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We report the first measurement of neutron capture multiplicity in neutrino-oxygen neutral-current
quasielasticlike interactions at the gadolinium-loaded Super-Kamiokande detector using the T2K neutrino
beam, which has a peak energy of about 0.6 GeV. A total of 30 neutral-current quasielasticlike event
candidates were selected from T2K data corresponding to an exposure of 1.76 x 10% protons on target.

The y ray signals resulting from neutron captures were identified using a neural network. The flux-averaged

mean neutron capture multiplicity was measured to be 1.37 & 0.33 (stat.) 717 (syst.), which is compatible

within 2.3 sigma than predictions obtained using our nominal simulation. We discuss potential sources of
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systematic uncertainty in the prediction and demonstrate that a significant portion of this discrepancy arises
from the modeling of hadron-nucleus interactions in the detector medium.

DOI: 10.1103/qh28-4znk

I. INTRODUCTION

Precise measurements of neutral-current quasielastic
(NCQE) interactions on oxygen, the dominant neutral-
current process at neutrino energies of approximately
0.1-1 GeV, are crucial for searches involving rare processes
in water Cherenkov detectors. For example, searches for
the diffuse supernova neutrino background (DSNB) [1,2]
face significant background contributions from NCQE
interactions of atmospheric neutrinos, which are affected
by large uncertainties. The NCQE interactions between
v(v) and 'O can be expressed [3] as follows:

v(D) + 1% - v(D) + PO +y+n
v(D) +1%0 - v(D) + "N + 7 + p. (1)

The recoil nucleon is subject to final state interactions as it
propagates through the initial target nucleus, which can
alter the particle’s kinematics, generate additional recoil
particles, or induce nuclear deexcitation processes that emit
y rays. Additionally, nucleons escaping the nucleus may
undergo further nucleon-nucleus interactions as they tra-
verse the detector medium, collectively labeled as secon-
dary interactions. Following such interactions, the excited
nucleus promptly deexcites to its ground state, emitting
secondary y rays in addition to the initial (primary) y,
as well as neutrons or other particles. These primary and
secondary y rays can be used to identify NCQE interactions
and were used in a previous T2K publication [4] to measure
the flux-averaged NCQE interaction cross section. Recoil
hadrons were not measured in that study, though neutrons
can be identified via deexcitation y rays emitted when they
capture on detector nuclei.

Precise knowledge of the neutron capture multiplicity is
critical for estimation of background to the inverse beta
decay signal of DSNB events, which are expected to have
exactly one neutron, from atmospheric NCQE events,
which are often accompanied by multiple neutrons.
While previous measurements have been made with
atmospheric neutrinos by SK [5,6], they suffer large
uncertainties from the flux model and from lower signal
purity due to contamination of non-NCQE interactions as
well as accidental-coincidence backgrounds. Those studies
also indicate that secondary interactions have a large impact
on the number of neutrons populating the final state in
Monte Carlo (MC) simulations. The T2K neutrino beam,
with an energy range similar to that of atmospheric neutrino
backgrounds to DSNB searches, offers a nearly ideal means
of overcoming these limitations. Not only does the beam

timing allow for precise selection of signal events and for
background rejection, but the tightly constrained flux at
T2K allows for smaller uncertainties on both the measure-
ments of NCQE interaction cross section and the neutron
capture multiplicity.

This paper reports the first neutron capture multiplicity
measurement of neutral-current quasielasticlike (NCQE-
like) interactions with the T2K neutrino beam. In the
following, the term “NCQE-like” is used inclusively to
denote the topology listed in Eq. (1) as well as neutral-
current two-particle two-hole (NC 2p2h) interactions. NC
2p2h can eject an extra np, nn, or pp pair, adding recoil
nucleons that mimic the NCQE signal [4].

This article is organized as follows. The experiment is
described in Sec. II while Sec. III describes the event
simulation. Details of the event reconstruction and selection
methods, including the neutron detection method, are given
in Sec. I'V. Finally, the results and discussion are given in
Secs. V and VI, before concluding in Sec. VIIL

II. THE T2K EXPERIMENT

The T2K experiment [7] is a long-baseline accelerator
neutrino experiment using the J-PARC neutrino beam as
well as a suite of near and far detectors for its measure-
ments. Its primary physics program consists of precision
measurements of the neutrino oscillation parameters and
detailed studies of neutrino interactions at both its near and
far detectors.

While T2K has operated with different configurations
since the start of operations in 2009, this study focuses on
data taken between March 9, 2021, and April 27, 2021,
known as Run 11 and corresponding to 1.76 x 10% protons
on target (POT), for which the following beam settings
apply. The neutrino beam production begins with protons
grouped into eight bunches per spill with each bunch
separated by approximately 581 ns. The J-PARC Main
Ring synchrotron accelerates these bunches to 30 GeV/c
and directs them to a graphite target in the neutrino
beamline with a 2.48-second repetition rate [8]. Hadrons
emerging from the proton-target interaction, such as pions
and kaons, are focused along the proton beam direction and
charge-selected by three magnetic horns [9] operated at
4250 kA. Pions and kaons decay within a dedicated 96 m
decay volume located downstream of the magnetic
horns, producing neutrinos along the beamline direction.
During Run 11 the horns were operated at 4250 kA,
which focuses positively charged hadrons and produces
a predominantly muon neutrino beam from their decays.
At the end of the decay volume, a beam dump, a muon
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monitor [10], and WAGASCI-BabyMIND [11] are posi-
tioned to indirectly monitor the neutrino beam’s direction,
width, and yield. The near detector complex, consisting of
the INGRID [12] and ND280 [13,14] detectors, is located
280 meters downstream of the graphite target. INGRID is
placed on the neutrino beam axis and is responsible for
monitoring the direction and intensity of the neutrino beam.
ND280, on the other hand, is located 2.5° off-axis and
measures the neutrino energy spectrum and the neutrino
flavor composition of the beam before neutrino oscillation
effects become significant.

The Super-Kamiokande (SK) detector [15,16] serves as
T2K’s far detector, used to study neutrino oscillations and,
in this analysis, the neutrino neutral-current interactions.
SK is located 295 kilometers downstream and sits 2.5° off-
axis with respect to the proton direction. It is a cylindrical
50 kiloton water Cherenkov detector consisting of an inner
detector (ID) and an outer detector (OD) that is located
1 km underground. The ID, which measures 33.8 meters in
diameter and 36.2 meters in height, is equipped with 11,129
inward-facing photomultiplier tubes (PMT), each 20 inches
in diameter. Functioning primarily as a veto, the OD is a
2-meter-thick cylindrical shell surrounding the ID, which is
viewed by 1,885 8-inch outward-facing PMTs. The OD is
separated from the ID by an uninstrumented region 55 cm
in width.

Beam timing information is synchronized between
J-PARC and SK using a GNSS system. At SK, a dedicated
event trigger is issued corresponding to the beam arrival
time, and it initiates recording of all PMT hit charges and
times in a time period of 500 ps before and after the trigger.
In 2020, 13 tons of Gd,(SOy)5 - 8H,O were dissolved into
SK, leading to a Gd concentration of 0.011% (becomes
0.01% later), for the purpose of enhancing SK’s neutron
detection capability. For this reason, the Run 11 dataset has
significantly enhanced neutron detection capabilities com-
pared to the earlier pure water data taken at T2K. Further
details on this upgrade to SK are provided in Ref. [16].

III. EVENT SIMULATION

This study employs a multistage simulation in the T2K
experiment, simulating the neutrino flux, neutrino-nucleus
interactions, and the detector response.

A. Neutrino flux

The neutrino beam flux calculation uses simulations
incorporating FLUKA [17] and GEANT3 [18]. These pack-
ages simulate hadronic interactions, particle transport, and
particle decay within the neutrino beamline. The produc-
tion cross sections for pions and kaons are renormalized
based on data from the NA61/SHINE experiment, which
utilizes a replica of the T2K targets [19] as well as thin
targets [20-22]. Using NA61/SHINE 2009 replica-target
data, the new flux tuning [23] lowers the peak-region
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FIG. 1. The predicted neutrino flux for T2K Run 11 at SK

without neutrino oscillations.

uncertainty from 9%-12% to 5%—8% for the primary v,
fluxes, while the wrong-sign components (7,) remain
limited by off-target interactions to 6%—8%.

The flux peaks at approximately 0.6 GeV with a width
of a few hundred MeV and consists predominantly of v,
(~92.4%) and v, (~6.4%).

