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As a first step toward developing a reaction model that enables a comprehensive description of
neutrino-nucleon reactions in the nucleon resonance region, we have applied for the first time a
dynamical coupled-channels model, which successfully describes πN, γN → πN, ηN, ππN,KΛ, KΣ
reactions up to W = 2 GeV, to predict the neutrino-induced meson-production reactions with
∆S = 0 at the forward angle limit. This has been achieved by relating the divergence of the
axial-current matrix elements at Q2 = 0 to the πN → X reaction amplitudes through the PCAC
hypothesis. We present the contributions from each of the πN, ηN, ππN,KΛ, KΣ channels to the
F2 structure function at Q2

→ 0 limit up to W = 2 GeV.
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I. INTRODUCTION

Recent breakthroughmeasurements of non-zero neutrino mixing angle θ13 from Daya Bay and RENO experiments [1,
2], which are consistent with the data from T2K, MINOS and Double Chooz experiments [3–5], indicated a possibility
of the CP violation in the lepton sector. Now the main issue of the neutrino physics is shifting to CP phase, mass
hierarchy as well as further precise determination of θ13. For making a progress towards this direction by analyzing
data from the next-generation long-baseline and atmospheric experiments, neutrino-nucleon and neutrino-nucleus
scattering need to be understood within 10% or better accuracy, for the relevant neutrino energy region from sub
GeV to a few GeV, and 0 ≤ Q2 ≤ 4 (GeV/c)2 [see Eq. (4) for the definition of Q2]. This energy region covers
neutrino-nucleus interactions of different characteristics, namely, the quasi-elastic (QE), resonant (RES), and deep-
inelastic scatterings (DIS). Thus a combination of different expertise is necessary to tackle the problem. This motivates
theorists and experimentalists to get together to organize a new collaboration, e.g., see Ref. [6].

Here we are concerned with the RES region which covers the ∆ peak and, through the second and third resonance
regions, up to the region overlapping with the DIS region. Previous models for the weak single pion production off the
nucleon in the RES region, some of them are for the ∆-region only, can be categorized into three kinds of approaches.
Models of the first kind of approaches consist of a coherent sum of resonance contributions [7–10]. The second one
additionally has non-resonant mechanisms of the tree level [11–13]. The third one considers the rescattering also
so that the πN unitarity is maintained, and such a model for the ∆-region was developed by two of the present
authors [14, 15]. These models for the elementary processes have been used as basic ingredients to construct neutrino-
nucleus reaction models. Although the previous models mentioned above consider only the single-pion production,
double-pion production is comparably important in the RES region. Furthermore, η and kaon productions also
take place, and they can be a background for proton-decay experiments [16, 17]. Some models for the weak kaon
productions through the strangeness conserving (∆S = 0) reactions [18] and the strangeness changing (∆S = ±1)
reactions [19, 20], belonging to the second kind of approaches discussed above, have been developed so far. In order to
describe those meson production reactions, the reaction model has to take into account the coupled-channels effects
and satisfy unitarity for the multichannel reactions. However, such a model for the neutrino-nucleon reactions has
not been developed so far.

In this context, our recent development of a dynamical coupled-channels (DCC) model is quite encouraging [21, 22].
Our DCC model is based on a comprehensive analysis of πN, γN → πN, ηN,KΛ,KΣ reactions in the RES region,
taking account of the coupled-channels unitarity including the ππN channel. An extension of the DCC model to
the neutrino reaction is fairly straightforward. Although we need to construct a dynamical axial-current model for a
full development, we can actually calculate the neutrino-induced forward (Q2 = 0) meson production cross sections,
characterized by the structure function F2, from the cross sections for πN → X (X = πN, ηN,KY...) by invoking the
PCAC hypothesis. Thus, in this report, we attempt to make a first step of extending the DCC model to the weak
sector, by calculating F2(Q

2 = 0) for ∆S = 0 νN → lX (l: lepton) with the PCAC hypothesis, thereby setting a
starting point for a future full development. We also remark that our estimate of the magnitudes of νN → lKY and
νN → lηN forward cross sections is, for the first time, based on a model that has been rather extensively tested by
the data of πN and γN reactions in the RES region.

