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Neutrino energy reconstruction from one-muon and one-proton events
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We propose a method of selecting a high-purity sample of charged current quasielastic neutrino interactions to
obtain a precise reconstruction of the neutrino energy. The performance of the method was verified with several
tests using GENIE, NEUT, and NUWRO Monte Carlo event generators with both carbon and argon targets. The
method can be useful in neutrino oscillation studies with beams of a few GeV.
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I. INTRODUCTION

Neutrino oscillations occur as a function of neutrino energy
and distance. A standard long-baseline experiment using
two fixed-distance detectors therefore needs to be able to
reconstruct the neutrino energy on an event-by-event basis
in order to infer precise oscillation parameters. This is why
in recent years there has been a lot of discussion of unbiased
neutrino energy reconstruction based on particles detected in
the final state after escaping the target nucleus. The topic is
important because neutrino fluxes are never monoenergetic
and even in an off-axis configuration have a significant spread.
The discussion has became even more intense after realizing
that in the few GeV energy region (where most current and
planned long-baseline oscillation experiments operate) there
is a significant contribution from two-body current mechanism
making the situation even more complicated [1-3]. For review
articles see Ref. [4].

In the few GeV region the most common reaction, and one
that is easy to study and identify due to its simple topology, is
charged current quasielastic (CCQE) scattering. If we restrict
ourselves for a moment to neutrino-nucleon scattering, the
CCQE interaction is

vyh— U p (1)
by p— puhon. 2)

In what follows, we focus on muon neutrinos only. In oscilla-
tion experiments targets are mostly nuclei. If the momentum
and energy transferred to the hadronic system is large enough,
one can rely on the impulse approximation (IA) [5] according
to which interactions occur on individual (bound and moving)
nucleons and the meaning of CCQE remains valid. This is
confirmed by the clear observation of a QE peak in the electron
nucleus target inclusive cross-section measurements [6]. In
neutrino experiments, an analogous identification of the QE
peak is impossible, because one does not know the amount
of energy and momentum transferred to the nucleus on an
event-by-event basis (for a recent attempt to estimate these
quantities in neutrino experiment see Ref. [7]).

In the IA picture, neutrino scattering is a two-step process
where a primary interaction on a bound nucleon (or nucleon
pair) is followed by hadron rescatterings called final-state
interactions (FSI). This is why neutrino experimental groups
introduced the notion of CCQE-like events. They are defined
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as those with a muon and no mesons in the final state (i.e.,
1u 4+ O 4+ X, where X represents any number of nucleons).
The advantage of this notion is that it is defined with no
ambiguity and also it is relatively close to genuine CCQE in
the IA picture. A widely discussed MiniBooNE measurement
of the CCQE double differential cross section [1] was in fact
a CCQE-like measurement after the results from Tables VI
and VIII in Ref. [1] are added. A more recent measurement
of a CCQE-like cross section was reported by T2K [8]. In
all cases, CCQE-like samples of events contain also those in
which a real pion is first produced and then absorbed, and also
those arising from a two-body mechanism, typically leading
to two-nucleon knockout. Notice also that a true CCQE event
will occasionally produce pions through FSI and thus not be
classified as CCQE-like. A precise description of neutrino
interactions in the few-GeV energy region requires a careful
combination of several dynamical models. This has been the
motivation for numerous neutrino Monte Carlo (MC) event
generators studies [9].

The goal of this paper is to propose a method to select
high-purity CCQE events out of CCQE-like experimental
samples. The method works for events with exactly two
particles detected in the final state: muon and proton. Muon
identification is usually quite simple, however, reconstructing
the short tracks left by protons is more challenging. Nev-
ertheless, in recent years experimental groups such as T2K,
MINERVA, and ArgoNeuT have presented various studies
using information from protons, see, e.g., Ref. [10]. The
ability to reconstruct a final-state proton depends strongly
on the details of the detector technique used. In segmented
scintillators used by T2K in a near detector and by MINERvVA
a typical threshold for proton identification is ~400 MeV/c.
However, in liquid argon used in ArgoNeuT, MicroBooNE,
and proposed in the DUNE experiment the threshold is much
lower: ~200 MeV/c.