Figure 1 illustrates the predicted neutrino flux at SK in
the absence of neutrino oscillations for the dataset used in
this analysis.

B. Neutrino interaction

The NEUT MC code (version 5.6.3) [24,25] is used to
simulate neutrino-nucleon interactions as well as sub-
sequent intranuclear reactions (henceforth referred to as
“final state interactions” or FSI) between outgoing hadrons
and the '°0 nuclear medium.

These interactions can result in altered hadron kinemat-
ics, particle absorption, or the production of new hadrons,
making the hadrons observed outside the nucleus different
from those initially produced. NEUT uses the Bertini
intranuclear cascade model [26] to propagate nucleons in
a semiclassical manner through the nucleus, calculating
interaction probabilities at each propagation step based on
the Woods-Saxon nuclear density profile [27]. For NCQE
and charged-current quasielastic (CCQE) interactions, the
nucleon momentum distribution is based on the spectral
function by Benhar et al. [28,29]. This study employs the
NEUT 5.6.3 default settings, using a dipole form factor
with the axial-vector mass set to M/?E = 1.21 GeV/c?, the
strange axial coupling constant (g}) set to 0.0, and the
Fermi momentum for oxygen is set to 209 MeV/c. NEUT
incorporates BBBAOS vector form factors [30]. The
Valencia model by Nieves et al. [31] is used to simulate
charged-current two-particle two-hole (2p2h) interactions,
while NC 2p2h interactions are not included. Single
pion production is simulated using the Rein and Sehgal
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TABLE I. Model configuration in NEUT 5.6.3.
Channel Model Parameter Value or model
NCQE Ankowski et al. [3] MSE 1.21 GeV

gx 0.0

Fermi momentum 209 MeV/c

VFF BBBAOS [30]

Nuclear model Spectral Function [28,29]
CCQE Ankowski er al. [3] Nuclear model Spectral Function [28,29]
CC 2p2h Nieves et al. [31]

CC and NC RES Rein and Sehgal [32]

CC and NC DIS
CC and NC COH

FSI

GRV98 PDF [35]
Berger-Sehgal [33]

NEUT cascade

FF
MRES

Dipole form
0.95 GeV
With modification by Bodek and Yang [36]

Nucleon cross section Bertini et al. [26]

model [32-34], with the axial-vector mass set to
MRES = 0.95 GeV/c?. Deep inelastic scattering is simu-
lated based on the GRV98 parton distribution [35], with
additional corrections from Bodek and Yang [36]. The
neutrino interaction parameters used in NEUT for this
study are summarized in Table L.

Nuclear deexcitation is also simulated by NEUT. After
an initial neutrino-nucleus interaction, the excited state of
the nucleus in Eq. (1) is determined based on probabilities
outlined in Ref. [3], with possible states including (p; )",
(p32)™", (s1,2)7" and others. The respective production
probabilities are 0.158, 0.3515, 0.1055, and 0.385. The
decay products of each state and their branching ratios are
summarized in Ref. [37], based on y ray branching ratio
measurements reported in Refs. [38—40].

The others category, for which y ray emission measure-
ments are lacking, is treated identically to the (s;/,)7"
simulations.

C. Detector simulation

Interactions between particles and water to produce and
propagate Cherenkov photons are modeled by the SK
detector simulation as well as the subsequent response
of hit PMTs.

Two simulation packages are employed in our study:
SKDETSIM [7], which is based on GEANT3 (GEANT3.2.1)
[41], and SKG4 [42], which is built using GEANT4
(GEANT4.10.5p01) [43]. This study’s primary MC is based
on SKDETSIM due to its consistent use throughout the
history of both SK and T2K. SKG4 is additionally adopted
to make use of the extensive array of hadron-nucleus
interaction models (termed “secondary interaction” or SI
models below). SKDETSIM and SKG4 are individually
calibrated to accurately model the transport of Cherenkov
photons and the PMT response. This includes the calibra-
tion of the optical scattering processes, photon absorption,
the asymmetry of the water quality between the top and

bottom regions of the detector, the reflection of light
by detector materials, as well as the charge and timing
response of the PMTs. Additional details are provided
in Ref. [44].

Since neutrons produced through NCQE interactions
typically have kinetic energies around O(100) MeV at
T2K, neutron-nucleus interactions can significantly affect
the observed result. The choice of SI model can therefore
create notable differences in the total number of predicted
y rays and neutrons. SKDETSIM is the primary choice in
this study, which adopts the GCALOR [45] model.
However, for neutron energies below 20 MeV MICAP [46]
is employed, which models neutrons, nuclei, and neutron
capture by hydrogen based on experimental cross section
data from the ENDF/B-V library [47]. For nucleon propa-
gation above 20 MeV, GCALOR invokes NMTC [48],
which handles nucleons up to 3.5 GeV and charged pions
up to 2.5 GeV. At energies just exceeding these thresholds,
the HETC/SCALE approach [49], which is based on the
Bertini cascade, is used. Finally, FLUKA [17] is applied
when energies exceed 10 GeV.

SKG4 is employed in order to evaluate the impact of
different SI models using the “physics list” mechanism
provided in GEANT4 [43]. Three physics lists are chosen
in this study: FTFP_BERT HP (BERT), QGSP_INCL++_
HP (INCL++), and QGSP_BIC HP (BIC). The Bertini
cascade model (BERT) [50] has been widely used in
GEANT3 and GEANT4 simulations. The Liege Intranuclear
cascade model (INCL++) [51] and the binary cascade
model (BIC) use the binary cascade approach [52]. The
primary distinction among BERT, INCL++, and BIC lies in
their criteria for terminating the intranuclear cascade
process and their selection of deexcitation model. While
the BERT model is known for its relatively simple and
highly parametrized preequilibrium and nuclear deexcita-
tion models [50], INCL++ and BIC adopt a more detailed
nuclear deexcitation model, G4PreCompoundModel
[53], which offers better precision. These differences lead
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FIG. 2.

lustration of various “physics lists” used for neutron inelastic scattering in SKDETSIM and SKG4. The horizontal axis

indicates the kinetic energy of the incoming neutron. A physics list in GEANT4 defines which interaction models and cross sections are
used over different energy ranges. In this study, SKDETSIM (based on GEANT3) employs GCALOR [45], while SKG4 (based on
GEANT4) can choose from multiple physics lists [37,43]. Examples include FTFP_BERT_HP (Fritiof Parton & Precompound + Bertini
Cascade + High Precision neutron model), QGSP_BIC_HP (Quark-Gluon String & Precompound + Blnary Cascade + High Precision
neutron model), and INCL++_HP (Liege INtranuclear Cascade + High Precision neutron model).

to varied neutron capture multiplicity predictions as is
demonstrated below. Figure 2 provides an overview of the
SI interaction models used in this study.

The SK upgrade [16] enhances neutron detection
efficiency by taking advantage of Gd’s large neutron
capture cross section and the emission of y rays totaling
approximately 8 MeV in energy during deexcitation. The
natural abundance of '3’Gd and 'Gd are 15.65% and
14.80% [54] and at a neutron energy of approximately
0.0253 eV their capture cross sections are 254,000 and
60,900 barns, respectively [55]. These can be compared
with hydrogen’s cross section of 0.33 barns [55].
Consequently, with a Gd concentration around 0.011%,
approximately 52% of neutrons will be captured on Gd
nuclei. This study adopts the ANNRI-Gd model [56]
from GEANT4 to model y ray emission from Gd nuclear
deexcitation following neutron capture.

IV. EVENT RECONSTRUCTION AND SELECTION

NCQE-like events are characterized by a delayed pair
of triggers in the detector, one occurring promptly after
the expected arrival time of the neutrino beam, followed by
one or more delayed triggers within the same beam spill
window, with spills arriving every 2.48 seconds. Triggers
are issued to record all the PMT charge and timing
information in a time period of 500 ps before and after
the beam arrival time in this analysis. Figure 3 illustrates the
target topology. The prompt event consists of one or more
y rays produced by the deexcitation of nuclear remnant
produced by the v-'%0 NCQE-like interaction. Additional
y rays may be produced within a time window up to a few
tens of nanoseconds by the secondary interactions of
hadrons. However, this timescale is too fast to be resolved
by the SK detector. On the other hand, the delayed signal is

observed on much longer timescales, arising from y rays
emitted when neutrons produced in the initial interaction or
subsequent secondary interactions are captured by nuclei in
the detector, predominantly gadolinium or hydrogen. In
this analysis, a 0.01% concentration of Gd corresponds to a
characteristic capture time of 115+ 1 ps [16]. We note
that, while the trigger defining the primary event is required
to be consistent with the beam timing, there is no such
restriction on the delayed signal.

