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Current and future accelerator neutrino oscillation experiments require an improved understand-

ing 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, recon-
structed in charged current quasi-elastic 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 se-
lection 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.

I. INTRODUCTION

Long-baseline (LBL) neutrino oscillation experiments
have been delivering increasingly precise measurements
of the neutrino oscillation parameters [1-3], in particular
towards the determination of the leptonic CP-violating
phase dcp. 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 produc-
tion site are employed to constrain the flux before oscil-
lation 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 predom-
inantly muon (anti)neutrino beam into muon and elec-
tron neutrinos over a baseline of 295km. The future
Hyper-Kamiokande (HK) experiment [6] will utilize the
same baseline and near detector suite, with a far detec-
tor increased in size. At the T2K/HK neutrino beam
energy with a peak at 600 MeV, the dominant neutrino
interactions are charged-current quasi-elastic (CCQE) in-
teractions such as v, +n — u~ + p, which occur on a
single nucleon within the target nucleus within the im-
pulse approximation. CCQE interactions on nuclear tar-
gets are obfuscated by both the final state interactions
(FSI) 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 ini-
tial state nucleon momentum and removal energy can
be described by a so-called spectral function. Due to
the broad neutrino flux spectrum, the energy of the in-

coming neutrino is unknown on an event-by-event basis,
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complicating any attempt to constrain nuclear effects,
which in turn bias the neutrino energy reconstruction
that is relied upon in oscillation measurements. How-
ever, the knowledge of the beam direction can be ex-
ploited by using kinematic imbalances in the transverse
plane. Such single transverse variables (STVs) have been
extensively studied and shown to offer constraints on nu-
clear effects such as the Fermi motion, multi-nucleon cor-
relations and FSI [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 im-
proves the proton detection threshold and is capable of
reconstructing the momenta of outgoing neutrons [13-

]. The latter enables the measurement of STVs in an-
tineutrino interactions, shown to isolate interactions on
hydrogen, free of nuclear effects [15]. However, STVs
offer limited power to constrain effects which shift the
overall final state energy in relation to the unknown neu-
trino energy, such as the nuclear removal energy [14, 10].
A mismodeling of the removal energy biases the recon-
structed neutrino energy and in turn the measurement
of the neutrino oscillation parameters. This affects the
measurement of the mass difference squared AmZ; in
particular, which is directly related to the neutrino en-
ergy at a given baseline, but also can form a primary
systematic error for a measurement of dcp [17]. With
the removal energy forming a major systematic uncer-
tainty in neutrino oscillation measurements at T2K, re-
cent analyses have included more sophisticated modeling
of its associated uncertainties [1, 2, 18]. Whilst these
uncertainties can in principle be constrained from preci-
sion electron scattering measurements, 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 factoriza-
tion ansatz [19, 20] permits this at intermediate to large
momentum transfers in which the impulse approxima-
tion is well known to hold but, beyond this, some model-
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dependent corrections are required [21, 22]. Furthermore,
no neutrino interaction model (extracted from electron
scattering measurements or otherwise) has been shown
to produce satisfactory agreement with global neutrino
scattering data [23]. With this in mind, in-situ neu-
trino scattering measurements which are sensitive to the
leading systematic uncertainties for neutrino oscillation
analyses are of crucial importance to ensure that oscilla-
tion measurements are both precise and robust, as evi-
denced by the well-established aforementioned utility of
STV measurements. In this paper, we introduce a novel
observable characterizing the longitudinal kinematic im-
balance which is directly sensitive to nuclear effects which
cause bias in neutrino energy reconstruction and is mini-
mally dependent on the neutrino energy. The observable
can be measured at near detectors of neutrino oscillation
experiments to benchmark input models and constrain
uncertainties. Further, we show how it may be employed
in antineutrino interactions to obtain a high-purity sam-
ple of interactions on hydrogen nuclei within a composite
nuclear target.

