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Semi-inclusive neutrino-nucleus cross sections within the plane-wave impulse approximation
(PWIA) for three nuclear models: relativistic Fermi gas (RFG), independent-particle shell model
(IPSM) and natural orbitals shell model (NO) are compared with the available CC0𝜋 measurements
from the T2K, MINER𝜈A and MicroBooNE collaborations where a muon and at least one proton
were detected in the final state. Results are presented as a function of the momenta and angles
of the final particles, as well as in terms of the imbalances between proton and muon kinematics.
The analysis reveals that contributions beyond PWIA are crucial to explain the experimental
measurements and that the study of correlations between final-state proton and muon kinematics
can provide valuable information on relevant nuclear effects such as initial state dynamics and
final state interactions.
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with 𝜐0 a kinematic factor and F𝜒2 the reduced single nucleon cross section given in Appendix A
of [6]. From the characteristic spectral function of each nuclear model it is possible to obtain the
momentum distribution 𝑛( 𝑝 𝑚 ) of the nucleons inside the nucleus by integrating over the missing
energy, 𝐸 𝑚 ,
∫ ∞
𝑛( 𝑝 𝑚 ) =
𝑑𝐸 𝑚 𝑆( 𝑝 𝑚 , 𝐸 𝑚 ) ,
(2)
0

which must be correctly normalized to the number of interacting nucleons, i.e. the number
of neutrinos for charged-current neutrino scattering or the number of protons for antineutrinos
scattering
∫ ∞
1
N=
𝑑𝑝 𝑚 𝑝 2𝑚 𝑛( 𝑝 𝑚 ).
(3)
(2𝜋) 3 0
The momentum distributions for the three nuclear models considered in this work, namely
relativistic Fermi gas (RFG), independent-particle shell model (IPSM) [7] and natural orbitals shell
model (NO) [8], are given in Fig. 1 (left picture) for 12 C.
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Nuclear effects in neutrino-nucleus scattering are one of the main sources of uncertainty in the
analysis of neutrino oscillation experiments. At present most of these studies have been focused
on inclusive scattering processes where only the scattered lepton is detected in the final state.
This implies, due to the extended neutrino energy distribution (flux), that very different reaction
mechanisms can contribute to the cross section. Hence the determination of the neutrino energy,
required in the analysis of neutrino oscillations, presents a high uncertainty due to effects associated
to the nuclear dynamics.
In this context, one way to significantly improve the reconstruction of the neutrino energy
together with the experimental systematic uncertainties is the analysis of more exclusive processes
where selection criteria are also placed on the particle content of the hadronic system; i.e., in
addition to the final lepton as in purely inclusive measurements, other particles are also detected.
For example, this is the case of semi-inclusive events in which the lepton is detected in coincidence
with one hadron in the final state. Accordingly, the T2K [1], MINER𝜈A [2, 3], and MicroBooNE
[4, 5] collaborations are each performing measurements of topologies involving one charged lepton
detected in coincidence with one or more particles in the final state. In [6] we presented a detailed
description of these processes using different nuclear models within PWIA. Although being aware of
the oversimplified description of the reaction provided by PWIA, the comparison with experimental
data presented in this work is meant to be a first step towards a more complete modeling and a useful
benchmark for more sophisticated calculations that might include final state interactions (FSI) and
contributions beyond the impulse approximation.
In PWIA, the neutrino-nucleus fifth-differential cross section factorizes into two terms: one
corresponds to the weak interaction of the neutrino with a single nucleon of the nucleus and the
other one the nuclear spectral function 𝑆( 𝑝 𝑚 , 𝐸 𝑚 ) that contains all the information about the nuclear
dynamics. Taking into account that the neutrinos are distributed according to an energy distribution
𝑃(𝑘), then
*
+
∫ ∞

𝑑𝜎
(𝐺 𝐹 cos 𝜃 𝑐 𝑘 0 𝑝 𝑁 ) 2 𝑚 𝑁
𝑃(𝑘)
(1)
=
𝜐0 F𝜒2 𝑆 𝑝 𝑚 , 𝐸 𝑚 ,
𝑑𝑘
𝐿
0
5
0
𝑘
8𝜀 𝐸 𝑁 (2𝜋)
𝑑𝑘 𝑑 cos 𝜃 𝑙 𝑑𝑝 𝑁 𝑑Ω 𝑁
0
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Figure 1: Left: Momentum distributions of neutrons normalized according to Eq. (3) for 12 C for the nuclear
models considered in this work: RFG, IPSM and NO. The contributions of the different shells for the IPSM
are also included. Right: Scheme showing the transverse kinematic imbalances (TKI): 𝛿 𝑝 𝑇 , 𝛿𝛼𝑇 and 𝛿𝜙𝑇 .
The final lepton (k0 ) and nucleon (pN ) momenta are projected on the plane perpendicular to the neutrino
(k) direction (𝑥𝑦-plane or transverse plane). The transverse component of the transferred momentum (qT )
equals to −kT0 and defines the 𝑥-axis.

