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Monte Carlo study of KDAR v, charged-current scattering on carbon
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The neutrino energy reconstruction is crucial for reducing systematic uncertainties in neutrino oscillation
experiments and improving cross section measurements. Kaon-decays-at-rest (KDAR) neutrinos provide a
unique opportunity to probe neutrino-nucleus interactions at low energies with a precisely known energy of
235.5 MeV. This work presents Monte Carlo predictions of missing energy due to nuclear effects in the
KDAR v, charged-current scattering on the carbon nucleus for the J-PARC sterile neutrino search at the
J-PARC Spallation Neutron Source. The predictions from GENIE, Nuwro, and GiBUU show a significant
impact of nuclear and final-state interaction (FSI) models, as well as nucleon removal energy, on missing
energy reconstruction. Tuning the hA FSI model improves the predictions from GENIE. It is also observed
that the nucleon elastic component of FSI leads to better predictions in Nuwro compared to GENIE. NuWro
shows the best agreement with data among the generators considered; however, the observed discrepancies
with data across all generators highlight the limitations of current theoretical descriptions in the low-energy
regime and the need for improvements in Monte Carlo modeling.
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I. INTRODUCTION

In the precision measurement era, the uncertainty in
neutrino-nucleus interaction models needs to be reduced to
achieve the goals of the current and future accelerator-
based neutrino experiments [1]. For a better understanding
of neutrino-nucleus interactions, experiments such as
DUNE [2], Hyper-Kamiokande [3], and JUNO [4] use
different target materials and provide a wide range of
neutrino fluxes. Statistical requirements require the use of
heavy nuclear targets, which introduce systematic uncer-
tainties in cross-sectional measurements due to the com-
plexity of the nuclear medium, ultimately affecting the
measurements of the oscillation parameters [5,6]. The
complex nuclear medium gives rise to various nuclear
effects, including initial- and final-state interactions, which
affect the final state of neutrino interactions. The neutrino-
nucleon scattering can be understood by the impulse
approximation (IA) [7], which is a two-step process. The
first step is the primary interaction of a neutrino on a bound
nucleon or a nucleon pair that is affected by the initial-state
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nuclear effect such as Fermi motion [8], Pauli blocking [9],
the removal energy due to the nuclear potential, and
multinucleon interaction [10] that describe the ground state
of the nucleus. The second step in the IA picture is the
hadron rescatterings known as final-state interaction (FSI)
[I1]. In FSI, the hadrons produced inside the nucleus
undergo rescattering, before coming out of the nucleus,
through various hadronic interactions such as pion pro-
duction (absorption) or (in)elastic and charge exchange,
leading to the misidentification of the processes. A qua-
sielastic (QE) scattering event can be misidentified as non-
QE due to pion production in FSI, while a resonance (RES)
scattering event can be misidentified as QE due to pion
absorption. Hence, a proper event selection is required to
reconstruct a specific interaction. For example, an event
selection study to reconstruct the neutrino energy for
charged-current quasielastic (CCQE) scattering can be
found in Ref. [12].

Neutrino beams are produced by the decay of mesons,
mostly pions and kaons, generated in proton-nucleus
scattering at accelerator facilities. Neutrinos produced
via decay-in-flight have a broad energy spectrum, requiring
experiments to reconstruct the incident neutrino energy
on an event-by-event basis which is a model-dependent
analysis. Kaon-decays-at-rest (KDAR) provides monoe-
nergetic muon neutrinos (235.5 MeV) via K — u"v, with
a branching ratio of 63.6% [13]. The KDAR v, beam is an
excellent tool for studying neutrino-nucleus interaction and
determining weak interaction parameters because of their
known energy without the complications of the broad

Published by the American Physical Society
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energy spectrum. In addition, KDAR neutrinos are also
useful for the sterile neutrino study [14,15], as well as
for exploring the interactions of the core collapsing
supernova [16,17]. Several current and planned experi-
ments have begun studying KDAR neutrinos. The first
observation of KDAR v, interactions with carbon was
reported by MiniBooNE [15], and more recently, the
J-PARC sterile neutrino search at the J-PARC Spallation
Neutron Source (JSNS?) measured KDAR v, scattering
on carbon [18].