A sample with no mesons, exactly one muon and one
proton, consists of four basic categories of events: (i) CCQE
events with a proton that did not suffer from FSI effects;
(ii)) CCQE events with a proton that at least once rescattered
before it was knocked out and detected; (iii) = production
events with subsequent 7 absorption; (iv) two-body current
events. The relative sizes of the contributions from these
four categories depend on the neutrino beam spectrum, target
nucleus, and threshold for proton track identification. We
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propose a selection criteria that eliminates the vast majority
of the events from categories (iii) and (iv) while keeping
most of the events from categories (i) and (ii). The relative
population of subsamples (i) and (ii) depends on the probability
that a proton traverses the nucleus without interacting. This
probability is often expressed as the nuclear transparency.
Clearly, transparency depends on the nucleus size and is larger
for carbon (about 60% [11]) than it is for argon. We are not
aware of any proton transparency measurement for argon.
More information on transparency studies for various targets
can be found in Ref. [12].

It has been shown previously that the CCQE purity
and energy resolution of a more exclusive 1pu 4 0w 4 1p
event sample are better than the more general 1p + O + X
sample [13], however we show here that further kinematic
cuts can lead to significant improvements. From here on we
refer to our sample of 1 + O + 1p events as CCOr1p.
This sample is unambiguously defined, provided the pro-
ton detection threshold is known. Our argument is rather
elementary and is based merely on energy and momentum
conservation. If the event is indeed CCQE with no proton
final-state interactions, energy and momentum conservation
allow one to resolve the kinematics of the process completely
and calculate the initial neutrino and neutron three-momenta.
Recently, various transverse kinematic studies were performed
exploring momentum conservation in the plane perpendicular
to the neutrino momentum vector [ 14]. In our computations we
use also information from momentum conservation along the
neutrino momentum vector. The obtained values of neutron
momentum and neutrino energy should be almost exact for
events from category (i). For the events from category (ii),
the spread of the obtained values depends on the severity of
the rescatterings experienced by the proton. For events from
categories (iii) and (iv), our procedure is expected to produce
largely random numbers. This is because the very assumption
that the CCQE interaction occurred on a neutron is not satisfied
and the interaction mechanism is more complicated. This is
confirmed by MC simulations. Appropriate cuts will be able
to eliminate most of them.

As said before, the goal is to select true CCQE events.
The target neutron momenta and separation energies can
be realistically described by means of a spectral function
(SF) [15]. The neutron momentum distribution consists of
two parts: a mean-field part dominating for p < 250 MeV/c
and a correlation part responsible for the high momentum tail
p > 250 MeV/c [16]. The mean-field part can be understood
in the language of the shell model [17]. The correlation
part comes from short-range correlated pairs. In the few
GeV neutrino energy region the vast majority of CCQE
events come from interactions on neutrons described by the
mean field. Our selection aims to select those events by
requiring a reconstructed neutron momentum of the order
of ~250 MeV/c. In our computations we will have to
estimate, on an event-by-event basis, the excitation energy
of the remnant nucleus after a proton was knocked out.
The estimation will be consistent with the assumption that
we select mean-field neutrons. Relevant information will
be given in terms of removal energy from neutron energy
levels.
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Our main result is that the performance of the proposed
selection method is indeed very good. We did numerical
computations using three different MC event generators:
GENIE [18], NEUT [19], and NUWRO [20]. Each treats nuclear
effects and, in particular, FSI effects in different way, yet the
conclusions we obtained are quite similar. Thus, we infer
that a high-purity CCQE sample of events can be obtained.
For the selected sample we show that the precision of the
energy reconstruction is extremely good, and outperforms
other available methods.

Our paper is organized as follows. In Sec. II we present a
framework in which the neutron momentum and neutrino en-
ergy are evaluated. In Sec. III we demonstrate the performance
of the proposed method. We will discuss several examples
using MiniBooNE [21], T2K (off-axis) [22], and NuMI (low-
energy tune on-axis) [23] v, fluxes with interactions occurring
on carbon or argon. Sections IV and V contain discussion and
final conclusions.

II. MODEL

Suppose that a CCQE interaction occurred on a nucleon
inside a nucleus, one nucleon is knocked out and detected
together with a final-state muon. Suppose also that the target
nucleus is at rest and no other particles are knocked out.