Instead of defining the semi-inclusive cross section as function of the final lepton and nucleon
momenta and angles, we could use another set of variables, like the transverse kinematic imbalances
(TKI) [9], that are especially designed to enhance some nuclear effects, and therefore discriminate
between different nuclear models, with minimal dependence on the neutrino energy. The TKI
require the detection in coincidence of the final lepton and the ejected nucleon and are defined
by projecting the final lepton and the ejected nucleon momenta on the plane perpendicular to the
neutrino direction as can be seen in Fig. 1 (on the right). More specifically, the vector magnitude
of the momentum imbalance (𝛿 𝑝 𝑇 ) and the two angles (𝛿𝛼𝑇 and 𝛿𝜙𝑇 ) are:
𝛿 𝑝 𝑇 = k𝑇0 + p𝑇𝑁 ,

𝛿𝛼𝑇 = arc cos

−k𝑇0 · 𝛿p𝑇
,
𝑘 𝑇0 𝛿 𝑝 𝑇

𝛿𝜙𝑇 = arc cos

−k𝑇0 · p𝑇𝑁
𝑘 𝑇0 𝑝 𝑇𝑁

,

(4)

where k𝑇0 and p𝑇𝑁 are, respectively, the projections of the final lepton and nucleon momenta on the
transverse plane. In the PWIA, for which k0 + p 𝑁 = k + p𝑚 , 𝛿p𝑇 is the transverse component of
the initial nucleon momentum and 𝛿𝛼𝑇 the angle between the transverse projections of the initial
nucleon momentum and the transferred momentum q. Also, in absence of FSI, the 𝛿𝛼𝑇 distribution
is expected to be flat.
In Fig. 2 we present CC0𝜋1p results in PWIA compared with MicroBooNE and T2K data
as function of muon and proton kinematics for RFG, IPSM and NO nuclear models. As shown,
the uncertainty connected with the nuclear model is, in general, small and comparable with the
one obtained for inclusive cross sections. In general, the interpretation of the discrepancies and
agreements between our results and the data shown is not straightforward since the measured
cross sections are affected by multiple initial and final nuclear state effects which cannot be easily
separated in the momentum and angular kinematic distributions.
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In Fig. 3 we show the semi-inclusive cross section as function of TKI compared with MINER𝜈A
data. The 𝛿 𝑝 𝑇 distribution for the RFG model differs strongly from the other two, not only in
magnitude and position of the maximum, but also in the fact that the RFG distribution vanishes for
𝛿 𝑝 𝑇 > 𝑘 𝐹 as consequence of the Fermi condition. Although the position of the peak looks correct
for the IPSM and NO models, the corresponding results overestimate the data in the low 𝛿 𝑝 𝑇 area
(below the Fermi momentum located around 0.23 GeV/c for 12 C) and underestimate the data for
high 𝛿 𝑝 𝑇 , indicating that effects beyond PWIA might be essential to describe correctly the data.
Looking at the 𝛿𝛼𝑇 distribution on Fig. 3, the NO prediction is a bit greater than the RFG and IPSM
ones, but all models exhibit a flat distribution as it was expected due to the PWIA and the isotropy
of the associated momentum distributions. As it happened with 𝛿 𝑝 𝑇 , for 𝛿𝛼𝑇 and 𝛿𝜙𝑇 we also see
that PWIA is inadequate to describe the data. Finally, for the cross section as function of 𝛿 𝑝 𝑇 𝑦 the
results in the PWIA are able to reproduce correctly the position of the peak but fail to match the
long tails appreciated in the experimental data and also overestimate some of the data around the
peak. Contributions beyond PWIA may reduce the discrepancies observed in the present analysis.

Conclusions
Semi-inclusive neutrino-nucleus reactions where a muon and one proton are detected in the
final state can be used, with the right selection of experimental observables, to identify relevant
nuclear effects related to both the initial state dynamics and to FSI, as well as to two-particletwo-hole excitations and thus improve the reconstruction of the neutrino energy. The PWIA is an
oversimplification of such complex processes, although it is a good starting point that highlights the
importance of contributions beyond the PWIA necessary for the correct description of the available
experimental data. Work is in progress to extend the present analysis to include FSI based on the
Relativistic Mean Field approach.
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Figure 2: MicroBooNE [4] (𝜈 𝜇 - 40 Ar left) and T2K [1] (𝜈 𝜇 - 12 C right) semi-inclusive cross sections as
function of muon and proton kinematics for different nuclear models. Figure adapted from [10].
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Figure 3: MINER𝜈A [3] 𝜈 𝜇 - 12 C semi-inclusive cross section as function of TKI for different nuclear
models. The variable 𝛿 𝑝 𝑇 𝑦 is the projection in the 𝑦-axis of the imbalance 𝛿 𝑝 𝑇 . Figure adapted from [10].
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