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In this work we report the calculation of the charged current total and differential cross sections for
weak pion production with neutrinos and antineutrinos, with the final pion-nucleon pair invariant mass
WπN ≲ 2 GeV. Our results are compared with the recent reanalyzed data from the old bubble chamber
experiments, that solved the discrepancy between the Argonne National Laboratory and Brookhaven
National Laboratory data. We implement a model previously tested for the cutsWπN < 1.4, 1.6 GeV, which
explicitly includes resonances in the first and second resonance regions within different approaches for the
resonances self-energy and 3

2
vertexes and propagators, a fact not usually analyzed. Our model leans on

consistently effective Lagrangians that generate resonant amplitudes together with nonresonant and
resonant backgrounds. Effects of hadrons’ finite extension and more energetic resonances correspond to the
emitted pion-nucleon invariant mass in the 1.6 < WπN < 2 GeV region are taking into account using
appropriate form factors in consistency with previous results on neutral current pion production
calculations. Our results reproduce well the reanalyzed data without cuts and are compared with other
models.
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I. INTRODUCTION

For current and future neutrino oscillation experiments
we need to understand single pion production by neutrinos
with few-GeV energies. The pion production is either a
signal process when scattering cross sections are analyzed,
or a large background for analyses which select quasielastic
events. At these energies the dominant production mecha-
nism is via the excitation and subsequent decay of hadronic
resonances. Experimental data on nuclear targets present a
confusing picture, shown from the MINERνA [1,2] and
MiniBooNE [3] experiments in poor agreement with each
other in the framework of current theoretical models [4,5].
Complete models of neutrino nucleus single pion produc-
tion interactions are usually factorized into three parts: the
neutrino-nucleon cross section; additional nuclear effects
which affect the initial interaction; and the “final state
interactions” (FSI) of hadrons exiting the nucleus.
More basically at the level of a neutrino-nucleon cross

section, the axial form factor (FF) for pion production on

free nucleons cannot be constrained by electron scattering
data, used normally to get the vector FF, so it relies upon
data from Argonne National Laboratory’s 12 ft bubble
chamber (ANL) [6] and Brookhaven National Laboratory’s
7 ft bubble chamber (BNL) [7]. The ANL neutrino beam
was produced by focusing 12.4 GeV protons onto a
beryllium target. Two magnetic horns were used to focus
the positive pions produced by the primary beam in the
direction of the bubble chamber, these secondary particles
decayed to produce a predominantly νμ peaked at
∼0.5 GeV. The BNL neutrino beam was produced by
focusing 29 GeV protons on a sapphire target with a similar
two horn design to focus the secondary particles. The BNL
νμ beam had a higher peak energy of ∼1.2 GeV and was
broader than the ANL one. These both datasets differed in
normalization by 30–40% for the leading pion production
process νμp → μ−pπþ, which resulted in large uncertain-
ties in the predictions for oscillation experiments as well as
in the interpretation of data taken on nuclear targets [8–13].
It has long been suspected that the discrepancy between

ANL and BNL was due to an issue with the normalization
of the flux prediction from one or both experiments, and it
has been shown by other authors that their published results
are consistent within the experimental uncertainties pro-
vided [14,15]. Reference [16] presented a method for
removing flux normalization uncertainties from the ANL
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and BNL νμp → μ−pπþ measurements by taking ratios
with charged-current quasielastic (CCQE) event rates in
which the normalization cancels. Then, a measurement
of νμp → μ−pπþ was obtained by multiplying the ratio
by an independent measurement of the charged-current
quasielastic cross section, which is well known for nucleon
targets. Using this technique, they found good agreement
between the ANL and BNL νμp → μ−pπþ datasets. Later,
they extend that method to include the subdominant νμn →
μ−pπ0 and νμn → μ−nπþ channels [17]. These authors
used the resulting data to fit the parameters of the GENIE
pion production model [18]. They found a set of parameters
that can describe the bubble chamber data better than the
GENIE default ones, and provided updated central values
and reduced uncertainties for use in neutrino oscillation and
cross section analyses that use the GENIE model. In this
model the cross section is cut off at a tunable invariant mass
value, which is WπN ≤ 1.7 GeV by default. No in-medium
modifications to resonances are considered, and interfer-
ences between resonances are neglected in the calculation
being the Rein-Sehgal (RS) model in Ref. [19] adopted.
Nevertheless, the original RS model includes nonresonant
single pion production as an additional resonance ampli-
tude, while in GENIE the nonresonant component is
implemented as an extension of the deep inelastic scattering
model. They found that GENIE’s nonresonant background
prediction has to be significantly reduced to fit the data,
which may help to explain the recent discrepancies between
simulation and data observed by the MINERνA coherent
pion and NOνA [20] oscillation analyses. While more
sophisticated single pion production models exist, the
GENIE generator is widely used by current and planned
neutrino oscillation experiments, so tuning the generator
parameters represents a pragmatic approach to improving
its description of available data. We find that the reanalyzed
data, where the normalization discrepancy has been
resolved, is able to significantly reduce the uncertainties
on the pion production parameters.
This is one of the reasons why we are encouraged to

return to the calculation of neutrino-nucleon cross sections
in our model and try to extend it to larger final WπN
invariant masses. On the other hand, there are many models
to describe this process that do not fulfill several important
ingredients:
(1) There are problems from the formal point of view.