In this work, we reconstructed the missing energy caused
by nuclear effects in the KDAR v, scattering on carbon
using various Monte Carlo generator models in GENIE [19],
Nuwro [20], and GiBUU [21]. The Monte Carlo predictions
were then compared with the J SNS? measurement [18]. In
addition to nuclear effects, missing energy also arises from
undetected neutrons and hadrons that escape the detector
due to its limitations. This work presents reconstructed
missing energy using different nuclear and FSI models. The
hA FSI model is tuned on the data and shows improved
predictions from GENIE. However, a significant discrepancy
between existing models and measurements indicates the
limitation of current generators.

This article is organized as follows: In Sec. II, we present
the reconstruction mechanism of the missing energy. The
simulation specifications, including Monte Carlo genera-
tors, are described in Sec. III. The results and conclusion
from the analysis are discussed in Secs. IV and V,
respectively.

II. MISSING ENERGY RECONSTRUCTION

The missing energy is the difference between the energy
transferred to the nucleus (w) and the kinetic energy of the
hadrons measured by the detector. Since KDAR v,’s are
monoenergetic (E, = 235.5 MeV), the energy transferred
can be calculated from the kinetic energy of the muon (T,)
as follows:

a):EU”—E”:EDM—m”—T#,

where m, is the mass of the muon (105.7 MeV). The
missing energy is defined as

Eniw=0-Y Ty=E, —m,~T,=> T
Eniss = Ey,
=235.5—105.7 — Eyiss
= 129.8 MeV — E. (1)

- m}l - Eviss

Here E =T, + > T, is the kinetic energy of the
final-state particles detected, and T, is the kinetic energy
of the hadrons. Since KDAR neutrinos’ energy is in the
MeV scale, we can naively consider that they interact

quasielastically via v,n — p~ p and one can calculate E\;g
using the calorimetric method as

Eyis = Euﬂ —my, + (mn - mp)
=2355-1057+1.3
=131.2 MeV.

However, the above expectation is modified significantly
due to various nuclear effects described in the Introduction.
In this work, we calculated the shape-only differential cross
L_do and compared it with the unfolded shape-only

section -
cross section data obtained from Fig. 4 in Ref. [18].

o dE,,

II1. SIMULATION FRAMEWORK

This work uses GENIE, NuWro, and GiBUU to calculate
neutrino-nucleus cross section and simulate monoenergetic
v, interactions on a carbon nucleus, considering the
charged-current (CC) QE, RES, deep inelastic (DIS),
meson exchange (MEC), and coherent (COH) channels.
Since the CCQE channel mostly dominates KDAR v, CC
scattering, this analysis applies a CCQE event selection.
Selected events are defined as those with a final state
consisting of 1u~1p0zXn [12].