II. LONGITUDINAL KINEMATIC IMBALANCE

Consider an (anti)neutrino CCQE interaction in the
impulse approximation, occurring with a neutron (pro-
ton) N within a nucleus with A nucleons and producing a
proton (neutron) N’ in the final state: v, +N — uF+N'.
The energy and momentum conservation read, where the
latter is split in the transverse (T) and longitudinal (L)
directions:

p
—_—
Pv+PNL = Pyl + PN/ L, (1)
DN, T = Pu,1 + DN, (2)
E, =~ E# + Ent — my +Erpy- (3)
| S ——
Eyis

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 poten-
tials [16, 24, 25]. While negligible in certain cases [20]
but not in general [16], their effect is discussed further
below. The removal energy F,n, denotes the contri-
bution to the neutrino energy which is undetected due
to nuclear effects, where the equation above holds pre-
FSI: By = E, — ESf:'FSI. 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:
Einy = E, + SN + T4_;. The separation energy for a
nucleon N reads SV = Mjs_1 + My — M4, while the
excitation energy is given by E, = M} _; —M4_;. Here,
M4 denotes the mass of the initial nucleus, while M} _;
and M,_q1 are the mass of the excited and de-excited
remnant nucleus, respectively [16, 26]. The transverse
momentum imbalance reads dpr = [Py, v+ PN 1| [7]. We

introduce the visible longitudinal momentum imbalance
as an observable given by:

6pL,Vis =pL — Evis/ca (4)

where p;, and E;s are the overall final state longitudinal
momentum and visible energy, respectively, as indicated
above. From Egs. (1) and (3), dpr, vis yields

5pL,vis ~ PN,L + Ermv/c- (5)

In the absence of nuclear effects, such as for neutrino in-
teractions on a hydrogen target, dpr, 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 only be de-
tected in sum. It should be noted that dpy, vis is similar
in concept to the reconstructed longitudinal nucleon mo-
mentum pr,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 computing pr, rec-
Note also that, whilst dpr,+is is introduced above in the
context of CCQE interactions within the impulse approx-
imation, 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 pr,
and Fyis. In general the impact of FSI considered via
nuclear cascades in neutrino event generators [27] can be
expected to distort dpy, vis but leave the correlation be-
tween measurements of a post-FSI dpr, vis and removal
energy intact. Further, more sophisticated treatments of
FSI in modern microscopic models (see e.g. [28, 29]) like-
wise affects the visible final state energy in relation to
the true neutrino energy [22] via a consideration of the
impact of the nuclear potential on the outgoing nucleon,
creating additional potential that must be overcome (and
so effectively adding additional terms to the right hand
side of Eq. (3) and Eq. (5)). We therefore expect dpr, vis
to provide sensitivity to the overall “missing” neutrino
energy defined simply as:

Em,u = Eu - Evis- (6)

This includes the collective impact of the nuclear po-
tentials on the bias in neutrino energy reconstruction,
including both removal energy and nuclear potential ef-
fects (in addition to small Coulomb corrections), which
as mentioned is the source of a major uncertainty in neu-
trino oscillation experiments.

We evaluate the properties of dpr, vis within a mod-
ern simualtion using the NEUT neutrino interaction gen-
erator [25], which is used as an input to the T2K ex-
periment’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
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FIG. 1. The NEUT prediction for the missing neutrino en-
ergy En,, in neutrino CCQE interactions including FSI, as
well as the “true” missing energy Fm . true reconstructed from
all outgoing particles. As for all subsequent figures, the T2K
neutrino flux is used as input with polystyrene-based scintil-
lator (CsHs) as the target material.
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FIG. 2. The NEUT prediction for pr,vis in CCQE neutrino
interactions on polystyrene-based scintillator (CsHsg) in bins
of the neutrino energy, indicated on the right. The T2K flux
was used as input, where for events undergoing FSI, all par-
ticles created by FSI are considered.

(SF) model from Ref. [32]. The SF model employs the
plane wave impulse approximation to apply the factor-
ize ansatz, thereby separating the pre-FSI fully exclusive
CCQE cross section into terms in which all nuclear dy-
namics 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 re-
sults in sharp spike corresponding to shell-model states
on top of a background related to nucleon correlation ef-
fects [21, 32]. Refs. [2, 18, 25] provide figures showing this
function. Within NEUT, FSI is modelled by propagat-

ing simulated nucleons through an intranuclear cascade
which both alters their kinematics and predicts the emis-
sion 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 de-
fined in Eq. (6) for interactions generated with the NEUT
SF model, including FSI. Here, Eis is computed using
the outgoing muon and leading (highest-momentum) pro-
ton. In addition, we show a “true” missing neutrino en-
ergy, obtained from reconstructing FE.;s using all parti-
cles created in the FSI cascade, which is then equivalent
to removal energy. The missing neutrino energy recon-
structed from the leading proton closely follows the shape
of the underlying removal energy distribution, described
above, while including all particles shifts and smears out
the energy deficit, extending to negative values.

