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We have studied neutral and charged current (anti)neutrino induced η production off the free nucleon
target at MicroBooNE energies, in the light of recent results reported by the MicroBooNE collaboration for
the total η production cross section. This study has been made using a theoretical model in which the weak
hadronic current receives contribution from the nonresonant Born terms as well as from the resonance
excitations. The Born terms are obtained using the SU(3) symmetric chiral model, used earlier in the study
of K—meson production. The contribution from the resonance terms is considered from the excitation
of five nucleon resonances viz. S11ð1535Þ, S11ð1650Þ, P11ð1710Þ, P11ð1880Þ, and S11ð1895Þ. To fix the
parameters of the vector current interaction, this model is first used to study the electromagnetic production
of η mesons induced by real and virtual photons, and the theoretical results have been compared with the
data from the MAINZ and JLab experiments. The partially conserved axial-vector current hypothesis
and generalized Goldberger-Treiman relation are used to fix the parameters of the axial-vector current
interaction. The results are presented for the total cross section for the neutral and charged current induced η
production, ratio of the cross sections for the charged current to neutral current, MicroBooNE flux averaged
cross section hσi, h dσ

dQ2i, and h dσdpη
i, which may be useful in the future analysis of MicroBooNE as well as

other accelerator and atmospheric neutrino experiments being performed in the Oð1Þ GeV energy region.

DOI: 10.1103/PhysRevD.108.053009

I. INTRODUCTION

The study of the weak production of mesons induced by
both the charged and neutral currents in the inelastic sector
of the (anti)neutrino-nucleon interactions has historically
been centered around the weak production of pions, which
is dominated by the excitation of Δ resonance and its
subsequent decay producing pions [1,2]. In recent years,
the weak production of single pions induced by the charged
and neutral currents in the (anti)neutrino reactions has
attracted considerable interest as it plays very important
role in modeling the weak (anti)neutrino-nucleon cross
section in the analysis of neutrino oscillation experiments
in the sub-GeV and few GeV energy regions. However,
in the GeV energy region of current neutrino oscillation
experiments with accelerator neutrinos like MicroBooNE
[3], SBND [4], T2K [5], T2HyperK [6], and DUNE [7] as
well as with the atmospheric neutrinos like HyperK [8],
JUNO [9], and INO [10], the weak production of heavier
mesons like K�, K0ðK̄0Þ, and η could also become
relevant and would play significant role in modeling the

neutrino-nucleon cross sections in the inelastic sector of
neutrino reactions [1]. Since these heavy mesons are
produced by the weak excitation of higher resonances in
the strange and nonstrange sectors and their subsequent
decays into baryons and mesons, in addition to, the
nonresonant direct production of mesons, the study of
the weak production of heavy mesons provides useful
information about the electroweak properties of the
higher resonances like S11ð1535Þ, D13ð1520Þ, S11ð1650Þ,
P11ð1710Þ, Λð1405Þ, Σð1385Þ, etc.
In this context while there have been quite a few studies

of the weak single and associated production of K� and
K0ðK̄0Þ mesons in recent years [1,11–13], there exists
very little work on the weak production of η mesons.
Theoretically, the early work by Dombey [14], was
followed much later by Alam et al. [15] and Nakamura
et al. [16]. We have recently studied, in some detail, the
weak production of η mesons induced by the charged
current in the neutrino and antineutrino reactions off the
nucleon in the energy region of Eνðν̄Þ ≤ 2 GeV [17].
Experimentally, the first results on the weak production

of η mesons induced by neutrinos and antineutrinos were
reported by the BEBC collaboration [18] and later by the
ICARUS collaboration [19]. Recently, the MicroBooNE
collaboration [20] has reported the results for η production
in neutrino interaction on argon by observing two photons
through the η → 2γ decay (∼40% B.R.) in the final state
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with a cross section σν→1ηþX→2γþ0π0þX ¼ 1.27� 0.33�
0.34 × 10−41 cm2=nucleon, implying a total cross section
σν→1ηþX ¼ 3.22� 0.84� 0.86×10−41 cm2=nucleon. Since
no charged leptons are observed in the final state, this η
production cross section includes the weak production of η
mesons induced by the charged as well as the neutral
current interactions. Further analyses are being done by the
MicroBooNE collaboration to isolate the events with a
charged lepton in the final state so that the weak η
production induced by charged and neutral currents could
be studied separately [20]. Moreover, the νμ beam at
MicroBooNE has contamination by the other neutrino
flavors, i.e., νμ being 93.7%, with 5.8% of ν̄μ, 0.5% of νe,
and 0.05% of ν̄e. It is, therefore, important to theoretically
estimate the νlðν̄lÞðl ¼ e; μÞ—nucleon cross section for η
production induced by the other neutrino flavors in this
energy region. Keeping this in mind, we have studied the
weak production of η mesons induced by the charged and
the neutral weak currents (anti)neutrino-nucleon reactions
for all the (anti)neutrino flavors, i.e., νμ, ν̄μ, νe, and ν̄e.
These studies will also be helpful for the future neutrino
oscillation programs like DUNE [7] and SBND [4], in
particular, and the other accelerator and atmospheric
neutrino experiments being performed in the few GeV
energy region, in general.
In our earlier study [17], we presented the results for

the charged current νμðν̄μÞ induced η production off the
nucleon for Eνμðν̄μÞ ≤ 2 GeV, by taking into account the
contribution of the direct nonresonant production and
the resonant production due to the excitation and decay
of low lying S11ð1535Þ, S11ð1650Þ, and P11ð1710Þ resonan-
ces. In this work, we extend our earlier work on the charged
current induced η production to higher energies by consid-
ering the contribution from additional resonances viz.
P11ð1880Þ and S11ð1895Þ, and also include the weak η
production due to the neutral current. This model is then
applied to understand the experimental results from the
MicroBooNE collaboration. The inclusion of the contri-
bution from the higher resonances is needed because the
(anti)neutrino flux at the MicroBooNE has a long tail in
energy, and the flux decreases by two orders of magnitude
only beyond Eνðν̄Þ ≥ 2.5 GeV. Therefore, the flux averaged
cross section gets a non-negligible contribution even forEν ¼
2–3 GeV. It is important to mention that the MicroBooNE
flux peaks around Eν ¼ 0.5–0.6 GeV with the average
energy of the dominant component (νμ) flux at Eνμ ¼
823 MeV, while the threshold for the νμ induced charged
(neutral) current η production is 880 MeV (710 MeV).
The theoretical calculations have been done using the