A. Prompt event search

The BONSAI reconstruction algorithm [57], which
is optimized for events with visible energies below

Neutrino Secondary Neutron capture
interaction interaction onHorGd

("7 iNcee § A ] T ]

1 1 1 1
Iv\\ P . odi

1 1
N %0 lnorp] g ;.,3..:...0:&.,‘:
: . :,Q{ > . H Icapture :
! P i A%
1 \ ! i y Yoo i Y vvri
1 1 1 o ! 1 1
1 1 1 . 1 1 ]
! Y I O 1 1
I ! H 1oy H
| S, s 1 Ay @ beeenns 1
1 /. : Icapture :
1Y 1 H v

1
R S RS
Prompt event Delayed signal(s)
FIG. 3. Schematic of the NCQE interaction. The y emission

from the primary neutrino interaction and the following final state
interaction, including secondary nuclear interactions, marks the
“prompt” event, while the produced neutrons are captured by
hydrogen or gadolinium, accompanied by the delayed y emission,
representing the “delayed” signal.

032003-7



K. ABE et al.

PHYS. REV. D 112, 032003 (2025)

approximately 50 MeV, is used to analyze the PMT hit
pattern and timing of events within a 1.3 ps time window
surrounding a trigger. Its vertex and direction reconstruction
are based on a maximum likelihood method, assuming a
single particle generated all detected light from a single
vertex. A Cherenkov angle (6) for the event is obtained by
calculating the cone angles between the event vertex and all
hit PMT triplets within a 15 ns time trigger timing window,
then defining 6. as the peak of the resulting cone angle
distribution. The reconstructed energy for the event (E..) is
based on a relationship between energy and the calibrated
PMT hits. Further details on the algorithm, its performance,
and calibration are provided in Ref. [57].

This study examines five event categories: neutrino
NCQE interactions (v-NCQE), antineutrino NCQE inter-
actions (0-NCQE), other NC interactions (NC-other), CC
interactions, and beam-unrelated backgrounds. The NC-
other and CC categories incorporate both neutrino and
antineutrino contributions. The NC-other category includes
NC 1z production, deep inelastic scattering, elastic scatter-
ing, and rare channels like eta- and K-meson production.
NEUT is used to simulate the first four interactions. Beam-
unrelated backgrounds, on the other hand, are estimated
from the dataset collected in the period from 500 to 5 ps
before the beam arrives in SK. This period is termed the
off-beam time window. Similarly, the on-beam window is
defined as the period from the beam spill arrival (0 ns) to
500 ps afterward. The event selection criteria below have
been optimized to identify the prompt event from v-NCQE
events and 7-NCQE events, while minimizing backgrounds
from the other event categories.

The complete list of prompt event selection criteria are as
follows:

(1) E,. selection: prompt events must have a recon-
structed total energy, E.., in the range [3.49,
29.49] MeV. The lower limit reflects the SK thresh-
old, and the upper limit avoids Michel electron
contamination.

(2) Timing selection: the reconstructed event time must
be within +100 ns of the expected timing of a
beam bunch.

(3) Decay-e selection: events with more than 22 hits
within a sliding 30 ns time window spanning 0.2 to
20 ps before the arrival time of the beam are rejected.
This cut removes events created by the Michel
electron from a preceding muon or charged pion.

(4) FV selection: prompt events must fall within the
fiducial volume; the reconstructed vertex is required
to be more than 200 cm away from any ID wall.

(5) dwall, effwall, and ovaQ selection: to suppress
backgrounds from radioactive impurities near the
detector wall, additional cuts were applied in the
[3.49, 5.99] MeV reconstructed energy range. Cuts
are based on three variables: the event’s distance to
the ID wall (dwall), the distance along the track to

the ID wall (effwall), and the reconstruction quality
(OvaQ) [57]. Specifically, the following conditions
must be met:

dwall > pdwall - pdwall 5o |, (2)
effwall > pgffwall 4 p?ffwall X Erew (3)
OvaQ > pooan + P?an X Erec, (4)

where the parameters have been optimized
and are set as (pdval pdvall) = (580.0 cm,
—80.0 cm - MeV™!), (pgftwall, peffwall) — (1941.5 cm,
—3140cm-MeV™'), and  (p{™Q, pPvQ) =
(0.4125,0.042 MeV~1).

(6) CC interaction selection: in order to remove
CC backgrounds, a cut on reconstructed
energy and Cherenkov angle is applied. Events
satisfying 8. > a X E. + b, are selected, where
a=1.67 deg-MeV~! and b = 15.0 deg have been
optimized using MC.

These selections are the same as those used in the past T2K
NCQE analysis [4]. However, because the beam and
detector conditions vary from run to run, the cut optimi-
zations for criteria 5 and 6, based on SKDETSIM, have
been updated in this study. We follow the procedure from
the past T2K NCQE analysis to determine the cut param-
eters using a figure-of-merit (FOM), defined as

Ny
FOM = e

V Nsig +kag’

where N, represents the number of MC predicted
v-NCQE signal events, and Ny, is the total background.
The total background consists of nonsignal neutrino events
from MC (e.g., NC-other and CC interactions) and beam-
unrelated background events from off-beam data.

MC events are weighted using the delivered POT, the
energy-dependent neutrino flux, and the associated inter-
action cross section. Table II summarizes the prompt event
selection for both data and MC. The final number of
expected events from GEANT3 GCALOR (SKDETSIM) is
31.9, which includes the contribution from beam-unrelated
backgrounds (0.4), and 30 events are observed in the data.
The effectiveness of the reduction of beam-unrelated
backgrounds can be seen through each selection stage in
the off-beam column. After all selections, this background
is reduced by about three orders of magnitude. Figure 4
shows the E,.., ¢, and vertex distribution of the prompt
events. The observed E. distribution agrees well with the
predictions, and the event vertices are uniformly distributed
in the detector, as is expected. In the 6 distribution, the
data at ~42° angles are above the MC expectation. A
Kolmogorov-Smirnov test to the 6 distribution yielded a
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TABLE II. Number of prompt event candidates surviving each selection step for the on-beam and off-beam data, compared to various
SI models predictions (GEANT3 GCALOR and three SI models from GEANT4). The selection efficiency for each MC prediction is shown
in parentheses. Off-beam event counts are rescaled to the on-beam time window length to allow direct comparison, while beam-
unrelated backgrounds are not simulated. The final row, Npomp, lists the number of prompt events passing all selections.

Observed data Monte Carlo simulation

Selection On-beam Off-beam GEANT3 GCALOR GEANT4 BERT GEANT4 INCL++ GEANT4 BIC
Timing 358 331.2

Decay-e 356 330.9 X e e e

FV 92 67.4 35.9 (75.0%) 41.7 (72.5%) 40.0 (71.4%) 40.3 (71.8%)
dwall 82 58.5 35.7 (74.6%) 41.5 (72.1%) 39.8 (70.9%) 40.0 (71.4%)
effwall 60 347 35.3 (73.8%) 41.1 (71.5%) 39.3 (70.1%) 39.5 (70.5%)
OvaQ 31 0.4 34.6 (73.7%) 39.5 (68.7%) 37.5 (66.9%) 37.8 (67.4%)
CC interaction 30 0.4 31.5 (65.8%) 33.5 (58.2%) 31.0 (55.3%) 30.9 (55.1%)
N prompt 30 0.4 31.5 33.5 31.0 30.9

p-value of 15%, indicating acceptable compatibility of the =~ window is employed for hit cluster searches, determined
data and MC. Appendix B 2 provides a detailed look at the by the neutron capture time resolution and the optimization
prompt events. discussed in Ref. [58]. Hit clusters with the number of PMT
hits ranging between 7 and 400 PMT hits, which corre-

B. Delayed signal search spond to reconstructed energies between approximately

O(1) ~0O(10) MeV, are classified as a neutron candidate.
This energy range includes the total energy deposition
expected from neutron capture on both gadolinium and
hydrogen with some margin. For events with one or more
than one such candidate, a search for additional neutron
candidates is performed. Each additional candidate is
required to be more than 200 ns apart from a previous
candidate to avoid double counting hits from previous
clusters. Figure 5 illustrates the concept of this preselection.

The delayed signal induced by a neutron capture is
selected using an algorithm which consists of two stages:
a preselection and a neural network (NN) classification.
The preselection involves identifying PMT hit clusters that
potentially represent neutron capture signals. Following
this, the neural network classification is used to discrimi-
nate the neutron capture signal from accidental noise.