We start with the formulation of Ref. [14] that keeps the lepton mass in the derivation of formula needed for
calculating the cross sections correctly in the region where lepton masses could play important role. We observe that
at Q2 → 0 limit, the forward angle cross section is dominated by the matrix element of the divergence of the axial
vector currents, as will be explained later in deriving Eq. (11). This offers an opportunity to explore the reaction
mechanism of the neutrino-induced reaction by using the pion-induced reaction via the well-studied PCAC hypothesis.
This is done in this work by investigating the structure function, which is independent of lepton masses, to illustrate
the relative importance between different reaction channels in neutrino-induced reaction at Q2 → 0. We emphasize
here that the objective of this work is to provide a first glimpse of the reaction mechanism, not to compare with the
cross section data. In other words, we simply assume that the Q2 → 0 limit of the neutrino reaction amplitudes can
be well approximated by those of the πN reactions through the PCAC hypothesis at Q2 = 0 point that can never
be reached kinematically when final leptons are massive. This kind of practices, as done, for example, by Adler [23]
and by Paschos et al. [24–26], is rather successful in many earlier works in using the PCAC hypothesis to relate the
mechanisms of pions in various reactions. The comparison with the cross-section data of neutrino-induced reactions
in the nucleon-resonance region will be done in our full model, which is being developed, using the formulation of
Ref. [14].

The rest of this report is organized as follows: In Sec. II, we describe our procedure to calculate F2 for the forward
neutrino-induced meson production reaction using the PCAC hypothesis. We present numerical results in Sec. III,
followed by a summary in Sec. IV.
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FIG. 1. Schematic representation of the l(k) +N(p) → l′(k′) +X(p′) reactions considered in this paper.

II. FORMALISM

A. Kinematics

First we define kinematic variables needed for the following discussions. We consider the inclusive l(k) + N(p) →
l′(k′) + X(p′) reactions, where (l, l′) = (νe, e

−), (ν̄e, e
+) for the charged-current (CC) reactions, while (l, l′) =

(νe, νe), (ν̄e, ν̄e) for the neutral-current (NC) reactions. We assume that leptons are massless throughout this pa-
per.
In the laboratory frame, the four-momentum are defined to be

k = (E,~k), (1)

p = (mN , 0, 0, 0), (2)

k′ = (E′, ~k′), (3)

and p′ = k + p− k′. For massless leptons, E = |~k| and E′ = |~k′|. The positive quantity Q2 is then defined by

Q2 = −q2 = 4EE′ sin2
θ

2
, (4)

where θ is the scattering angle of l′ with respect to l, i.e., k̂ · k̂′ = cos θ; q is the momentum transfer between l and l′,
q = k′ − k. Each component of the four-momentum q is denoted as q = (ω, ~q) in the laboratory frame. Hereafter we
call this frame FM1.
For later use, we also define another frame, called FM2, in which X is at rest. In this frame, q and p are denoted

as q = (ωc, ~qc) and p = (EN ,−~qc), respectively, where EN =
√

m2
N + |~qc|2 and mN is the nucleon mass. Also, we set

~qc = (0, 0, |~qc|) so that ~qc defines the z-direction of this frame.

B. Cross section formula of inclusive neutrino reactions at forward angle limit

By assuming that the inclusive l(k) + N(p) → l′(k′) + X(p′) reactions take place via one-gauge-boson exchange
processes as shown in Fig. 1, the cross sections for the inclusive neutrino and anti-neutrino reactions are expressed as

dσα

dE′dΩ′
=

G2
FCα

2π2
E′2

[

2W1,α sin2
θ

2
+W2,α cos2

θ

2
±W3,α

E + E′

mN

sin2
θ

2

]

. (5)

Here, the label α = CCν,CCν̄, NCν, NCν̄ specifies the reactions; Ω′ is the solid angle of l′ in the laboratory frame;
Cα = |Vud|2 for α = CCν, CCν̄ and Cα = 1 for α = NCν, NCν̄; the sign in front of W3,α is taken to be + (−) for ν
(ν̄) induced reactions. The structure functions, Wi,α (i = 1, 2, 3), are Lorentz-invariant functions of two independent

variables. One usually chooses Q2 and the invariant mass W =
√
s =

√

(p+ q)2 for the resonance region, but chooses
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Bjorken scaling variable x = Q2/(2p · q) and Q2 for the deeply inelastic region. In the forward limit, θ → 0, Eq. (5)
reduces to

dσα

dE′dΩ′
(θ → 0) =

G2
FCα

2π2
E′2W2,α . (6)

The structure function W2,α is expressed in terms of matrix elements of weak currents between the initial nucleon N
and the final X , 〈X |Jµ

α |N〉. [Throughout this paper, we use conventions of Bjorken and Drell [27], and any one-particle

states are normalized as 〈k|k′〉 = δ(~k − ~k′).] The weak currents Jα,µ are given by

Jα,µ =







(V 1
µ + iV 2

µ )− (A1
µ + iA2

µ) (for α = CCν),
(V 1

µ − iV 2
µ )− (A1

µ − iA2
µ) (for α = CCν̄),

(1− 2 sin2 θW )V 3
µ − 2 sin2 θWV IS

µ −A3
µ (for α = NCν, NCν̄).