The energy and momentum conservation read:

E+MA)=E +E,+Es, 3)
k=K +pP + Pai, “4)

where (E, l?), (E’, kK ) are the neutrino and muon four-momenta,
M(A) is the mass of target nucleus of atomic number A,
(Ea—1,PA-1), (Ep/,ﬁ’) are the final-state nucleus and final-
state nucleon four-momenta.

In the IA picture, the interaction occurs on a nucleon with
momentum p. If no final state interactions took place, it must
be that

p=—Pa1. ®)

This means that the initial nucleus state is factorized into a
nucleon participating in the interaction and a spectator remnant
nucleus with A — 1 nucleons.

We can decompose p into components parallel and per-
pendicular with respect to the neutrino direction, k, which is
assumed to be known:

p=pL+pr. (6)

The same can be done with vectors k' and p’. We get the
following equations:

E4+MA)=E +E,+Ea, (7)
E=K +p,—pL @®)
0=k + pr — pr. ©)

In this we use the fact that for the neutrino |12| =E. pp, k’L,
and p; denote projgctions of the corresponding three-vectors
on the direction of k.

The final-state nucleus is in general in an excited state and
its invariant mass is M*(A — 1). If the final-state muon and
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TABLE L. Neutron shell structure in “°Ar [24].

Subshell E, [MeV] o, [MeV] No. neutrons n,
1S1/2 62 6.25 2
lpl/z 35 3.75 2
1ds, 18 1.25 6
251/2 13.15 1 2
1ds) 11.45 0.75 4
122 5.56 0.75 2

proton are measured, pr is known and we obtain two equations
for E and p; that can be easily solved. We get:

1 ! ! 7
PL E(M(A)'i‘kL"'pL - F _Ep’)

B pF + M (A —1)
2AM(A) +k + p — E' — Ep)

precz\/ 13%4‘19%7 (11)

E=K,+p, —pL. (12)

(10)

We notice that an analogous derivation can be calculated
in the IA scheme treating a hit nucleon as a bound one with
an unknown binding energy, neglecting initial and final-state
nuclei. The two derivations can be made completely equivalent
if the binding energy is treated as nucleon momentum
dependent.

We will not assume a constant average value of M*(A — 1).
Instead we introduce a probability distribution for the final-
state excitation energy using information about neutron occu-
pancy in a given nucleus. In this paper, we will discuss '>C and
“0Ar. In the case of argon, relevant information can be found
in Ref. [24]. For the neutron separation energy, E, Gaussian
distribution is assumed with central values E, and standard
deviation oy, see Table 1.

For carbon (Table II) we used information about proton
separation energies and widths from [6]. To summarize, we
select a separation energy using the probability distribution

P(E) = %ZnaG(E — Eq,04), (13)

where n,, is the number of neutrons with separation energy E,
and N is the total number of neutrons

ZnazN

and G(x — xp,0) is a Gaussian distribution with mean value
xo and standard deviation o. The binding energies of carbon

TABLE II. Neutron shell structure in '>C [6].

Subshell E, [MeV] o, [MeV] No. neutrons 7,
1s 1/2 40.8 9.1 2
1 P32 20.3 5 4
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and argon nuclei in the ground state are, respectively, B =
92.16 MeV and B = 343.81 MeV. This means that in the
numerical computations for carbon, we assume

M(A) = 6M, + 6M, — 92.16 MeV,
M*(A—1)=MA) - M, +E,

where M, and M, denote proton and neutron masses,
respectively. Analogous formulas are used for argon, with the
values of 6, 6, and 92.16 replaced in the expression for M(A)
by 22, 18, and 343.81, respectively.

A. Monte Carlo generators

In our tests, we used three MC generators: GENIE [18],
NEUT [19], and NUWRO [20]. Their basic structure is similar,
however, they differ in many details that may play a role in the
comparisons we performed.