The main pion emission source are excitation and
decay of resonances, and many of them are of spin 3

2
where its field is built as Ψμ ≡ ψ ⊗ ξμ, where ψ is a
Dirac spinor field and ξμ is a Dirac four-vector [21].
In this way, the field Ψμ will contain a physical
spin-3

2
sector and a spurious spin-1

2
sector dragged by

construction. Nevertheless, involved Lagrangians
must lead to amplitudes invariant by contact trans-
formations [22]Ψν → Ψ0ν ¼ Rμνð1þ3A

2
ÞΨν, RρσðaÞ ¼

gρσ þ aγργσ , which change the amount of the spin-1
2

espurious contribution since there exist the constraint

Ψμγ
μ ¼ 0 for the 3

2
sector. Many works keep the

simpler forms of both the free and interaction
Lagrangians involvingΨμ that correspond to different
A values, and with this choice amplitudes lacks the
mentioned invariance. In addition, the interaction
Lagrangian for the spin-3

2
field coupled to a nucleon

N (ψ) and a pseudoscalar meson (ϕ) or boson (W), as
usually appears in a resonance production decay,
depends on a second parameter Z not fixed by the
contact invariance. Now to fix it, we point to the
question of the true degree of freedom of the spin-3

2

field; where the dynamics is described by a con-
strained quantum field theory. Observe that in the free
Ψμ Lagrangian there is no term containing _Ψ0 [23].
So, the equation of motion for it is a true constraint,
and Ψ0 should have no dynamics. It is necessary then
that interactions do not change that fact, and as was
shown in Ref. [23] this is fulfilled for certain values
of Z. These formal points are usually not analyzed in
the majority of works on the field.

(2) In addition to the resonances pole or direct contri-
bution (normally referred to as direct resonant or
simply resonant terms) to the amplitude, we have
background terms coming from cross resonance
amplitudes (usually named the background resonant
terms) and nonresonance origin (usually called the
background nonresonant terms). Many works do not
consider the interference between these both reso-
nant and background contributions, and really it is
very important to describe the data.

(3) Finally, other models detach the decay process from
the resonance production out of the whole weak
production amplitude. However, resonances are
nonperturbative phenomena associated to the pole
of the S-matrix amplitude and one cannot detach
them from its production or decay mechanisms.
Further, the models to describe cross sections use
born contributions for the background amplitudes
and resonant ones that are valid around each reso-
nance region. Nevertheless, the effect of deviations
from the hadronic pointlike couplings due to the
quark structure of nucleons and resonances are not
taken into account when the final πN invariant mass
WπN grows, and it is assumed that the models are
valid for all WπN regions.

In this work we calculate the total and differential cross
sections of the inelastic dispersion of neutrinos on nucleons
with the production of one pion untilWπN ≲ 2 GeV and we
try to describe the reanalyzed data in Refs. [16,17]. In our
model we incorporate explicitly resonance states Δð1232Þ,
and N�ð1440Þ, N�ð1520Þ, N�ð1535Þ, the so-called second
resonance region, with a consistent model for the spin-3

2
fields

that reproduced satisfactorily thedata for theANLexperiment
in the range WπN ≲ 1.6 GeV [24]. The effect of hadron
structurewhenWπN grows and ofmore energetic resonances,
not introduced explicitly in themodel, is included throughout
a global effective hadronic FF in consistence with previous
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calculations for neutral currents (NCs) [25]. Our model
reproduces well the data of Refs. [16,17], both for the total
and differential cross sections.
Our work will be organized as follows: In Sec. II, we

summarize the general description of the pion production
cross sections, together with the previously calculated
amplitudes showed in the Appendix. In Sec. III we analyze
how to extend our previous model to higher WπN and will
show our results for neutrino and antineutrino scattering.
Finally, in Sec. IV, we summarize our conclusions.

II. TOTAL AND DIFFERENTIAL CROSS
SECTIONS

We resume here some general concepts and let specific
formulae for an Appendix. We are interested in describing
here two observables for the CC νN → μþN0π and ν̄N →
μ−N0πmodes, since NC processes in the presentWπN range,
where analyzed previously [25]. The total cross section for
single pion weak production on nucleons, where we use νN
center mass (CM) variables since it is easier to look for their
limits, reads (we take pν ¼ Eνk̂ along the z axis)

σðECM
ν Þ ¼ mνm2

N

ð2πÞ4ECM
ν

ffiffiffi
s

p
ZEþ

μ

E−
μ

dECM
μ

ZEþ
π

E−
π

dECM
π

×
Zþ1

−1
d cos θ

Z2π
0

dη
1

16

X
spin

jMj2; ð1Þ

being
ffiffiffi
s

p ¼ ECM
ν þ ECM

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EνmN þm2

N

p
, dΩμ ¼

d cos θdϕ and dΩπ ¼ d cos ξdη, and where dϕ and cos ξ
integrations are not present due to symmetry and conserva-
tion fixing, respectively. The limitsE�

μ andE�
π can be found

trivially from momentum conservation (see Ref. [26]),
and where the connection with neutrino’s energy in LAB
is given by

ECM
ν ¼ mNEνffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2EνmN þm2
N

p ; ð2Þ

being the LAB four momenta involved in Eqs. (1) and (2)
defined as

pν ¼ ðEν;pνÞ; pμ ¼ ðEμ;pμÞ; k ¼ ðEπ;kÞ;
p ¼ ðEN;pÞ; p0 ¼ ðEN0 ;p0Þ;

with EðξÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jξj2 þm2

p
(we set mν ¼ 0), with the same

expressions and definitions for ν̄. On the other hand, since it
is the tool for fixing axial resonance parameters by com-
parisonwith theANL andBNLdata experiments [6,7] of the
neutrino flux averaged cross section, we will calculate
the flux averaged differential cross section defined as
(Q2 ¼ −ðpμ − pνÞ2)

�
dσ
dQ2

�
¼

R Emax
ν

Emin
ν

dσðEνÞ
dQ2 ϕðEνÞdEνR Emax

ν

Emin
ν

ϕðEνÞdEν

; ð3Þ

withϕðEνÞ being the neutrino’s flux. The total amplitudeM
for the considered process reads

M ¼ i
G2

Fffiffiffi
2

p ūðpμÞð−Þiγλð1 − γ5ÞuðpνÞigλλ0Vudūðp0Þ

×Oλ0 ðp0; k; p; qÞuðpÞ; ð4Þ

with the spin and isospin indexes being omitted,
GF ¼ 1.16637 × 10−5 GeV−2, jVudj ¼ 0.9740, and Oλ0 is
the vertex generated by the hadronic CC current; this is
present in the weak interaction Lagrangian and the strong
vertexes and hadron propagators (see Refs. [25,26]). ūOλu
includes the WN → μN0π processes present in Fig. 1 and
defines the contribution of a Feynman graphs to a channel;
the results are the isospin coefficients shown below.
We can split Oλ as