A. GENIE

We have simulated 1 x 105 KDAR v, events on carbon
using GENIE v3.06.00 with the tune G18_10a_02_11a.
GENIE describes the ground state of the nucleus using
the Fermi gas model and spectral function. In this simu-
lation, the models for the ground state of the nucleus used
are the local Fermi gas model (LFG) [22], correlated Fermi
gas model (CFG) [23], spectral function (SF) [24], spectral-
function-like-LFG, spectral-function-like-CFG, and con-
tinuum random phase approximation (CRPA) [25]. GENIE
considers the nucleon-nucleon correlation quantified by
20% of the short-range correlation (SRC) fraction [26]. The
SF-like-LFG is a modification of the LFG model, intro-
ducing a momentum-dependent removal energy for a more
realistic treatment of nucleon binding. The removal energy
becomes a shift in four-momentum transferred (Q2), and
the lowest removal energy of the spectrum corresponds to
the binding energy of the p shell of the nucleus. The SF-
like-CFG is a similar model to SF-like-LFG, considering
the correlation between nucleons. The CRPA model is
important for the low-energy regions and the lighter nuclei,
such as carbon and oxygen. In case of the CRPA frame-
work, the nucleus is described using the Hartree-Fock
mean-field model with a Skyrme-type nucleon-nucleon
interaction. This provides a realistic description of the
nuclear ground state. The nucleon removal energy is set to
15 MeV. The Valencia model [27] is used to simulate
CCQE scattering. The Valencia QE model is based on the
random phase approximation (RPA) [28] and considers
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Coulomb correction effects. The dipole approximation is
used for the QE axial form factor, taking its value as —1.267
at Q% = 0. The axial (M) and vector (M) masses for QE
are set to 0.96 and 0.84 GeV, respectively. The BBAO7
elastic form factor model [29] is used to calculate the
CCQE cross section. The CC-MEC scattering is simulated
by the Valencia MEC model [30] with a maximum
momentum transferred of 1.2 GeV. Since CCQE and
CC-MEC are the dominant channels in KDAR v, scatter-
ing, the default models are used to simulate other channels.
For the CC-RES channel, the Berger-Sehgal (BS) model
[31] is used for cross section calculations, and all 17
resonances are simulated with an axial mass of 1.065 GeV.
The CC-DIS events are simulated using the Bodek-Yang
model [32] with Koba-Nielsen-Olesen scaling [33]. The
invariant hadronic mass threshold for the RES-DIS joining
scheme is taken as 1.9 GeV. The FSI models used in this
simulation are hA, hN, and Geant4 [34].

B. NuWwro

Nuwro v21.09.2 is used to simulate KDAR v, CC
scattering and calculate cross sections. The initial nuclear
state is modeled using the LFG, relativistic Fermi gas
model (RFG), and SF in Nuwro. The SF model includes
the effect of nucleon short-range correlated pairs that cause
a large tail in the target nucleon momentum distribution.
The binding energy for the carbon nucleus is taken as
92.16 MeV. The CCQE scattering is simulated using the
Llewellyn-Smith (LS) model [35]. The axial and vector
form factors used for CCQE are dipole approximation and
BBBAOS [36], respectively, with an axial mass of
0.96 GeV. Nuwro uses the same models as GENIE to simulate
CC-MEC scattering. Nuwro uses the Rein-Sehgal (RS) [37]
model for A(1232) resonance production with the form
factor model by Lalakulich and Paschos [38]. The DIS
interaction is simulated using the BS model and hadronic
final states are generated with PYTHIA [39]. The threshold
for RES-DIS transition is set at 1.8 GeV. Nuwro uses the BS
model to simulate COH scattering including RS model
correction for CC coherent single-pion production. The FSI
effects are modeled by the cascade model based on the
Metropolis algorithm [40]. Nuwro employs the formation
zone (FZ) effects [41] for the hadrons produced in the
nuclear medium. The FZ effect provides a time frame for
hadrons to form before they interact with the nuclear
medium. The models used for the FZ effect are as follows:
the coherence length model for QE [42], the A lifetime-
based model for RES [41], and the model based on hadron-
hadron and hadron-nucleus collision for DIS [43].

C. GiBUU

The recent release of GiBUU 2025 is used in this work.
GiBUU considers all the nucleons to be bound in a potential
U(r,p) as a function of coordinates and momentum.

