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Current and future accelerator neutrino oscillation experiments require an improved understanding of
nuclear effects in neutrino-nucleus interactions. One important systematic uncertainty is introduced by the
collective impact of nuclear effects which bias the reconstruction of the neutrino energy, such as the nuclear
removal energy. In this manuscript, we introduce a novel observable for accelerator neutrino oscillation
experiments, the visible longitudinal momentum imbalance, reconstructed in charged-current quasielastic
interactions from the outgoing charged lepton and nucleon. We demonstrate it to be minimally dependent
on the neutrino energy and sensitive to sources of bias in neutrino energy reconstruction. Furthermore, we
show how the use of the longitudinal imbalance in antineutrino interactions in a target containing hydrogen
allows for an improved, high-purity selection of the interactions on hydrogen. This approach offers the
potential for precise measurements of the nuclear axial vector form factor as well as of the antineutrino flux.
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I. INTRODUCTION

Long-baseline (LBL) neutrino oscillation experiments
have been delivering increasingly precise measurements of
the neutrino oscillation parameters [1–3], in particular
toward the determination of the leptonicCP-violating phase
δCP. With increasing precision, a reduction of the systematic
uncertainties associated with the modeling of neutrino
interactions with nuclear targets is vital [4]. To this end,
near detectors close to the neutrino production site are
employed to constrain the flux before oscillation as well
as the neutrino-nucleus interaction model. Tokai-to-
Kamiokande (T2K) [5] is an LBL experiment located in
Japan measuring the oscillation of a predominantly muon
(anti)neutrino beam into muon and electron neutrinos over a
baseline of 295 km. The future Hyper-Kamiokande (HK)
experiment [6] will utilize the same baseline and near
detector suite, with a far detector increased in size. At the
T2K/HK neutrino beam energy with a peak at 600 MeV,
the dominant neutrino interactions are charged-current

quasielastic (CCQE) interactions such as νμþn→ μ−þp,
which occur on a single nucleon within the target nucleus
within the impulse approximation. CCQE interactions on
nuclear targets are obfuscated by both the final state
interactions (FSIs) of the outgoing nucleon with the nucleus,
which can change the final state particle kinematics and
content of the interactions, as well as by the initial “Fermi”
motion of nucleons and the nuclear removal energy required
to liberate them. The distribution and correlation of initial
state nucleon momentum and removal energy can be
described by a so-called spectral function. Owing to the
broad neutrino flux spectrum, the energy of the incoming
neutrino is unknown on an event-by-event basis, complicat-
ing any attempt to constrain nuclear effects, which in turn
bias the neutrino energy reconstruction that is relied upon in
oscillation measurements. However, knowledge of the beam
direction can be exploited by using kinematic imbalances in
the transverse plane. Such single transverse variables (STVs)
have been extensively studied and shown to offer constraints
on nuclear effects such as the Fermi motion, multinucleon
correlations, and FSIs [7–10]. The ongoing upgrade of the
T2K off-axis near detector is well equipped to measure such
imbalances, where the fully active, 3D segmented plastic
scintillator detector Super-FGD [11–13] both improves the
proton detection threshold and is capable of reconstructing
the momenta of outgoing neutrons [13–15]. The latter
enables the measurement of STVs in antineutrino inter-
actions, shown to isolate interactions on hydrogen, free of
nuclear effects [15]. However, STVs offer limited power to
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constrain effects which shift the overall final state energy in
relation to the unknown neutrino energy, such as the nuclear
removal energy [14,16]. A mismodeling of the removal
energy biases the reconstructed neutrino energy and, in turn,
the measurement of the neutrino oscillation parameters. This
affects themeasurement of themass difference squaredΔm2

23

in particular, which is directly related to the neutrino energy at
a given baseline but also can form a primary systematic error
for a measurement of δCP [17]. With the removal energy
forming amajor systematic uncertainty in neutrino oscillation
measurements at T2K, recent analyses have included more
sophisticated modeling of its associated uncertainties
[1,2,18]. While these uncertainties can in principle be con-
strained from precision electron scatteringmeasurements, the
precondition for this is that observations can be interpreted in
terms of intrinsic nuclear ground state properties, independent
from the interaction probe. The widely used factorization
ansatz [19,20] permits this at intermediate to largemomentum
transfers inwhich the impulse approximation iswell known to
hold but, beyond this, some model-dependent corrections are
required [21,22]. Furthermore, no neutrino interaction model
(extracted from electron scattering measurements or other-
wise) has been shown to produce satisfactory agreement with
global neutrino scattering data [23]. With this in mind, in situ
neutrino scattering measurements which are sensitive to the
leading systematic uncertainties for neutrino oscillation
analyses are of crucial importance to ensure that oscillation
measurements are both precise and robust, as evidenced by
the well-established aforementioned utility of STV measure-
ments. In this paper, we introduce a novel observable
characterizing the longitudinal kinematic imbalance which
is directly sensitive to nuclear effects which cause bias in
neutrino energy reconstruction and is minimally dependent
on the neutrino energy. The observable can be measured at
near detectors of neutrino oscillation experiments to bench-
mark input models and constrain uncertainties. Further, we
show how it may be employed in antineutrino interactions to
obtain a high-purity sample of interactions on hydrogen
nuclei within a composite nuclear target.