Oλ ¼ Oλ
B þOλ

R; ð5Þ

where OB;R generate the tree-level hadronic amplitudes
contributing to the background (B), nucleon Born terms

FIG. 1. Terms in the scattering amplitude for the process
νðν̄ÞN → μN0π. We indicate with (a) the first graph with a
nucleon (N) as intermediate state and with (h) when the
intermediate state is a resonance (R), since we have the same
topological form. The same is true for the second graph where we
use (b) and (g) for the N and R intermediate contributions
respectively. Terms (a)–(g) represent the background (B) con-
tribution. Term (h) is a the direct or pole resonant
contribution (R).
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[Figs. 1(a) and 1(b)], the meson exchange amplitudes
(contact term included) [Figs. 1(c)–1(f)], and the reso-
nance-crossed term [Fig. 1(g)]. The direct or pole resonant
contribution (R) is shown in Fig. 1(h), and it is necessary
that the resonance acquires a width in order to avoid the
singularity in the propagator by a self-energy dressing that
can be treated within different approximations. The effect
of the self energy could, in principle, change the full
structure of the propagator. In the case of spin-1

2
resonances,

the unstable character introduced by this self-energy
accounts for the replacement

mR → mR − i
ΓRðsÞ
2

ð6Þ

into the unperturbed propagator without changing its
structure. This width ΓR is obtained by considering the
pion-nucleon loop contribution to the self-energy [9] and
reads

ΓRðsÞ × Br ¼
3

4π

�
fπNR

mπ

�
2

ðmR þ πmNÞ2

×

�ð ffiffiffi
s

p
− πmNÞ2 −m2

π

4s3=2

�
λ
1
2ðs;m2

N;m
2
πÞ;

λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2xz − 2yz; ð7Þ

with π ¼ � being the parity, Br the corresponding πN
branching ratio decay, and fπNR the strong coupling.
For the spin-3

2
resonances the inclusion of the pion-

nucleon loop in the self energy alters the full structure of the
propagator due to the presence of spurious 1

2
components.

Nevertheless, if we neglect terms of order ðfπNR=mπÞ4
and ððmR −

ffiffiffi
s

p ÞðfπNR=mπÞ2Þ (see Ref. [27]), which are
expected to be very small in the resonance region
ð ffiffiffi

s
p

≈mRÞ, we keep the unperturbed form with the same
replacement (6) and now

ΓRðsÞ × Br ¼
IRðfπNR

mπ
Þ2

4π

�ð ffiffiffi
s

p þ π ×mNÞ2 −m2
π

48s5=2

�

× λ
3
2ðs;m2

N;m
2
πÞ; ð8Þ

where IR ¼ f1
3
for I ¼

n
1
2
3
2
; respectively.

If one analyzes the formal scattering T-matrix theory
[28] for the final πN pair in both elastic scattering or pion
photoproduction, then it is mandatory that the πNR vertex
should be also dressed as the propagator by the πN
rescattering through nonpole amplitudes. This makes also
the vertex s dependent, or in other words we get an effective

coupling constant fπNRðsÞ
mπ

due to the decay [28] mediated by
the intermediate πN propagator (this will be analyzed
deeply below). In previous works, the approach resulting

from the formal limit of massless N and π in the loop
contribution to the Δ self-energy and in the dressed πNΔ
vertex has been considered. This was called the complex-
mass scheme (CMS) [29]. In this formal limit the vertex

dressing gives a dependence fπNΔðsÞ ¼ κf0πNΔffiffi
s

p , with f0πNΔ

being the bare πNΔ coupling constant and κ a constant of
dimension MeV to fit, in place of doing the complex
calculation of the integral involved in the vertex correction.
Within the CMS we derive from (8) the approximated
expression (Br ≈ 1 for the Δ)

ΓΔðsÞ¼
�
1−

ffiffiffi
s

p
−mR

mR

�
ΓCMS
Δ ; ΓCMS

Δ ¼
κ2
�
f0πNR
mπ

�
2

192π
mΔ:

ð9Þ

When s ≃m2
Δ we get a constant width ΓΔðsÞ ≈ ΓCMS

Δ ,
where ΓCMS

Δ is fitted in place of κ together fπNΔ
mπ

and mΔ

to reproduce πþp scattering [30]. Another approach com-
monly used [9], is to fix

ffiffiffi
s

p
≈mΔ in (7) or (8) and to use

the experimental values for mΔ and ΓΔ times Br, and get
fπNR. We will refer to this as a constant mass-width
approach (CMW). We will use both the CMS and CMW
depending on the considered resonance.
The explicit expressions for OB, split in those coming

from the nucleon and meson exchange contributions in
Figs. 1(a)–1(f) (BN) and from the resonances in Fig. 1(g)
(BR), and OR for R≡ Δð1232Þ, N�ð1440Þ, N�ð1520Þ,
N�ð1535Þ are shown in the Appendix. These are obtained
in Ref. [24]. We only show here the isospin factors for each
contribution to the amplitude (see Fig. 1) since it will be
useful for the results section. They are indicated with
T ðmt ≡ p; n; n;mt0 ≡ p; p; nÞ (or charge conjugate for ν̄)
and can be obtained using the isospin operators present
in the interaction Lagrangians together with the isospin
wave functions for the W boson and the hadrons (see
Refs. [25,26])

T a ¼ T 1440;1535;1520
g ¼ −2; 0;−

ffiffiffi
2

p
;

T b ¼ T 1440;1535;1520
h ¼ 0;−2;

ffiffiffi
2

p
;

T c ¼ 1;−1;
ffiffiffi
2

p
;

T d ¼ −1; 1;−
ffiffiffi
2

p
;

T e ¼ −1;−1; 0;

T f ¼ 1; 1;−
ffiffiffi
2

p
;