In CCQE events, target neutrons are typically described
with (local) Fermi gas model. GENIE uses Bodek-Ritchie
modification of the Fermi gas with a large momentum tail
added in the neutron momentum distribution accounting for
nucleon-nucleon correlation effects [25]. One of the options in
NUWRO is to use spectral functions [26]. In this approach one
distinguishes if an interaction occurs on a nucleon described
by a shell model or on a nucleon forming a correlated pair. In
the second case the existence of a correlated spectator nucleon
is assumed, that also propagates through the nucleus. Its initial
momentum is postulated to be opposite (as a three-vector) to
that of the interacting nucleon.

For resonant pion production (RES) events, NEUT and GENIE
use the Rein-Sehgal model [27] with upgraded information
about resonance properties. NEUT includes resonance inter-
ference effects and anisotropy of the distribution of pions
resulting from A decays [28]. NUWRO has a separate treatment
of the A resonance with form factors fitted to experimental
data. Heavier resonances are included only in an approximate
way using quark-hadron duality arguments. All three MCs
differ in the way in which the nonresonant background
contribution is included. All three MCs account for the A
in-medium self-energy [29] using different approximations.
NUWRO models A finite lifetime inside nucleus.

All the generators treat more inelastic events (DIS) in
a similar way [30]. The same model of the inclusive DIS
cross section is used and then PYTHIA fragmentation routines
produce the final states. The differences are in the values of
some PYTHIA parameters and also in the kinematical region
where this formalism is used. NUWRO extends to W = 1.6 GeV
while GENIE and NEUT only to 1.8 or 2.0 GeV with KNO scaling
arguments [31] applied in the transition region.

In the versions of NEUT (v. 5.1.4.2) and GENIE (v. 2.8.6)
used in this study two-body current (MEC) events are not
produced. NUWRO uses the Nieves model [2] with a momentum
transfer cut g < 1.2 GeV/c [32]. 85% of MEC events occur
on proton-neutron pairs [33], and finite-state nucleons are
assigned momenta using a phase-space model [34]. For
argon, an effective model accounting for isospin asymmetry is
used [35]. NEUT partially accounts for a lack of MEC with a
large effective axial mass in CCQE events M4 = 1.21 GeV.
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TABLE III. Basic information about the MC simulations per-
formed in this paper. See explanations in the text.

Target MC Flux model proton thresh. QE-like CCQE

[MeV /c] fraction purity
2c Nuwro MB SF 400 36.3% 82.4%
2c NUWRO MB LFG 400 40.5% 85.0%
2c NEUT MB  FG 400 41.5% 90.9%
2c GENIE MB FG 400 304% 91.3%
2c NEUT T2K FG 400 39.8% 91.5%
2c GENIE NuMI FG 400 10.0% 78.3%
“Ar NUWRO MB LFG 400 39.0% 80.2%
“Ar  NUWRO MB SF 400 352% 77.3%
“Ar  GENIE MB FG 400 29.1% 87.6%
“Ar NUWRO MB  LFG 200 39.0% 89.5%
“Ar  NUWRO MB SF 200 414% 88.5%
“Ar  GENIE MB FG 200 373% 95.8%

Also, NEUT assumes that 20% of As reinteract with nucleons
and no pions appear in the final state.

There are also some differences in the final-state inter-
actions models. For pions, NEUT and NUWRO use the Oset
model [36], which in the case of NEUT, was further fine tuned
to pion-carbon cross section data [37]. GENIE uses an effective
model assuming the pion absorption cross section to be a fixed
fraction of the pion reaction cross section.

III. RESULTS

In this section, we discuss the performance of the proposed
method to select a high-CCQE-purity sample from a sample
of CCOm 1 p events. We did many tests with a variety of fluxes,
targets and MC event generators. In all the examples we
investigated the conclusions were similar.

Table III shows basic information about all the simulations
that were tested. We select charged current events with no
mesons and exactly one proton above the assumed detection
threshold with the MiniBooNE, NuMI, and T2K v,, fluxes. The
targets we consider are carbon and argon. In the case of carbon,
the proton threshold is taken to be 400 MeV /c. In the case of
argon, there is more flexibility on how to define the one-muon
and one-proton event sample. We considered two options: ei-
ther a proton threshold at 400 MeV /c to allow for comparisons
with carbon, or 200 MeV /c, which is the lowest threshold one
can expect to achieve in experiments such as MicroBooNE.
We employ three different nuclear models: Fermi gas (FG),
local Fermi gas (LFG), and spectral function (SF). In all cases,
protons below threshold are assumed to be undetectable.