interaction Lagrangian predicted by the standard model
[21,22] for the charged and the neutral current weak
interaction of (anti)neutrinos with nucleons. The contribu-
tions from the direct η production due to the nonresonant
Born diagrams are calculated using a microscopic model

based on the SU(3) chiral Lagrangian assuming η belong-
ing to the octet representation of SU(3), thus, neglecting the
η − η0 mixing. The SU(3) Lagrangian has earlier been used
to study the weak production of kaons [1]. The contribution
from the resonant diagrams due to the excitation of various
resonances R like S11ð1535Þ, S11ð1650Þ, P11ð1710Þ,
P11ð1880Þ, and S11ð1895Þ and their decays into nucleon
and η through R → Nη mode are calculated using phe-
nomenological Lagrangians where the η particle has been
treated as the physical meson.
In the resonance sector, the various parameters appearing

in the vector current sector are fixed by first applying this
model to study the photon and electron induced eta
production from the free nucleon. We have fitted the
coupling strength at the strong R → Nη vertex and the
electromagnetic coupling strength of the N − R transition
using the eta photoproduction data on the total cross section
available from the MAMI collaboration [23,24] for
W ≤ 2 GeV. Then the Q2 dependence of the electromag-
netic N − R transition form factors has been obtained by
fitting the data of the electron induced η production off the
proton target for the total cross section at different values
of Q2 (Q2 < 1.4 GeV2) available from the CLAS collabo-
ration [25]. In the axial-vector sector, the axial-vector
couplings have been calculated using the partially con-
served axial-vector current (PCAC) hypothesis and the
generalized Goldberger-Treiman (GT) relation with inputs
from the experimentally determined strong R → Nπ cou-
plings. In the neutral current induced η production, the
isospin structure of the neutral currents predicted by the
standard model has been used with the experimental values
of the electromagnetic form factors of the nucleon and
N − R transition form factors in the electromagnetic sector
to determine the weak vector form factors.
Using this model, we have obtained the results for the

total scattering cross section for the charged and neutral
current νμðν̄μÞ and νeðν̄eÞ induced scattering off the nucleon
target, the ratio of the total cross section for the charged
current to neutral current reactions, and finally the
MicroBooNE flux averaged Q2 distribution, i.e., h dσ

dQ2i
vs. Q2, eta momentum distribution, i.e., h dσdpη

i vs. pη, and

the flux averaged total scattering cross section hσi.
In Sec. II, we present the formalism for the photon and

the electron induced eta production. In Sec. III, the
formalism for the charged as well as the neutral current
νlðν̄lÞðl ¼ e; μÞ induced eta production has been presented.
The results and discussions are presented in Sec. IV, and
Sec. V concludes our findings.

II. ELECTROMAGNETIC PRODUCTION
OF η MESONS

A. η production induced by photons

The differential cross section for the photoproduction of
η mesons off the free nucleon, i.e.,
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γðqÞ þ NðpÞ → Nðp0Þ þ ηðpηÞ; N ¼ p; n ð1Þ

is written as [17]:

dσ
dΩ

����
CM

¼ 1

64π2s
jp⃗0j
jp⃗j

X
r

X
spin

jMrj2; ð2Þ

where the quantities in the parentheses of Eq. (1) represent
the four momenta of the corresponding particles. The CM
energy

ffiffiffi
s

p
is expressed as s¼W2¼ðqþpÞ2¼M2þ2MEγ ,

with Eγ being the energy of the incoming photon in the

laboratory frame.
PP 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,
where Mr for reaction (1) is written in terms of the real
photon polarization vector ϵrμ, as

Mr ¼ eϵrμðqÞJμ; ð3Þ

with e being the electromagnetic coupling constant and
Jμ ¼ hNðp0ÞηðpηÞjJμEMjNðpÞi being the matrix element
of the electromagnetic current (JμEM) taken between the
hadronic states jNi and jNηi. The hadronic matrix element
receives contribution from the nonresonant Born terms and
the terms corresponding to the resonance excitations and
their subsequent decay to Nη mode, which diagrammati-
cally are shown in Fig. 1. The hadronic currents for the
nonresonant Born terms are obtained using the nonlinear
sigma model and the total hadronic current Jμ is obtained
by adding the currents corresponding to the nonresonant
and resonance terms coherently. For the detailed descrip-
tion of the formalism, readers are referred to Refs. [1,17].
The expressions of the hadronic currents for s- and

u- channels of the η photoproduction processes,

corresponding to the Feynman diagrams shown in Fig. 1
(left panel), are obtained as [1,17]:

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

×

�
γμeN þ i

κN
2M

σμνqν

�
uðpÞ; ð4Þ

JμjuN ¼ −AuFuðuÞūðp0Þ
�
γμeN þ i

κN
2M

σμνqν

�

×
=p0 − =qþM
u −M2

=pηγ5uðpÞ; ð5Þ

where N stands for a proton or a neutron in the initial
and final states, u ¼ ðp0 − qÞ2, and the strong coupling
strengths of s and u channel; As ¼ Au ¼ ðD−3F

2
ffiffi
3

p
fη
Þ are

obtained using the nonlinear sigma model [2], assuming
the nucleons and the η meson belonging, respectively, to
the octet baryon and meson representation of the SU(3)
representation, thus, neglecting the η − η0 mixing, which is
found to be quite small [26]. D and F are the axial-vector
couplings of the baryon octet and fη ¼ 105 MeV [27] is
the η decay constant.
In order to take into account the hadronic structure

of the nucleons, the form factors FsðsÞ, and FuðuÞ, are
introduced at the strong vertex. We use the most general
form of the hadronic form factor which is taken to be of
the dipole form [11]:

FxðxÞ ¼
Λ4
B

Λ4
B þ ðx −M2Þ2 ; x ¼ s; u ð6Þ

where ΛB is the cut-off parameter taken to be the same
for the s- and u-channel nonresonant Born terms, and

FIG. 1. Feynman diagrams corresponding to the nonresonant Born terms (left panel) and resonance excitations (right panel) for the
process WðqÞ þ NðpÞ → ηðpηÞ þ N0ðp0Þ. 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 charged current induced weak interactions,W ¼ W� and N0 and N corresponds to the different nucleons depending
upon the charge conservation, and for the neutral current induced reactions, W ¼ Z and N0 ¼ N ¼ p, n. The quantities in the
parentheses represent the four momenta of the corresponding particles.
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x represents the Mandelstam variables s, u. The value of
ΛB is fitted to the experimental data for the proton and
neutron targets and the best fitted value is ΛB ¼
0.75 GeV and 0.72 GeV, respectively. In the case of
Born terms, the gauge invariance is automatically imple-
mented for the η production processes.
In the present work, we have taken into account the

resonances, which have mass MR < 2 GeV and a signifi-
cant branching ratio to the Nη decay mode reported in
PDG [28]. Specifically, we have considered five spin 1

2

resonances viz. S11ð1535Þ, S11ð1650Þ, P11ð1710Þ,
P11ð1880Þ, and S11ð1895Þ. 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 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 [2]:

jμjs¼F�
sðsÞ

gRNη

fη
ūðp0Þ=pηγ5Γs

�
=pþ=qþMR

s−M2
RþiMRΓR

�
Γμ

1
2
�uðpÞ;

jμju¼F�
uðuÞ

gRNη

fη
ūðp0ÞΓμ

1
2
�

�
=p0−=qþMR

u−M2
RþiMRΓR

�
=pηγ5ΓsuðpÞ;

ð7Þ

where ΓR and MR, respectively, are the decay width and
mass of the resonance. Γs ¼ 1ðγ5Þ stands for the positive
(negative) parity resonances, and gRNη is the strong
coupling strength of the RNη vertex, which has been
determined using the partial decay width of the resonance
to Nη mode where the central values of the full width
tabulated in Table I are used in the numerical calculations.
The values of the strong coupling constant of the different
resonances are also tabulated in Table I. The vertex
functions Γ1

2
þ and Γ1

2
− for the positive and negative parity

resonances are defined as

Γμ
1
2
� ¼ Vμ

1
2

Γs; ð8Þ

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

�
: ð9Þ

The coupling FRþ;R0

2 is derived from the helicity ampli-
tudes extracted from the real photon scattering experi-

ments. The explicit relation between the coupling FRþ;R0

2

and the helicity amplitude Ap;n
1
2

is given by [17]:

Ap;n
1
2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πα

M
ðMR ∓ MÞ2
M2

R −M2

s �
MR �M

2M
FRþ;R0

2

�
; ð10Þ

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

2
resonances. The value of the helicity amplitude

Ap;n
1
2

for the different resonances are quoted in Table II.

In analogy with the nonresonant terms, we have con-
sidered the following form factor at the strong vertex, in
order to take into account the hadronic structure:

F�
xðxÞ ¼

Λ4
R

Λ4
R þ ðx −M2

RÞ2
; ð11Þ

where ΛR is the cut-off parameter whose value is fitted to
the experimental data. In general, ΛR would be different
from ΛB, however, in the case of η production by photons,
it happens that the same value of ΛR as that of ΛB i.e.
ΛR ¼ ΛB ¼ 0.75 GeV for the proton target and ΛR ¼
ΛB ¼ 0.72 GeV for the neutron target gives the best fit
to the experimental data.

TABLE I. Properties of the spin 1
2
resonances available in the PDG [28], with Breit-Wigner massMR, 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
channels like Nπ, Nη, KΛ, and Nππ, and the strong coupling constant gRNπ and gRNη.

Parameter↓ Resonance → S11ð1535Þ S11ð1650Þ P11ð1710Þ P11ð1880Þ S11ð1895Þ
MR (GeV) 1.510� 0.01 1.655� 0.015 1.700� 0.02 1.860� 0.04 1.910� 0.02
ΓR (GeV) 0.130� 0.02 0.135� 0.035 0.120� 0.04 0.230� 0.05 0.110� 0.03
IðJPÞ 1

2
ð1
2
−Þ 1

2
ð1
2
−Þ 1

2
ð1
2
þÞ 1

2
ð1
2
þÞ 1

2
ð1
2
−Þ

Branching ratio (in %) Nπ 32–52 (43) 50–70 (60) 5–20 (16) 3–31 (34) 2–18 (23)
Nη 30–55 (40) 15–35 (25) 10–50 (20) 1–55 (20) 15–45 (30)
KΛ � � � 5–15 (10) 5–25 (15) 1–3 (2) 3–23 (13)
Nππ 4–31 (17) 20–58 (5) 14–48 (49) >32 (44) 17–74 (34)

jgRNπj 0.1019 0.0915 0.0418 0.0466 0.0229
jgRNηj 0.3696 0.1481 0.1567 0.1369 0.0877
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To determine the value of the strong RNη coupling,
we start by writing the most general form of RNη
Lagrangian [17]:

LRNη ¼
gRNη

fη
Ψ̄RΓ

μ
s∂μηΨ; ð12Þ

where Ψ is the nucleon field, ΨR is the resonance field, and
η is the eta field. 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 [1]:

ΓR→Nη ¼
C
4π

�
gRNη

fη

�
2

ðMR �MÞ2 EN ∓ M
MR

jp⃗cm
η j; ð13Þ

where the upper (lower) sign represents the positive
(negative) parity resonance, C ¼ 1 for η production proc-
esses, and jp⃗cm

η j is the outgoing eta momentum measured in
the resonance rest frame and is given by,

jp⃗cm
η j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

R −M2
η −M2Þ2 − 4M2

ηM2
q

2MR
ð14Þ

and EN , the outgoing nucleon energy is

EN ¼ M2
R þM2 −M2

η

2MR
: ð15Þ

In Fig. 2, 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 W ¼ 1.9 GeV. We
have compared our theoretical results with the experimental
data obtained by McNicoll et al. [23] for the MAMI crystal
ball collaboration on the proton target and the quasifree
neutron data fromWerthmuller et al. [24] 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 viz. ΛB and ΛR,
are in a very good agreement with the available exper-
imental data.

