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We present measurements of total neutron production from atmospheric neutrino interactions in water,

analyzed as a function of electron-equivalent visible energy over a range of 30 MeV to 10 GeV.

These results are based on 4,270 days of data collected by Super-Kamiokande, including 564 days with

0.011 wt% gadolinium added to enhance neutron detection. Neutron signal selection is based on a neural

network trained on simulation, with its performance validated using an Am/Be neutron point source. The

measurements are compared to predictions from neutrino event generators combined with various hadron-

nucleus interaction models, which include an intranuclear cascade model and a nuclear deexcitation model.

We observe significant variations in the predictions depending on the choice of hadron-nucleus interaction

model. We discuss key factors that contribute to describing our data, such as in-medium effects in the

intranuclear cascade and the accuracy of statistical evaporation modeling.

DOI: 10.1103/4d71-d69k

I. INTRODUCTION

A large fraction of neutrino experiments rely on nuclear

targets, yet significant uncertainties remain regarding the

influence of nucleon correlations on interaction cross

sections and particle kinematics. Modeling these “nuclear

effects” is particularly critical for GeV-scale neutrino

experiments aiming to measure neutrino oscillation param-

eters, including CP violation and mass ordering.

Outgoing hadrons serve as valuable probes of these

effects, with recent advancements in neutrino detectors

enabling precise measurements of hadron multiplicities and

kinematics. For instance, proton measurements in neutrino-

argon interactions have revealed discrepancies between

observed and predicted kinematic distributions [1].

However, detecting neutrons in tracking detectors is chal-

lenging due to the limited detection efficiency from the

small ðn; pÞ reaction cross section [2,3]. This issue is

crucial, as inaccuracies in estimating the “missing energy”

carried by neutrons can bias key measurements, such as the

Dirac CP phase [4].

Neutrons with kinetic energies of a few MeV or lower

tend to thermalize and can be detected via the radiative

neutron capture ðn; γÞ reactions with well-defined time-

scales and energy signatures, enabling clean signal selec-

tion with virtually no energy threshold. Historically, this

made neutrons effective tags for antineutrino charged-

current (CC) interactions (e.g., ν̄ep → eþn) compared to

neutrino interactions (e.g., νen → e−p) [5]. Neutron tag-

ging remains relevant today, for instance, in atmospheric

neutrino oscillation analyses, where it enhances sensitivity

to both neutrino mass ordering and CP violation, by

preventing the cancellation of opposite-sign effects in

neutrino and antineutrino oscillation probabilities [6]. It

also helps suppress atmospheric neutrino backgrounds in

searches for rare events, such as proton decay (e.g., p →

eþπ0 [7]), which in many cases is not expected to produce

neutrons, or inverse beta decay (ν̄ep → eþn) induced by

supernova ν̄e, which emits only one neutron.

Accurate prediction of detectable neutrons is essential

and requires well-constrained uncertainties. The modeling

approach commonly adopted by GeV-scale neutrino

experiments is illustrated in Fig. 1. Neutrino event gen-

erators sample outgoing hadrons from the initial neutrino

interaction, either at the nucleon or quark level, and

FIG. 1. Schematic illustration of nucleon production mecha-

nisms in a typical GeV-scale neutrino interaction simulation.

Black arrows indicate nucleon trajectories; solid blue circles

represent detectable nucleons ejected from nuclei, while dashed

blue circles denote resulting nucleon holes.
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subsequently model intranuclear hadron transport (often

referred to as final-state interactions, or FSI), followed by

nuclear deexcitation. Similarly, particle transport codes

such as Geant4 [8–10] simulate hadron transport and nuclear

deexcitation to describe downstream hadron interactions

within the detector.

Accurately modeling secondary neutron production

is particularly important. For hadron transport in the

Oð0.1−1Þ GeV energy range, intranuclear cascade (INC)

models [11] are commonly used. Subsequent nuclear

deexcitation involves an evaporation process that releases

neutrons with kinetic energies of a few MeV and also

contributes significantly to total neutron production.

Variations in how these models account for nuclear effects

often lead to significant discrepancies in predictions [12].

Several studies have measured neutron production from

atmospheric or artificial neutrino interactions using water

(T2K [13]), heavy water (SNO [14]), and hydrocarbon

(MINERvA [2,15], KamLAND [16]) as target materials.

Several of these studies [2,13,15] reported deficits in

observed neutron signals compared to predictions from

neutrino event generators, with the discrepancies often

attributed to the inaccuracy of hadron transport models.

In this paper, we present a measurement of neutron

production following atmospheric neutrino interactions in

water. Using data collected by the Super-Kamiokande (SK)

detector from 2008 to 2022, we evaluated the average

multiplicity of ðn; γÞ reactions (“neutron captures”) as a

function of electron-equivalent visible energy, a calorimet-

ric proxy for neutrino momentum transfer. The results were

compared with predictions from various models relevant to

secondary neutron production. This study focuses on an

event sample with visible energy greater than 30 MeV,

distinct from our previous neutron measurement [17]

targeting neutral-current quasielastic (NCQE) events with

visible energy below 30 MeV.

This paper is structured as follows. Section II provides a

brief overview of the SK detector. The selection process for

atmospheric neutrino events and neutron signals, along

with the estimation of selection performance, are detailed in

Secs. III and IV. Section V outlines the methodology for

determining the average ðn; γÞ multiplicity per visible

energy bin and the associated systematic uncertainties.

Section VI introduces the interaction models used for

generating predictions. Finally, Secs. VII and VIII present

a comparison of observations with predictions and discuss

the implications of the results.

II. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande (SK) [18] is an underground water

Cherenkov detector located in Gifu, Japan. It consists of two

optically separated, concentric cylindrical volumes: the inner

detector (ID) containing 32.5 ktons of water and equipped

with 11,129 inward-facing photomultiplier tubes (PMTs) and

the outer detector (OD) serving as a cosmic-ray veto. The

detector registers a PMT signal with a pulse height greater

than 0.25 photoelectron-equivalent charge as a “hit.” If the

number of ID or OD PMT hits within a 200-ns sliding time

window (N200-ns) exceeds a given threshold, an event trigger

is issued. The details of the detector can be found in [18,19].

Charged particles, namely electrons and muons pro-

duced by charged-current neutrino interactions, are iden-

tified through Cherenkov radiation. The radiation is

projected onto the PMTs as a characteristic ring pattern

that depends on the particle type and energy. This ring

pattern serves as the basis for particle reconstruction.

Neutrons are indirectly identified via Compton-scattered

electrons resulting from ðn; γÞ reactions. In pure water,

most occur on 1H, emitting a single 2.2 MeV γ-ray. With the

recent addition of gadolinium (Gd), a large fraction of

neutrons are expected to be captured by Gd isotopes,

resulting in a total γ-radiated energy of around 8 MeV.

The Oð1Þ MeV signal identification performance is

significantly influenced by variations in detector character-

istics. Parameters such as individual PMT gain, timing

properties, quantum efficiency, and optical absorption and

scattering in water are continuously monitored using

cosmic-ray muons and light sources [19]. Additionally,

the uncertainty in Cherenkov ring energy reconstruction

(described in Sec. III B) is evaluated over a wide energy

range using naturally occurring particles, including cosmic-

ray muons, Michel electrons, and neutral pions produced in

neutral-current (NC) atmospheric neutrino interactions in

water. Figure 2 illustrates the agreement between data and

simulation in energy reconstruction for the Gd-loaded

SK-VI phase, which is mostly within 2% across the

Oð10 − 104Þ MeV range and consistent with the pure

water phase results reported in the recent atmospheric

neutrino oscillation analysis [6].

The detector has operated through eight different phases.

Neutron detection began with the fourth phase SK-IV,

following the electronics upgrade [20] that allowed

extended event recording up to 535 μs after certain ID

triggers. This has enabled analysis of delayed neutron

captures that occur with a timescale of Oð10–100Þ μs
following an atmospheric neutrino interaction. Between

SK-IV and SK-V, in 2018, the detector underwent refur-

bishment, during which malfunctioning PMTs were

replaced. The later phases, SK-VI, SK-VII, and SK-VIII

involved the dissolution of Gd2ðSO4Þ3 into the water

volume to enhance neutron detection efficiency [21,22].

Table I summarizes the relevant operational conditions.

III. ATMOSPHERIC NEUTRINO EVENTS

A. Event selection

We followed a typical selection process for atmospheric

neutrino interactions that are fully contained within the ID,

similar to previous studies conducted at SK [6]. All events

were required to pass the ID trigger with the threshold

S. HAN et al. PHYS. REV. D 112, 012004 (2025)
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N200−ns ≥ 58PMThits—roughly corresponding to a 10MeV

electron—followed by the extended event window of 535 μs

for neutron detection. Background events from cosmic-ray

muons, radioactivity, and neutrino interactions with exiting

particles were reduced using OD veto and ID charge cuts.

Selected events were reconstructed as described in

Sec. III B. To further reject low-energy backgrounds, we

required that the reconstructed vertex be more than 1 m

away from the ID tank wall (defining the fiducial volume

with 27.2 kton of water) and that the visible energy be

larger than 30 MeV. The remaining background contami-

nation, mainly due to cosmic-ray muons stopping in the ID

and PMT discharges, was estimated to be below 0.2%,

based on visual inspection [7].

B. Reconstruction of prompt Cherenkov rings

Figure 3 shows a simulated PMT hit time distribution of

a typical ν̄μ charged-current (CC) quasielastic (QE) event

followed by a Michel electron and a Gdðn; γÞ reaction,

along with the corresponding event displays. For the

“prompt” radiation due to charged particles (namely,

electrons and muons) produced via the primary neutrino

interaction, we followed the Cherenkov ring reconstruction

process [24] as applied in previous SK analyses [6,7].

The visible energy of an event is defined as the sum of

the reconstructed kinetic energies of all Cherenkov rings,

assuming each ring originates from an electron. This

calorimetric measure serves as a reliable proxy for neutrino

momentum transfer, as demonstrated by the positive

correlation shown in Fig. 4.

C. Baseline simulation setup

The simulation of atmospheric neutrino events involves a

convolution of the atmospheric neutrino flux, neutrino

event generator, and detector simulation.

To determine the incoming neutrino kinematics and

event rate, we used atmospheric flux calculations for νe,

νμ, ν̄e, and ν̄μ at the detector site, assuming no oscillations,

as provided by Honda et al. [28] for ½102; 107� MeV range.

Neutrinos with energies below 100 MeV, as well as the ντ
and ν̄τ interactions, were neglected as their overall presence

in data is expected to be small.

Neutrino interactions in water were modeled using

neutrino event generators [29], which compute the cross

sections for each interaction channel and sample outgoing

particle kinematics. NEUT 5.4.0 [30] was used as the

baseline event generator. It covers major interaction chan-

nels, including QE scattering with single (1p1h) or double

(2p2h) nucleon knockout, single pion production due to

Δ resonance (RES), and multiple pion production via

deep inelastic scattering (DIS). The models used are

consistent with the latest SK atmospheric neutrino oscil-

lation analysis [6]. The transport of hadronic final states

within the target nucleus (FSI) was modeled separately

FIG. 2. Comparison of energy reconstruction performance

between Monte Carlo (MC) simulation and observed data for

naturally occurring particles in the Gd-loaded SK-VI phase. The

variable dwall represents the distance (in meters) from the

reconstructed vertex to the nearest ID photodetector wall. The

fiducial volume for this study is defined as dwall > 1 m.