In the Table III the sixth column shows what fraction of CC
events meet these initial CCOm 1 p criteria. In the last column
the CCQE purity in the sample is shown. Differences seen
in Table III for the same target and flux express a level of
uncertainty in the models. For example in the case of the
MB flux and carbon target the overall fraction according to
GENIE is only ~30% while according to NEUT and GENIE it
is much larger, about 40%. This is because GENIE predicts a
lower average proton momentum and fewer events pass the
400 MeV /c threshold. As for the CCQE purity, the NUWRO
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TABLE 1V. Breakdown of NUWRO (LFG) signal events into
interaction modes in a simulation using the MB flux and carbon
target.

Mode CC CCOxlp >0 protons exactly 1 proton
>400 MeV/c >400 MeV/c
CCQE 51.5% 50.2% 35.7% 34.1%
RES 34.0% 5.0% 4.7% 3.1%
MEC 10.1% 9.8% 7.7% 3.3%
=40.5%

results (lower purity) are probably more reliable because MEC
events are included in the simulation. Fermi gas/SF differences
can be explained by the fact that SF predicts a smaller CCQE
cross section [38]. For the T2K flux, numbers are similar
to MB, while for the NuMI flux with an average energy of
~3 GeV there are many more inelastic events, typically with
many pions, so the subsample of events with no mesons and
only one visible proton is much smaller.

As an illustration for the numbers shown in Table III we
present in Table IV more details about the NUWRO simulations
with the MB flux and carbon target. It should be stressed
that in the case of MEC events the numbers in the last two
columns depend on assumptions in the MEC hadronic model
that are rather uncertain. We performed an analogous study
using NEUT and obtained consistent results for the dominant
CCQE contribution.

A. Reconstructed initial neutron momentum

The reconstructed initial-state neutron distributions, prec
[see Eq. (11)], for multiple nuclear models are shown in Fig. 1.
We clearly see the typical shape of the nucleon momentum
distributions from different models implemented in the MCs
with a peak at ~200-250 MeV /c. In addition there is always
a long tail extending to larger values of reconstructed neutron
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reco neutron momentum (GeV/c)
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FIG. 1. Reconstructed initial-state neutron momentum from one-
muon and one-proton events for the global relativistic Fermi gas
(RFG), local Fermi gas (LFG), and spectral function (SF) nuclear
models. The target nucleus is carbon, and the incident neutrino flux is
the MiniBooNE v,, flux. NEUT is used to produce the RFG simulation,
while NUWRO is used for LFG and SF samples. Each sample is
normalized to have the same area.
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FIG. 2. Reconstructed initial-state neutron momentum assuming
the default GENIE RFG model. The target nucleus is carbon, and the
incident neutrino flux is the NuMI on-axis v, flux. Contributions from
CCQE events and non-CCQE events are shown separately.

momentum. In Fig. 2, the reconstructed neutron momentum
distribution is shown for the GENIE generator, using the
NuMI v,, on-axis flux. Again the target nucleus is carbon.
Here, we show contributions from CCQE and non-CCQE
events separately. It can be clearly seen that the non-CCQE
contribution is largely above the Fermi momentum, while true
QE events are usually below the Fermi momentum. Similar
structure was obtained in all the examples we considered. We
conclude that imposition of a cut on reconstructed neutron
momentum pr.. and rejection of events with large values of
Prec Should select a high-purity sample of CCQE events.

B. Cut optimization

The level of signal-background separation is found to
be very good across all samples tested. Typical results are
shown in Figs 3 and 4. They present curves of signal
(true CCQE) acceptance vs background (true non-CCQE)
rejection as a function of a cut on the reconstructed neutron
momentum. Each point on the curves corresponds to a value
of reconstructed neutron momentum cut.

In Fig. 4, we can see that the lower threshold degrades
selection performance. It may be beneficial to impose a
nonminimal threshold for protons, though this would also
impact the available statistics.

The performance does not vary much as variables such as
the generator, target nucleus, and proton tracking threshold,
are changed. Most of the curves allow for over 80% signal
acceptance with over 80% background rejection.