II. LONGITUDINAL KINEMATIC IMBALANCE

Consider an (anti)neutrino CCQE interaction in an
impulse approximation occurring with a neutron (proton)
N within a nucleus with A nucleons and producing a proton

(neutron) N0 in the final state: ν
ð�Þ

μ þ N → μ∓ þ N0. The
energy and momentum conservation read, where the latter
is split in the transverse (T) and longitudinal (L) directions:

pν þ pN;L ≈ pμ;L þ pN0;L
zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{

pL

; ð1Þ

p⃗N;T ≈ p⃗μ;T þ p⃗N0;T ; ð2Þ

Eν ≈ Eμ þ EN0 −mN
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

Evis

þ Ermv: ð3Þ

The quantities on the right-hand side refer to the final state
energies and momenta, where the equalities are inexact due
to final state interactions of the outgoing particles with the
nuclei’s strong and Coulomb potentials [16,24,25]. While
negligible in certain cases [26], but not in general [16], their
effect is discussed further below. The removal energy Ermv
denotes the contribution to the neutrino energy which is
undetected due to nuclear effects, where the equation above
holds pre-FSI: Ermv ¼ Eν − Epre-FSI

vis . It is given by the sum
of both the nuclear excitation and separation energies, as
well as the small kinetic energy of the nuclear remnant:
Ermv ¼ Ex þ SN þ TA−1. The separation energy for a
nucleon N reads SN ¼ MA−1 þMN −MA, while the exci-
tation energy is given by Ex ¼ M�

A−1 −MA−1. Here, MA
denotes the mass of the initial nucleus, while M�

A−1 and
MA−1 are the mass of the excited and deexcited remnant
nucleus, respectively [16,26]. The transverse momentum
imbalance reads δpT ≡ jp⃗μ;T þ p⃗N0;T j [7]. We introduce the
visible longitudinal momentum imbalance as an observable
given by

δpL;vis ≡ pL − Evis=c; ð4Þ

where pL and Evis are the overall final state longitudinal
momentum and visible energy, respectively, as indicated
above. From Eqs. (1) and (3), δpL;vis yields

δpL;vis ≈ pN;L þ Ermv=c: ð5Þ

In the absence of nuclear effects, such as for neutrino
interactions on a hydrogen target, δpL;vis is thus zero. For
CCQE interactions in more complex nuclei it becomes
sensitive to the nucleon initial longitudinal momentum and
nuclear removal energy, where in the equation above the
latter contributes on the order of 15% in magnitude for
common target nuclei such as carbon, oxygen, and argon
[16]. For a given event, the two can be detected only in
sum. It should be noted that δpL;vis is similar in concept to
the reconstructed longitudinal nucleon momentum pL;rec

proposed in Ref. [24]. However, in the absence of strong
and Coulomb potentials, it is directly sensitive to the
removal energy, as no assumption about its distribution
is made, unlike when one computes pL;rec. Note also that,
while δpL;vis is introduced above in the context of CCQE
interactions within the impulse approximation, it can be
easily generalized to other interaction channels and final
state topologies by extending the list of final state particles
considered in the calculation of pL and Evis. In general, the
impact of FSIs considered via nuclear cascades in neutrino
event generators [27] can be expected to distort δpL;vis but
leave the correlation between measurements of a post-FSI
δpL;vis and removal energy intact. Further, more sophisti-
cated treatments of FSIs in modern microscopic models
(see, e.g., Refs. [28,29]) likewise affects the visible final
state energy in relation to the true neutrino energy [22] via a
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consideration of the impact of the nuclear potential on the
outgoing nucleon, creating additional potential that must be
overcome [and thus effectively adding additional terms to
the right-hand side of Eqs. (3) and (5)]. We therefore expect
δpL;vis to provide sensitivity to the overall “missing”
neutrino energy defined simply as