TABLE I. SK operational phases and neutron-related characteristics. SK-IV, V, VI data were used in this analysis.

Livetime Gd concentration
a

Expected ðn; γÞ fraction b ðn; γÞ time constant
c

Phase Years [days] [wt%] Hðn; γÞ [%] Gdðn; γÞ [%] [μs]

SK-I-III 1996–2008 2805.9 � � � >99.9 � � � No data

SK-IV 2008–2018 3244.4 � � � >99.9 � � � 204.8� 19.8

SK-V 2019–2020 461.0 � � � >99.9 � � � 199.8� 10.2

SK-VI 2020–2022 564.4
d

0.0110� 0.0001 [21] 56.1� 1.5 43.9 ∓ 1.5 116.2� 12.3

SK-VII-VIII 2022–present � � � 0.0332� 0.0002 [22] 29.7� 0.7 70.3 ∓ 0.7 61.8� 0.1 [22]

a
Based on the amount of dissolved Gd.
b
Based on the evaluated thermal ðn; γÞ reaction cross sections and uncertainties of ENDF/B-VII.1 [23].

c
Weighted mean of all Am/Be neutron source measurements, explained in Sec. IV B.
d
Excludes earlier runs which showed signs of nonuniform Gd concentration, i.e., varying time constant by position.
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from the primary neutrino interaction. The transport

of low-momentum (<500 MeV/c) pions was based on

Salcedo et al. [31], with parameters tuned to fit

external pion-nucleus scattering data [32]. For higher

energy nucleons and pions, FSIs were modeled using the

INC approach, which includes elastic scattering and

single/double pion production. The cross sections for

reactions with free target nucleons were sourced from

Bertini [33] for nucleon projectiles and from external pion

scattering data for high-momentum pion projectiles [34].

The deexcitation of an oxygen target was modeled

using tabulated occupation probabilities for nucleon energy

states [35] and branching ratios for knockout of each

state [36].

The subsequent particle transport in water and detector

responses were simulated using GCALOR [37] coupled

with GEANT 3.21 [38]. Propagation of nucleons and charged

pions below 10 GeV was simulated based on the Bertini

cascade model [39]. For cross sections, GCALOR uses

ENDF/B-VI [40] for low-energy (below 20 MeV, or

195 MeV=c in momentum) neutrons, and Bertini-based

tabulation [39] for the remaining nucleons and charged

pions. The transport of low-momentum pions was sepa-

rately modeled using the NEUT pion FSI routine to ensure

consistency between NEUT and GEANT.

For the transport of low-energy neutrons in the

Gd-loaded SK-VI phase, we imported reaction cross

sections from the GEANT 4.10.5.p01 [8–10] NeutronHP model

[41] based on ENDF/B-VII.1 [23], replacing ENDF/B-VI

for neutron energies below 20 MeV. Additionally, we

modeled the γ-cascade resulting from neutron captures

on 155=157Gd using the ANNRI-Gd model [42,43].

The characteristics of individual PMTs and the optical

parameters in water were adjusted to align with calibration

data obtained from light sources and through-going cos-

mic-ray muons. To accurately account for detector noise,

randomly recorded PMT hits were included as background,

represented as gray bars in Fig. 3.

Five hundred years of atmospheric neutrino events were

simulated for each SK phase and processed as described in

Secs. III B and III A. The events in the final sample were

weighted based on the standard three-flavor oscillation

probability in matter [44], using the oscillation parameters

fitted with reactor constraints in the previous SK analysis

[45] and the PREM model [46] for Earth’s matter density.

Corrections for atmospheric neutrino flux accounting for

solar activity were also applied.

Figure 5 shows the visible energy distributions of the

simulated event sample. Single-ring events exhibit a higher

FIG. 3. A PMT hit time distribution for a typical ν̄μ charged-current (CC) quasielastic (QE) interaction with a muon and a neutron as

final states. The zero is set at the event trigger. The event displays feature the “prompt”muon signal (red) and the two types of “delayed”

coincident signals—Michel electrons from muon decay (olive) and neutron captures on Gd (pink). The gray bars represent randomly

recorded background PMT hits. This event was simulated in the SK-VI configuration.

FIG. 4. Average squared momentum transfer (Q2) per visible

energy bin for simulated atmospheric neutrino events at SK,

compared between two different neutrino event generators.

NEUT 5.4.0 (blue) uses the baseline setup described in

Sec. III C, while GENIE 3.4.0 [25–27] uses the “hN” setup as

described in Sec. VI.
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fraction of QE interactions and a smaller fraction of DIS

compared to multiring events. For the same visible energy,

multiring events are expected to produce more secondary

neutrons than single-ring events, due to a higher fraction of

DIS interactions.

IV. NEUTRON SIGNAL SELECTION

Neutrons from atmospheric neutrino interactions in the

SK ID are mostly captured by 1H or 155=157Gd within

Oð100Þ μs, with capture ratios summarized in Table I. The

resulting Oð1Þ MeV γ-rays scatter electrons, producing

faint Cherenkov rings on the ID wall (hereafter referred to

as the “neutron signal”; see Fig. 3).