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; ð16Þ

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 scattering cross section for the

electroproduction of η mesons in the hadronic CM frame
is given by [17]

d5σ
dEldΩldΩqpη

¼ 1

32ð2πÞ5
jk⃗0jjp⃗ηj
EeMW

XX
jMj2; ð17Þ

where EeðElÞ is the energy of the incoming (outgoing)
electron;

PP jMj2 is the square of the transition ampli-
tude averaged (summed) over the spins of the initial (final)

TABLE II. Parametrization of the helicity amplitude for
S11ð1535Þ, S11ð1650Þ, P11ð1710Þ, P11ð1880Þ, and S11ð1895Þ
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 0.85 0.85 −78.0 1.75 1.75
S1

2
−2.0 1.9 0.81 32.5 0.4 1.0

S11ð1650Þ A1
2

33.3 0.45 0.72 26.0 0.1 2.5
S1

2
2.5 1.88 0.96 3.8 0.4 0.71

P11ð1710Þ A1
2

55.0 1.0 1.05 −45.0 −0.02 0.95
S1

2
4.4 2.18 0.88 −31.5 0.35 0.85

P11ð1880Þ A1
2

−60.0 0.4 1.0 −45.0 −0.02 0.95
S1

2
0.4 0.75 0.5 −31.5 0.35 0.85

S11ð1895Þ A1
2

−15.0 1.45 0.6 26.0 0.1 2.5
S1

2
−3.5 0.88 0.6 3.8 0.4 0.71

FIG. 2. Total cross section σ vs. W for γp → ηp (solid line)
and γn → ηn (dashed line) processes using the full model. The
experimental points for the proton target (solid circle) are
obtained from MAMI crystal ball collaboration [23], and for
the neutron target (solid diamond) we have used the quasifree
neutron data from MAMI A2 collaboration [24].
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states with the transition matrix element being written in
terms of the leptonic (lμ) and the hadronic (jμ) currents as

M ¼ e2

q2
lμjμ: ð18Þ

The leptonic current is given as

lμ ¼ ūðk0ÞγμuðkÞ; ð19Þ

and jμ is the sum of the hadronic currents corresponding to
the Born terms and resonance excitations, which will be
discussed later in this section.
The five-fold differential cross section (Eq. (17) for the

electroproduction can also be expressed as [29–31]:

dσ
dΩldEldΩqpη

¼ Γ
dσv
dΩqpη

; ð20Þ

with the flux of the virtual photon given by

Γ ¼ α

2π2
El

Ee

K
Q2

1

1 − ε
: ð21Þ

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 CM
energy W and ε is the transverse polarization parameter of
the virtual photon, given as

ε ¼
�
1þ 2

jq⃗j2
Q2

tan2
θl
2

�−1
; ð22Þ

with Q2 ¼ −q2 ¼ −ðk − k0Þ2.
The hadronic currents corresponding to the nucleon

Born terms exchanged in the s- and u-channels for the
electroproduction of eta mesons, depicted in Fig. 1,
are obtained using the nonlinear sigma model and are
written as [17]:

JμjNðsÞ ¼FsðsÞ
D−3F

2
ffiffiffi
3

p
fη

ūðp0Þ=pηγ
5

=pþ=qþM
ðpþqÞ2−M2

Oμ
NuðpÞ

JμjNðuÞ ¼FuðuÞ
D−3F

2
ffiffiffi
3

p
fη

ūðp0ÞOμ
N

=p−=pηþM

ðp−pηÞ2−M2
=pηγ

5uðpÞ;

ð23Þ

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
: ð24Þ

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

2 ðQ2Þ, respectively, are expressed in

terms of the Sach’s electric [Gp;n
E ðQ2Þ] and magnetic

[Gp;n
M ðQ2Þ] form factors of the nucleons, for which various

parametrizations are available in the literature. In the
present work we have taken the parametrization of these
form factors from Bradford et al. [32] also known as
BBBA05 parametrization. For details, see Ref. [17].
The general expression of the hadronic current for the

resonance excitation in the s- and u- channels, correspond-
ing to the Feynman diagrams shown in Fig. 1 (right panel),
is written as,

jμjs¼F�
sðsÞ

gRNη

fη
ūðp0Þ=pηγ5Γs

�
=pþ=qþMR

s−M2
RþiMRΓR

�
Γμ

1
2
�uðpÞ;

jμju¼F�
uðuÞ

gRNη

fη
ūðp0ÞΓμ

1
2
�

�
=p0−=qþMR

u−M2
RþiMRΓR

�
=pηγ5ΓsuðpÞ:

ð25Þ
The vertex function Γμ

1
2
� for the positive and negative parity

resonances is given in Eq. (8), 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:

ð26Þ
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 [1]:

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

ð27Þ
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:

ð28Þ
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. (28) in Eq. (27), 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 [17]:
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Ap;n
1
2

ðQ2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πα

M
ðMR ∓ MÞ2 þQ2

M2
R −M2

s �
Q2

4M2
FRþ;R0

1 ðQ2Þ þMR �M
2M

FRþ;R0

2 ðQ2Þ
�

Sp;n1
2

ðQ2Þ ¼ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πα

M
ðMR �MÞ2 þQ2

M2
R −M2

s
ðMR ∓ MÞ2 þQ2

4MRM

�
MR �M

2M
FRþ;R0

1 ðQ2Þ − FRþ;R0

2 ðQ2Þ
�
; ð29Þ

where upper (lower) sign corresponds to positive (negative)
parity resonances.
The Q2 dependence of the helicity amplitudes [Eq. (29)]

is generally parametrized as [33]:

AαðQ2Þ ¼ Aαð0Þð1þ αQ2Þe−βQ2

; ð30Þ

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 [28]. While the parameters α and β are
obtained by fitting the electroproduction data on the total
cross section at different Q2 available from the CLAS
experiment [25], and the values of these parameters for the
different nucleon resonances are tabulated in Table II.
We obtain the total cross section σv for γ�p → ηp

process by integrating the angular distribution ( dσv
dΩqpη

) given

in Eq. (20) over the polar and azimuthal angles, which is
presented in Fig. 3 as a function of CM energy W at
different values of Q2 ranging from Q2 ¼ 0.165 GeV2 to
1.3 GeV2. The theoretical calculations are presented for the
full model, which receives contribution from the nonreso-
nant Born terms as well as from the S11ð1535Þ, S11ð1650Þ,
P11ð1710Þ, P11ð1880Þ, and S11ð1895Þ resonance excita-
tions. We have compared our theoretical calculations
with the experimental data available from the CLAS
experiment [25] and found a very good agreement between
the experimental and theoretical results at all values of Q2,
including Q2 > 1 GeV2.