Em;ν ≡ Eν − Evis: ð6Þ

This includes the collective impact of the nuclear
potentials on the bias in neutrino energy reconstruction,
including both removal energy and nuclear potential effects
(in addition to small Coulomb corrections), which as
mentioned is the source of a major uncertainty in neutrino
oscillation experiments.
We evaluate the properties of δpL;vis within a modern

simulation using the NEUT neutrino interaction generator
[25], which is used as an input to the T2K experiment’s
neutrino oscillation analyses [2], considering the flux of
muon neutrinos the experiment expects to observe at its
ND280 near detector [30,31]. NEUT describes the initial
state using the spectral function (SF) model from Ref. [32].
The SF model employs the plane wave impulse approxi-
mation to apply the factorized ansatz, thereby separating
the pre-FSI fully exclusive CCQE cross section into terms
in which all nuclear dynamics are encoded within a two-
dimensional spectral function relating removal energy to
initial state nucleon momentum, which is extracted from
exclusive electron scattering measurements. In general, the
projection of the spectral function onto the removal energy
axis results in a sharp spike corresponding to shell-model
states on top of a background related to nucleon correlation
effects [21,32]. References [2,18,25] provide figures show-
ing this function. Within NEUT, FSIs are modeled by
propagating simulated nucleons through an intranuclear
cascade which both alters their kinematics and predicts the
emission of additional hadrons [25,27] but does not
consider the FSI modification to the inclusive cross section
that would be captured using a microscopic description of
the nuclear potential.
In Fig. 1, we show the missing neutrino energy as

defined in Eq. (6) for interactions generated with the NEUT
SF model, including FSIs. Here, Evis is computed using the
outgoing muon and leading (highest-momentum) proton.
In addition, we show a true missing neutrino energy,
obtained from reconstructing Evis using all particles created
in the FSI cascade, which is then equivalent to the removal
energy. The missing neutrino energy reconstructed from the
leading proton closely follows the shape of the underlying
removal energy distribution (described above) while
including all particles both shifts and smears out the energy
deficit, extending to negative values.
As demonstrated above, we expect δpL;vis to be inde-

pendent of the neutrino energy to first order. We confront
this expectation with the model prediction from NEUT in

Fig. 2, where a minimal dependence on the neutrino energy
can indeed be observed, particularly at energies above
0.4 GeV. As with the transverse momentum imbalance [7],
a small dependence remains due to second-order effects
such as Pauli blocking. While the underlying distribution of
the initial nucleon longitudinal momentum pN;L is iso-
tropic, nucleons with a momentum opposite that of the
neutrino have an increased interaction cross section due to
the higher center of mass energy, causing the pN;L

distribution sampled by neutrino interaction to be biased
toward negative values, thereby creating a polarization
effect. Pauli blocking, on the other hand, will cause a
positive bias in the initial longitudinal momentum. With the

FIG. 2. The NEUT prediction for δpL;vis in CCQE neutrino
interactions on polystyrene-based scintillator (C8H8) in bins of
the neutrino energy, indicated in the sidebar. The T2K flux was
used as input, where, for events undergoing FSIs, all particles
created by FSIs are considered.

FIG. 1. The NEUT prediction for the missing neutrino energy
Em;ν in neutrino CCQE interactions including FSIs, as well as the
“true” missing energy Em;ν;true reconstructed from all outgoing
particles. As for all subsequent figures, the T2K neutrino flux is
used as input with polystyrene-based scintillator (C8H8) as the
target material.
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momentum transfer to the hadronic state primarily occur-
ring along the neutrino direction, initial nucleons with a
forward momentum are less likely to undergo Pauli block-
ing, where the magnitude of this effect decreases at higher
neutrino energies. This is illustrated in Fig. 3, which shows
δpL;vis distributions in CCQE interactions binned in the
magnitude of momentum transfer q3. It can be seen how, at
low momentum transfers, there is a positive bias in the pN;L

distribution due to Pauli blocking, where nuclei with lower
momenta are more likely to inhabit an occupied state after
the interaction. Without Pauli blocking, the δpL;vis distri-
bution is seen to be largely independent of the momentum
transfer. The net shift on δpL;vis from these effects is
predicted to be on the level of 2 to 3 MeV=c for the T2K
flux. Here, we note that when analyzing the distribution of
pN;L in CCQE interactions, we observed an unexplained
shift in the NEUT output for the SF model of around
−10 MeV=c; details are reported in Appendix A.
As the Fermi motion is isotropic, the distribution of the

initial longitudinal momentum pN;L is identical to the
distribution of the two transverse components. Accounting
for the second-order effects mentioned above, the observed
transverse momentum imbalance can thus be used to gain
information on the pN;L distribution. When Eq. (5) is used,

this constraint can be propagated to the observed δpL;vis

distribution to statistically obtain constraints on the missing
neutrino energy, as explained in detail below.

