being the coupling strength for R1
2
→ Nπ decay,

which has been determined by the partial decay width of
the resonance and tabulated in Table I. Since no informa-
tion about the Q2 dependence of the axial-vector form
factor is known experimentally, therefore, a dipole form is
assumed as in the case of N → N0 or N → Y transitions:

gCC1 ðQ2Þ ¼ gCC1 ð0Þ
ð1þ Q2

M2
A
Þ2
; ð75Þ

with MA ¼ 1.026 GeV, and the pseudoscalar form factor
gCC3 ðQ2Þ is given by

gCC3 ðQ2Þ ¼ ðMMR �M2Þ
m2

π þQ2
gCC1 ðQ2Þ; ð76Þ

where þð−Þ sign is for positive (negative) parity resonan-
ces. However, the contribution of gCC3 ðQ2Þ being
directly proportional to the lepton mass squared is almost
negligible.

III. RESULTS AND DISCUSSION

In Fig. 9, we have presented the results for the Q2

distribution in the charged current νμðν̄μÞ induced η
production from the free nucleon target at Eνμðν̄μÞ ¼ 1

and 1.5 GeV. It may be observed from the figure that at
Eν ¼ 1.5 GeV the results obtained with only S11ð1535Þ

FIG. 9. Q2 distribution for the charged current induced νμ þ n → μ− þ pþ η (left panel) and ν̄μ þ p → μþ þ nþ η (right panel)
processes at Eνμðν̄μÞ ¼ 1 GeV (dashed line with circle) and 1.5 GeV (solid line) using the full model calculation. Dashed-dotted line
shows the results obtained from S11ð1535Þ resonance only at Eνμðν̄μÞ ¼ 1.5 GeV.
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resonance are comparable to the results of the full model in
the region of highQ2 region. Even in the lowQ2 region, the
contribution from the Born terms and other resonances is
not more than 10% of the total result. At Eνμðν̄μÞ ¼ 1 GeV,
we find that (not shown here) the contribution of the higher
resonances and Born terms is almost negligible as com-
pared to the contribution of S11ð1535Þ resonance.
In Fig. 10, we have presented the results for the

η-momentum distribution of νμðν̄μÞ induced η production
from the free nucleon target at Eνμðν̄μÞ ¼ 1 and 1.5 GeV. As

in the case of Q2 distribution, we find very small con-
tribution of the Born terms and higher resonances to the pη

distribution as compared to the contribution of S11ð1535Þ
resonance.

Figure 11 shows the results for the total scattering
cross sections for the processes νμ þ n → μ− þ ηþ p and
ν̄μ þ p → μþ þ ηþ n. The individual contribution from
S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ resonance excita-
tions, where both the direct and crossed diagrams are
considered, the contribution from the background terms, as
well as the full model (sum of all the diagrams) are shown.
It may be observed from the figure that in the case of both
neutrino and antineutrino induced reactions, S11ð1535Þ
has the dominant contribution followed by P11ð1710Þ
and S11ð1650Þ resonances. In the case of neutrino induced
η production process, the background terms are almost
an order of magnitude smaller than the results of the full
model. While in the case of antineutrino channel, the

FIG. 10. η-momentum distribution for the charged current induced νμ þ n → μ− þ pþ η (left panel) and ν̄μ þ p → μþ þ nþ η (right
panel) processes. Lines and points have the same meaning as in Fig. 9.
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FIG. 11. Total scattering cross section for CC induced η production, i.e., νμ þ n → μ− þ ηþ p (left panel) and ν̄μ þ p → μþ þ ηþ n
(right panel). Full model (solid line) consists of the contributions from all the diagrams including S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ.
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and double-dotted-dashed lines, respectively, and the contribution from the nonresonant background terms are shown by dotted line. In
the case of neutrino induced η production, we have also compared our results of the full model with the results obtained in the DCC
model by Nakamura et al. [3]. Notice the different multiplicative factors used in the results of background terms as well as S11ð1650Þ and
P11ð1710Þ resonances to bring them on the same scale as that of the results obtained using the full model.
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contribution of the background terms is even further
smaller. We have also compared the present results for
the neutrino induced η production with the results of DCC
model [3] and found that from threshold up to Eνμ ∼
1.3 GeV our results are consistent with the results of DCC
model. While for Eνμ > 1.3 GeV, our results are higher
than the results obtained using DCC model.
To explicitly show the lepton mass effect, in Fig. 12, we

have presented the results for the total scattering cross
section for the η production induced by νeðν̄eÞ and νμðν̄μÞ. It
may be noticed that due to the lower threshold for νeðν̄eÞ,
the cross section is larger than that of νμðν̄μÞ induced
processes even at Eνðν̄Þ ¼ 2 GeV. Since the value of axial
dipole mass is in debate as the different neutrino experi-
ment quote different values of MA ranging from 1 to
1.3 GeV, therefore, in the case of η production, we have
studied the effect ofMA on the total scattering cross section
(not shown here) by varying it in the range �10% for the
Born as well as the resonance terms. We find that the effect
of MA variation is less than 5%, even at Eνμðν̄μÞ ¼ 2 GeV.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the charged current νμðν̄μÞ
induced η production off the nucleons and presented the
results for the total scattering cross section σðEνμðν̄μÞÞ, Q2-

distribution ð dσ
dQ2Þ and the momentum distribution ð dσdpη

Þ for
the ηmesons, in a model in which the contribution from the
nonresonant Born terms and the resonant terms are calcu-
lated in an effective Lagrangian approach. The parameters

of the model for evaluating the vector current contribution
have been fixed by fitting the experimental data on the total
cross sections of the photo- and electro-production on the
nucleons from the MAINZ and CLAS experiments. The
vector part of the N → R transition form factors has been
obtained from the MAID helicity amplitudes while the
axial vector part is obtained with the help of PCAC
hypothesis and assuming the pion-pole dominance of the
divergence of the axial vector current. For the nonresonant
background terms we have used a microscopical model
based on the SU(3) chiral Lagrangians. The parameters of
the model are meson decay constants, Cabibbo’s angle, the
proton and neutron magnetic moments, all of which are
known with good accuracy, and the parameters D and F
obtained from the analysis of the hyperon semileptonic
decays.
The results are summarized as
(i) In the electromagnetic sector, the cross section is

dominated by the contribution from S11ð1535Þ
resonance, especially at low W. With the increase
inW the contribution from P11ð1710Þ starts to show
up and around W ≥ 1.7 GeV its contribution is
larger than the other resonances.

(ii) In the weak sector, S11ð1535Þ resonance dominates
even at Eν ¼ 2 GeV, while the contribution of
S11ð1650Þ is not more than 7% of the total scattering
cross section, while that of P11ð1710Þ is about 10%.

(iii) The Q2 distribution has a peak at Q2 ≈
0.15ð0.28Þ GeV2 at Eνμ ¼ 1ð1.5Þ GeV. The nature
of Q2 distribution in the antineutrino channel is
almost similar to that observed in the neutrino case.

(iv) The eta momentum distribution has a peak at
pη ≈ 0.37ð0.47Þ GeV at Eνμ ¼ 1ð1.5Þ GeV. The
nature of momentum distribution in the antineutrino
channel is almost similar to that observed in the
neutrino case.

To conclude, the results obtained in this work may be
very useful in studying the feasibility of observing the weak
production of η in experiments like MicroBooNE, T2K,
NOvA, MINERvA and the next generation experiments
like T2-HyperK and DUNE. Furthermore, the study of η
production is also important in the analysis of atmospheric
neutrino events.
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