Our studies suggest that a cut at 300 MeV /c reconstructed
neutron momentum provides the best performance in terms of
efficiency and purity, though detector resolution effects may
slightly modify this conclusion.

In Table V, we show the effect of the cut at pp. =
300 MeV/c on the simulated samples of events presented in
Table III. In all the situations one obtains a sample with a
purity of ~95%, in several cases even better. As we will see in
the next section for this sample of events the neutrino energy
is reconstructed with very good precision.
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FIG. 3. Signal acceptance fraction vs background rejection frac-
tion as a function of the cut on reconstructed neutron momentum for
CCOx 1p events. Shown are the default configurations of NEUT (solid
black) and GENIE (solid light gray), as well as NUWRO with a local
Fermi gas model (solid dark gray) and the spectral function model
(dashed dark gray). In all cases, the target nucleus is carbon and the
MiniBooNE v, flux is used.

C. Energy reconstruction

Often, the neutrino energy is reconstructed using informa-
tion from the final-state muon only. Under the assumption that
the target neutron is at rest and using energy and momentum
conservation (in a similar way to that presented in Sec. II) one
obtains

M3 —m* +2E'M, — M;
2(M, — E' + K cosb,)

(14)

Eccoe =

where M ,, M,, are the proton and neutron masses, M, =M, —
B with B binding energy, m is the muon mass, 6, is the angle
of the muon with respect to the incoming neutrino direction.

background rejection

P TS S
08 1
signal acceptance

0“‘1“‘1“‘1“

FIG. 4. Signal acceptance fraction vs background rejection frac-
tion as a function of a cut on the reconstructed neutron momentum.
Shown are predictions from NUWRO for both carbon (solid gray) and
argon (solid black) assuming a 400 MeV /c proton tracking threshold,
and for argon also a curve assuming a lower proton tracking threshold
of 200 MeV /c (dashed black).
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TABLE V. Values of selection efficiency (fraction of true CC
events selected) and CCQE purity for different generators, targets,
and models. The difference with respect to Table III is that now a
Prec < 300 MeV /c cut is imposed.

Target MC Flux  model threshold overall CCQE

[MeV/c] fraction purity
2c NUWRO MB SF 400 26.7%  96.0%
2c NUWRO MB LFG 400 31.8%  95.5%
2c NEUT MB FG 400 33.5% 98.2%
2c GENIE MB FG 400 247%  97.4%
2c NEUT  T2K FG 400 325%  98.5%
2c GENIE NuMI  FG 400 7.0%  95.3%
“Ar  NUWRO MB LFG 400 273%  94.7%
“Ar  NUWRO MB SF 400 232%  93.5%
Ar GENIE MB FG 400 215%  96.3%
“Ar  NUWRO MB LEG 200 332%  96.6%
“Ar  NUWRO MB SF 200 303%  96.3%
YAr GENIE MB FG 200 289%  98.7%

When the hadronic final state can be reconstructed, neutrino
energy reconstruction usually relies on the hadronic energy
deposited in the detector—the exact details depend on the
detector technology. In this case corrections must be made
according to MC predictions for the amount of energy carried
away by neutrons and the residual nucleus, or particles below
threshold.

For events with the topology identified here, a cut on the
neutron momentum has been shown to select a high-purity
sample of CCQE events, which are either free from FSI or
where FSI effects are weak. For these events, the neutrino
energy can be accurately reconstructed with far less concern
for missing energy.

Figure 5 shows the difference between the true and
reconstructed neutrino energy for a sample of CCOrx 1 p events
discussed in this paper, using our method [Eq. (12)] with
and without a cut on the reconstructed neutron momentum
of 300 MeV/c. The cut removes most of events with poorly
reconstructed neutrino energy, leaving a sample of events
with neutrino energies reconstructed within 100 MeV of the
true neutrino energy, with well over 90% of events energies
reconstructed to better than 40 MeV of the true energy.
Characteristic shapes seen in Fig. 5 come from the probability
distribution for neutron binding energy. They are present
because in the simulations the Fermi gas model was used
with no information about neutron energy levels. Of course,
in a real experimental situation the structures will likely be
washed out by detector smearing effects.