This potential can be obtained from the nuclear matter
binding properties and analysis of p-A reactions [44]. The
form of this potential is such that the nucleons having
higher momentum experience a less attractive potential
than those with lower momentum. GiBUU uses LFG to
model the momentum distribution using pp ~ p'/3. The
ground state of the nucleus is described by a realistic
nuclear density profile and the nuclear potential U(r, p)
can be calculated using an energy-density functional.
Finally, nucleons are placed into this potential with a
momentum distribution according to the LFG model.
The density profiles used in this simulation are Woods-
Saxon density distribution considering different radii for
nucleons and a spherical distribution according to the input
value of Fermi momentum. The nucleon removal energy is
taken as 15 MeV. The QE scattering is simulated using the
LS model considering the dipole form of the axial form
factor with an axial mass of 1.03 GeV. GiBUU considers 13
resonance channels with the vector form factors calculated
from the electron scattering data using the MAID analysis
[45]. pYTHIA handles the DIS simulation considering an
invariant mass of around 2 GeV. The treatment of FSI is
based on quantum-kinetic transport theory [46]. The trans-
port approach models the time evolution of hadrons using
the Boltzmann-Uehling-Uhlenbeck equation, which
describes their interactions with nucleons and mesons.
The mean-field potentials affect the motion of hadrons,
altering their trajectories and energy distributions within the
nucleus.

IV. RESULTS

The missing energy is reconstructed using Eq. (1) from
the final-state particles of selected events with 1y~ 1p0zXn
in the final state. To quantify the comparison between the
data (d) and Monte Carlo (MC) prediction (p), x> =
>ii(di = pi)Vi'(d; = p;) is calculated using the covari-
ance matrix V;. x? is calculated across 16 bins in the range

of E,, = 5-85 MeV to account for the higher-statistics
region.

A. GENIE

The shape-only differential cross section in missing
energy using GENIE is shown in Fig. 1 for different nuclear
models and FSI models. The left panel shows the pre-
dictions for different nuclear models. The peak around
17 MeV is only predicted by SF-like-LFG and SF-like-
CFG. The peak is mainly due to the nucleon separation
energy; however, LFG, CFG, and SF do not explain the
peak around 17 MeV. SF-like models treat removal energy
differently by considering it momentum dependent. It
changes the Q value to be the binding energy per nucleon,
and the removal energy will be the sum of the removal
energy at the Fermi surface and the Q value, minus the
initial-state nucleon kinetic energy. However, LFG and
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FIG. 1.

CFG consider the removal energy to be the binding energy
per nucleon. SF-like-CFG has an overprediction compared
to the SF-like-LFG, causing a higher y>. The SF considers
an effective removal energy for a range of A (total number
of nucleons) values. The ratio plot between MC prediction
and data shows the ratio for LFG, CFG, and SF converges
toward 1 in the higher missing energy region above
40 MeV. The prediction from the CRPA model shows a
shifted distribution toward lower missing energy than the
other nuclear model with a high y*> = 288.9 (16). The cause
of such a shift from the CRPA model at lower neutrino
energies [47] will be studied in the future. The SF-like-LFG
predicts better results in comparison to the other nuclear
models with a y> = 37.6 (16). The ratio plot shows a higher
deviation from 1 around 30 MeV for the SF-like-LFG
model. The right panel of Fig. 1 shows the cross section for
different FSI models: hA, hN, Geant4, and without FSI effect
using the nuclear model SF-like-LFG. The prediction from
the hA model shows a better agreement than the hN and
Geant4 models with a significantly lower y2. The ratio plot
shows that the hN model provides a ratio close to 1 and
predicts a higher peak around 15-20 MeV compared to the
hA model. The hN model tracks each hadron step by step as
it propagates through the nuclear medium, overestimating
rescattering in the nucleus and leading to excessive energy
loss. In contrast, the hA model applies averaged proba-
bilities, effectively representing nuclear transparency
effects and preventing excessive missing energy [19].
Geant4 has incorporated the ability to simulate low-energy
compound nuclear reactions and coalescence processes,
allowing for the production of light ions and photons in the
final state. It models the nuclear structure using multiple
concentric shells at various radii, each with its own specific