III. ANALYSIS

A. Sensitivity to missing neutrino energy

We proceed here with an analysis to illustrate how
measuring δpL;vis in neutrino interactions may be used
to constrain the nuclear effects which cause bias in neutrino
energy reconstruction. We consider a selection of neutrino
interactions generated with NEUT and apply a detector
smearing analogous to that of the Super-FGD, using
parametrized detector efficiencies and resolutions as in
Refs. [14,15]. Note again that NEUT does not directly
consider the impact of the nuclear potential. However,
using the example of this model and the sensitivity of
δpL;vis to the removal energy within it, we show sensitivity
of the observable to effects which bias the neutrino energy
reconstruction. In particular, we show how the overall
distribution of δpL;vis can deliver information on both the
average removal energy and the shape of its distribution.
First, the mean of δpL;vis depends on the average removal
energy. This effect is shown in Fig. 4, where the δpL;vis

distribution of the nominal NEUT SF model is compared to
the same models, with removal energy distributions shifted
by �10 MeV. The corresponding shifts in the average
missing neutrino energy are indicated. We include the
effects of detector smearing and a CCQE-like selection for
pionless (CC0π) topologies, which includes backgrounds

FIG. 3. The δpL;vis distributions in neutrino CCQE interactions
without FSIs in bins of the magnitude of momentum transfer q3,
with (top panel) and without (bottom panel) Pauli blocking.

FIG. 4. The δpL;vis distributions for the nominal NEUT SF
model and the same model with the removal energy distribution
shifted downward and upward by 10 MeV. The corresponding
shifts in the average missing neutrino energy of the CCQE
component are indicated in the legend (Em;ν) alongside the means
of the overall δpL;vis distributions (μ). The T2K neutrino flux is
used for 4 × 1021 POT, where detector smearing is applied to
CC0π events with one muon and one proton detected in the final
state. The statistical errors are indicated. Lower panel: ratio of the
shifted models to the nominal model in each bin.
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from interactions with correlated nucleons (2p2h) and
single pion production (1π) with subsequent absorption.
The statistics considered here correspond to 4 × 1021

protons on target (POT) in the two tons of active target
with the T2K flux, expected to be gathered with the near
detector upgrade before the end of T2K (assuming data
taking predominantly in neutrino mode), or during six years
of HK data taking at a beam power of 1.3 MW [6]. It can be
seen how the bulk of the distributions, dominated by CCQE
interactions, undergoes a shift between the models, with
statistical sensitivity to shifts on the few-MeV level, where
the distributions are themost sensitive in the rising and falling
edges around �150 MeV=c. It is encouraging to see that,
even after consideration of FSIs, the shifts in the missing
neutrino energy are well correlated with the changes in the
underlying removal energy. More crucially, the shifted
removal energy manifests as an almost direct shift to an
observable, δpL;vis, even when effects from detector smear-
ing, background components, and FSIs are considered.
Considering the role of NEUT’s FSI model, as well as

the non-CCQE backgrounds including 2p2h and pion
production events, the distribution of δpL;vis is broad,
extending to a negative tail. This is due to undetected
contributions to the longitudinal momentum, where the
undetected kinetic energy contributes less in magnitude to
δpL;vis. This effect can be observed in Fig. 4 and is
explicitly shown in Fig. 5, where the δpL;vis distribution
in a CCQE-like selection is shown split by the interaction
mode. Further, the shapes of the two-dimensional distri-
butions with δpT are shown. While the CCQE interactions
are less separated in δpL;vis than in δpT , it can be seen how
the combination of the two variables may nonetheless yield
an improved separation of the interaction modes.
We compared the shift in δpL;vis to δpTy, defined as the

transverse momentum imbalance along the direction of the
leptonic transverse momentum, which was suggested in
Ref. [26] to be sensitive to the removal energy. However,
we found the CCQE component to shift by less than
0.5 MeV=c between the models before detector effects,
thus offering a much reduced sensitivity compared to the
10 MeV=c shift in δpL;vis. Similar results were found for
the other STVs.
Considering an analysis beyond this overall shift, we

demonstrate that δpL;vis has the potential to constrain the
shape of the removal energy distribution by performing a
simple fit. We use a selection of pure CCQE interactions in
the NEUT SF model and reconstruct the removal energy
distribution from a simple template fit in δpL;vis. Ten free
parameters describe the contributions to the removal energy
in a range of 15–90 MeV in uniform steps, where template
distributions in δpL;vis are generated for these different Ermv

intervals. This assumes that the initial momentum distri-
bution pN;L, which may be obtained from a measurement of
the transverse momentum imbalance as mentioned above,
is known. A more detailed description of the methodology

can be found in Appendix B. We perform a fit to the
Asimov dataset generated with a uniform weighting of the
templates, using the true kinematics to reconstruct δpL;vis.
It is not only the overall removal energy distribution but
also its correlation with the initial nucleon momentum
which impacts the δpL;vis distribution, as described by the
spectral function. To explore this effect, we then fit to the
same dataset but use different templates which assume no
correlation in the spectral function, and further with
detector smearing applied to the templates and dataset.
Note that here and unlike in Fig. 4, no detector efficiencies
or background events are included. The fit results are
shown in Fig. 6. When using the true kinematics with the
correct underlying spectral function, the fit reconstructs the
shape of the Ermv distribution. When one assumes no
correlation and adds detector smearing in addition, the
reconstruction is worsened, yet the broad features remain.
In these cases the fit agreement is worse, meaning that the