Itis interesting to observe that FSI tends to lower the energy
of final-state particles, leading to the appearance of a tail of
events being reconstructed with the energy often much smaller
than the true one. Placing a cut at 300 MeV /c reconstructed
neutron momentum reduces this tail significantly.

The solid line denotes a performance of the energy
reconstruction based on Eq. (14). The method proposed in
this paper is dramatically better.
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FIG. 5. Neutrino energy resolution for CCOxr1p events, using
the CCQE formula (black solid), the method proposed in this paper
without (gray solid), and with a cut on the reconstructed neutron
momentum at 300 MeV /c (gray dotted). The target nucleus used is
argon (a) or carbon (b) and the beam is MiniBooNE’s v, (a) and
NuMT’s on-axis v, (b). The generator used is GENIE.

IV. DISCUSSION

In the case of argon target with a very low proton detection
threshold, there are many strategies in which one can obtain
even better CCQE purity. For example, one can select events
with exactly one proton above 400 MeV /c and also require
there is no additional proton above 200 MeV/c. This is a
more restrictive sample than discussed before as there are
events with one proton above 400 MeV/c and a subleading
proton between 200 and 400 MeV /c. According to NUWRO
with SF and the MiniBooNE flux, the sample of events defined
in this way contains ~27.7% of the overall number of CC
events. CCQE purity of this sample is 88.4%. A cut of the
reconstructed neutron momentum at 300 MeV /c reduces this
sample to ~21.3% of CC events with the purity as high as
~97.1%. According to simulations done with LFG the purity
of the selected sample is very similar: ~97.7%.

Aninteresting question is if the cut on reconstructed neutron
momentum discussed in this paper can tell us about RES
and MEC events separately. We looked at the distributions
of neutron momentum resulting from RES and MEC events
in NUWRO simulations with MB beam on the carbon target.
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RES events give rise to a very flat distribution of reconstructed
momenta while MEC events show more structure: a gentle
maximum at ~450 MeV /c with a wide spread. However, in
both cases the results depend on several assumptions with
large uncertainties and we think it may be problematic to try
to use this technique to get information about the size of MEC
contribution.

In a real experimental setup, the target is never pure carbon
but usually CH or CH5. In such a case, our conclusion about the
CCQE purity of the selected sample remains valid as neutrino
interactions on hydrogen cannot produce a =~ + p final state.
The only difference is in the relative normalization of the
selected sample. It is smaller and the size of the difference will
depend on neutrino flux spectrum.

The technique proposed in this paper selects CCQE interac-
tions based on a lepton+proton topology with a kinematic cut.
It is therefore not applicable to antineutrinos because for the
CCQE reaction, there is a neutron in the final state rather than
a proton and typically the neutron is very difficult to detect.
This limits the applicability of our approach in CP violation
studies using beams of both neutrinos and antineutrinos.

This technique is also not applicable to Cherenkov detectors
such as in the T2K far detector as most protons are below
Cherenkov threshold and therefore are not detectable. How-
ever, it may be applied, for example, in the T2K near detector
or in NOVA to improve understanding of the mapping between
lepton kinematics and neutrino energy. It is most applicable to
oscillation experiments with a detector capable of observing
final-state protons such as in a liquid argon TPC or a scintillator
tracking detector.

PHYSICAL REVIEW C 95, 065501 (2017)

We have not studied any effects caused by uncertainty of
the incoming neutrino direction. For on-axis experiments, or
detectors far from the beam source, this is less of a concern
than for off-axis experiments close to the source.

V. CONCLUSIONS

‘We propose a method to select a high-purity sample of muon
neutrino CCQE scattering events. We checked the performance
of the method using different neutrino fluxes, targets and MC
generators. In all the cases the conclusion is that the purity
of the sample is ~95%. We also showed that for these events
the neutrino energy can be reconstructed with a precision of
around 30-40 MeV (34 % at 1 GeV). This is significantly
better than using the QE assumption using only the lepton, and
also an improvement on calorimetric energy reconstruction,
removing the long tails of poorly reconstructed energies.
This energy reconstruction could be useful for future neutrino
oscillation experiments.
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