T Δ
g ¼ −1=3;−1;

ffiffiffi
2

p
=3;

T Δ
h ¼ −1;−1=3;−

ffiffiffi
2

p
=3: ð10Þ
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III. EXTENSION TO HIGHER WπN
AND RESULTS

In this work we analyze the total and differential cross
sections for the CC modes of the six processes

νp → μ−pπþ; νn → μ−pπ0; νn → μ−nπþ;

ν̄n → μþnπ−; ν̄p → μþnπ0; ν̄p → μþpπ−; ð11Þ

with neutrino energies exciting the WπN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp0 þ kÞ2

p
≤

2 GeV region. We will obtain these cross sections through
the Eqs. (1)–(3) with the amplitude (4), taking ð1þ γ5Þ
when ν → ν̄, and the vertex production contributions in
Eqs. (A1)–(A3) of the Appendix. We have included
explicitly the resonances of the first and second region
(Δð1232Þ; N�ð1440Þ; N�ð1520Þ; N�ð1535Þ), while the
effect of more energetic ones will be included indirectly.
A calculation with the cuttoff WπN ≲ 1.6 GeV using the
above mentioned CMS approach for the Δð1232Þ and
CMW for the other resonances, described properly σ, dσ

dQ2,
dσ

dWπN
[24] for the ANL data. We have treated in consistent

fashion the spin-3
2
resonances from the point of view of

contact invariance and the true considered degree of free-
dom of the spin-3

2
field, both points mentioned in the

Introduction, choosing the values A ¼ − 1
3
, Z ¼ 1

2
. Now, we

wish to extend our model to higher energies in order
to describe the data of the recent reanalyzed ANL and
BNL data without cuts [17]. On going to higher energies we
can ask ourselves two important questions. First, is it
possible to pursue the tree level model used for the
background or the CMS and CMW approaches to treat

the resonances for any energyWπN with pointlike hadrons?
Second, is it enough simply to add more and more
resonances to describe the WπN > 1.6 GeV region? We
will intend to analyze these questions within the frame of
πN rescattering, not considered in detail until now, in the
following subsections.

A. Rescattering and hadrons FF

We support our discussion on the pion photoproduction
reaction analyzed in Ref. [28], and we have the analogy
Oλ ≡ B̂λ and Oλ

B;R ≡ B̂λ
NP; B̂

λ
P with the photoproduction

vertexes in that reference. The approximation implemented
previously until the second resonance region [24] can be
resummed as

Oλ ≈Oλ
B þOλ

R ≡Oλ
B þ

X
R

VRπNGRWλ
WNR; ð12Þ

where VRπN and Wλ
WNR represent schematically the

R → Nπ and WN → R vertexes, respectively, while GR

is a resonance propagator. Nevertheless, the Oλ
B contribu-

tions, in particular the Oλ
BR coming from the 3

2
resonances

[Fig. 1(g)], cannot be dressed by the self-energy, which is
not affected by a πN rescattering in (12) as is done in Oλ

R
with ΓR. As a consequence, its contribution to the ampli-
tude grows rapidly for WπN ≳ 1.5 GeV as will be shown
below. As described in Ref. [28] for the case of photo-
production, but which is also valid here, there are other
effects not considered. The complete excitation amplitude
in the final πN CM is

Oλðk; qÞ ¼ ½−ið2πÞ4δ4ðk − k0Þ þ TNPðk0ÞGπNðk0Þ�
�
Oλ

Bðk0; qÞ þ
X
R

VRπNðk0; kÞGRðkÞW̃λ
WNRðk; qÞ

�
; ð13Þ

W̃λ
WNRðk; qÞ ¼ Wλ

WNRðk; qÞ þ ðVRπNðk; k00Þ þ VRπNðk; k0ÞGπNðk0ÞTNPðk0; k00ÞÞGπNðk00ÞOλ
Bðk00; qÞ; ð14Þ

where k0, k00 are intermediate pion momenta and a repeated

k, k0, k00 indicate i

R
dk;k0;k004

ð2πÞ4 , and

GπNðk0Þ ¼ SNðpþ q − k0ÞΔπðk0Þ;

is the pion-nucleon intermediate propagator and TNP is the
nonpole scattering T matrix that iterates to all orders the
potential VNP ≡ VNπ;N0π0 built with nucleon Born terms,
meson exchange t contributions and u-resonant contribu-
tions. In summary, in the full amplitude the rescattering of

the final πN pair through TNP is considered as well the
decay into a resonance of Oλ

B. We will not introduce in this
work unitarizartion corrections, done through imaginary
contributions in (13), since as we are analyzing the total and
differential cross sections, where corrections to each multi-
pole compensate out in the multipole expansion of the cross
section [28]. As wewish to deal with effective real coupling
constants (TNP dresses but is a complex operator), it is
convenient to express the πN T-matrix operator in terms
of the real K matrix [28], and after a three-dimensional
reduction we get [28]
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Oλðk; q;WπNÞ ≈ ½ð2πÞ3δ3ðk − k0Þ þ PðKNPðk; k0ÞGTHðk0;
ffiffiffi
s

p Þ�;

×

	
Oλ

Bðk0; q;WπNÞÞ þ
X
R

VRπNðk0; pÞÞGRðp;WπNÞW̃λ
WNRðp; q;WπNÞ



; ð15Þ

W̃λ
WNRðp; q;WπNÞ ¼ Wλ

WNRðp; qÞ þ P½VRπNðp; k0ÞGTHðk0;WπNÞOλ
Bðk0; qÞ�; ð16Þ

where GπNðk0Þ is replaced by the Thompson propagator
GTHðk0;WπNÞ¼ mN

2Eπðk0ÞENðk0Þ
P

ms0
uð−k0;m0

sÞūðk0;m0
sÞ

WπN−Eπðk0Þ−ENðk0Þ and where
P is the principal value on the integral in repeated
momenta.
In order to reproduce the experimental data FF have to

be introduced which affect both Oλ
B;R to regularize the

integrals in (15) and (16). They are meant to model the
deviations from the pointlike couplings due to the quark
structure of nucleons and resonances, analogs of the
electromagnetic ones reflecting the extension of the
hadrons and should be calculated from the underlying
theory or quark models [31]. Because it is not clear a priori
which form these additional factors should have, they
introduce a source of systematical error in all models
[32]. Guided by an our previous proper description of
NC1π data obtained by the CERN Gargamelle experiment
without applying cuts in the neutrino energies [25], we
multiply Oλ