FIG. 5. The distribution of δpL;vis (top panel) and δpL;vis
against δpT (bottom panel), where detector smearing is applied
to CC0π events with one muon and one proton detected in the
final state. In the two-dimensional distribution, the two contours
for each distribution enclose 68% and 95% of the events,
respectively, with the overall purities indicated in the legend.

LONGITUDINAL KINEMATIC IMBALANCES IN NEUTRINO AND … PHYS. REV. D 110, 032019 (2024)

032019-5



no-correlation assumption does not permit the correct
δpL;vis shape to be reconstructed. This also explains the
smaller fit errors related to the more off-diagonal correla-
tion matrix shown in Appendix B. This effect shows how
the δpL;vis distribution and its comparison with the trans-
verse momentum imbalance may constrain not only the
overall removal energy shape but also its correlation with
the initial nucleon momentum, which is stronger in the
relativistic (RFG) and local Fermi gas (LFG) models, for
instance. Such a correlation could be modeled with addi-
tional parameters in a more complex fit. Further, a more
advanced analysis would proceed with a joint fit of δpL;vis

and δpT , including a modeling of the second-order
differences between pN;L and the transverse imbalance.
We leave a more quantitative sensitivity study proceeding
along these lines for future work. We additionally remind
the reader that this fit was performed using a model that,
while considering FSIs through the use of a cascade model,
does not directly simulate a nuclear potential and that a full
analysis would offer a constraint instead on the collective
impact of this and the removal energy.

B. High-purity hydrogen sample
in antineutrino interactions

In antineutrino interactions on a plastic scintillator
(C8H8) detector, interactions can occur on the free protons
making up the hydrogen nuclei, which are free of nuclear
effects. In Ref. [15], the use of the transverse momentum
imbalance δpT to select a sample enriched with interactions
on hydrogen has been investigated for a segmented plastic
scintillator detector, such as in Ref. [11], which can
reconstruct neutrons from their secondary interactions in
the detector using the time of flight (TOF) method. Thanks

to its reduced bias from nuclear effects, such a sample
shows an improved resolution on the neutrino energy, thus
delivering an enhanced constraint on the neutrino flux. The
reduction in the flux normalization uncertainty for the
upgraded ND280 detector was quantified in Ref. [14]. As
explored therein, the extraction of neutrino interactions on a
hydrogen sample can be used to constrain nucleon form
factors in a way that is free from degeneracies with nuclear
effects. In this section, the same analysis strategy is used as
in Ref. [15], where the neutron detection efficiency and
resolutions that were obtained from an external simulation
are applied to simulated neutrino interaction events gen-
erated using NEUT with the T2K flux. We add the
longitudinal momentum imbalance δpL;vis to the analysis,
in this case computed as δpL;vis ¼ pn;L þ pμ;L − ðEn þ
Eμ −mpÞ=c using the kinematics of the final state neutron
and muon in the CCQE-like sample after applying detector
effects. Note that here, no “lever arm” cut is applied; i.e., no
minimum distance to the secondary neutron interaction
cluster is required.
CCQE interactions without FSIs are already relatively

well separated from the other events by δpT, as shown, for
instance, in Refs. [14,15]. For interactions on hydrogen, as
with δpT , δpL;vis is zero before detector smearing effects.
When isolating a hydrogen sample, δpL;vis can thus be used
to further reject interactions on carbon passing the δpT cut,
being especially useful for events where the initial nucleon
momentum was oriented along the longitudinal direction.
The two-dimensional distribution in δpT and δpL;vis of
antineutrino interactions with detector smearing are shown
in Fig. 7 split by interaction mode and target. The addition
of δpL;vis can be seen to provide an additional separation of

FIG. 6. The results of the Ermv likelihood fit to Asimov datasets
using different templates. The uncertainties on the fit parameters
are indicated by the shaded regions, and the filled distribution
shows the underlying true distribution from the SF model
in NEUT.