1. Preselection

Neutron candidates are searched for within [3,500] ps
time window following a prompt event. Hit clusters are
formed by finding a cluster of PMT hits with a time-of- Each neutron candidate passing the preselection is
flight (ToF) correction based on the prompt event vertex,  then subject to a NN classification to reduce accidental
which is reconstructed with BONSAIL. A 14 ns time  backgrounds which typically arise from PMT dark noise.

2. Neural network classification

Prompt signal (0.01% Gd conc.) r F v beam direction
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vNCQE F C o
I  NCQE | - || r
NC other 5 ; i 10: ° 8 ° °
N cc C | | o
" s v f = 5t ®
E ........ GEANT4 INCL++ c 4 .E. & (o]
3 — — GEANT4 BIC e L bl > oC [}
I W F Uy o o
3 H : I F o (o] ?
C o o 5 o
L 1' 5
R L ] E o
2f | & g ° S
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FIG. 4. Distributions of the reconstructed energy (E,.., left), Cherenkov angle (6., middle), comparing data to MC prediction, and
vertex position (right) for selected prompt events. The arrow in the right panel indicates the neutrino beam direction. The gray region
marks the inner detector, and the blue region denotes the fiducial volume (top view).
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FIG. 5. Conceptual illustration of the neutron candidate pre-

selection. PMT hits after each prompt event are grouped into
ToF-corrected clusters within a [3, 500] ps window. Clusters with
reconstructed energy in the O(1) ~ O(10) MeV range are la-
beled as neutron candidates, with a minimum 200 ns gap to avoid
double counting.

The 14 ToF-corrected features were selected to capture key
neutron candidate information and fall into five categories:
hit-cluster size (hits), timing spread relative to the vertex
(timing), vertex quality and position (vertex), topological
correlations expected from Cherenkov cone (topology),
and PMT dark-noise signatures (PMT noise).

(1) Hits: two variables related to the number of PMT hits,
NHits and NResHits, are used. NHits denotes
the number of PMT hits within a sliding time window
with 14 ns width, with the window centered on the
point of maximum hits. NResHits is the difference
between the number of PMT hits taken in a larger
window, [—100,4100] ns, and NHits.

(2) Timing: one variable related to the PMT timing,
TRMS, is used. This parameter is the root-mean-
square PMT hit time taken over all hits in the
candidate’s hit cluster.

(3) Vertex: three distributions related to the candidate’s
vertex, FitGoodness, DWall, and DWall-
MeanDir are used. FitGoodness represents
the quality of vertex reconstruction, based on the
timing likelihood calculated by the reconstruction
algorithm, assuming a PMT timing resolution
of 5 ns. DWall represents the shortest distance
from the reconstructed vertex to any ID wall, and
DWallMeanDir is the distance along the mean
direction from the neutron candidate’s vertex to each
hit PMT.

(4) Topology: several parameters related to the spatial
distribution of hits in the detector are used, Beta (k)
with ke{1,2,3,4,5} and OpeningAngleSt-
dev. The Beta(k) parameters are defined as

2
B = P .
sta(k) NHits(NHits — 1) ; (cos ;).

(5)

where P (cos6;;) is the k-th degree Legendre
polynomial, and 0;; represents the angle between
a pair of PMT hits as viewed from the neutron
candidate’s reconstructed vertex. OpeningAn-
gleStdev represents the standard deviation of
the observed angle among triplets of hit PMT
recorded within a 14 ns time window.

(5) PMT Noise: two parameters related to the intrinsic
noise characteristics of the PMT are used, Dar-
kLikelihood and BurstRatio. DarkLike-
lihood expresses the likelihood that the PMT hits
were caused by dark noise and is calculated based on
the measured dark rates of the individual hit PMT.
BurstRatio represents the ratio of PMT hits
occurring in 10 ps prior to the neutron candidate
relative to the total number of hits from the candi-
date. This parameter is used to separate neutron-
induced hits from those created by scintillation light
from particles emitted by radioactive impurities in
the PMT glass.

The feed-forward fully connected NN was trained and
calibrated using a >*!Am/Be neutron source and beam-
unrelated background as described in Ref. [58]. Figure 6
shows the likelihood output of neutron candidates from the
beam data and MC. A neutron candidate is classified as a
delayed signal if its likelihood output exceeds 0.7, achiev-
ing approximately 99% neutron purity with the accidental
noise rate per selected prompt event (i) around 1%.

104 TTT]TTTT l||||||||||||||||l|li|l|l||||||||§
Delayed signal (0.01% Gd) conc. 3
—=— Run 11 data ]
3 [ ] GEANT3 GCALOR
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FIG. 6. The likelihood distribution of all neutron candidates
from beam neutrino events, determined by the neural network.
Neutron candidates with likelihood values above 0.7 are defined
as “delayed” signals, matching the delayed signal counts in
Table 1V, and yield approximately 99% purity with about 1%
accidental noise.
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FIG. 7. Comparison of the 14 input features of the delayed signals for the dataset and MC prediction in the neural network
classification.

The nnoise 15 calculated using the dataset collected in the
off-beam time window. Figure 7 illustrates the 14 features
of the delayed signals after the NN selection cut is applied.
N detection algorithm Overall, the neutron detection algorithm achieves a neutron
H(n.7) Gd(n.7) detection efficiency (¢,) of 43.1% from MC, as summa-
rized in Table IIL

TABLE III. Summary of the neutron detection algorithm for
neutron detection efficiency, accidental noise rate, and purity.

neutron detection efficiency 3.1% 40.0% The results of the delayed signal search are summa-

Overall rized in Table IV. The Ngeayeq TOW represents the
neutron detection efficiency (e,) 43.1% total number of delayed signals observed among the total
Acg. noise rate (iyoise) 1.3% number of prompt events, Npompi; shown in Table I1. The
Purity 98.7%

number of expected delayed signals is 30.8, while 18 are

TABLE IV. Delayed signal numbers from the dataset and MC are presented. Detector simulations with different SI models are
provided, and ratios of each interaction channel to total signals are shown in parentheses. The dataset is categorized into on-beam and
off-beam, where off-beam assesses accidental noise.

Observed data Monte Carlo simulation

Channel On-beam Off-beam GEANT3 GCALOR GEANT4 BERT GEANT4 INCL++ GEANT4 BIC
v-NCQE 19.3 (62.6%) 17.9 (53.8%) 12.9 (51.8%) 13.0 (51.6%)
-NCQE 0.5 (1.6%) 0.5 (1.5%) 0.4 (1.5%) 0.4 (1.5%)

NC-other 9.5 (30.9%) 9.4 (28.2%) 7.0 (28.2%) 7.1 (28.2%)
CcC 1.1 (3.7%) 4.6 (13.9%) 3.9 (15.5%) 4.0 (15.8%)
Noise 0.3 (1.7%) 0.4 (1.2%) 0.9 (2.6%) 0.8 (3.0%) 0.8 (2.9%)

Ndelayed 18 30.8 33.3 25.0 253
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observed. The alternative SI models, INCL++ and BIC,
predict a lower number than the BERT model, consistent
with the NCQE study from atmospheric neutrinos in
SK [6].

V. RESULT

This analysis measures the mean neutron capture multi-
plicity, M, using the formula

(N delayed — "Noise X N prompt)/ €n
N .

M= (6)

prompt

The calculation begins with the number of delayed signals
(Ngelayea)- Since the observed N geayeq includes mistagged
neutrons from accidental noise, its subtraction is required.
For the dataset, this is determined from the number of
signals in the off-beam window, while for the MC, the
number of mistagged neutrons is calculated by multiplying
the accidental noise rate (i) by the number of prompt
events (Nprompy). After this subtraction the number of
delayed signals is then corrected by the neutron detection
efficiency (¢,). Finally, the corrected number of delayed
signals is divided by the number of prompt events (N pomp)
to obtain M.

The following sections present systematic uncertainties
associated with the components of Eq. (6).

A. Systematic uncertainty of ¢,

The neutron detection efficiency, €,, is determined
from simulations and is therefore subject to several model-
ing uncertainties, which are summarized in Table V.
Among them, the detector response for the delayed signal
is the dominant source, followed by those stemming
from the prompt event selection and the nucleon SI model.

TABLE V. Summary of the uncertainties contributing to the
neutron detection efficiency (¢,). The dominant contribution
arises from the detector response to delayed signals, while other
sources introduce relatively smaller uncertainties.