B þOλ
R by a global regularizing FF of the RπN

and NπN0 vertexes (k ¼ jkj)

Fðk;WπNÞ

¼ ðΛÞ4
ðΛÞ4 þ kðWπNÞ2ðWπN −Wth

πNÞ2θðWπN − 1.6 GeVÞ ;

ð17Þ

kðWπNÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2

πN −m2
N −m2

πÞ2 − 4m2
Nm

2
π

4W2
πN

s
; ð18Þ

being the threshold invariant massWth
πN ¼ mπ þmN , which

is consistent with that introduced in Refs. [33,34] ([35]),
but we light it above the second resonance region since it
was shown that the description with the WπN ≲ 1.6 GeV
was correct within our model [24]. This FF can be seen as

Fðk;WπNÞ¼
ðΛeffÞ2

ðΛeffÞ2þkðWπNÞ2
; Λeff ¼Λ

Λ
WπN−Wth

πN
;

ð19Þ

where we have a monopole FF with an effective cutoff
diminishing withWπN −Wth

πN , making sure that that certain
term “disappears” or contributes less in the amplitude since
WπN grows another resonance, which is not considered in

the amplitude, that could be excited. Note that this FF
affects also the on shell contributions, i.e., the terms
surviving in (15) when the P terms are dropped.
In conclusion, to get the full amplitudes in Eq. (15) we

need to add the FF taking into account the hadron
extensions since, as can be seen in GTHðk0;WπNÞ, we keep
the π and N elemental character for any WπN, and this
makes the involved integral divergent. This entails to
moderate the on shell amplitude Oλ with this FF, which
is not considered in the approach (12).

B. Results

We adopt the same model as in a recent work [24], where
we have calculated the pion production cross section
including explicitly spin-1

2
and -3

2
resonances Δð1232Þ,

N�ð1440Þ, N�ð1520Þ, and N�ð1535Þ in the calculus of
the amplitudes (A1), (A2), and (A3) in the Appendix to
cover the so-called second resonance region. The formal
aspects mentioned in the introduction an related with the
spin-3

2
Lagrangians (free and interaction) regards the con-

tact-transformation parameter and the additional Z param-
eter present in the LπNR interaction Lagrangian, have been
discussed in that reference. The nonresonant contributions
in (A1) are also described in [24] together all the adopted
FF. We treat the spin-1

2
resonances within the parity

conserving parametrization for the FFs, since this is
compatible to that used in the similar topological nucleon
contribution in Figs. 1(a) and 1(b). For the spin-3

2
reso-

nances we use the Sachs parametrization to be consistent
with our previous works including only the Δ resonance,
where we get better results instead of using the parity
conserving resonance [36]. We followed the connection
between both parametrizations achieved in that reference to
get the FF for the N�ð1520Þ resonance, and have taken the
Q2-dependent FF from Ref. [37] for all the second region
resonances. The main channel νp → μ−πþp0 with the cut
WπN0 < 1.4 GeV in the final invariant mass is used to fix
the main axial Δ-coupling constant D1ð0Þ [26,28]. With
this cut it was shown [24], at less for this channel, that the
contributions of more energetic resonances than the
Δð1232Þ are small and are important only for more
energetic cuts. As the reanalyzed data of ANL achieved
in Ref. [17] does not affect appreciably the channel used to
fitD1ð0Þ forWπN0 < 1.4 GeV, then wewill not make a new
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fitting to h dσ
dQ2i. In our previous work [24] we achieved the

comparison with the data of ANL experiment in the region
of WπN < 1.4, 1.6 GeV, where we have worked within the
CMSþ CMW approach. From the results including and
not including the second resonance region, we concluded
that to describe the data in all channels this resonance
region should be included. We concluded that these
resonances influence through their tails, since they have
their centroids over these cuts. At the amplitude level, these
tails interfere with the other resonances and background
contributions. This behavior is confirmed when we com-
pared the data with the WπN < 1.6 GeV measurement and
is in good agreement with the data for the antineutrino case.
Nevertheless, the ANL data of Ref. [6] contains results

without energy cuts, and all results in Ref. [7] are reported
without events exclusion. In addition, the reanalysis of
these two sets of data has been done recently in
Refs. [16,17], where the main results of the cross section
are obtained with a tunable invariant mass value, which is
W ≤ 1.7 GeV compared with data without cuts. For
describing them we need to extend our model to higher
energies. The main questions seem to be these: Do we add
more energetic resonances keeping the approach in
Eq. (12)? Or do we put attention on the FF discussion
in the previous subsection? In the Fig. 2 we show the total
cross section (1) calculated with the amplitude (4) obtained

from the approach (12) and Eqs. (A1)–(A3) in the
Appendix. Now we enable WπN ≲ 2 GeV, and, as can
be seen, the cross section grows with a departure from
the data. With full lines we show the results of the
CMSþ CMW approach for the resonances with a constant
width, while with dashed lines we show results that used
the same masses mR and coupling constants fπNR but with
energy dependent widths given by Eqs. (7) and (8). As can
be seen with a better width’s approach, which means a most
exact treatment in the resonance self-energy, the description
for the first channel improves appreciably. In it, the direct
contribution [Fig. 1(h)] for theΔ, with T Δ2

h ¼ 1 in Eq. (10),
is the main contribution being the cross one with
T Δ2

g ¼ 1=9 being very small. For the other two channels,
this contribution is much lower since T Δ2

h ¼ 1=9; 2=9, and
the background contribution with T Δ2

g ¼ 1; 2=9 is the
most, or at least equally, important.
These cross terms contribute to the background and

cannot be dressed by the Δ self-energy. The same kind of
analysis can be done for the other 1