0.45 -
= GENIE: SF-Like-LFG —— data
“E —— hA, 42 37.6 (16)
03s5f— Ly hN, x2: 69.2 (16)
Eo Geant4, y2: 56.3 (16)
St = wio FSI, 32 155.5 (16)
= C
n 025
~ -
3 o
-8|I-_g 02~
~lo C
015 —
0.1
0.05 —
0
g 25F
® 2E-
o 15
5 F
s 0.5 E
0E
-20 0 20 40 60 80 100
E,, (MeV)

The shape-only differential cross section in missing energy from GENIE using different nuclear (left) and FSI (right) models.

depth. This approach enables the inclusion of medium
effects and binding energy corrections in a simplified
manner. The prediction from Geant4 shows no events in
the lower missing energy region below ~10 MeV. The
prediction without FSI became narrower, and the event rate
increased in the peak region, indicating that the broad
prediction above ~40 MeV and below ~10 MeV is due to
the FSI effect. The hA model with the SF-like-LFG nuclear
model provides the best prediction of missing energy
among the nuclear and FSI models in GENIE.

B. GENIE tuning

From the right panel of Fig. 1, it is observed that FSI
effects have a significant impact on the cross section in
missing energy. Since the hA model gives a better agree-
ment, the fractions of hA FSI fates and the mean-free path
are considered as tuning parameters. The tuning process
uses the GENIE reweighting package v1.0.4. The tweaking
of the mean-free path (1) reweights the probability of
rescattering of each hadron & within the nuclear medium
(pli.0)- The rescattering probability is calculated by [19]

pﬁescat =1- / e_r/ih(KEh)dr‘

A" is a function of the hadron’s position (7) and its energy
(E,,) within the nucleus. A" can be modified by the tweaking
dial (S) with corresponding error 61" as follows:

h
ﬂh—>/1h’:/1h<1+sgx%>.
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FIG. 2. Postfit correlation between FSI fates for all parameters (left) and selected parameters (right).

The weight corresponding to the change in A" can be
calculated from the nominal (pl.,) and tweaked (p’....)
rescattering probability [19],

pfc/scal

if hreinteracts,

Prescat

4
1 ~Pregcat

if hescapes.

1 ~Prescat

Change in FSI hadron fates modifies the hadron-nucleus
cross section for a particular fate (f), with the corresponding
error in the cross section (56;’-) as in

Sol
h Wo_ _h h S
o} — o} —0f<1+Sfo?>,

where S.? is the fate tweaking dial. The weight correspond-
ing to the fate tweaking parameter is calculated as

) w57
wh= 0y X Sj x5
7 i

f runs over all the possible fates, such as charge exchange,
inelastic, absorptions, and pion production. f” is the actual
fate of the hadron in the simulation. Finally, the event
weight can be calculated by

weVt = H(wf{ x wh);,
J

where j runs over all the particles in the primary hadronic
system in a particular event.

The sum of all fate fractions must equal 1 to conserve
total probability. Therefore, at least one fate cannot be
directly tweaked—this is known as the cushion term. It is
automatically adjusted to absorb changes in the other fate
fractions. Since the work analyses the final states with zero
pions, the pion production fates are considered as the
cushion terms. Because of the complex correlations among
model parameters, identifying those most constrained by
the data is challenging. Significant correlations and anti-
correlations are observed between different FSI fates shown
in Fig. 2. The tuning began by considering all parameters
with values in the range 0-3, with nominal values and
priors [19] as given in Table I. The best-fit combination of

TABLE I. Tunable parameters of the hA model and their best-fit values after tuning using all parameters and
selected parameters.