As demonstrated above, we expect dpr, vis to be inde-
pendent of the neutrino energy to first order. We con-
front this expectation with the model prediction from
NEUT in Fig. 2, where a minimal dependence on the
neutrino energy can indeed be observed, in particular at
energies above 0.4 GeV. Similarly to the transverse mo-
mentum 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 py 1, is isotropic, nucleons with a momentum
opposite that of the neutrino have an increased interac-
tion cross section due to the higher center of mass en-
ergy, causing the py 1, distribution sampled by neutrino
interaction to be biased towards negative values, creating
a polarization effect. Pauli blocking on the other hand
will cause a positive bias in the initial longitudinal mo-
mentum. With the momentum transfer to the hadronic
state primarily occurring along the neutrino direction,
initial nucleons with a forward momentum are less likely
to undergo Pauli blocking, where the magnitude of this
effect decreases at higher neutrino energies. This is il-
lustrated in Fig. 3, which shows dpy, vis distributions in
CCQE interactions binned in the magnitude of momen-
tum transfer ¢g3. It can be seen how at low momentum
transfers, there is a positive bias in the py 1, 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 dpy, vis distribu-
tion is seen to be largely independent of the momentum
transfer. The net shift on dpy, vis from these effects is pre-
dicted to be on the level of 2 to 3 MeV /¢ for the T2K flux.
Here we note that when analyzing the distribution of
pn,1, in CCQE interactions, we observed an unexplained
shift in the NEUT output for the SF model of around
—10MeV /¢; details are reported in Appendix A.

As the Fermi motion is isotropic, the distribution of
the initial longitudinal momentum py 1, is identical to
the distribution of the two transverse components. Ac-
counting for the second-order effects mentioned above,
the observed transverse momentum imbalance can thus
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FIG. 3. The pr,vis distributions in neutrino CCQE inter-
actions without FSI in bins of the magnitude of momentum
transfer g3, with (top) and without (bottom) Pauli blocking.

be used to gain information on the py 1, distribution. Us-
ing Eq. (5), this constraint can be propagated to the
observed dpy, vis distribution to statistically obtain con-
straints on the missing neutrino energy as is explained in
detail below.

III. ANALYSIS
A. Sensitivity to missing neutrino energy

We proceed here with an analysis to illustrate how
measuring pr, vis in neutrino interactions may be used
to constrain the nuclear effects which cause bias in neu-
trino energy reconstruction. We consider a selection of
neutrino interactions generated with NEUT and apply
a detector smearing analogous to the one of the Super-
FGD, using parametrized detector efficiencies and reso-
lutions as in Refs. [14, 15]. Note again that NEUT does
not directly consider the impact of the nuclear potential.
However, by example of this model and the sensitivity of
dpLvis 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 dpr, vis can deliver information on both the
average removal energy as well as the shape of its distri-
bution. Firstly, the mean of épr, vis depends on the aver-
age removal energy. This effect is shown in Fig. 4, where
the 0py, vis distribution of the nominal NEUT SF model
is compared to the same models with removal energy dis-
tributions 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 pion-less (CCOn) topologies, which includes
backgrounds from interactions with correlated nucleons
(2p2h) and single pion production (17) with subsequent
absorption. The statistics considered here correspond to
4% 10%! 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 (as-
suming data taking predominantly in neutrino mode), or
during six years of HK data taking at a beam power of
1.3MW [6]. It can be seen how the bulk of the distri-
butions, dominated by CCQE interactions, undergoes a
shift between the models, with statistical sensitivity to
shifts on the few-MeV level, where the distributions are
the most sensitive in the rising and falling edges around
+150MeV/c. Tt is encouraging to see that, even after
consideration of FSI, the shifts in the missing neutrino
energy are well correlated with the changes in the under-
lying removal energy. More crucially, the shifted removal
energy manifests as an almost direct shift to an observ-
able, dpr, vis, even when considering effects from detector
smearing, background components and FSI.
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FIG. 4. The dp1, vis distributions for the nominal NEUT SF
model and the same model with the removal energy distribu-
tion shifted downwards and upwards by 10 MeV. The corre-
sponding shifts in the average missing neutrino energy of the
CCQE component are indicated in the legend (Ey,.), along-
side the means of the overall dpr, vis distributions (). The
T2K neutrino flux is used for 4 x 10*! POT, where detector
smearing is applied to CCOm events with one muon and one
proton detected in the final state. The statistical errors are
indicated, while the lower panel shows the ratio of the shifted
models to the nominal model in each bin.
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FIG. 5. The distribution of dpr, vis (top) and dpr, vis against
opr (bottom), where detector smearing is applied to CCOm
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, re-
spectively, with the overall purities indicated in the legend.