2
resonances that have the

same isospin factors that the direct and cross nucleon terms
[Figs. 1(b) and 1(a)], but with a much lower contribution of
these regards the Δ. This analysis is an indication that
including rescattering effects could be more important that
adding more and more energetic resonances, since back-
ground contributions will grow anyway. Summarizing, all
background contributions coming from nonresonant origin
plus cross-resonant terms [Figs. 1(a)–1(g)] cannot be
dressed by a self-energy and its behavior could be corrected
by taking into account the rescattering through TNP as
discussed in the previous subsection.
As was mentioned, in Eqs. (15) and (16) Oλ should be

affected by a FF. To solve numerically the P integrals is not
trivial, and we will assume the minimum approach of
considering the following:
(1) The use of effective couplings in Wλ

WNR, that is
W̃λ

WNR → Wλ
WNR ðeffective weak couplingsÞ to sim-

ulate the effect of the second term of Eq. (16), which
was shown satisfactory for the case of photopro-
duction [28]. These effective values are the empirical
ones adopted in our previous work [24]. Same will
be valid for Oλ

B where weak empirical or exper-
imental coupling constants are used.

(2) To avoid model dependencies coming from the
introduction of arbitrary FF at each interaction
vertex, we will introduce a global form factor (17)
in the decay amplitude. The using of FF at each
vertex requires the introduction of vertex corrections
to keep for example electromagnetic gauge invari-
ance. As we are including resonances with effects
until around WπN ∼ 1.6 GeV, taking into account
the width of the most energetic considered one
[S11ð1535Þ MeV], we will only light on this FF
above this energy.

(a)

(b)

(c)

FIG. 2. Total νN cross section as a function of the neutrino
energy for different channels and Fðk;WπNÞ ¼ 1. Results with
Δþ second region resonances plus the corresponding back-
ground in each case are shown for a cut WπN ≲ 2 GeV with
dotted and full lines. Results within CMSþ CMW and with
energy dependent width are shown with dashed lines. Data are
taken from Ref. [6]
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In this way, we also correct the amplitude for the excitation
of more energetic resonances, which were not considered
through the effective monopole form in Eq. (19) (see the
following discussion), in our model since now we wish
to describe data without WπN cuts. Guided by a previous
proper description on NC1π data obtained by the CERN
Gargamelle experiment without applying cuts in the neutrino
energies [25], we multiplyOλ

B þOλ
R by a global regularizing

FF of the ΔπN and NπN0 vertexes described above in
Eq. (17). We adopt the value Λ ¼ 600 MeV in consistency
with Ref. [25]. Also we throw out the P contribution in the
first bracket of Eq. (15) modify only the on shell potential as
a first minimum modification to the model and that was
appropriated when we discussed NC1π [25]. Summarizing,
this FF should take into account the hadron structure and the
possibility of exciting more energetic resonances whenWπN
grows in an effective fashion.
Now, we discuss with more detail the calculations with

WπN ≲ 2 GeV and compare with data without cuts. As we
have seen in the previous Fig. 2, the model used to treat the
self-energy in the propagators leads to different results.
First, we will use the CMSþ CMW approaches that
assume a constant width; second, we will keep the same
propagators but with the energy dependent width in
Eqs. (7) and (8); and finally we assume the exact Δ (that
is, the main contributing one) propagator. In this last case,
the self-energy changes the structure of the Δ propagator
[36], but we assume the simplification of using the same
effective mass and width of the CMS approach. Results are
shown in the Fig. 3. As can be seen, the tendency of
increasing the cross section by the second resonance region
contribution is persistent as previously discussed [24], and
the results that better reproduce globally the three channels
of data is still the CMSþ CMW approach with a constant
width. When we enable an energy dependent width, we see
a change that depends on the channel diminishing the
results in the main one [Fig. 3(a)] and growing and
diminishing in the other two [Figs. 3(b) and 3(c)]. When
the exact propagator for the Δ is used, the results for the
first channel are more diminished and an opposite effect is
generated for the other two.
Nevertheless, an observation should be done in order.

The parameters used for the Δ resonance (fπNΔ, mΔ, ΓΔ,
GE, GM, D1 or C5

A) have been fitted using the CMS
approach with a constant width, and thus if one wishes to
use another approach, then a new fitting should be done.
This could explain why the best fit is done with the simpler
CMS approach, while the energy dependent width should
not be a crucial change of parameters since we are keeping
the same structure as the CMS propagator. In addition, as
we are using a global FF that affects the full amplitude, and
if the other resonances are treated within the CMW
approach, then to use an exact propagator for the Δ would
not be so consistent. Finally, it is evident that the FF taken
from NC pion productions also work s very well here.

This is supported by the following analysis. As we have
shown previously in Ref. [25], from where the parameter Λ
in Eq. (19) was taken, the effect of the uncertainties in the
parameters D1ð0Þ and MA in the axial FF for the Δ
resonance within the CMS model through a hatched area
in Figs. 7 and 8 of [25]. There, it was shown that the
uncertainty effects on the results is well below the data
errors and the differences when we change from energy
dependent to constant widths approaches. These two
parameters were involved in the fitting we did on the flux
averaged dσ=dQ2 cross section in the previous Ref. [26]
and then used in the following contributions, while the axial
coupling for the another resonances were fixed from the
Particle Data Group (PDG) values for masses and widths.
As we are not doing any new fitting here but are using the
parameters of previous works, we felt that it was not
necessary to analyze the CMSþ CMW parameter uncer-
tainty effects again because they were under control.
As the fitting of the axial Δ parameters is achieved using

the flux averaged differential cross section hdσ=dQ2i, we
show the results for it within our model and compare it with
the more recent ANL and BNL reanalyzed data [17]. In that
reference results are shown for the events-Q2 distribution in
units of events=GeV2 and as our results are given in
10−38 cm2=GeV2, we use the same conversion factor found
in the total cross section calculation to compare with the
data. They are reported without cuts and are compared with