Since fast neutrons, γ-rays, and scattered electrons travel

only a few tens of centimeters, the associated Cherenkov

photons can be reliably treated as originating from a single

vertex. This enables time-of-flight (ToF) corrections to

suppress random PMT hits from dark noise. The vertex

can either be assumeda priori—e.g., using the reconstructed

lepton vertex—for better resolution and signal efficiency at

the cost of potential bias, or reconstructed independently

from the lower energy neutron signal (Appendix A), yield-

ing lower resolution and efficiency but greater robustness to

bias and kinematic uncertainties. Residual Michel electrons

frommuon decays are reduced using timing and energy cuts.

A. Signal selection algorithm

The signal selection algorithm is based on Ref. [47], and

consists of candidate search and classification stages.

In the candidate search stage, PMT hit times are

corrected for photon ToF from an a priori vertex given

by the reconstructed lepton vertex. A 14-ns sliding time

window is applied, with thresholds of 5 hits for SK-IV/V

(pure water) and 7 for SK-VI (Gd-loaded), optimized for

signal efficiency [48]. Overlapping candidates within 50 ns

are resolved by selecting the one with the most PMT hits. In

SK-IV/V, the search window was set to ½18; 534� μs from

the event trigger, following earlier analyses [6,7,47]

designed to avoid PMT afterpulses (<15 μs) and Michel

electrons. For SK-VI, it was extended to ½3; 534� μs to

capture more of the faster neutron captures with Gd, aided

by improved candidate classification.

In the candidate classification stage, we extract features

of each candidate and use a neural network to classify each

candidate into signal and noise based on input features.

These features characterize the signal energy, the back-

ground hit level, timing spread assuming the vertex,

correlation between the input vertex and the hit PMT

positions, correlation to the known properties of PMT

noise, and angular correlation among hit PMTs relative to

the Cherenkov cone opening angle.

The major changes from the original algorithm [47]

include a simplified algorithm, a reduced set of features,

and a heuristically tuned neural network architecture. These

modifications aim to reduce performance bias between the

data and the simulation that is used to train the neural

networks.

Here, we provide the definition and unit of each feature

used for the classification of signal candidates, along with

their expected distributions as shown in Fig. 6:

(i) NHits
The number of selected PMT hits within the 14-ns

sliding time window.

(ii) NResHits
The number of PMT hits within ½−100;þ100� ns
from the center of the 14-ns sliding time window,

minus NHits.
(iii) TRMS [ns]

The root mean square (RMS) of the ToF-corrected

time distribution of the selected PMT hits.

(iv) FitGoodness
The normalized likelihood of the ToF-corrected time

distribution of the selected PMT hits, given the

assumed signal vertex and the Gaussian PMT timing

resolution of 5 ns.

FIG. 5. Observed and simulated visible energy distributions for selected atmospheric neutrino interactions, for the longest SK-IV

phase: all events (left), events with one reconstructed Cherenkov ring (middle), and events with two or more rings (right). CCQE events

dominate the single-ring sample, while CCRES and CCDIS events dominate the multiring sample. NC events in the multiring sample

are mostly RES or DIS interactions. The simulation setup is detailed in Sec. III C. Simulated distributions are scaled to match the SK-IV

data to account for the uncertainty in absolute neutrino flux normalization.
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(v) DWall [cm]

The distance from the assumed signal vertex to

the nearest tank wall.

(vi) DWallMeanDir [cm]

The shorter of the radial and vertical distances

from the assumed signal vertex to the tank wall,

calculated along the average direction of the unit

vectors connecting the vertex to each hit PMT.

(vii) BurstRatio
The ratio of the selected PMTs with a preceding

hit within 10 μs, which are likely caused by scin-

tillation within the irradiated PMT glass.

(viii) DarkLikelihood
The normalized log likelihood ratio based on

measured individual PMT dark rates, given by

DarkLikelihood ¼ σ

�

log
Y

NHits

i¼1

ri

hri

�

ð1Þ

where σ represents the sigmoid function, ri is the

dark rate of the ith PMT, and hri is the average dark
rate of all ID PMTs.

(ix) OpeningAngleStdev [deg]

The standard deviation of the opening angles of

cones formed by every possible combination of three

hit PMTs and the assumed signal vertex.

(x) Beta(k), k∈ f1; 2; 3; 4; 5g

BetaðkÞ ¼
2

NHitsðNHits − 1Þ

X

i≠j

Pkðcos θijÞ

ð2Þ

where Pk is the kth Legendre polynomial and θij is

the opening angle between the assumed signal

vertex and the ith and jth hit PMTs.

For training the neural network, we utilized the features

and labels of first-stage candidates from a particle-gun

simulation of thermal neutrons, with vertices randomized

within the ID. Each first-stage candidate, as shown in

Figs. 6 and 7, was labeled as signal if it was triggered

within 50 ns of the simulated ðn; γÞ reaction, and otherwise
as background. Of the training dataset, 80% was used for

updating the neural network weights, while the remaining

20% was reserved for validation.

We implemented a feed-forward fully connected neural

network using Keras 2.6.0 [49]. The network consisted of

an input layer with 14 features, followed by three dense

layers, each comprising 128 ReLU-activated nodes with a

50% dropout rate, and a single sigmoid output node.

Weights and biases were initialized following He et al.

[50] and optimized by minimizing the binary cross-entropy

FIG. 6. The features (area-normalized) of neutron signals and noise from the thermal neutron MC simulation used for training the

neural network for SK-VI phase.
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loss iteratively on minibatches of size 2,048 using the

Adam optimizer [51]. The initial learning rate was set to

0.0001. Training was stopped when signal efficiency on the

validation set showed no improvement for 5 consecutive

epochs. A neural network was trained for each SK phase:

SK-IV, SK-V, and SK-VI.