III. WEAK PRODUCTION OF η MESONS

A. Charged current induced reactions

The charged current (CC) (anti)neutrino induced single η
production off the nucleon target (Fig. 1) are given by the
following reactions

νμðkÞ þ nðpÞ → μ−ðk0Þ þ ηðpηÞ þ pðp0Þ; ð31Þ

ν̄μðkÞ þ pðpÞ → μþðk0Þ þ ηðpηÞ þ nðp0Þ; ð32Þ

where the quantities in the parentheses are the four
momenta of the particles.

The double differential scattering cross section d2σ
dQ2dW, for

the reactions shown in Eqs. (31) and (32), in the laboratory
frame, is expressed as [17]

d2σ
dQ2dW

¼
Z

2π

0

dϕqpη

×
Z

Emax
η

Emin
η

dEη
1

ð2πÞ4
1

64E2
νM2

W
jq⃗j

XX
jMj2:

ð33Þ

The transition matrix element M, in the case of weak
charged current induced process, is given by

FIG. 3. Integrated cross section σv vs W at different Q2 for
γ�p → ηp process. The experimental points are the CLAS 2007
data [25]. Solid line shows the result of the full model which
receives contribution from the nonresonant Born terms as well as
from the nucleon resonance excitations.
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M ¼ GFffiffiffi
2

p cos θClμJμ; ð34Þ

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

lμ ¼ ūðk0Þγμð1 ∓ γ5ÞuðkÞ ð35Þ

where −ðþÞ stands for neutrino (antineutrino) induced
reactions and Jμ ¼ JμNR þ JμR is the weak hadronic current,
which receives contribution from both the nonresonant
Born terms as well as the resonance excitations.
The hadronic currents for the Born diagrams (s- and

u-channels) with nucleon poles are given in Eq. (23),
except for the fact that ON is now replaced by OV, where
OV ¼ Vμ − Aμ is the weak vertex factor. 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; ð36Þ

Aμ ¼
�
g1ðQ2Þγμ þ g3ðQ2Þ

M
qμ
�
γ5; ð37Þ

where fV1;2ðQ2Þ are, respectively, the isovector vector 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, for the
proton and the neutron, using the relationships

fV1;2ðQ2Þ ¼ Fp
1;2ðQ2Þ − Fn

1;2ðQ2Þ: ð38Þ

These electromagnetic form factors may be rewritten in
terms of the electric [GN

E ðQ2Þ] and magnetic [GN
MðQ2Þ]

Sachs’ form factors.
The axial-vector form factor g1ðQ2Þ is parametrized as

g1ðQ2Þ ¼ gAð0Þ
�
1þ Q2

M2
A

�−2
; ð39Þ

where gAð0Þ ¼ 1.267 is the axial-vector charge and MA is
the axial dipole mass, which in the numerical calculations is
taken as the world average value i.e.MA¼1.026GeV [34].
On the other hand pseudoscalar form factor g3ðQ2Þ is
expressed in terms of g1ðQ2Þ using the PCAC hypothesis
and Goldberger-Treiman relation as

g3ðQ2Þ ¼ 2M2g1ðQ2Þ
m2

π þQ2
; ð40Þ

with mπ being 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. (25), where
the vertex factor Γμ

1
2
� is now written as

Γμ
1
2
þ ¼ Vμ

1
2

− Aμ
1
2

; ð41Þ

for the positive parity resonance, and as

Γμ
1
2
− ¼



Vμ

1
2

− Aμ
1
2

�
γ5; ð42Þ

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

Vμ
1
2

¼ fCC1 ðQ2Þ
ð2MÞ2 ðQ2γμ þ =qqμÞ þ fCC2 ðQ2Þ

2M
iσμαqα; ð43Þ

Aμ
1
2

¼
�
gCC1 ðQ2Þγμ þ gCC3 ðQ2Þ

M
qμ
�
γ5; ð44Þ

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

i ðQ2Þ] and neutral [FR0
i ðQ2Þ] electromagnetic

N − R transition form factors as:

fCCi ðQ2Þ ¼ FRþ
i ðQ2Þ − FR0

i ðQ2Þ; i ¼ 1; 2 ð45Þ

Further, these form factors are related to the helicity
amplitudes as discussed in Sec. II B.
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 for N − R transition [1].
The axial-vector coupling gCC1 at Q2 ¼ 0 is obtained

as [17]

gCC1 ð0Þ ¼ 2gRNπ; ð46Þ

with gRNπ being the coupling strength for R → 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:

gCC1 ðQ2Þ ¼ gCC1 ð0Þ

1þ Q2

M2
A

�
2
; ð47Þ
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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; ð48Þ

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

B. Neutral current induced reactions

The neutral current (NC) (anti)neutrino induced single η
production off the nucleon target (Fig. 1) are given by the
following reactions

νlðkÞ þ NðpÞ → νlðk0Þ þ ηðpηÞ þ Nðp0Þ; ð49Þ

ν̄lðkÞ þ NðpÞ → ν̄lðk0Þ þ ηðpηÞ þ Nðp0Þ; N ¼ n; p:

ð50Þ

The expression for the double differential scattering
cross section d2σ

dQ2dW is given in Eq. (33), where the transition

matrix element M, in the case of neutral current induced
process, is given by

M ¼ GFffiffiffi
2

p lμJμ; ð51Þ

with the leptonic current being the same as defined in
Eq. (35). The structure of the total hadronic current Jμ

remains the same as in charged current reactions, i.e.,
Jμ ¼ JμNR

NC þ JμR
NC, however, the individual hadronic

currents for the nonresonant Born terms and the resonance
excitations are now expressed in terms of the neutral
current form factors, which are discussed briefly in this
section. For details, the readers are referred to Ref. [1].
The hadronic currents for the Born diagrams (s- and

u-channels) with nucleon poles are given in Eq. (23),
however, in the case of NC reactions ON is replaced
by ONC

V , the weak neutral current vertex, where ONC
V ¼

VμNC − AμNC with VμNC and AμNC defined in terms of the
neutral current form factors as [1,2]:

VμNC ¼ f̃1ðQ2Þγμ þ f̃2ðQ2Þ
2M

iσμνqν; ð52Þ

AμNC ¼
�
g̃1ðQ2Þγμ þ g̃3ðQ2Þ

M
qμ
�
γ5; ð53Þ

where f̃1;2ðQ2Þ are the neutral current vector form factors
and are expressed in terms of both the isovector and

isoscalar components, and g̃1ðQ2Þ and g̃3ðQ2Þ are the
axial-vector and pseudoscalar form factors.
The vector form factors f̃1;2ðQ2Þ are expressed in

terms of the Dirac [Fp;n
1 ðQ2Þ] and Pauli [Fp;n

2 ðQ2Þ] form
factors of the nucleon, discussed in Sec. II B, using the
relationships,

f̃pi ðQ2Þ ¼
�
1

2
− 2sin2θW

�
Fp
i ðQ2Þ − 1

2
Fn
i ðQ2Þ; ð54Þ

f̃ni ðQ2Þ ¼
�
1

2
− 2sin2θW

�
Fn
i ðQ2Þ − 1

2
Fp
i ðQ2Þ; i ¼ 1; 2

ð55Þ

where θW is the Weinberg angle.
The axial-vector form factor, g̃1ðQ2Þ is expressed as

g̃1ðQ2Þ ¼ � 1

2
g1ðQ2Þ; ð56Þ

where þð−Þ stands for proton (neutron) target and g1ðQ2Þ
is defined in Eq. (39). The contribution of the pseudoscalar
form factor to the transition matrix element is proportional
to the lepton mass squared, and therefore does not
contribute in the case of NC reactions.
Next, we discuss the resonance excitation mechanism

for the neutral current 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. (25), with the vertex
factor Γμ

1
2
� defined in Eqs. (41) and (42) for the positive and

negative parity resonances, respectively, with the modifi-
cations Vμ

1
2

→ Vμ
1
2

NC and Aμ
1
2

→ Aμ
1
2

NC in the case of NC

induced reactions.
The vector and axial-vector vertex factors for the NC

induced processes are given by

Vμ
1
2

NC ¼ fNC1 ðQ2Þ
ð2MÞ2 ðQ2γμ þ =qqμÞ þ fNC2 ðQ2Þ

2M
iσμαqα; ð57Þ

Aμ
1
2

NC ¼
�
gNC1 ðQ2Þγμ þ gNC3 ðQ2Þ

M
qμ
�
γ5; ð58Þ

where fNCi ðQ2Þ (i ¼ 1, 2) are the neutral current N − R
transition form factors which, in analogy with the
nucleon form factors, are expressed in terms of the charged
[FRþ

i ðQ2Þ] and neutral [FR0
i ðQ2Þ] electromagnetic N − R

transition form factors as:

fiNCðQ2Þ ¼
�
1

2
− 2sin2θW

�
FRþ
i ðQ2Þ − 1

2
FR0
i ðQ2Þ;

for proton target ð59Þ
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fNCi ðQ2Þ ¼
�
1

2
− 2sin2θW

�
FR0
i ðQ2Þ − 1

2
FRþ
i ðQ2Þ;

for neutron target: ð60Þ

The axial-vector neutral current form factor gNC1 ðQ2Þ is
expressed in terms of gCC1 ðQ2Þ as

gNC1 ðQ2Þ ¼ � 1

2
gCC1 ðQ2Þ; ð61Þ

where þð−Þ stands for proton (neutron) target, gCC1 ðQ2Þ is
defined in Eq. (47).

IV. RESULTS AND DISCUSSION

A. Total and differential scattering cross sections

In Fig. 4, we present the results for the total cross section
σ vs. Eνlðν̄lÞ (l ¼ e, μ) for the neutrino and the antineutrino
charged current induced η production processes. These
results are presented both for electron and muon type
(anti)neutrinos, by taking into account the contribution
from S11ð1535Þ resonance only, and the full model, which
includes contribution from the nonresonant Born terms
as well as from the resonance excitations. In the present
work, we have considered five spin half resonances
viz. S11ð1535Þ, S11ð1650Þ, P11ð1710Þ, P11ð1880Þ, and
S11ð1895Þ. It may be observed from the figure that there
is a dominance of S11ð1535Þ resonance, which is more
pronounced in the case of neutrinos than antineutrinos. For
example, at Eν ¼ 1.5 GeV, the contribution of S11ð1535Þ is
98% (96%), which becomes 92%(89%) at Eν ¼ 3 GeV for

neutrino (antineutrino) induced processes. The total con-
tribution of the nonresonant terms is less than 2% in
the energy range Eνμ ¼ 1–3 GeV for the (anti)neutrino
induced η production processes. In view of the small
contribution of the nonresonant terms, the assumption of
neglecting η − η0 mixing in the evaluation of the nonreso-
nant terms is therefore justified. In view of the accelerator
experiments like MicroBooNE, T2K, SBND, etc., and the
atmospheric experiments for the sub-GeV energy region,
where there is considerable flux of (anti)neutrinos at lower
energies (Eν ≤ 1.5 GeV), we have explicitly shown the
dominance of S11ð1535Þ resonance, in the right panel
of Fig. 4, by presenting the results of σ as a function of
(anti)neutrino energy from threshold up to Eν ¼ 1.5 GeV.
The results obtained in our model are in agreement with the
results reported by Nakamura et al. [16], in the case of
νμ þ n → μ− þ pþ η reaction, using the DCC model and
also with our earlier work (see Fig. 11 of Ref. [17]).
Since the η production cross sections are dominated by

S11ð1535Þ resonance, therefore, we have also considered
individually the contribution from the vector and axial-
vector components of the weak hadronic current due to the
N − S11ð1535Þ transition. These results are shown in Fig. 5
for νμ and ν̄μ induced processes. It may be observed from
the figure that the contribution of the vector part of the
hadronic current dominates, for example, it has 76%
contribution at 1.5 GeV, which becomes 78% at 3 GeV.
This dominance of the vector contribution is also reported
by the very old calculation of Dombey [14], who finds the
ratio of vector to axial-vector contribution to be 2.7∶1 at
very higher energy, which may be compared with our result
of 6.25∶1 at Eνμ ¼ 4 GeV.