(a)

(b)

(c)

FIG. 3. Total νN cross section as function of the neutrino
energy for different channels. Results with only the Δ and all
resonances ¼ Δþ second region’s resonances, plus the corre-
sponding background are shown for WπN ≲ 2 GeV. Data are
taken from the reanalyzed ANL and BNL ones in Ref. [17].
Δþ background in CMS: dotted lines. All resonancesþ
background in CMSþ CMW: full lines. Same but with energy
dependent width from Eqs. (7), (8): dashed lines. Finally, same
but using the exact expression for the Δ propagator (see
Ref. [36]): dashed-dotted lines
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our results in Fig. 4. We show calculations within the same
approaches than the total cross section, but we avoid using
the exact Δ propagator for the reasons exposed above. As
can be seen, results within the constant width are acceptable
in the three channels. We are not doing any new fit (the
fixing of C5

A was done previously [30] using the ANL data
with cutsWπN < 1.4 GeV [6]), and the description is better
that those done with GENIE in Ref. [17]. As can be seen,
using the energy dependent width enlarges the first and
second channels’ theoretical results and diminishes those
for the third one; this leads to a worse coincidence with data
in an amount depending on the experiment (either ANL
or BNL).

C. ANTINEUTRINOS

Now, in order to continue probing our model we wish to
calculate the antineutrinos total cross section as was done in
our previous work [24]. We have two differences regarding
the neutrinos case. First, the interactions of neutrinos with
hadrons are not the same as those for antineutrinos. We
have a sign of difference in the lepton current contraction
that makes a different coupling with the hadron one. Then,
the interaction with neutrinos is different from antineutrinos
due the use of spinors for antiparticles in the lepton current
in Eq. (4) and has nothing to do with the very well-known
CP violation. Second, in the experiment, an admixture of
heavy freon CF3Br was exposed to the CERN PS

antineutrino beam (peaked at Eν̄ ∼ 1.5 GeV). In this case,
the experiment informs us that we have 0.44% on neutrons
and 0.55% of protons, and since our calculations were for
free nucleons we weigh out results with these percentages
depending on the channel. Our results include all reso-
nances, and results for WπN ≲ 2 GeV are compared with
the data reported in [38] and are shown in Fig. 5. As can be
seen, we get a consistent description with that for the
neutrino case. We show results within the CMS with only

FIG. 4. Differential cross section with WπN ≲ 2 GeV. Line conventions are the same that in Fig. 3. Data are taken from Ref. [17].

FIG. 5. Antineutrino’s total cross sections with aWπN ≲ 2 GeV
for the ν̄n → μþnπ− and that leads to a final Nπ− final state. Line
conventions are the same that in Fig. 3.
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the Δ and the Δ with the other resonances in the CMW,
showing an appreciable difference between the different
approaches. Adding the energy dependent width we get an
improvement, but anyway we have consistence with the
neutrino’s results.

IV. CONCLUSIONS

We have extended our dynamical model to include
resonances in the first and second regions, which were
previously used to describe successful neutrino and anti-
neutrino scattering cross sections of ANL data with the cuts
WπN ≲ 1.4, 1.6 GeV, and to describe ANL and BNL data
without cuts. The model consistently treats the vertexes and
propagators for the spin-3

2
resonances from the point of

view of contact transformations of the spin-3
2
Ψμ field and

the role of the Ψ0 component. In addition, we incorporate
the different pole resonant contributions and background
resonant and nonresonant ones in a coherently sum to the
amplitude. We have added a global effective monopole FF
to take into account the hadrons size and possible more
energetic resonances excitations not included explicitly in
the model for WπN ≲ 2: GeV. The data to compare are
those that are reanalyzed to eliminate flux normalization
uncertainties in the ANL and BNL experiments [16,17].
In the GENIE simulation used to describe the mentioned
data [17], single pion production is separated into resonant
and nonresonant terms, with interference between them
neglected and interferences between resonances also
neglected in the calculation. The resonant component is
a modified version of the RS model [19], where the
production and subsequent decay of 18 nucleon resonances
with invariant masses W ≤ 2 GeV are considered. In
GENIE, only 16 resonances are included, based on the
recommendation of the Particle Data Group [39]. In this
work they make the assumption that interactions on
deuterium can be treated as interactions on quasifree
nucleons, which are only loosely bound together, and so
neglect final state interaction effects. In GENIE, there are a

number of systematic parameters that can be varied to
change the single pion production model: resonant axial
mass (MRES

A ), resonant normalization (RES norm), non-
resonant normalization (DIS norm), and normalization of
the axial form factor (FAð0Þ). The total GENIE prediction
is the incoherent sum of the RES and DIS contributions,
where interference terms have been neglected. GENIE
cannot describe all of the pion production channels well
for the reanalyzed datasets. For example, the data of the
νμn → μ−pπ0, νμn → μ−nπþ channels are very similar, but
there are large differences between the nominal GENIE
predictions for these channels. The nonresonant component
of the GENIE prediction, which contributes strongly to
these channels, appears to be too large. Nevertheless,
within our model these two channels are described prop-
erly. Finally, it can be seen from Fig. 3 of Ref. [17], where
neutrino energy distribution is shown, that the nominal
GENIE prediction fails to describe the low-Q2 data well for
some channels. We also note that the GENIE uncertainties
are larger than the data suggests, and they may be reduced
by tuning the GENIE model to the ANL and BNL data.
The difference within our model of the low Q2 distribution
seems to be right. In addition, we describe the proper
antineutrino cross section without cuts in the data. In
conclusion, its seem that keeping control of the cross
sections until the second resonance region (WπN ≲
1.6 GeV) enables a good description without cuts intro-
ducing the effect of finite size of hadrons and more
energetic resonances in an effective way.
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APPENDIX: BACKGROUND AND RESONANT
AMPLITUDES

The background contributions to the amplitude read

Oλ
Bðp;p0;qÞ¼Oλ

BNðp;p0;qÞþOλ
BRðp;p0;qÞ;