Uncertainty of ¢,

+5.3%/— 8.1%

Detector response to delayed signal

Nucleon SI +0.0%/—0.8%
Prompt signal selection £0.5%
MC statistics +0.1%
v beam flux +0.4%
v oscillation +0.01%
v interaction +0.4%

7 capture on %0
u capture on '%0
PMT gain
Water status

Total

+0.0%/—-1.5%

+0.0%/—-0.5%
Negligible
Negligible

+5.4% ) 8.4%

These three are discussed below, while detailed evaluations
for the other error sources can be found in Appendix A.

1. Detector response to the delayed signal

The uncertainty in the detector response to the delayed
signal is assessed using a **'Am/Be neutron source. The
most critical factors are the H(n, y) [Gd(n, y)] capture ratio,
ru(rgq), the probability for thermal neutrons to be captured
on hydrogen (gadolinium) and the accuracy of the gado-
linium interaction modeling.

We find that the **!Am/Be MC simulation underesti-
mates the rg compared with the calibration result. By
examining the PMT-hit distribution, we obtain a y>-fitted
ry of 56 £ 3%, which is consistent with the analytically
predicted value of 56.2 +1.5% from ENDF/B-VIIL.1. In
contrast, the ! Am/Be MC simulation predicts a lower
value, 48% for ry [58]. The underestimation of ry occurs
because the GEANT4 neutron high-precision model cur-
rently treats hydrogen as a free nucleus rather than
accounting for water’s molecular mass. As a result, hydro-
gen is simulated to move 18 times faster, reducing the
probability of neutron capture on hydrogen and thus
lowering the ri [59]. Since the recalibration and further
investigations of GEANT3 are still ongoing, this analysis
uses the existing default settings. After combining calibra-
tion and cross section uncertainties, we obtain ry with a
central value of 48ff_'52%, and this uncertainty carries over
to the rgq because rgg =~ 1 — rg. The €, is obtained by
adding the hydrogen contribution, given by the product of
ry and detection efficiency on hydrogen, to the gadolinium
contribution, defined analogously. Propagating these cor-
related uncertainties yields an overall neutron detection
efficiency of 43.1f61.'13% in this study. Table VI summarizes
the uncertainty of ¢, related to the detector response
to N, delayed

TABLE VI. Summary of systematic uncertainties of ¢, intro-
duced by the detector response to the delayed signal. The table is
derived from 241Am/Be neutron source calibration, encompass-
ing neutron kinetic energy, detector, and Gd modeling [58].

Uncertainty

Source type Source name of €,

AmBe neutron
modeling

1. neutron kinetic energy +0.3%

Detector modeling 2. Time evolution of +0.6%
detector characteristics
3. PMT quantum +0.4%
efficiency
Gd modeling 4. Gd/H-capture ratio  +1.3%/—6.1%
5. Gd-capture y model +5.1%
Total +5.3%/—8.1%
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2. Prompt event selection

The systematic uncertainty on €,, due to the prompt event
selection includes contributions from cuts on E.., O,
dwall, effwall, and OvaQ [57], all of which carry uncer-
tainties originating from the detector response and
reconstruction. The uncertainties associated with E,.,
OvaQ, and 6 are 5%, 1.5%, and 2 degrees, respectively
[44]. In addition, the uncertainties concerning dwall and
effwall are derived from the vertex resolution. The uncer-
tainties in the vertex resolution along radial (R,) and
vertical (Z,) directions are 10 cm and 5 cm, respectively
[44]. Accordingly, the prompt event selection introduces
an uncertainty of 0.5% on ¢,.

3. Nucleon SI

SI models differ in their adopted interaction cross
sections and in their predictions of the outgoing nucleon
kinematics, which may introduce a systematic uncertainty
on €, and impact the prediction of neutron multiplicity. In
GEANT3 GCALOR, the overall cross section in the energy
range of interest is calculated based on nucleon-nucleon
scattering cross sections [45]. An uncertainty of 30% was
assigned to this total cross section following Ref. [60],
which compared the measured p-'°C scattering cross
sections with several theoretical predictions. Notably, the
prediction computed using the same nucleon SI cross
sections adopted in this study agreed with the world
experimental data on proton-carbon scattering to within
30%, thus supporting the assigned error.

In GEANT4, the uncertainty can be evaluated by perform-
ing the analysis using different ST models. Since GEANT3
GCALOR is based on the BERT model, we continue to
use GEANT4 BERT as our basis for the GEANT4 analysis
and estimate uncertainties by changing to the INCL++
and BIC models.

The uncertainty from the choice of SI model on ¢, is
taken to be the largest change in detection efficiency among
these models, Aeg; and estimated to be fg:%f . Table VII
summarizes the neutron detection efficiency, €,, associated

TABLE VII. Change in detection efficiency, €,, introduced by
SI models with GEANT3 GCALOR and GEANT4 (BERT, INCL++,
BIC). The neutron detection efficiency variation Aeg; is calcu-
lated by comparing the nominal to regenerated MC samples. The
uncertainty in the predicted number of delayed signals is also
summarized here.

GEANT3
-30% GCALOR +30% INCL++ BERT BIC

€, 423% 43.1% 427% 412% 41.5% 41.3%
Aegy -0.8% -04% -0.3% -0.2%

Nayea 284 308 316 250 333 253
ANgaged =7.9% -+ +2.5% —24.9% —24.0%

GEANT4

with the choice of SI model, along with the variations in the
predicted number of delayed signals.

B. Mean neutron capture multiplicity
and neutron features

The measured mean neutron capture multiplicity is
Mgy = 1.37 £ 0.33(stat.) 7027 (syst.) (7)

The expectations extracted from MC with different SI
models are as follows:

Myic(GEANT3 GCALOR) = 2.24 + 0.01(stat.) (8)
Myic(GEANT4 BERT) = 2.28 +0.01(stat.)  (9)
Myic(GEANT4INCL + +) = 1.84 + 0.01(stat.)  (10)
Myc(GEANT4 BIC) = 1.87 £ 0.01(stat.)  (11)

Figure 8 compares the mean neutron capture multiplic-
ities obtained from this study with these expectations, while
Fig. 9 shows the neutron capture multiplicity distribution.
Note that all models overpredict the neutron multiplicity by
at least 16 compared to the data.

Scaling the nominal SI cross section by 30% induces at
most a 7.9% change in the predicted number of delayed
signals (cf., Table VII), while changing the SI model
in GEANT4 leads to about a 25% variation. Uncertainties
from other potential factors are also outlined in Table VIII,

4.0
EEE GEANT3 GCALOR
EEm GEANT4 BERT

3.5 mEE GEANT4 BIC
BN GEANT4 INCL++
—e— Stat

3.01 —e— Stat ® Syst

N
w
!

=
w
!

Mean neutron capture multiplicity
= N
=) o

o
wn

0.0 T
T2K Run 11 (SK w/ 0.01% Gd conc.)

FIG. 8. Comparison of the measured mean neutron capture
multiplicity to MC predictions using different SI models. The
inner and outer error bars represent systematic and total un-
certainties, respectively.
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FIG. 9. Neutron capture multiplicity distribution for data
compared to MC predictions with different SI models.

but none has as significant an impact as the SI models in
GEANT4. This result shows a slight preference for GEANT3
INCL++ and BIC models, as they better reproduce the
observed multiplicity and yield a lower y? value, as shown
in Fig. 9.

The left plot of Fig. 10 presents the measured neutron
capture time, while the center plot of Fig. 10 depicts the
neutron travel distance, which is defined as the distance
between the reconstructed prompt and delayed signal
vertices. Although both figures demonstrate overall agree-
ment between the data and MC, two delayed signals with
travel distances more than 700 cm are observed though 0.5
signals are expected in this region.

One of the delayed signals could be attributed to
accidental noise, estimated at 0.4 signals in this study.
For signals beyond 700 cm, the Poisson probabilities of
detecting 0, 1, or 2 neutrons are 60.7%, 30.3%, and 7.6%;
the corresponding noise probabilities are 67.0%, 26.8%,
and 5.4%. Combining these gives 9% for one neutron plus

one noise event. However, we note that neutron travel
distance is longer in data than in MC as indicated by the
mismatch in the [0, 100] cm bin. Variation among SI
models, which modify the neutron momentum spectra and
consequently the predicted travel distances, does not fully
explain this discrepancy.

Finally, the right plot of Fig. 10 shows the vertex
distributions of selected prompt events and delayed signals
with lines connecting the two when both exist.