Considering the role of NEUT’s FSI model, as well
as the non-CCQE backgrounds including 2p2h and pion
production events, the distribution of dpy, 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 dpr, vis. This effect can be observed in Fig. 4, and is ex-
plicitly shown in Fig. 5, where the dpr, vis distribution in
a CCQE-like selection is shown split by interaction mode.
Further, the shapes of the two-dimensional distributions
with dpr are shown. While the CCQE interactions are
less separated in dpy, vis compared to dpr, it can be seen
how the combination of both variables may nonetheless
yield an improved separation of the interaction modes.

We compared the shift in dpr, vis to dpry, defined as the
transverse momentum imbalance along the direction of
the leptonic transverse momentum, suggested in Ref. [20]
to be sensitive to the removal energy. However, we found
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FIG. 6. The results of the E.n. 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.

the CCQE component to shift by less than 0.5 MeV /c be-
tween the models before detector effects, offering a much
reduced sensitivity compared to the 10MeV/c shift in
0pLvis- Similar results were found for the other STVs.

Considering an analysis beyond this overall shift, we
demonstrate that dpr,vis has the potential to constrain
the shape of the removal energy distribution by perform-
ing a simple fit. We use a selection of pure CCQE in-
teractions in the NEUT SF model and reconstruct the
removal energy distribution from a simple template fit in
0p1, vis- Ten free parameters describe the contributions
to the removal energy in a range from 15 to 90 MeV in
uniform steps, where template distributions in dpr, +is are
generated for these different ., intervals. This assumes
the initial momentum distribution py 1, is known, which
may be obtained from a measurement of the transverse
momentum imbalance as mentioned above. A more de-
tailed 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, us-
ing the true kinematics to reconstruct opy, vis. It is not
only the overall removal energy distribution which im-
pacts the dpy, vis distribution, but also its correlation with
the initial nucleon momentum, as described by the spec-
tral function. To explore this effect, we then fit to the
same dataset but using 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 shown above in Fig. 4, no de-
tector efficiencies or background events are included. The
fit results are shown in Fig. 6. Using the true kinemat-
ics with the correct underlying spectral function, the fit
reconstructs the shape of the E,,, distribution. When
assuming no correlation and adding detector smearing in



addition, the reconstruction is worsened, yet the broad
features remain. In these cases the fit agreement is worse,
meaning that the no-correlation assumption does not per-
mit the correct dpr,vis shape to be reconstructed. This
also explains the smaller fit errors, related to the more
off-diagonal correlation matrix, shown in Appendix B.
This effect shows how the dpr,vis distribution and its
comparison with the transverse momentum imbalance
may not only constrain the overall removal energy shape,
but also its correlation with the initial nucleon momen-
tum, which is stronger in the relativistic (RFG) and local
(LFG) Fermi gas models for instance. Such a correlation
could be modeled with additional parameters in a more
complex fit. Further, a more advanced analysis would
proceed with a joint fit of dpr vis and dpr, including a
modeling of the second-order differences between py 1,
and the transverse imbalance. We leave a more quanti-
tative sensitivity study proceeding along these lines for
future work. We additionally remind the reader that this
fit was performed using a model that, whilst considering
FSI 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
(CgHg) detector, interactions can occur on the free pro-
tons making up the hydrogen nuclei, which are free of
nuclear effects. In Ref. [15], the use of the transverse mo-
mentum imbalance dpr to select a sample enriched with
interactions on hydrogen has been investigated for a seg-
mented plastic scintillator detector such as in Ref. [11],
which can reconstruct neutrons from their secondary in-
teractions 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 neu-
trino energy, delivering an enhanced constraint on the
neutrino flux. The reduction in the flux normalization
uncertainty for the upgraded ND280 detector has been
quantified in Ref. [14]. As explored therein, the extrac-
tion of neutrino interactions on a hydrogen sample can
also 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 ap-
plied to simulated neutrino interaction events, generated
using NEUT with the T2K flux. We add the longitudinal
momentum imbalance dpr, vis to the analysis, in this case
computed as 6pr,vis = Pn,1. + Pur — (En + E, —my)/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 FSI are already relatively
well separated from the other events by dpr, as shown for
instance in Refs. [14, 15]. For interactions on hydrogen,
just as opr, dpr, vis is zero before detector smearing ef-
fects. When isolating a hydrogen sample, épr, vis can thus
be used to further reject interactions on carbon passing
the dpr cut, being especially useful for events where the
initial nucleon momentum was oriented along the lon-
gitudinal direction. The two-dimensional distribution in
dpr and 0py, vis of antineutrino interactions with detector
smearing are shown in Fig. 7, split by interaction mode
and target. The addition of dpr,vis can be seen to pro-
vide an additional separation of interactions on hydrogen,
which show a high purity for dpt and dpr, +is both close to
zero. It should be noted that in the absence of detector
smearing effects, dp perfectly separates the interactions
on hydrogen (as shown in Ref. [15]); the additional de-
gree of freedom from the longitudinal direction is however
beneficial when such effects are considered, as seen here.
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FIG. 7. The distribution of antineutrino interactions in dprt
and Jdprvis with detector smearing applied, split by interac-
tion 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.