Oλ
BNðp;p0;qÞ¼−i

1

2

	
FV
1 ðQ2Þγλ− i

FV
2 ðQ2Þ
2mN

σλνqν−FAðQ2Þγλγ5


i
=p0 þ=qþmN

ðp0 þqÞ2−mN

gπNN

2mN
γ5ð=p−=p0−=qÞ

ffiffiffi
2

p
T aðmt;mt0 Þ

þgπNN

2mN
γ5ð=p−=p0−=qÞi =p−=qþmN

ðp−qÞ2−m2
N

�
−i

1

2

�	
FV
1 ðQ2Þγλ− i

FV
2 ðQ2Þ
2mN

σλνqν−FAðQ2Þγλγ5

 ffiffiffi

2
p

T bðmt;mt0 Þ

−
i

ðp−p0Þ2−m2
π
iFV

1 ðQ2Þð2p−2p0−qÞλ×gπNN

2mN
γ5ð=p−=p0Þ

ffiffiffi
2

p
T cðmt;mt0 Þþ

gπNN

2mN
FV
1 ðQ2Þγ5γλ

ffiffiffi
2

p
T dðmt;mt0 Þ

þ i
gωπV
mπ

FV
1 ðQ2Þϵλαβδqαðp−p0Þβi

−gδϵ
ðp−p0Þ2−m2

ω
ð−iÞgωNN

2

	
γϵ− i

κω
2mN

σϵκðp−p0Þκ

 ffiffiffi

2
p

T eðmt;mt0 Þ

þfρπAFAðQ2Þi −gλμ

ðp−p0Þ2−m2
ρ
ð−iÞgρNN

2

	
γμ− i

κρ
2mN

σμκðp−p0Þκ

 ffiffiffi

2
p

T fðmt;mt0 Þ; ðA1Þ
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Oλ
BRðp; p0; qÞ ¼ −i

1

2

	
g14401V

ðm1440 þmNÞ2
ðQ2γλ þ =qqλÞ − g14402V

ðm1440 þmNÞ
iσλνqν − g14401A γλγ5 þ

g14403A

mN
qλγ5




× i
=p0 þ =qþmR

ðp0 þ qÞ2 −m2
1440 þ iΓ1440m1440

ð−Þ f1440πN
mπ

γ5ð=p − =p0 − =qÞ
ffiffiffi
2

p
T 1440

g ðmt;mt0 Þ

− i
1

2
γ5

	
g15351V

ðm1535 þmNÞ2
ðQ2γλ þ =qqλÞ − g15352V

ðm1535 þmNÞ
iσλνqν − g15351A γλγ5 þ

g15353A

mN
qλγ5




× i
=p0 þ =qþm1535

ðp0 þ qÞ2 −m2
1535 þ iΓ1535m1535

ð−Þ f1535πN
mπ

ð=p − =p0 − =qÞ
ffiffiffi
2

p
T 1535

g ðmt;mt0 Þ

þ ð−ÞWWNΔ
λα ðp; p0;−qÞiGαβ

Δ ðp0 þ qÞð−Þ fΔπN
mπ

ðp − p0 − qÞβ
ffiffiffi
2

p
T Δ

g ðmt;mt0 Þ

þ ð−Þ1
2
WWN1520

λα ðp; p0;−qÞiGαβ
1520ðp0 þ qÞð−Þ f1520πN

mπ
γ5ðp − p0 − qÞβ

ffiffiffi
2

p
T 1520

g ðmt;mt0 Þ; ðA2Þ

where 1
2
resonances are put before the 3

2
ones. Gαβ

R together with WWNR ¼ ðVWNR þ AWNRÞ are the spin-3
2
resonance

propagators and WN → R vertexes, respectively, both defined in Ref. [24] while W̄ ¼ γ0W†γ0. VWNR is the vector vertex
as in the pion-photo (Q2 ¼ 0) [28] and the electroproduction applying conserved Vector current (CVC) within the
Sachs parametrization, and AWNR is the axial contribution compatible with VWNΔ

νμ [26] (it could be, in principle, obtained by
using −VWNΔ

νμ γ5).

The corresponding pole contributions coming from the resonances are

Oλ
R ¼ f1440πN

mπ
γ5ð=p − =p0 − =qÞi =p − =qþmR

ðp − qÞ2 −m2
1440 þ iΓ1440m1440

× ð−iÞ 1
2

	
g14401V

ðm1440 þmNÞ2
ðQ2γλ þ =qqλÞ − g14402V

ðm1440 þmNÞ
iσλνqν − g14401A γλγ5 þ

g14403A

mN
qλγ5


 ffiffiffi
2

p
T 1440

h ðmt;mt0 Þ

þ ð−Þ f1535πN
mπ

ð=p − =p0 − =qÞi =p − =qþm1535

ðp − qÞ2 −m2
1535 þ iΓ1535m1535

× ð−iÞ 1
2

	
g15351V

ðm1535 þmNÞ2
ðQ2γλ þ =qqλÞ − g15352V

ðm1535 þmNÞ
iσλνqν − g15351A γλγ5 þ

g15353A

mN
qλγ5



γ5T 1335

h ðmt;mt0 Þ

þ ð−Þ fΔπN
mπ

ðp − p0 − qÞαiGαβ
Δ ðp − qÞWWNΔ

βλ ðp; p0; qÞ
ffiffiffi
2

p
T Δ

g ðmt;mt0 Þ

þ ð−Þ f1520πN
mπ

γ5ðp − p0 − qÞαiGαβ
Δ ðp − qÞWWN1520

βλ ðp; p0; qÞ
ffiffiffi
2

p
T 1520

g ðmt;mt0 Þ; ðA3Þ

where all the vector and axial weak FF present in Eqs. (A1)–(A3) are defined in Ref. [24]. Note that the 1
2
factor in the weak

vertex of the spin-1
2
resonances comes from the isovector part of the charge operator τ3

2
dragged from the CVC hypothesis.
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