Candidates with a neural network output greater than 0.7

were classified as signals, while those with a large number

of PMT hits (NHits > 50) and occurring earlier than the

typical neutron capture timescale (<20 μs) were identified

as Michel electrons and excluded. The effectiveness of this

Michel electron rejection is illustrated in Fig. 7. When

applied to cosmic-ray muons decaying within the ID, the

selection achieved an efficiency of 98.4� 1.3% and a

purity of 98.7� 0.5%.

B. Signal selection performance on calibration data

An Am/Be neutron source with a measured total inten-

sity of 236.8� 5.0 neutrons/s [52] was used to obtain

calibration data for estimating the signal detection perfor-

mance. The first excited state of the alpha-absorbed 9Be,

with a roughly 60% branching ratio, emits a fast neutron

and a 4.44 MeV γ-ray simultaneously. This source was

encapsulated with Bismuth Germanate (Bi4Ge3O12, BGO)

crystals so that the 4.44 MeV γ’s can induce scintillation.

The setup was deployed in various positions within the ID,

and events were recorded for 30 minutes to 1 hour. Events

with a trigger charge yield corresponding to the 4.44 MeV

γ-ray scintillation were regarded as the single neutron

control sample.

The observed light yield distribution was compared with

dedicated simulation, as shown in Fig. 8. The simulation

accounts for continuous source activity and pile-up, by

reorganizing the simulated detector response to Am/Be

neutron emission on a single global time axis, based on the

measured total neutron intensity and the estimated branch-

ing ratios to each excited state of alpha-absorbed 9Be. As

shown in Fig. 8, this simulation accurately models event

triggers due to ambient neutron captures and neutron

inelastic interactions within scintillator crystal. The con-

tamination of such unwanted event triggers in the

4.44 MeV γ-ray event selection was estimated to be at a

few percent level.

Within the selected events in the single neutron control

sample, signal candidates were obtained following the

algorithm described in Sec. IVA, with the assumed signal

vertex set at the source position.

Figure 9 shows an example time distribution of the

selected signal candidates. Such distributions of the time t
were fitted with a function f of the form

fðtÞ ¼ Að1 − e−t=τthermalÞe−t=τcapture þ B ð3Þ

where the normalization constant A, the background

constant B, the neutron thermalization timescale τthermal

FIG. 7. The neural network response to neutron signals and

backgrounds in the SK-VI atmospheric neutrino simulation (top),

and the time versus energy distribution of signal candidates

passing the neural network selection (bottom). Red arrows

indicate the corresponding cut points.

FIG. 8. Distribution of recorded charge within the time window

½−0.5; 1.0� μs relative to event triggers, measured with an Am/Be

neutron source positioned near the ID tank center. The black

points represent SK-VI data, while the red line shows the

simulated prediction. The green dashed arrows indicate the

selection window for 4.44 MeV γ-ray-induced scintillation.

Roughly 95% of the selected events are attributed to γ’s from

the Am/Be source (“Am/Be γ”), with the remaining 5% arising

from ambient neutron captures (“n-capture”) and neutrons

inelastically producing charged particles in the scintillator (“n-

inelastic”). The contribution from background events (“BG”) is

negligible. The pink shades indicate MC statistical errors.
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(set to 0 for SK-IV/V assuming a velocity-independent

neutron capture rate), and the neutron capture time constant

τcapture are free parameters. The measured τthermal in SK-VI

was 4.71� 0.04 μs. The signal efficiency was evaluated as

the number of identified signals per selected event triggers,

corrected by the constant background term B. Figure 10

shows the estimated neutron detection efficiencies for

various source positions in the ID.

The major sources of systematic uncertainty are sum-

marized in Table II. In the pure water phases (SK-IV and

V), the dominant source of uncertainty lies in the potential

bias caused by the calibration setup, such as the unwanted

event triggers or time correlation of false positives to event

triggers, often leading to an overestimation of the back-

ground constant B. The size of this uncertainty was

conservatively estimated by comparing the true and esti-

mated signal efficiencies from the simulations and quanti-

fying the fluctuation within each SK phase. In the Gd-

loaded phase (SK-VI), the dominant source of uncertainty

is in the fraction and the γ emission model of the Gdðn; γÞ
reaction. The size of these uncertainties is estimated based

on the evaluated thermal neutron capture cross section

uncertainties in ENDF/B-VII.1, as well as variations in the

estimated signal efficiency when using an alternative

photon strength function to describe the Gd continuum

γ-cascade in the ANNRI-Gd model [42].

The discrepancy between observed and predicted signal

efficiencies in SK-VI (Fig. 10) likely arises from an

overestimation of the Gdðn; γÞ fraction in Geant4 [53,54].

For example, the Gdðn; γÞ fraction estimated using SK-VI

Am/Be data was (44� 3)% [53], consistent with the

(43.9� 1.5)% evaluated with thermal neutron capture cross

sections in ENDF/B-VII.1 [55], yet both were lower than

the 52% predicted by GEANT 4.10.5.p01 NeutronHP using the

same cross sections. This problem with Geant4 is attributed

to its treatment of hydrogen as free rather than bound in

water molecules, leading to an underestimation of the

competing 1Hðn; γÞ reaction [54].

FIG. 9. Exponential decrease of the selected neutron signal

candidates as a function of the time from the selected event

triggers with the Am/Be neutron source positioned near the ID

tank center, in the SK-VI phase. The label “Trigger ðn; γÞ”
indicates captures of neutrons produced within 350 ns from the

event trigger, while the label “Pile-up ðn; γÞ” indicates captures of
piled-up neutrons without such correlation to the event trigger.

The pink shades indicate MC statistical errors.