FIG. 4. Left: total scattering cross section σ for νμ (solid line), ν̄μ (dash-dotted line), νe (dashed line), and ν̄e (double-dash-dotted line)
CC induced η production off the nucleon target as a function of (anti)neutrino energy (Eν), using the full model that receives the
contributions from the nonresonant Born terms as well as from the resonance diagrams including S11ð1535Þ, S11ð1650Þ, P11ð1710Þ,
P11ð1880Þ and S11ð1895Þ. The lines with solid circles show the contribution only from S11ð1535Þ resonance. Right: same results but for
Eν from threshold to 1.5 GeV.
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Since we have fixed the parameters of the vector part of
the weak hadronic current by fitting the photo and electro-
production data, therefore, any uncertainty in the cross
section for the (anti)neutrino induced processes arises
mainly due to the uncertainty in the axial-vector part of
the weak hadronic current. Moreover, the dominant con-
tribution is from the vector current, therefore, the theoreti-
cal uncertainty in the total cross section due to the

uncertainty in the axial-vector contribution is quite small.
Quantitatively, to understand this uncertainty, we have
varied the strong coupling (gRNπ), determined by the partial
decay width of R → Nπ mode, maximally allowed by the
PDG and found that a 15% variation in the strong coupling
strength results in a change of 3%–5% in the neutrino
induced cross section, which is found to be even smaller in
the antineutrino induced charged current reactions. The
other uncertainty is due to the axial dipole mass MA, the
value of which is taken to be equal to MA ¼ 1.026 GeV.
A change of 10% in MA results a change of 4–6% in the
cross section in the energy range of 1.5 GeV to 3 GeV.
In Fig. 6, we have presented the results for σ vs. Eνðν̄Þ for

the neutral current induced (anti)neutrino scattering off
proton and neutron targets. These results are presented by
taking the contribution from the full model, and from
S11ð1535Þ resonance only. It may be noticed that the total
cross section from neutron target is more than the proton
target both in the neutrino and antineutrino induced
reactions. We find that for neutrino induced reaction from
the neutron, at Eν ¼ 1.5 GeV, the contribution from
S11ð1535Þ resonance is about 95%, which becomes about
90% at Eν ¼ 3 GeV. Similar observation for the S11ð1535Þ
resonance dominance has been made in the case of neutrino
induced η production from the proton target. However,
in the case of antineutrino induced reaction on the proton
target, the contribution from S11ð1535Þ resonance is about
88% at Eν̄ ¼ 1.5 GeV, which becomes 84% at Eν̄ ¼
3 GeV, while in the case of antineutrino induced reaction
off the neutron target, the contribution from S11ð1535Þ
resonance is about 94% at Eν̄ ¼ 1.5 GeV, which becomes
85% at Eν̄ ¼ 3 GeV.

FIG. 6. Left: total scattering cross section for νþ p → νþ pþ η (solid line), νþ n → νþ nþ η (dashed line), ν̄þ p → ν̄þ pþ η
(dash-dotted line), and ν̄þ n → ν̄þ nþ η (double-dash-dotted line) reactions as a function of (anti)neutrino energy. Lines (lines
with solid circles) show the contribution from the full model (S11ð1535Þ resonance only). Right: same results but for Eν from
threshold to 1.5 GeV.

FIG. 5. Total scattering cross section for the CC induced η
production i.e. νμ þ n → μ− þ ηþ p (solid line) and ν̄μ þ p →
μþ þ ηþ n (dashed line) using only the contribution from
S11ð1535Þ resonance. Dashed-dotted, double-dashed-dotted,
and double-dotted-dashed lines, respectively, show the results
for only vector contribution, only axial-vector contribution, and
vector axial-vector interference of the weak hadronic current.
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To understand the relative magnitude of the total cross
section induced by the charged and neutral current reac-
tions, in Fig. 7, we have shown the results for the ratio of
the total cross section for the charged current induced νμ
and ν̄μ scattering on neutron and proton targets, respec-
tively, to the cross section of the corresponding neutral
current reactions on the isoscalar nucleon target, i.e.,
σνðν̄Þpþσνðν̄Þn

2
. It may be noticed that this ratio increases

with energy until Eν ¼ 2 GeV, after which it saturates to
8.25 (8.5) for neutrino (antineutrino) reactions. Therefore, a

constant factor for σðCCÞ∶σðNCÞ ratio should not be
considered for the (anti)neutrino experiments, where the
average energy lies in the sub-GeV region like at
MicroBooNE, T2K, etc.
In Fig. 8, we have presented the results for the Q2

distribution (i.e. dσ
dQ2) vs Q2 and pη distribution (i.e., dσ

dpη
) vs.

pη using the full model, for the charged current νμ induced
η production from the free neutron target at Eνμ ¼ 1, 1.5
and 4 GeV. Notice that different scale factors for Q2 and
pη distributions have been used to depict the results at
Eνμ ¼ 1 GeV.