(7)

Here, V i
µ andAi

µ are the vector and axial currents, respectively. The superscript i = IS (i = 1, 2, 3) denotes the isoscalar
current (i-th component of the isovector current). Also, θW is the Weinberg angle. If one evaluates 〈X |Jµ

α |N〉 in the
frame FM2, then the structure functions are expressed as [15]

W2,α =
Q2

~q2

∑

[

1

2

(

|〈X |Jx
α|N〉|2 + |〈X |Jy

α|N〉|2
)

+
Q2

~q2c

∣

∣

∣

∣

〈X |
(

J0
α +

ωc

Q2
q · Jα

)

|N〉
∣

∣

∣

∣

2
]

, (8)

where we have introduced concise notation

∑

=
1

2

∑

N-spin

∑

X

(2π)3δ4(p+ q − p′)
EN

mN

, (9)

where
∑

X means summing up all possible quantum numbers and integrating over momentum ~p′ of all final state X ,
and the factor 1/2 in Eq. (9) comes from taking average for the initial nucleon spin.
We now notice from Eq. (4) that the θ → 0 limit leads to Q2 → 0, and thus the structure function W2,α for

evaluating the cross section [Eq. (6)] at θ → 0 reduces to

W2,α(Q
2 → 0) =

Q2

~q2

∑ Q2

~q2c
|〈X | ωc

Q2
q · Jα|N〉|2. (10)

Because of the vector current conservation 〈X |q · Vα|N〉 = 0 in the isospin limit and |~qc| = ωc at Q2 = 0, we find that

W2,α(Q
2 → 0) =

1

~q2

∑

|〈X |q ·Aα|N〉|2 . (11)

According to Refs. [28–30], the divergence equations for the axial currents give

|〈X(p′)|q · Aa|N(p)〉|2 = f2
πm

4
π|〈X(p′)|π̂a|N(p)〉|2, (12)

where fπ (mπ) is the pion decay constant (pion mass), and π̂a is the normalized interpolating pion field. Furthermore,
the matrix element 〈X(p′)|π̂a|N(p)〉 at Q2 = 0 can be expressed as

|〈X(p′)|π̂a|N(p)〉|2 =
2ωc

m4
π

|TπaN→X(0)|2. (13)

Here, TπaN→X(q2) is the T-matrix element of the πa(q) + N(p) → X(p′) reaction in the πN center-of-mass frame
(i.e., in the frame FM2), where the incoming pion can be off-mass-shell q2 6= m2

π. Using Eqs. (12) and (13), we have
at Q2 = 0,

1

~q2

∑

|〈X(p′)|q · Aa|N(p)〉|2 =
1

~q2
f2
π(2ωc)

∑

|TπaN→X(0)|2

∼ 1

~q2
f2
π(2ωc)

∑

|TπaN→X(m2
π)|2

=
1

~q2
f2
π(2ωc)

1

2π

p · q
ENωc

EN

mN

σπaN→X

=
f2
π

πω
σπaN→X , (14)
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where σπaN→X is the total cross section of the on-shell πa + N → X reactions, and we have used the relation
TπaN→X(q2 = 0) ∼ TπaN→X(q2 = m2

π), which is a consequence from the PCAC hypothesis [31], and ~q2 = ω2. From

the fact that |π±〉 = ∓(1/
√
2)(|π1〉 ± i|π2〉) and |π0〉 = |π3〉, we finally have

W2,α =







































2f2
π

πω
σπ+N→X (for α = CCν),

2f2
π

πω
σπ−N→X (for α = CCν̄),

f2
π

πω
σπ0N→X (for α = NCν, NCν̄).

(15)

The results so far obtained is essentially same as in the papers by Adler [23] and also by Paschos et al. [24–26]. From
Eqs. (6) and (15), one can evaluate neutrino-induced forward meson production reactions at θ = 0 using the πN → X
total cross sections.