VI. DISCUSSION

Given the deficit of observed data relative to MC
predictions for the number of delayed signals, we discuss
the influence of modeling choices on those predictions.
While other modeling aspects affect the prediction to a
lesser extent than the adoption of SI model discussed
above, we find that contributions for modeling of short-
range nucleon correlations, NC 2p2h interactions, and the
strange coupling constant induces a roughly 10% variation.
Other nuclear modeling, such as Pauli blocking and nuclear
deexcitation processes, were found to have a minor impact.
Table VIII provides a summary of the delayed signal
prediction variations from these studies.

A. Short-range correlations

The spectral function by Benhar et al. [28] includes both
mean-field and short-range correlations (SRC). SRC refers
to the strong, localized interactions between pairs of
nucleons within a nucleus. Under the influence of SRC,
a neutrino NCQE-like interaction can result in two out-
going nucleons from the primary interaction, both of which
can go on to generate secondary neutrons via SI.

NEUT and NuWro choose different SRC regions in the
spectral function [64], which may lead to different
neutron predictions. Switching to events generated with
NuWro (version 21.09), but propagated with the same SI
model as the nominal analysis, yields the neutron multi-
plicity distribution shown in Fig. 11. This change results
in an overall increase of 9.4% in the predicted number of
neutrons.

TABLE VIII. Summary of the delayed signal variations under different conditions beyond the SI models.
Factors AN gelayed Reference setting
Nominal setting e NEUT w/ GEANT3 GCALOR
Short-Range Correlations +9.4% NuWro [61]

NC 2p2h +12.0% NuWro w/ TEM model [62]
N —9.0% NuWro w/ g§ = —0.3
Pauli Blocking -0.5% NEUT w/ PB
Deexcitaion in v-'0 NCQE +0.9% NEUT w/ NucDeEx [63]

GEANT3 SI model

GEANT4 SI models -25.6%

~7.9%/ +2.5%

NEUT w/ GEANT3 GCALOR =+ 30% Xsec
NEUT w/ GEANT4 INCLA++
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FIG. 10. Neutron capture time (left) and neutron travel distance (center) for data compared to MC predictions with different ST models.
The right panel presents the two-dimensional distribution of NCQE-like events, with purple lines connecting each prompt event (circle)

to its corresponding delayed signals (cross).

B. NC 2p2h

In the hypothesis of NC 2p2h interactions, both outgoing
hadrons could lead to the production of neutrons in the final
state, thereby changing the predictions used in this study.
NEUT uses the Valencia 2p2h model by Nieves et al. [31],
which does not include NC 2p2h interactions. In order to
estimate the potential impact of adding the NC channel, we
study the TEM model [62] from NuWro. The NuWro TEM
model allows for the simulation of both CC and NC 2p2h
interactions via the adjustment of vector magnetic form
factors. Importantly, the NC channel can be suppressed in
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neutron capture multiplicity
FIG. 11. The neutron capture multiplicity with NEUT default

(black) and NuWro 21.09 default (red) is shown. NuWro predicts
9.4% more neutrons than NEUT, which is a minor impact when
compared to SI models.

the simulation. NuWro’s predictions for the neutron capture
multiplicity distribution with and without the NC 2p2h
interaction are shown in Fig. 12 as dashed red and dotted
blue lines, respectively. NEUT’s prediction is depicted as a
solid black line. The number of delayed signals resulting
from NC 2p2h interactions in the TEM constitutes an
approximately 12% increase. For this comparison, the
default value of the fraction of np pairs, 85733%, was
used. The fractions of pp and nn pairs, which share the
same isospin, are roughly equivalent.
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FIG. 12. The neutron capture multiplicity with the default
NEUT prediction is represented by a black solid line. The
NuWro predictions using the TEM model [62], with and without
NC 2p2h interactions, are shown in red and blue dashed lines,
respectively. When comparing the scenarios with and without the
NC 2p2h interaction, there is an approximate 12% increase in
neutron prediction.
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C. Strange axial coupling constant

The neutron capture multiplicity could also be affected
by the strange axial coupling constant (g%), which quan-
tifies the contribution of strange quark-antiquark pairs to
the nucleon’s spin. NC processes involving the axial
current could be influenced by g), and we focus on
NCQE as it is the dominant contribution in this study.
A negative g value enhances the NCQE cross section on
protons but reduces it on neutrons [65]. Since NCQE
interactions with protons seldom result in neutron emission,
they generally lead to events with zero neutron capture
multiplicity. As a result, a negative g% is expected to
reduce the mean neutron capture multiplicity for NCQE
interactions.

A negative ¢} means strange-quark spins antialign
with up/down quarks, lowering the nucleon’s total spin.
Investigations of g, using the NCQE interaction have been
conducted in experiments such as BNL E734 [66],
MiniBooNE [67] and KamLAND [65], all of which favor
negative values. NEUT version 5.6.3 uses g, = 0 and does
not support modifications to this parameter. In contrast,
NuWro allows for the direct input of g). Here we use
NuWro and scan g3 from 0.0 to —0.3 to cover the majority
of existing measurements from both neutrino and electron
scattering experiments [68—71], with —0.3 serving as a
conservative lower bound. Other generator settings are kept
at their default values to evaluate the effect of g} on the
neutron capture multiplicity.

Figure 13 shows the expected neutron capture multi-
plicity results for different g values from NEUT and
NuWro. The black line in Fig. 13 represents the default g}
value from NEUT, set at 0.0. The dotted green line indicates
gy = 0.0, the default value in NuWro. Finally, the dashed
purple line represents g = —0.3. Setting g, to —0.3
reduces the predicted number of neutrons by 9% compared
to NuWro’s default.

D. Pauli blocking

The SF model [28,29] adopted in NEUT 5.6.3 does not
consider Pauli blocking. We therefore enforce it manually
to estimate its impact on this analysis. Following the
prescription in Ref. [72], the cross section is set to zero
in regions of phase space where, prior to undergoing FSI,
the momentum of the outgoing primary nucleon falls below
the Fermi momentum. Accordingly, this approach reduces
the overall cross section and additionally results in a change
in its shape at low momentum transfer. Figure 14 shows the
neutron capture multiplicity prediction with (brown dotted
line) and without (black) Pauli blocking enforced. Enabling
Pauli blocking reduces the total neutron count by approx-
imately 0.5%, with predictions remaining nearly identical
to the default. However, a decrease in the zero-neutron
capture multiplicity is observed, suggesting a slight
increase in the mean neutron capture multiplicity.
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FIG. 13. The neutron capture multiplicity with the default

gy value in NEUT is represented by a black solid line. The
NuWro predictions, with the default g} value, 0.0, and the
average values of existence gj measurement, —0.3, are shown in
green dotted and purple dashed lines, respectively. When
comparing the scenarios g = —0.3 to g} = 0.0 within NuWro,
there is an approximate 9% decrease in the delayed signal
prediction.
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FIG. 14. The neutron capture multiplicity with and without
Pauli blocking is shown as a black solid line and a brown dotted
line, respectively. In this study, NEUT with Pauli blocking
predicts approximately a 0.5% reduction in the number of
delayed signals compared to NEUT without Pauli blocking,
which serves as the default.
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E. Nuclear deexcitation in neutrino interaction

The choice of nuclear deexcitation model can also cause
variations in the total number of predicted neutrons. NEUT
adopts a data-driven model [38], but we additionally
consider the NucDeEx [63,73] (version 1.0) model for
an alternative estimate of the hadrons and photons pro-
duced during nuclear deexcitation. NucDeEx employs the
nuclear reaction simulator TALY'S version 1.96 [74] for the
deexcitation calculation following a neutrino interaction
with 0. TALYS has access to more recent, precise,
complete data [75] than the model used in NEUT.
For this comparison, only v-NCQE interactions were
considered in this study due to the limitations in
NucDeEx. Figure 15 shows the neutron capture multiplicity
with and without NucDeEx. The simulation with NucDeEx
resulted in a 5.1% increase in the total number of generated
neutrons compared to the case with the NEUT default
deexcitation model without any selections. We noticed that
the additional neutrons introduced by NucDeEx mostly
occur in prompt events below 5 MeV, which is the main
reason most of these neutrons are not retained. The
relatively low energy of prompt events causes a signifi-
cant loss of additional neutrons, both through the energy
threshold applied in prompt event selection and through
imprecise TOF corrections stemming from the relatively
large vertex resolution during the preselection stage.
Overall, the full simulation with NucDeEx predicts a
0.9% increase in the number of delayed signals relative to
the nominal model.
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FIG. 15. The neutron capture multiplicity predictions with
(red dotted line) and without (black solid line) NucDeEx are
shown. The delayed signals prediction presented here are from
v-NCQE interactions. NEUT with NucDeEx predicts a 0.9%
increase in delayed signals compared to the default deexcitation
model in NEUT.