For a given efficiency of interactions on hydrogen, the
combination of cuts in dpr and dpy, vis which maximizes
the hydrogen purity is selected. Due to the non-linear
relation between energy and momentum, the effect of de-
tector smearing on 0pr, vis is asymmetric, as can be seen
in Fig. 7, where the hydrogen events are smeared away
from zero with a bias towards negative values. As such,
the cuts on 0pr,vis are centered around —6MeV /c. The
results on the purity vs. efficiency of hydrogen events are
shown in Fig. 8, both for cuts on dpr alone (as previ-
ously performed in Ref. [15]) and with dpy, vis in addition
as described above. Different models for the nuclear ini-
tial state of the carbon component are compared, includ-
ing RFG and LFG models from NEUT and GENIE [33].



There is a small systematic spread between the models,
which does not increase substantially when adding the
longitudinal information. Overall, the use of the longi-
tudinal 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, reduc-
ing the relative background by a factor of more than five.
As a reference, around 4000 neutrino-hydrogen interac-
tions per 102! POT are expected in the two ton Super-
FGD active mass before considering detector efficiencies.
At a hydrogen purity of 90% and with the efficiencies
considered here, around 27 000 events would be obtained
throughout 10 years of HK data taking.
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FIG. 8. The purity vs. efficiency of antineutrino interactions
on hydrogen for cuts on dpr and combined cuts in dpr and
OpL,vis- Different models for the nuclear initial state of carbon
are shown.

IV. DISCUSSION

The visible longitudinal momentum imbalance 0pr, vis
introduced above is shown to offer sensitivity to the col-
lective nuclear effects in neutrino interactions which bias
neutrino energy reconstruction, to a greater extent than
STVs. While it is dominated by the initial state nu-
cleon’s longitudinal momentum, an overall shift in the
distribution has been shown to be sensitive to the aver-
age removal energy, which can be a crucial observable to
discriminate between the different nuclear models avail-
able in literature, as well as reduce the bias on the neu-
trino energy and thus the neutrino oscillation parame-
ters. We have noted that in more sophisticated models
that include the role of a nuclear potential we expect
the shift seen in dpy, vis to be sensitive to the combined
effect of this and the removal energy (our “missing neu-
trino energy”). Whilst one cannot easily be separated
from the other, it is the combined effect of both that
drives biases in neutrino energy reconstruction and so a

measurement remains a powerful tool of constraining key
systematic uncertainties in measurements of neutrino os-
cillations. We have additionally shown that épr, vis has
the potential to provide shape information on the nuclear
removal energy distribution as well as its complemen-
tarity with transverse kinematic imbalances in isolating
contributions from distinct interaction channels in CCOrx
cross-section measurements. Fine-granularity detectors
with a resolution on the millimeter scale, including lig-
uid argon time projection chambers and 3D scintillator
detectors, may measure the kinematic imbalances with
an increased precision, thereby obtaining a further sensi-
tivity to the shape information.

The method presented here is not unique in constrain-
ing the missing neutrino energy: As seen from 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 E\;s however
requires a relatively precise prediction of the incoming
neutrino flux, with any bias propagated to the predic-
tion of the removal energy. Yet as shown above, dpr, vis
has a minimal dependence on the neutrino energy and
thus the flux prediction. Naturally, the method of using
dpLvis introduces its own systematic uncertainties due to
the detailed second-order nuclear effects, including Pauli
blocking and final state interactions. An analysis of neu-
trino interaction data could then proceed with a mul-
tidimensional fit to Eyis, 0pr vis and dpr, reducing 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 sen-
sitivity, 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 dpr, vis of the bulk of CCQE interactions on car-
bon. However, obtaining constraints in this case would
be further made difficult by the increased systematic un-
certainties associated with the reconstruction of the final
state neutrons.