FIG. 7. The distribution of antineutrino interactions in δpT and
δpL;vis with detector smearing applied, split by interaction mode
and target. The area of each circle is proportional to the number of
events within the corresponding bin, and the overall purities
before any cuts are shown in the legend.
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interactions on hydrogen, which show a high purity when
both δpT and δpL;vis are close to zero. It should be noted
that, in the absence of detector smearing effects, δpT
perfectly separates the interactions on hydrogen (as shown
in Ref. [15]); the additional degree of freedom from the
longitudinal direction, however, is beneficial when such
effects are considered, as seen here.
For a given efficiency of interactions on hydrogen, the

combination of cuts in δpT and δpL;vis which maximizes
the hydrogen purity is selected. Owing to the nonlinear
relation between energy and momentum, the effect of
detector smearing on δpL;vis is asymmetric, as can be seen
in Fig. 7, where the hydrogen events are smeared away
from zero with a bias toward negative values. As such, the
cuts on δpL;vis are centered around −6 MeV=c. The results
on the purity vs efficiency of hydrogen events are shown in
Fig. 8, both for cuts on δpT alone (as previously performed
in Ref. [15]) and with δpL;vis, as described above. Different
models for the nuclear initial state of the carbon component
are compared, including RFG and LFG models from
NEUT and GENIE [33]. There is a small systematic spread
between the models which does not increase substantially
when the longitudinal information is added. Overall, the
use of the longitudinal kinematic imbalance brings a drastic
increase in the hydrogen purity at a given efficiency, and
vice versa. For instance, at a hydrogen efficiency of 20%, the
purity is increased from 77% to 96% for the SF model,
thereby reducing the relative background by a factor of more
than 5. As a reference, around 4000 neutrino-hydrogen
interactions per 1021 POTare expected in the two ton Super-
FGD active mass before considering detector efficiencies. At
a hydrogen purity of 90% and with the efficiencies con-
sidered here, around 27000 events would be obtained
throughout 10 years of HK data taking.

IV. DISCUSSION

The visible longitudinal momentum imbalance δpL;vis
introduced above is shown to offer sensitivity to the
collective nuclear effects in neutrino interactions which
bias neutrino energy reconstruction, to a greater extent than
STVs. While it is dominated by the initial state nucleon’s
longitudinal momentum, an overall shift in the distribution
has been shown to be sensitive to the average removal
energy, which can be a crucial observable to discriminate
between the different nuclear models available in the
literature, as well as to reduce the bias on the neutrino
energy and thus the neutrino oscillation parameters. We
have noted that in more sophisticated models that include
the role of a nuclear potential we expect the shift seen in
δpL;vis to be sensitive to the combined effect of this and the
removal energy (our “missing neutrino energy”). While one
cannot be easily separated from the other, it is the combined
effect of the two that drives biases in neutrino energy
reconstruction, so a measurement remains a powerful tool
of constraining key systematic uncertainties in measure-
ments of neutrino oscillations. We have additionally shown
that δpL;vis has the potential to provide shape information
on the nuclear removal energy distribution as well as its
complementarity with transverse kinematic imbalances in
isolating contributions from distinct interaction channels in
CC0π cross-section measurements. Fine-granularity detec-
tors with a resolution on the millimeter scale, including
liquid argon time projection chambers and 3D scintillator
detectors, may measure the kinematic imbalances with an
increased precision, thereby obtaining a further sensitivity
to the shape information.
The method presented here is not unique in constraining

the missing neutrino energy: As seen in Eq. (3), the average
removal energy also statistically shifts the visible final state
energy in relation to the true neutrino energy distribution.
Detecting the shift in Evis, however, requires a relatively
precise prediction of the incoming neutrino flux, with any
bias propagated to the prediction of the removal energy.
Yet, as shown above, δpL;vis has a minimal dependence on
the neutrino energy and thus the flux prediction. Naturally,
the method of using δpL;vis introduces its own systematic
uncertainties due to the detailed second-order nuclear
effects, including Pauli blocking and final state interactions.
An analysis of neutrino interaction data could then proceed
with a multidimensional fit to Evis, δpL;vis, and δpT that
reduces the overall uncertainty on the missing neutrino
energy. As mentioned above, a full systematic study will be
required in order to more quantitatively study the full
sensitivity. Note that in our analysis of missing neutrino
energy sensitivity, we focused on neutrino interactions,
producing a proton in the final state. In principle, this
method is also applicable to antineutrino interactions by
extracting the shift in δpL;vis of the bulk of CCQE
interactions on carbon. However, obtaining constraints in
this case would be further made difficult by the increased