F. Insights from other neutrino-induced
neutron measurements

So far, only a few measurements of neutrons associated
with neutrino interactions have been conducted. The T2K
[76], ANNIE [77], MINERvA [78], and SNO [79] collab-
orations have all observed an overprediction of the neutron
(capture) multiplicity with either beam or atmospheric
neutrinos. These results collectively indicate that simula-
tion settings with BERT-based models, which are used in
these experiments, tend to overpredict the neutron (capture)
multiplicity, while KamLLAND [65], whose simulation is
based on the BIC model, does not see such an over-
prediction. Given the wide range of energies spanned by
these experiments, from MeV to GeV, neutron overpre-
diction observed in both the CCQE and NCQE channels
may hint at a connection to FSI modeling. However, as
demonstrated above, the effect of SI modeling appears to
dominate. SK [6] similarly tested several SI models,
including BERT, INCL++, and BIC, using atmospheric
neutrino NCQE events and reached a similar conclusion:
BERT tends to overpredict, whereas INCL++ and BIC
provide more accurate predictions for neutron capture
multiplicity. One of the main reasons is that BERT used
the deexcitation model native to the Bertini code, while
others use the G4PreCompound model [37]. As described
in Ref. [53], the G4PreCompound model relies on an
exciton-based preequilibrium approach followed by semi-
classical deexcitation mechanisms (e.g., Weisskopf-Ewing
[80] or GEM [81]) once the nucleus reaches equilibrium,
which provides higher accuracy for lower-energy processes
but requires more computational time.

G. Prospects

A precise understanding of NCQE interactions and their
final state particles is essential for DSNB searches at SK,
Hyper-Kamiokande [82] and JUNO [83], as these detectors
rely on neutron information to effectively reduce atmos-
pheric NCQE backgrounds. In addition, improving our
understanding of NCQE events is essential for dark matter
[84,85] and sterile neutrino search [86—88] in accelerator
neutrino experiments, which further motivates improve-
ments to measurements such as this work.

The statistical uncertainty on this measurement is
expected to improve in the foreseeable future, as the
anticipated POT proposed by T2K [89] has not yet been
reached.

Furthermore, T2K data collected during the pure
water [90] and 0.03% gadolinium [91] phases of SK could
enhance the available statistics, providing roughly 10 times
the neutron statistics used in this study. Understanding
secondary interactions then becomes essential to reduce
uncertainties in this measurement. Indeed, despite better
data-MC compatibility in the current measurement when
switching to the INCL++ and BIC models, there is still
room for improvement.
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While RCNP [92-94] and the Chiplr beamline at the
Rutherford Appleton Laboratory [95] provide y measure-
ments from SI, there remains a lack of neutron measure-
ments from SI. An inverse-kinematics experiment using an
oxygen beam at RIKEN-RIBF and the SAMURALI spec-
trometer [96] can address this gap. We anticipate that SI
models will be better constrained in the near future by such
measurements. Dedicated upgrades to the GEANT4-based
simulation may help reduce uncertainties on the neutron
multiplicity and detection efficiency. The flexibility of
GEANT4 allows users to customize the physics list based
on the SI measurement mentioned above, offering the
potential to enhance neutron kinematics predictions. A
further dedicated calibration on the neutron capture,
including the modification of GEANT4 secondary inter-
action model, could further minimize uncertainties. While
experiments like NINJA [97] can help confirm CC 2p2h,
direct measurements of NC 2p2h are an important missing
piece. Electron scattering experiments, such as those at
Jefferson Lab [98], provide precise data on nucleon
momentum distributions and could potentially improve
short-range correlation modeling. These efforts will assist
precise measurements of the strange axial coupling con-
stant with neutrino sources, ultimately enhancing the
accuracy of NCQE interactions.

VII. CONCLUSION

In this paper we presented the first measurement of
neutron capture multiplicity resulting from »-'°0 NCQE-
like interactions, based on a dataset corresponding to
1.76 x 10°° POT using the T2K neutrino beam. The
observed mean neutron capture multiplicity was
1.37 4 0.33(stat.) T537 (syst.). The measurement deviates
from the prediction made by NEUT combined with the
Bertini-based SI model [2.24 &+ 0.01(stat.)]. However, the
predictions using other SI models, INCL++ [1.84 £
0.01(stat.)] and BIC [1.87 £ 0.01(stat.)], are in closer
agreement with the data. We found that SI modeling
dominates the uncertainty in the predicted numbers of
neutrons, compared to modeling of processes, such as
short-range correlations, NC 2p2h interactions, the strange
axial coupling constant, Pauli blocking, and nuclear deex-
citation following the neutrino interaction. Similar neutron
overprediction has been observed in experiments using
BERT-based SI models in both the CCQE [76-79] and
NCQE [6] channels, that is not observed in measurements
using BIC model [65]. This work and these measurements
highlight the need for a more precise understanding of SI
processes and show that more data are needed to assess
discrepancies and their origin. Despite the current uncer-
tainties, the neutron detection efficiency of NCQE-like
events estimated in this study can be utilized in atmospheric
neutrino studies, for example, by accounting for the flux
differences between T2K and atmospheric neutrinos.

Further, the results of this study will serve as an essential
validation tool for DSNB studies at water Cherenkov
detectors, which aim to reduce atmospheric NCQE back-
grounds using neutron information.
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APPENDIX A: UNCERTAINTIES ON NEUTRON
DETECTION EFFICIENCY

1. Statistical uncertainty

Statistical uncertainty in the neutron detection efficiency
stems from the finite size of the MC and is estimated as
+0.1%. Similarly, the accidental noise rate carries a +2.5%
statistical uncertainty due to the limited size of the off-beam
dataset.

2. Neutrino beam flux

Neutrino beam flux uncertainties may cause variations in
the types of neutrino interactions occuring in the detector,
which subsequently affects our neutron detection effi-
ciency. These uncertainties are evaluated for each flavor,
energy, and horn polarity [19]. Hadron production and
interaction modeling account for ~8% around the flux
peak, which represents the largest source. This study
estimates the neutrino beam flux uncertainty in the same
manner as the previous T2K analysis [4], resulting in a
+0.4% uncertainty on the neutron detection efficiency.

3. Neutrino oscillation

Uncertainties in oscillation parameters can affect the
sample composition and, in turn, the neutron detection
efficiency. The oscillation parameters and their associated
uncertainties are sourced from Ref. [100]. Accounting
for these errors induces only a +0.01% uncertainty on
the neutron detection efficiency since only CC events
experience an observable oscillation effect.

4. Neutrino interaction model

The parameters and errors that describe the neutrino
interaction cross sections and their values are taken from
Ref. [101]. The value of the axial-vector mass used to
generate quasielastic interactions with its lo error is

M/?E = 1.21 £0.18 GeV/c?, while the Fermi momentum
in oxygen is 209 £ 31 MeV/c. Parameters describing
contributions from 2p2h interactions, resonant pion pro-
duction, and deep inelastic scattering follow the assign-
ments in the previous analysis [4]. These parameters’

uncertainties induce a £0.1% uncertainty on the neutron
detection efficiency.

Additionally, nucleon FSI uncertainties could cause
variations in the number and energy spectrum of neutrons
coming from the v-'%0 interaction, thereby affecting the
neutron detection efficiency. We vary the scattering and
particle production probability of the hA model [102]
within GENIE [103] to assess the possible impact.
Assigning a 20% uncertainty to the total rescattering
probability, 50% to the charge exchange probability, 30%
to the elastic scattering probability, 40% to the inelastic
scattering probability, 20% to the absorption probability,
and 20% to the pion production probability results in an
uncertainty of £0.4% on the neutron detection efficiency.

5. u and & capture on '°0

A small portion of CC interactions may generate muons
that can be captured by oxygen atoms and consequently
produce additional neutrons. Likewise, some neutral cur-
rent interactions can create pions, whose capture may also
produce neutrons. We evaluate the uncertainty from these
processes by switching from the intra-nuclear cascade
model to CHIPS [104] within SKDETSIM. The resulting

uncertainties on the neutron detection efficiency are: J_“?_'%J

- 16 +0.0% -
for z~ capture on O and T, for u~ capture.