Parameter Nominal Range All parameters (best fit) Selected parameter (best fit) Final tune
ST 1.0+0.2 (0.0, 3.0) 1.24 £ 0.56 1.12 £ 0.53 v

sy 1.0£0.2 (0.0, 3.0) 0.03+£0.32 1.0

Stex 1.0£0.5 (0.0, 3.0) 2.03 £ 0.50 0.58 £0.52 v

SV ex 1.0£0.5 (0.0, 3.0) 1.57 £0.44 2.74 £ 0.46 v
STVEL 1.0£04 (0.0, 3.0) 1.38 £ 0.53 1.0

SMEL 1.0£04 (0.0, 3.0) 1.31 £0.43 1.0

Shns 1.0£0.2 (0.0, 3.0) 0.86 + 0.47 1.60 £ 0.48 v
SNes 1.0+0.2 (0.0, 3.0) 2.07 £0.55 0.62 £ 0.53 v
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FIG. 3. The shape-only differential cross section in missing

energy for nominal and tuned parameters using GENIE.

all parameters shows that some parameters are close to
their nominal values, within lo of the prior. These
parameters are removed from the tuning, and their exclu-
sion does not significantly impact the result. The mean-free
path of nucleons (4y) is also excluded from the tuning.
A reduction in Ay increases the rescattering of nucleons
inside the nucleus, leading to a decrease in cross section
in E,, around the peak region of E,, ~ 17 MeV and vice
versa. The best-fit combination of the selected parameters
(87, Sty SPpxs Shps. Shpg) is given in Table I and the y?
for cross section with the tuned parameters is significantly
reduced to 29.8 (16) shown in Fig. 3. The ratio plot between
MC prediction and data shows an improvement for the
tuned distribution, with the ratio being close to 1 compared
to the nominal distribution. However, the dip around
25 MeV remained unexplained. The tuning of the hA
FSI model improved the cross section, but it is not enough
to improve the shape of the E,, distribution.

C. NuWro

The differential cross sections in reconstructed missing
energy, using the nuclear models (LFG, RFG, and SF) in
NuWro are shown in Fig. 4. All three models predict similar
shapes for the missing energy spectrum and show the peak
around 17 MeV. LFG and RFG treat removal energy
similarly, assuming constant binding energy, whereas SF
employs a realistic distribution of removal energy.
However, differences in the treatment of removal energy
among these models do not significantly impact the
reconstructed missing energy. The predictions overestimate
the data in lower missing energy regions below 15 MeV for
all three nuclear models. SF predicts a higher event rate at

0.45 -
04 NuWro e e
c LFG, x2 14.4 (16)
035 i e RFG, y% 21.7 (16)
E T e SF, 2 23.0 (16)
> 03— kY LFG w/o FSI, ¥ 103.5 (16)
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o 05E
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—05E . . - . L
-20 0 20 40 60 80 100
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FIG. 4. The shape-only differential cross section in missing
energy from Nuwro using different nuclear models.

the peak than the other models due to multinucleon
knockout effects since it considers the short-range corre-
lations between nucleons. The ratio plot between MC
prediction and data shows the LFG model provides the
ratio closer to unity in the region of missing energy above
30 MeV than the other models. Nuwro shows a similar effect
as GENIE without FSI: the event rate increased in the peak
region and the prediction became narrow. The ratio also
remains close to 0 above ~50 MeV when the FSI effect is
disabled. This similarity to GENIE without FSI suggests that
Nuwro’s improved agreement with data may point to
qualitative differences in its modeling of FSI. Figure 5
shows that there is a significant contribution from nucleon
elastic scattering in NuWro, which is replaced with the no-
FSI component in the GENIE hA FSI model to explain the
MINERVA data [48,49]. The nucleon elastic FSI could be
one of the reasons behind the improved prediction in Nuwro,
in contrast to GENIE. Overall, the prediction from the LFG
model provides the best fit to the data, with y*> = 14.4 (16),
compared to the other nuclear models in Nuwro.