FIG. 10. Estimated ðn; γÞ signal selection efficiencies for each calibration position within the ID tank (red markers in the schematic on

the right). For SK-VI positions with multiple measurements taken on different dates, the reported efficiency is the average of those

measurements. Systematic uncertainties considered in the MC simulation are summarized in Table II.

TABLE II. Major sources of systematic uncertainty in the

neutron detection efficiency estimated with the Am/Be neutron

source.

Source SK-IV SK-V SK-VI

Am=Be neutron characterization 0.5% 0.9% 0.5%

Detector response 2.2% 3.3% 1.2%

Bias due to calibration setup 6.9% 4.6% 1.1%

Gdðn; γÞ fraction � � � � � � 2.1%

Gdðn; γÞ γ emission model � � � � � � 2.6%

Total 7.3% 5.7% 3.8%
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To address this discrepancy, we applied a correction

based on the weighted mean of Am/Be data-to-MC

efficiency ratios across all source positions. Signal effi-

ciencies in the pure water phases with limited calibration

data were further corrected to ensure consistency in the

overall neutron counts with the well-calibrated Gd-loaded

phase, and the final correction factors were 0.90� 0.12

(SK-IV), 0.94� 0.04 (SK-V), and 0.88� 0.01 (SK-VI)

(see Appendix A for details).

The measured τcapture in Eq. (3) were 200.4� 3.7 μs

(pure water, SK-IV/V) and 116.9� 0.3 μs (Gd-loaded, SK-

VI), consistent with ENDF/B-VII.1 predictions of 204.7�
5.3 μs and 114.9� 2.5 μs.

V. ðn;γÞ MULTIPLICITY ESTIMATION

The average multiplicity of total ðn; γÞ reactions is

computed as the average of the expected number of

ðn; γÞ reactions estimated on an event-by-event basis, as

follows:

hNi ¼

�

Ndetected
i − NBG

i

ϵi

�

ð4Þ

Here, Ndetected
i is the count of detected signals, NBG

i is the

estimated number of false positives, and ϵi is the estimated

signal detection efficiency of the ith event.

Accurate estimation of NBG
i and ϵi is crucial. While Am/

Be calibration data provides a basis for these estimates,

additional factors in atmospheric neutrino events—such as

neutrino vertex reconstruction accuracy and larger neutron

kinetic energy—may significantly impact the signal selec-

tion performance. To better account for these effects in the

calculation of NBG
i and ϵi, we trained generalized additive

models (GAMs) [56] on the baseline atmospheric neutrino

simulations. Using pyGAM 0.9.0 [57], a total of six linear

GAMs were constructed across the three SK phases, for

two output metrics: signal selection efficiency and false

positive rate.

Using the baseline MC simulation generated with NEUT

5.4.0, GAMs were fitted to the simulated distributions of

each metric, averaged within bins in a five-dimensional

feature space. The features consist of reconstructed neu-

trino event variables, including visible energy, Cherenkov

ring multiplicity, the particle type of the most energetic

ring, and the radial and vertical displacements of the

neutrino interaction vertex. No assumptions were made

regarding feature correlations, and appropriate smoothing

was applied to mitigate overfitting. The 1σ prediction

interval was determined based on the MC statistical

uncertainties within each bin.

To evaluate uncertainty in its performance, trained

GAMs were deliberately tested on unseen simulation data

produced with NEUT 5.1.4, which predicts roughly 10%

lower ðn; γÞ multiplicity overall. Figure 11 shows the

performance of the trained GAM in estimating the true

average signal multiplicity per visible energy bin. By

reconstructing NBG
i and ϵi on an event-by-event basis,

the GAM helps reduce potential biases in the results,

particularly in the multi-GeV bins.

The following major systematic uncertainties affecting

signal counting were evaluated on a bin-by-bin basis for

each operational phase and data subsample:

(1) Overall signal efficiency scale

This includes calibration uncertainties (Sec. IV B)

and phase-dependent variations (to be explained in

Appendix A).

(2) Signal selection performance modeling (GAM)

This is quantified as the difference between true and

estimated signal multiplicities in simulations. The

ratio is also used to correct the estimated distri-

bution.

(3) Neutrino event reconstruction

This assumes 2% visible energy resolution (Fig. 2),

with ring-counting errors accounted for single- and

multiring events.

Figure 12 shows fractional uncertainties per visible

energy bin for the full data sample. The largest

uncertainty lies in the overall signal efficiency scale and

statistics.

VI. TESTED MODELS

To compare with data, we generated predictions for the

average ðn; γÞ multiplicity as a function of neutrino event

FIG. 11. The true (dashed lines) and estimated average ðn; γÞ
multiplicity (circle markers: using GAM, triangle markers: using

the overall average signal efficiency and false positive rate

obtained from the given simulation) as a function of visible

energy, for the test simulations of atmospheric neutrino events

produced with NEUT 5.1.4.
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visible energy using various neutrino event generators and

hadron-nucleus interaction models. Six generator configu-

rations were tested: NEUT 5.4.0, NEUT 5.6.3, GENIE
hA, GENIE hN, GENIE BERT, and GENIE INCL.
The GENIE setups use GENIE 3.4.0 with

G18a10x0211b physics tunes [27], where x∈ fa; b; c; dg
corresponds to the FSI model: INTRANUKE/hA [26] (hA),
INTRANUKE/hN [26] (hN), the Geant4 Bertini

cascade model [58] (BERT), and the Liège INC model [59]

(INCL).
NEUT 5.4.0 follows the setup described in Sec. III C,

while NEUT 5.6.3 includes a modified nuclear binding

energy, removing roughly 10% of QE interactions in which

the struck nucleon falls below the revised threshold. The

GENIE setups share QE and single-pion production models

with NEUT but differs in FSI and hadronization. Except for

GENIE hA, all FSI models use the full INC approach.