FIG. 8. The purity vs efficiency of antineutrino interactions on
hydrogen for cuts on δpT and combined cuts in δpT and δpL;vis.
Different models for the nuclear initial state of carbon are shown.
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systematic uncertainties associated with the reconstruction
of the final state neutrons.
In antineutrino pionless interactions, the use of the

longitudinal kinematic imbalance next to the transverse
imbalance was shown to provide a high-purity sample of
neutrino interactions on a hydrogen nuclear target from an
initial sample of interactions on hydrocarbon (the target
material in scintillator detectors). In addition to delivering a
strong constraint on the flux for a neutrino oscillation
experiment, such a sample can be employed to measure
neutrino-nucleus interactions minimally biased by nuclear
effects, as described by the axial vector form factor FAðQ2Þ
[14,34]. The MINERvA Collaboration recently performed
the first measurement of FAðQ2Þ in antineutrino inter-
actions with hydrogen, with a signal purity and an
efficiency of around 30% and 10%, respectively [35].
The method presented here can be applied to any detector
technology with a hydrogen content and a capability to
reconstruct the outgoing neutron momentum. Without
sufficient timing resolution and 3D granularity, the
MINERvA detector only measures the direction of out-
going neutrons propagating in the forward direction, such
that this method is not applicable. A 3D segmented plastic
scintillator such as the Super-FGD considered in this work
is instead well suited due to its ability to reconstruct neutron
momenta using the TOF method. The same detector
technology has been investigated for a potential near
detector in the future DUNE experiment, with a mass of
ten tons [36].
A flux-constraining method similar to the antineutrino

one detailed above may be achieved with deuterated carbon
scintillators while quasifree nucleon data are also provided,
where the neutrino can undergo a CCQE interaction with
the neutron in deuteron, which is minimally biased by
nuclear effects. We performed a similar analysis to the
antineutrino case by simulating neutrino interactions on

deuterated plastic, finding, for instance, that at a deuteron
efficiency of 10%, a purity of 78% (64%) can be achieved
for pure (half-) deuterated plastic. However, such a tech-
nology remains to be studied for a neutrino detector,
particularly from the points of view of feasibility and cost.

V. CONCLUSION

In conclusion, we have introduced a powerful new
observable, the visible longitudinal momentum imbalance
(δpL;vis), for accelerator neutrino oscillation experiments.
Combined with the observed transverse momentum imbal-
ance (δpT), it can deliver improved constraints on funda-
mental nuclear uncertainties that are not directly accessible
through current experiments, particularly those which bias
the reconstruction of the neutrino energy. Further, it can
allow for a high-purity selection of antineutrino interactions
on hydrogen, which would lead to precise measurements
of the nuclear axial vector form factor as well as the
antineutrino flux.
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APPENDIX A: UNEXPLAINED BEHAVIOR
IN THE SF MODEL

We detail here the unexplained behavior that was
observed in neutrino event generator implementations of
the SF model. While the values given here correspond to
the output from NEUT, the same effect was observed in the
NuWro implementation. The initial proton longitudinal
momentum (pN;L) distribution in CCQE interactions
appears to undergo an overall shift from a symmetric
(isotropic) one to a mean of around −13 MeV=c. Owing
to the size and uniformity of this shift, it is inconsistent with

FIG. 9. The distributions of initial nucleon momenta pN;i in CCQE interactions without FSI with one muon and one proton in the final
state for the NEUT SF (left panel) and LFG (right panel) models.
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second-order effects such as polarization and Pauli block-
ing, which were mentioned in the main text. Furthermore,
this behavior is not observed in the RFG or LFG models,
where the pN;L distributions undergo a shift of only 2 to
3 MeV=c. The distribution of pN;L is shown in Fig. 9 for
the SF and LFG models alongside the transverse momen-
tum imbalances.
With this behavior persisting in a one-proton final state

sample with FSIs disabled, this rules out FSIs and short-
range correlations in the SF model as a possible cause, with
the latter producing a multinucleon final state. In a sample
with Pauli blocking disabled in addition to FSIs and a high
neutrino energy of 20 GeV such that the polarization effect
is minimized, a shift of around −10 MeV=c remains. This
shift is propagated to the δpL;vis distributions that are shown
in the main text, where the relation δpL;vis ¼ pN;L þ Ermv

still holds in the generator output.

APPENDIX B: FIT METHODOLOGY AND
CORRELATION MATRICES

We use a pure CCQE selection with one proton and one
muon in the final state in all cases, i.e., without back-
ground, generated with the NEUT SF model. Two Asimov
datasets are generated from a uniform weighting of the
templates scaled to 300000 events, with and without
detector smearing applied. In the case of no correlations,