D. GiBUU

Figure 6 shows GiBUU predictions for the missing energy
distribution using two nuclear density profiles: the Woods-
Saxon distribution and a spherical distribution. The shape
of the differential cross section differs between the two
nuclear density distributions. GiBUU does not explain the
peak around 17 MeV; however, the Woods-Saxon model
exhibits a small peak at this energy due to the constant
nucleon separation energy of 15 MeV. It predicts a broad
missing energy spectrum with no events below ~10 MeV.
The issue of the broader spectrum is discussed in Ref. [50],
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which investigates the effects of binding energy corrections,
in-medium collision, and in-medium propagation. The ratio
plot shows that the Woods-Saxon model underestimates the
data in the missing energy region above 25 MeV. The
spherical density profile produces a similarly broad spectrum
in this energy range; however, its ratio plot is closer to 1
compared to that of the Woods-Saxon model. Below 15 MeV,
the spherical density underestimates the data, leading to a
high y*> of 126.7 (16). In the low-missing-energy region
(below ~10 MeV), the Woods-Saxon model predicts no
events similar to the GENIE predictions with the Geant4 FSI
model, whereas the spherical density underestimates the
data. This suggests that the Woods-Saxon model requires
modification such that it behaves similar to spherical density
in that energy range. To check the effect of FSI in GiBUU, the
missing energy spectrum was reconstructed with FSI dis-
abled. This results in an increased event rate around the peak

0.45

GiBUU

——— data

Woods-Saxon, y% 63.3 (16)

0.4

0.35

-------- Sphere, 3% 126.7 (16)
-------- Woods-Saxon w/o FSI y2 63.6 (16)
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FIG. 6. Same as Fig. 4 using GiBUU.
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Contributions from different FSI fates to the missing energy for GENIE (left) and Nuwro (right).

region and a decreased event rate at higher missing energy
(above ~60 MeV). However, overall, FSI does not signifi-
cantly impact the missing energy spectrum for the Woods-
Saxon density, yielding a y? of 63.6 (16). The Woods-Saxon
model provides a better overall agreement with the data, as
indicated by its lower y> of 63.3 (16) compared to the
spherical distribution.

V. CONCLUSION

In this work, we explore the effect of nuclear models and
FSI models on the missing energy in KDAR v, CC
scattering on carbon using JSNS? measurement. NuWro
provides an overall better fit, as shown in Fig. 7. The ratio
plot shows Nuwro provides a better prediction in the region
of missing energy ~30-70 MeV than GENIE tuned;

0.45
- —— data
0.4
E —— GENIE tuned, x2 29.8 (16)
0-35 —— NuWro, %2 14.4 (16)
> 0.3 — GiBUU, %2: 63.3 (16)
= C
v 025—
2 =
£ =
S W o2F-
~lo =
0.15—
0.1
0.05—
0 1
25
E 2
a '
Q o5
I
-20 0 20 40 60 80 100
E,, (MeV)

FIG. 7. The shape-only differential cross section in recon-
structed missing energy using GENIE, Nuwro, and GiBUU.

053002-7



R. K. PRADHAN, R. LALNUNTLUANGA, and A. GIRI

PHYS. REV. D 112, 053002 (2025)

however, GENIE tuned is better in the lower missing energy
below ~20 MeV. The contributions from FSI components
suggest that the nucleon elastic channel could be the factor
that improves the description of data in Nuwro. On the
other hand, GiBUU shows a broader spectrum. The
nucleon removal energy causes the peak at 15 MeV
observed in GENIE and GiBUU. The predictions from all
three MC generators underestimate the data in the region,
E, ~20-30 MeV, which should be investigated in future
studies. The SF-like-LFG in GENIE, the LFG in Nuwro, and
the Woods-Saxon model in GiBUU provide the best-fit
predictions for each generator. This indicates that different
treatments of the ground state of the nucleus in generators
require improvement. The nuclear and FSI models notably
affect the reconstructed missing energy. However, the sub-
stantial discrepancy between data and MC predictions could
arise from various nuclear effects, such as Fermi motion,
RPA, SRC, and Pauli blocking. Further studies on these

nuclear effects are necessary for a better explanation of the
data. Since KDAR neutrinos have a known neutrino energy,
they provide an opportunity to reduce the uncertainties and
to improve the understanding of low-energy neutrino
interactions.
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