B. Flux averaged cross section

To explicitly see the Q2 and η-momentum distribution at
MicroBooNE energies, we have obtained the flux averaged
differential and total scattering cross sections by folding it
over the MicroBooNE flux [35]. For this we define

�
dσ
dQ2

	
¼

R
dσ
dQ2 ΦðEνÞdEνR
ΦðEνÞdEν

;

�
dσ
dpη

	
¼

R
dσ
dpη

ΦðEνÞdEνR
ΦðEνÞdEν

; ð62Þ

and

hσi ¼
R
σðEνÞΦðEνÞdEνR

ΦðEνÞdEν
ð63Þ

where ΦðEνÞ is the MicroBooNE νμ flux [35].
The results obtained for the flux averaged Q2 and

η-momentum distributions [using Eq. (62)] for the charged
current induced η production by νμ are shown in Fig. 9.
Using Eq. (63), we obtain the charged current νμ induced

FIG. 8. Q2 distribution (left panel) and η-momentum distribution (right panel) for the charged current induced νμ þ n → μ− þ pþ η
process at Eνμðν̄μÞ ¼ 1 GeV (solid line), 1.5 GeV (dashed-dotted line) and 4 GeV (dashed line) using the full model calculation.

FIG. 7. Ratio of total scattering cross section for the
(anti)neutrino CC induced η production to (anti)neutrino NC η
production off the nucleon target as a function of neutrino

energy. Solid line shows the results for the ratio ¼
σðνμþn→μ−þpþηÞ

½σðνþp→νþpþηÞþσðνþn→νþnþηÞ�=2 for the neutrino induced process,

and the dashed line shows the results for the ratio ¼
σðν̄μþp→μþþnþηÞ

½σðν̄þp→ν̄þpþηÞþσðν̄þn→ν̄þnþηÞ�=2 for the antineutrino induced

process.
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total cross section averaged over the MicroBooNE flux to
be hσCCi ¼ 1.68 × 10−41 cm2. We have also obtained
the flux averaged cross section for the neutral current
induced reactions νp → νpη and νn → νnη, for which the
results are found to be hσNCðνpÞi ¼ 0.18 × 10−41 cm2 and
hσNCðνnÞi ¼ 0.26 × 10−41 cm2, respectively, which corre-
sponds to an average NC cross section for an isoscalar
nucleon target to be hσNCðνNÞi ¼ 0.22 × 10−41 cm2. As
discussed earlier, the main source of uncertainty in the
theoretical prediction of (anti)neutrino cross section off the
nucleon target is due to the uncertainty in the axial-vector
form factor. This arises due to the large uncertainty in the
branching fraction of the resonance to Nπ decay mode, and
the choice of axial dipole mass MA. For example, a 15%
variation from the central value in the strong coupling
strength gRNπ for S11ð1535Þ resonance leads to an uncer-
tainty of about 4% in the total flux averaged cross section,
and a 10% variation inMA leads to a variation of about 5%
in the flux averaged cross section, which leads to a total
uncertainty of 0.11 × 10−41 cm2 (0.014 × 10−41 cm2) in
the flux averaged cross section for the charged (neutral)
current induced η production from the free nucleon target.
The MicroBooNE collaboration has reported the results

for hσi¼3.22�0.84�0.86×10−41 cm2=nucleon in argon
nuclear target, where nuclear medium and final state
interaction of η mesons with the residual nucleus effects
are also important. This needs to be taken into account
which has been shown to be important in the case of
photo- and electro- production of η mesons [36–38]. This
work is in progress and would be reported in future
communication.

V. SUMMARY AND CONCLUSIONS

We have studied the charged and neutral current
νlðν̄lÞ; ðl ¼ e; μÞ induced η production off the nucleons

and presented the results for the total scattering cross
section σðEνlðν̄lÞÞ, Q2-distribution ð dσ

dQ2Þ and the momentum

distribution ð dσdpη
Þ for the η mesons, in a model in which the

contribution from the nonresonant Born terms and the
resonant terms are calculated in an effective Lagrangian
approach. We have applied this model to obtain the flux
averaged differential and total scattering cross sections for
the MicroBooNE νμ flux.
We find that:
(i) Weak charged current production of η mesons

induced by νl and ν̄l (l ¼ e, μ) from the free nucleon
target is dominated by the excitation of S11ð1535Þ
resonance and its subsequent decay into η through
S11ð1535Þ → Nη decay, similar to the observations
made in the case of electromagnetic production of
η mesons.

(ii) This dominance of S11ð1535Þ resonance contribu-
tion in the weak production of η occurs in the
charged as well as the neutral current induced
reactions. However, at higher neutrino energies
(Eν > 2 GeV), the contribution from the higher
resonances becomes non-negligible.

(iii) The charged as well as neutral current productions
of η meson are dominated by the vector current
contribution.

(iv) Weak charged current production cross section of η
meson is larger for the neutron target than the proton
target. This is expected because η production from
neutron is induced by neutrinos while on the proton
target, it is induced by the antineutrinos.

(v) In the case of neutral current induced η production,
the cross section is larger from the neutron as
compared to the proton target. This is due to the
isospin structure of the neutral current in the
standard model.
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FIG. 9. h dσ
dQ2i (left panel) and h dσ

dpη
i (right panel) averaged over the MicroBooNE flux defined in Eq. (62) for the charged current

induced νμ þ n → μ− þ pþ η process.
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(vi) The charged current production cross section of the
η meson is larger than the neutral current production
cross section. The enhancement factor is neutrino
energy dependent. For example, this ratio is 4∶1 at
Eνμ ¼ 1 GeV and becomes 8∶1 at Eνμ ¼ 2 GeV.
Similar observation has also been made in the case
of antineutrino induced reactions.

(vii) The total scattering cross section folded over
the MicroBooNE νμ flux is obtained to be
1.68 × 10−41 cm2 and 0.22 × 10−41 cm2, respec-
tively, for the charged and neutral current induced
η production from the free nucleon.

To conclude, the results presented, in this work, for the
neutral and charged current induced (anti)neutrino scat-
tering cross section from the free nucleon, ratio of the
cross sections for the charged current to neutral current,

and the flux averaged total cross section hσi, differential
cross sections h dσ

dQ2i and h dσdpη
i integrated over the

MicroBooNE νμ spectrum may be useful in the future
analysis of MicroBooNE as well as other accelerator and
atmospheric neutrino experiments like T2K, NOvA,
DUNE, HyperK, etc. being performed in the few GeV
energy region.
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