Also, the Liège INC model in GENIE is coupled with

ABLA07 [60] for nuclear deexcitation.

Secondary hadron-nucleus interaction models were

tested using SK detector simulations with GEANT 3.21

and GEANT 4.10.5.p01, in six configurations: SK-IV/V
default, SK-VI default, G3 GCALOR, G4 BERT,
G4 BERT_PC, and G4 INCL_PC. The SK-VI setup differs

from SK-IV/V in its use of the Geant4 NeutronHP and

Bertini cascade models for neutron tracking below 20 MeV

and μ− captures, respectively. G3 GCALOR relies entirely

on GCALOR within GEANT 3.21, while the baseline setups

use the NEUT pion FSI routine. Geant4-based models adopt

ENDF/B-VII.1 for low-energy neutron transport, with G4
BERT and G4 BERT_PC using the Bertini cascade, and G4
INCL_PC using the Liège INCmodel. Configurations with

the PC suffix employ the Geant4 precompound model [61]

for nuclear deexcitation, while G4 BERT uses a simpler

native model [58]. GEANT-3-based models rely on Bertini-

based tabulation [39] for hadron-nucleus cross sections

(excluding low-energy neutrons), whereas Geant4-based

models use Glauber parametrization [62].

Figure 13 compares outgoing neutron momentum dis-

tributions predicted by the six neutrino event generator

options, highlighting notable differences below 1 GeV=c,
which are further discussed in Sec. VIII.

Figure 14 shows the average signal multiplicities as a

function of projectile neutron momentum for the six

secondary hadron-nucleus interaction models, with varia-

tions of up to 40%.

For each neutrino event generator, a full MC simulation

equivalent to 50 years of atmospheric neutrino exposure

FIG. 12. Fractional uncertainties assigned to the estimated

average ðn; γÞ multiplicity per bin for the full data sample.

FIG. 13. Comparison of neutrino event generator options with

different FSI models: Outgoing neutron momentum distribution

per selected atmospheric neutrino event.

FIG. 14. Comparison of secondary hadron-nucleus interaction

models: Average ðn; γÞ multiplicity per projectile neutron mo-

mentum bin, based on simulations using a single-neutron

particle-gun setup in water.
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was generated using the baseline detector model (SK-VI
default). To account for variations in secondary hadron-
nucleus interactions without additional full simulations, we

precomputed average signal multiplicities for neutron-

producing projectiles (n, p, π�, and μ−) in water up to

10 GeV=c, based on particle-gun MC simulations.

Predictions were made by convolving projectile momen-

tum distributions with momentum-to-multiplicity tables.

For each event generator, ratios relative to the baseline

detector simulation model (SK-VI default) were used

to scale the signal multiplicities obtained from the full MC

simulation. In configurations using either NEUT 5.4.0 or

NEUT 5.6.3 with SK-IV/V default, the discrepancy
between this prediction method and the 500-year exposure

full MC simulation was within 5% across all visible energy

range and data subsamples.

Figures 15 and 16 show the model predictions. In visible

energy range above a few hundred MeV, the average ðn; γÞ
multiplicities are expected to increase linearly with visible

energy. Differences across neutrino event generator con-

figurations are more pronounced at visible energies below

1 GeV, while variability among secondary hadron-nucleus

interaction models remains relatively constant. GENIE
INCL predicts fewer neutrons than the other FSI models,

as already suggested by Fig. 13. NEUT 5.4.0 predicts

fewer neutrons than NEUT 5.6.3, due to a larger QE

fraction. Additionally, the Geant4Bertini cascade model with

the precompound model (G4 BERT_PC) predicts fewer

neutrons than when using the native deexcitation model

(G4 BERT).

VII. RESULTS

Table III summarizes the number of atmospheric neu-

trino events and detected neutron signals in the final data

sample. The overall average ðn; γÞ multiplicity per neutrino

event, hNioverall, is estimated using Eq. (4) for all selected

atmospheric neutrino events without binning.

The combined data was compared with the baseline

simulation and neutron production estimates in water from

SNO [14], as shown in Fig. 17. For visible energies above

200 MeV—where outgoing lepton Cherenkov rings are

well reconstructed—a linear relationship between visible

energy and the average ðn; γÞ multiplicity was observed, as

expected. While the data aligned well with the SNO

estimate, it was 10%–30% lower than the baseline pre-

dictions in the sub-GeVenergy range. A similar deficit was

reported by SNO in heavy water [14], where their data was

compared to GENIE 2.10.2 (hA FSI model) coupled with

the Geant4 Bertini cascade model.

Predictions from various model combinations, as

described in Sec. VI, were compared with the combined

data across different subsamples, as shown in Fig. 18. The

bottom panel of Fig. 18 contrasts the data with predictions

from selected FSI models (GENIE hN and INCL) and

secondary interaction models (G4 BERT, G4 BERT_PC,
and G4 INCL_PC). The observed deficit in the [0.1,

0.4] GeV range was primarily found in the single-ring

sample, which is expected to be dominated by CCQE

interactions (see Figure 5). This deficit was only repro-

duced when using models that predict fewer neutrons than

the baseline for both FSI and secondary interactions, such

as GENIE INCL and G4 BERT_PC.

FIG. 15. Comparison of the predicted average ðn; γÞ multiplic-

ity predicted by the neutrino event generator options paired with

SK-VI default.

FIG. 16. Comparison of the predicted average ðn; γÞ multiplic-

ity predicted by the secondary hadron-nucleus interaction models

paired with NEUT 5.4.0.