III. RESULTS AND DISCUSSIONS

To evaluate Eq. (15), we need inputs of πN reaction total cross sections. In this work, we employ those obtained
from the DCC approach developed by the authors [21, 22]. This approach is based on a DCC model [32], within which
the couplings among relevant meson-baryon reaction channels including the three-body ππN channel are fully taken
into account, so that the scattering amplitudes satisfy the two-body as well as three-body unitarity. The scattering
amplitudes of πN → X with X = πN, ππN, ηN,KΛ,KΣ are then constructed through a global analysis of pion- and
photon-induced πN , ηN , KΛ, KΣ production reactions off the nucleons up to W = 2 GeV. Details of this analysis
will be reported elsewhere [22].
We present the structure functions F2 of the neutrino-nucleon reactions (Fig. 2 for CC reactions and Fig. 3 for

NC reactions). Here F2 is a dimensionless quantity defined by F2 = ωW2. It is found that the contribution of
the πN production reactions dominate F2 below W = 1.5 GeV, while above that energy, the contribution of ππN
production reactions becomes comparable with πN , indicating the importance of the ππN reactions in the nucleon
resonance region beyond ∆(1232). On the other hand, contribution of ηN , KΛ, and KΣ reactions are much smaller
[O(10−1)-O(10−2)] than that of πN and ππN , which is similar to cross sections for meson production reactions with
pion and photon beams. In the same figures, we also present results from the Sato-Lee (SL) model [14, 15, 33] (dotted
curves). This model aims to describe πN production reactions in the ∆(1232) region and thus contains only ∆(1232)
as resonance contributions. It is noted that F2 functions for the SL model shown in the figures are not obtained via
the PCAC hypothesis as discussed in Sec. II B. The SL model directly gives the F2 functions because it consists of
both the vector and axial currents, and reasonably reproduce available neutrino-induced pion production data [14].
Comparing dotted curves with thin solid curves that are the full πN production reactions up to W = 2 GeV, we
clearly see that contributions from other than ∆(1232), e.g., higher resonances and/or backgrounds, become relevant
above W = 1.3 GeV. Also, the good agreement between the thin solid and dotted curves for W . 1.3 GeV indicates
a reliability of calculating F2 from the πN → X total cross sections with the PCAC hypothesis.
It is noted that, even above the ∆(1232) region, the F2 function still has bump structures and is not a monotonous

function in W . This non-monotonic behavior of F2 comes from high-mass nucleon resonances, which are expected to
exist up to W ∼ 2.5 GeV. An appropriate treatment of such behavior, as successfully done in our DCC approach,
may be crucial for reducing systematic errors in atmospheric and accelerator experiments to determine neutrino
parameters.

IV. SUMMARY AND PROSPECTS FOR FUTURE DIRECTIONS

As a first step toward developing a reaction model that enables a comprehensive description of neutrino-nucleon
reactions in the nucleon resonance region, we have applied for the first time the DCC approach developed in Refs. [21,
32] to the neutrino-induced forward meson-production reactions off the nucleons, l + N → l′ + X with (l, l′) =
(νe, e

−), (ν̄e, e
+), (νe, νe), (ν̄e, ν̄e) and X = πN, ππN, ηN,KΛ,KΣ, in the energy region from the πN threshold up

to W = 2 GeV. This has been achieved by relating divergence of the axial-current matrix elements 〈X |∂µjµA|N〉
at Q2 → 0 to the πN → X reaction amplitudes from the dynamical coupled-channels model through the PCAC
hypothesis.
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FIG. 2. (color online) W -dependence of the F2 function for CC neutrino-nucleon meson-production reactions at the limit
Q2

→ 0, plotted for W from the 1π-production threshold up to 2 GeV. The left (right) panel is for the CC ν-proton or
CC ν̄-neutron (CC ν-neutron or CC ν̄-proton) reactions. Each curve is: (thick solid curves) Total contribution from X =
πN, ππN, ηN,KΛ, KΣ production reactions; (thin solid curves) contribution from X = πN only; (dashed curves) contribution
from X = ππN only; (dashed-dotted curves) contribution from X = ηN only; (dashed-two-dotted curves) contribution from
X = KΛ only; (two-dashed-dotted curves) contribution from X = KΣ only. As a comparison, results from the SL model [14],
in which F2 is directly calculated without relying on the PCAC hypothesis, are also shown as dotted curves.
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FIG. 3. (color online) W -dependence of the F2 function for NC neutrino-nucleon meson-production reactions at the limit
Q2

→ 0, plotted for W from the 1π-production threshold up to 2 GeV. The meaning of each curve is same as Fig. 2.

We have presented the F2 structure functions for l + N → l′ + X and investigated contributions of production
reactions for each X . It is found that above W = 1.5 GeV, the contribution of ππN production reactions becomes
comparable with πN . Also, our results suggest that a naive extrapolation of the DIS cross sections down to the
nucleon resonance region, which is often performed in analyses of atmospheric and accelerator experiments, may be
better to be replaced by more realistic reaction cross sections for precise determination of neutrino parameters.

The next step will be extending our dynamical coupled-channels model to directly analyze neutrino reactions
without relying on the PCAC hypothesis, so that we can investigate neutrino reactions at any finite Q2. This project
is underway and will be reported elsewhere.
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