In antineutrino pion-less 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 tar-
get material in scintillator detectors). In addition to de-
livering a strong constraint on the flux for a neutrino os-
cillation 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 Fa(Q?) [14, 31]. The MINERvVA collaboration has
recently performed the first measurement of Fa(Q?) in
antineutrino interactions with hydrogen, with a signal
purity and efficiency of around 30% and 10% respec-
tively [35]. The method presented here can be applied to
any detector technology with a hydrogen content and the
capability to reconstruct the outgoing neutron momen-
tum. Without sufficient timing resolution and 3D gran-



ularity, the MINERvVA detector only measures the di-
rection of outgoing 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 investi-
gated for a potential near detector in the future DUNE
experiment, with a mass of 10 tons [30].

A flux-constraining method similar to the antineutrino
one detailed above may be achieved with deuterated car-
bon scintillators, while providing quasi-free nucleon data,
where the neutrino can undergo a CCQE interaction with
the neutron in deuteron, minimally biased by nuclear ef-
fects. 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 technology re-
mains to be studied for a neutrino detector, in particular
from a point of view of feasibility and cost.

V. CONCLUSION

In conclusion, we have introduced a powerful new ob-
servable, the visible longitudinal momentum imbalance
(0p1, vis), for accelerator neutrino oscillation experiments.
Combined with the observed transverse momentum im-
balance (dpr), it can deliver improved constraints on fun-
damental nuclear uncertainties, not directly accessible to
current experiments, particularly those which bias the re-
construction of the neutrino energy. Further, it can allow
for a high-purity selection of antineutrino interactions on
hydrogen, which would lead to the precise measurement
of the nuclear axial vector form factor as well as of the
antineutrino flux.
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Appendix A: Unexplained behavior in the SF model

We detail here the unexplained behavior that was ob-
served 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 longitudi-
nal momentum (py 1,) distribution in CCQE interactions
appears to undergo an overall shift from a symmetric
(isotropic) one to a mean of around —13MeV/c. Due
to the size and uniformity of this shift, it is inconsistent

with the second-order effects such as polarization and
Pauli blocking which were mentioned in the main text.
Furthermore, this behavior is not observed in the RFG
or LFG models, where the py, distributions only un-
dergo a shift of 2 to 3MeV/c. The distribution of py 1,
is shown in Fig. 9 for the SF and LFG models alongside
the transverse momentum imbalances.

With this behavior persisting in a one-proton final
state sample with FSI disabled, this rules out FSI and
short-range correlations (SRCs) in the SF model as a
possible cause, with the latter producing a multi-nucleon
final state. In a sample with Pauli blocking disabled in
addition to FSI and a high neutrino energy of 20 GeV
such that the polarization effect is minimized, a shift of
around —10 MeV /¢ remains. This shift is propagated to
the épr, vis distributions that are shown in the main text,
where the relation dpr, vis = pn,L + Ermy 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 Asi-
mov datasets are generated from a uniform weighting of
the templates scaled to 300000 events, with and with-
out detector smearing applied. In the case of no corre-
lations, both without and with detector smearing, we fit
to the regular Asimov datasets, but the templates are
re-weighted such that there is no correlation between the
true py,, and the removal energy (aside from the small
contribution from the kinetic energy of the nuclear rem-
nant, which is correlated with the initial nucleon momen-
tum), where the overall py 1, distribution matches that
of the SF model. The best fit removal energy contri-
bution is obtained by finding the ten parameters which
maximize the binned multinomial likelihood of the recon-
structed dpr, vis distribution with respect to the dataset
in consideration. Both are binned in widths of 3.5 MeV /¢
as this was found to better preserve the shape informa-
tion compared to larger bin sizes. In each fit, the tem-
plate weights are randomly initialized between zero and
two. 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 dpy, 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 adja-
cent bins in FE.,,, while the case with the altered no-
correlation templates shows more uniform correlations, in
particular between parameters describing non-adjacent
bins.
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FIG. 9. The distributions of initial nucleon momenta py,; in CCQE interactions without FSI with one muon and one proton
in the final state, for the NEUT SF (left) and LFG (right) models.
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FIG. 10. The post-fit correlation matrices from the removal energy fit to the Asimov dataset with the true kinematics (left)
and the smeared dataset using templates with no correlations (right).
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