APPENDIX B: APPLICATION TO
ASTROPHYISICAL ANTINEUTRINO SEARCHES

The T2K NCQE sample presented in this work is a
unique, high-purity sample of NCQE-like events with all of
the same kinematic features as the atmospheric NCQE
background to DSNB searches in water Cherenkov detec-
tors. It therefore represents a valuable tool for assessing
systematic uncertainties in those searches. In the following
we discuss features of T2K that will support DSNB
searches conducted at SK.

1. Neutron detection algorithm used
in the SK DSNB search

Various neutron detection algorithms are available at SK.
Focusing on the neutron detection algorithm used in
the DSNB search at SK (termed npgyg below) [105] we
evaluate its performance with the neutron detection algo-
rithm employed in this study (termed nrx).

The two algorithms diverge in how they handle the
neutron candidate vertex, which is a key factor in the time-
of-flight (ToF) calculation for neutron candidate features.
As most neutrons stay close to the neutrino interaction
vertex, npgng adopts the prompt event vertex for the ToF
correction. This approach facilitates the search for hydro-
gen-capture neutrons, H(n, y), whose vertex is challenging
to reconstruct directly due to the low number of PMT hits.
However, as the neutron travels farther, the prompt event
vertex becomes less accurate for ToF corrections, which
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FIG. 16. Neutron detection efficiency versus neutron travel
distance for npk and npgyg, With statistical error bars. In npgng,
the prompt event vertex is used for ToF corrections, making the
efficiency more dependent on neutron kinematics. By contrast,
nx employs the neutron candidate’s own vertex for ToF
corrections and thus remains relatively independent of the
neutron travel distance.

results in the neutron detection efficiency depending upon
the neutron kinematics.

On the other hand, n,k adopts the reconstructed neutron
candidate vertex as the vertex for the ToF correction,
making it independent of the neutron kinematics. Figure 16
shows the neutron detection efficiency as a function of the
neutron travel distance for both algorithms and confirms
the kinematic independence of n1,k. Since SI modeling can
affect predicted neutron kinematics, maintaining kinematic
independence helps constrain systematic uncertainties
associated with SI models in this study.

TABLE IX. Summary of nyyx and npgnp for neutron detection
efficiency, SI uncertainty, accidental noise rate, and purity. npgng
offers higher detection efficiency, particularly for H(n,y), while
the npgnp is less dependent on neutron kinematics and, thus,
better at controlling systematic uncertainties.

nTK NpsNB
H(n,y) Gd(n,y) H(n.y) Gd(n.7)
neutron detection 3.1% 40.0% 8.4% 42.5%
efficiency
Overall Overall
neutron detection 43.1% 50.9%

efficiency (¢,,)
SI model syst. on ¢,
Acc. noise rate (fyoisc)
Purity

+0.0%/ - 0.8%
1.28%
98.7%

+1.7%] - 3.4%
1.47%
98.3%

Table IX compares the performance of nk and npgng.
Compared to nk, npsng achieves a 7.8% higher neutron
detection efficiency, though it incurs slightly larger sys-
tematic uncertainties due to its dependence on neutron
kinematics. Both algorithms perform similarly in terms of
purity and #ygise- In order to remain consistent with the
DSNB search at SK, the following sections employ npgng
for further analysis.

2. Prompt events features with neutron detection

The reconstructed energy and Cherenkov angle distri-
butions of T2K NCQE-like events have been studied in
detail previously [4]. However, this is the first time that
neutron detection has been applied to T2K NCQE-like
events. Since the DSNB signal includes a neutron in the
final state, the present sample is unique for examining the
kinematic features of NCQE-like events accompanied by
neutrons.

The top plots in Fig. 17 compare the reconstructed
energy and Cherenkov angle of the T2K NCQE-like sample
across different neutron capture multiplicities. The blue
dashed line represents prompt events with zero detected
neutrons, the red line corresponds to those with one
neutron, and the orange dashed line depicts those with
more than one neutron. For events with zero neutrons, the
reconstructed energy is generally lower, and the Cherenkov
angle distribution has a taller peak around 42°, which is
consistent with light from a single y. Conversely, events with
multiple detected neutrons tend to have higher reconstructed
energies, leading to a concentration of multiple y events near
90° in the Cherenkov angle distribution.

The bottom six plots of Fig. 17 display the dataset
alongside MC predictions, with results organized by
neutron capture multiplicity. The second row corresponds
to zero neutrons, the third row represents one neutron, and
the bottom row illustrates cases with more than one
neutron. Notably, the bottom right panel of Fig. 17 illus-
trates the Cherenkov angle distribution for events with
more than one detected neutron. It is observed that the
majority of data points cluster around approximately 42° in
the Cherenkov angle distribution, whereas MC predictions
indicate that most events should concentrate around 90°.
This discrepancy may be attributed to the limited statistics
in this study. In the near future, the statistical sample could
be enhanced by the dataset collected during the pure water
phase, corresponding to 14.94 x 10?° POT, which is about
8.5 times the neutrino beam exposure used in this study.
The statistics could also be improved by utilizing future
datasets with a ~0.03% Gd concentration at SK [91].

3. Multiple scattering goodness

The multiple scattering goodness (MSG) is a recon-
structed parameter recently introduced in the DSNB analy-
sis flow at SK [105], though it was originally developed for
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FIG. 17. Reconstructed energy and Cherenkov angle distributions for NCQE-like prompt events are shown, categorized by neutron
capture multiplicity (zero: dotted blue, one: solid red, more than one: dashed orange) in the top row. The dataset is compared with MC
predictions incorporating different SI models, with neutron capture multiplicity information displayed in the second row (zero), the third

row (one), and the bottom row (more than one).
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the solar neutrino analysis [106]. This parameter is
designed to assess the extent to which a particle has
scattered during propagation in the detector by analyzing
the pattern of PMT hits to determine their anisotropy. At
energies relevant to this analysis and the DSNB study at
SK, lower energy electrons are more likely to undergo
multiple Coulomb scattering than those at higher energies.
As a result, the lower energy particles typically produce a
more isotropic pattern of hits after multiple scatterings.
Since events with one or multiple y’s have an even more

isotropic pattern, MSG is useful for separating the single-
positron prompt event characteristic of the DSNB signal
from NCQE backgrounds. An MSG value around 0.5
indicates consistency with a single particle direction,
suggesting a more coherent Cherenkov pattern. Lower
values indicate more isotropy. The calculation of the
MSG is detailed in Ref. [106].

The MSG distribution of T2K NCQE-like events in
Run 11, as shown in the left plot of Fig. 18. The histogram
is generated using SKG4 with the BERT SI model,
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FIG. 19. Comparisons of data and MC predictions for NCQE-like events within the reconstructed energy range of [3.49, 7.49] MeV,

showing MSG distributions alongside 0.
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FIG. 20. Same as Fig. 19, but for the higher-energy range of [7.49,

29.49] MeV, which overlaps with the DSNB search window. In the

left plot, an MSG > 0.38 selection yields an efficiency of 21.4% £17.1 (stat.), while the right plot highlights (in gray) the naive DSNB

cut region (38° < O, < 53°, MSG > 0.37).

while the red dotted and black dashed lines correspond to
the SI models INCL++ and BIC, respectively. The right
plot of Fig. 18 displays the 6, versus MSG distribution,
where delayed signal multiplicities are labeled as follows:
zero neutrons are marked with blue squares, one neutron
with red circles, and more than one neutron with orange
triangles. We note that the NCQE-like events tend to
populate lower MSG values as expected. The distribution
itself is a valuable tool for estimating uncertainties in the
DSNB analysis stemming from this paramater.

The MSG distribution varies with energy as is shown
in Fig. 19 (3.49 to 7.49 MeV) and Fig. 20 (7.49 to
29.49 MeV). The agreement between the data and MC
in both figures supports the use of MSG information to

exclude NCQE events in the DSNB study. Figure 20 is
particularly significant as it focuses on the reconstructed
energy range that overlaps with the DSNB search. The
efficiency of a MSG > 0.38 cut, shown in the left plot of
Fig. 20, is 21.4% £17.1% (stat.). In the right plot, the gray
region highlights the naive cut settings for the DSNB search
region at SK, defined as 38° < 6~ < 53° with MSG > 0.37.
However, we note that the cuts used in the SK DSNB
search [105] will be determined on an energy bin-by-bin
basis. The information presented here will be useful for a
more detailed assessment of the systematic uncertainties
associated with the MSG selection applied between atmos-
pheric NCQE and DSNB events.
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