both without and with detector smearing, we fit to the
regular Asimov datasets, but the templates are reweighted
such that there is no correlation between the true pN;L and
the removal energy (aside from the small contribution
from the kinetic energy of the nuclear remnant, which is
correlated with the initial nucleon momentum), where the
overall pN;L distribution matches that of the SF model.
The best fit removal energy contribution is obtained by
finding the ten parameters which maximize the binned
multinomial likelihood of the reconstructed δpL;vis dis-
tribution with respect to the dataset in consideration. Both
are binned in widths of 3.5 MeV=c, as this was found to
better preserve the shape information compared to larger
bin sizes. In each fit, the template weights are randomly
initialized between zero and 2. This procedure is repeated
1000 times, from which the best fit is selected. To
avoid issues with parameter boundaries, the parameters
are allowed to have negative values, but their absolute
value is used to compute the reconstructed δpL;vis

distribution.
The correlation matrices from the fits are shown in

Fig. 10. The fit to the Asimov dataset shows stronger (anti)
correlations between parameters describing adjacent bins in
Ermv, while the case with the altered no-correlation tem-
plates shows more uniform correlations, particularly
between parameters describing nonadjacent bins.

FIG. 10. The postfit correlation matrices from the removal energy fit to the Asimov dataset with the true kinematics (left panel) and the
smeared dataset using templates with no correlations (right panel).
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Barbaro, J. A. Caballero, G. D. Megias, and J. M. Udias,
Phys. Rev. D 106, 113005 (2022).

[30] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001
(2013); 87, 019902(A) (2013).

[31] See http://t2k-experiment.org/wp-content/uploads/T2Kflux
2016.tar (accessed July 12, 2022).

[32] O. Benhar, A. Fabrocini, S. Fantoni, and I. Sick, Nucl. Phys.
A579, 493 (1994).

[33] C. Andreopoulos et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 614, 87 (2010).

[34] T. Cai, X. Lu, and D. Ruterbories, Phys. Rev. D 100, 073010
(2019).

[35] T. Cai et al., Nature (London) 614, 48 (2023).
[36] S. Gwon, P. Granger, G. Yang, S. Bolognesi, T. Cai, M.

Danilov et al., Phys. Rev. D 107, 032012 (2023).

N. BAUDIS et al. PHYS. REV. D 110, 032019 (2024)

032019-10

https://doi.org/10.1103/PhysRevD.103.112008
https://doi.org/10.1103/PhysRevD.103.112008
https://doi.org/10.1140/epjc/s10052-023-11819-x
https://doi.org/10.1140/epjc/s10052-023-11819-x
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1016/j.ppnp.2018.01.006
https://doi.org/10.1016/j.ppnp.2018.01.006
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1016/j.nima.2011.06.067
https://arXiv.org/abs/1805.04163
https://arXiv.org/abs/1805.04163
https://doi.org/10.1103/PhysRevC.94.015503
https://doi.org/10.1103/PhysRevC.98.045502
https://arXiv.org/abs/1810.06043
https://doi.org/10.1103/PhysRevD.106.032009
https://doi.org/10.1088/1748-0221/13/02/P02006
https://doi.org/10.1088/1748-0221/15/12/P12003
https://arXiv.org/abs/1901.03750
https://doi.org/10.1103/PhysRevD.105.032010
https://doi.org/10.1103/PhysRevD.101.092003
https://doi.org/10.1140/epjc/s10052-019-6750-3
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1038/s41586-020-2415-5
https://doi.org/10.1103/PhysRevD.109.072006
https://doi.org/10.1103/PhysRevD.72.053005
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1016/0375-9474(93)90630-G
https://doi.org/10.1103/PhysRevD.91.033005
https://doi.org/10.1103/PhysRevD.91.033005
https://doi.org/10.1103/PhysRevD.105.092004
https://doi.org/10.1103/PhysRevD.105.092004
https://doi.org/10.1103/PhysRevC.95.065501
https://doi.org/10.1103/PhysRevC.95.065501
https://doi.org/10.1140/epjs/s11734-021-00287-7
https://doi.org/10.1140/epjs/s11734-021-00287-7
https://doi.org/10.1103/PhysRevD.101.092001
https://doi.org/10.1103/PhysRevD.101.092001
https://doi.org/10.1103/PhysRevD.104.053006
https://doi.org/10.1103/PhysRevD.104.053006
https://doi.org/10.1103/PhysRevC.105.054603
https://doi.org/10.1103/PhysRevC.105.054603
https://doi.org/10.1103/PhysRevD.106.113005
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.019902
http://t2k-experiment.org/wp-content/uploads/T2Kflux2016.tar
http://t2k-experiment.org/wp-content/uploads/T2Kflux2016.tar
http://t2k-experiment.org/wp-content/uploads/T2Kflux2016.tar
http://t2k-experiment.org/wp-content/uploads/T2Kflux2016.tar
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1103/PhysRevD.100.073010
https://doi.org/10.1103/PhysRevD.100.073010
https://doi.org/10.1038/s41586-022-05478-3
https://doi.org/10.1103/PhysRevD.107.032012