MEASUREMENT OF NEUTRON PRODUCTION IN ATMOSPHERIC … PHYS. REV. D 112, 012004 (2025)

012004-13



In the multiring sample at a few-GeVenergies, there was

significant variation in the predicted “slope” of the average

ðn; γÞ multiplicity as a function of visible energy. In

particular, G4 INCL_PC predicted a smaller slope com-

pared to G4 BERT and G4 BERT_PC.
The goodness of fit between model predictions and data

for the entire visible energy range of [0.03, 10] GeV was

quantified using the following chi-square (χ2) definition,

considering only the two most dominant sources of

uncertainty: statistical uncertainty and signal efficiency

scale uncertainty.

χ2 ¼
X

Nbins

i

ðsOi − EiÞ
2

σ2stat;i
ð5Þ

Here, i is the bin number, Oi and Ei represent the observed

and expected average ðn; γÞ multiplicity, respectively, and

σstat;i is the statistical uncertainty in the i-th bin. The total

number of bins, Nbins, is 20 per subsample for both single-

ring and multiring events, resulting in 40 bins in total. The

binning was optimized to ensure a sufficient number of

events per bin so that the average ðn; γÞmultiplicity follows

a normal distribution. The normalization scale s was

allowed to float within [0, 2]. Two χ2 calculations were

performed: (1) a normalization-free χ2, where s was

minimized without constraint, and (2) a constrained χ2,

where s was minimized with a penalty term ðs − 1Þ2=σ2scale
and an additional constraint js − 1j < σscale, with σscale set

to 10%.

Table IV compares the reduced χ2 values across different

model combinations. Among the neutrino event generator

options, GENIE INCL showed the lowest χ2 for both free

and constrained s. Among the secondary interaction mod-

els, G4 BERT_PC provided the best agreement with data

under the 10% normalization constraint. The combination

of these two models yielded the best overall agreement

under the same constraint. Other secondary interaction

models such as SK-IV/V default showed reasonable

agreement when coupled with GENIE INCL or when

normalization was allowed to float. In contrast, G4

INCL_PC showed higher unconstrained χ2 values, due

to the shallower slope prediction for the multiring

events.

Model performance, separated into contributions from

target nucleus FSI and secondary interactions, is further

visualized using effective metrics in Appendix B.

VIII. DISCUSSION

Overall, our data favor models that predict relatively

lower neutron production for single-ring sub-GeV events

TABLE III. Summary of the number of atmospheric neutrino events (“ν events”) and detected neutron signals (“n signals”) in the final

sample. hNioverall is the unbinned application of Equation (4), followed by signal efficiency scale corrections with the factors given in

Sec. IV B. These factors are specifically chosen to ensure consistency of hNioverall across the three SK phases (see Appendix A). Errors

for the observed hNioverall are listed as statistical first, followed by systematic uncertainty. Other errors are statistical only. The bottom

two rows show the expected hNioverall and the true overall ðn; γÞ multiplicity extracted from the baseline full MC simulations (NEUT
5.4.0 with SK-IV/V default for SK-IV/V, and SK-VI default for SK-VI).

SK-IV SK-V SK-VI

ν events 29,942 4,231 5,203

Events/day 9.23� 0.05 9.18� 0.14 9.22� 0.13

n signals 15,705 2,035 5,752

n signals/event 0.525� 0.004 0.481� 0.011 1.106� 0.015

Observed hNioverall 2.49� 0.03� 0.23 2.49� 0.10� 0.11 2.49� 0.06� 0.05

Expected hNioverall 2.83 2.84 2.85

True ðn; γÞ multiplicity 2.85 2.85 2.86

FIG. 17. Average ðn; γÞ multiplicity in atmospheric neutrino

events as a function of their visible energy. Black data points

represent combined SK data with statistical and systematic

uncertainties. Purple crosses with shades are estimates for pure

water based on SNO measurements [14] using a D2O target. The

red dashed line represents the true average ðn; γÞ multiplicity

from the baseline SK-IV MC simulation.
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and higher neutron production for multiring multi-GeV

events. In this section, we examine key features of these

models that influence neutron production predictions,

focusing on Fig. 13, which illustrates differences in neutron

momentum distributions across the tested FSI models. By

qualitatively comparing the features of these models, we

discuss potential factors contributing to the observed

discrepancies in predictions.

A. Nuclear deexcitation

Nuclear deexcitation models are crucial for predicting

total neutron production, as they govern low-energy neu-

tron emission per nuclear interaction. This is evident when

comparing G4 BERT and G4 BERT_PC, which differ only

in their deexcitation treatment. For instance, the inaccuracy

of the Geant4 Bertini cascade model prediction is indicated

by the distinct large neutron peak below 250 MeV=c in

GENIE BERT (Fig. 13), compared to the other models such

as ABLA07 in GENIE INCL or the native deexcitation

model in NEUT. (The GENIE hA and hN options omit

nuclear deexcitation entirely.) Coupling the Geant4 precom-

pound model with the Geant4 Bertini cascade model sig-

nificantly reduces neutron production across all visible

energy ranges, leading to much better agreement with

data (Fig. 18).

In the Geant4 Bertini cascade model, neutron emission

follows the Weisskopf statistical evaporation model [63]. A

key input determining neutron emission probability is

the inverse reaction (neutron absorption) cross section.

The inaccuracy of the Bertini model and its variants in

predicting neutron evaporation may stem from its use of the

simplified cross section parametrization by Dostrovsky

[64]. In comparison, the Geant4 precompound model uses

FIG. 18. Comparison of various model predictions with the combined data, showing the average ðn; γÞ multiplicity as a function of

atmospheric neutrino event visible energy, for all events (left), single-ring events (middle), and multiring events (right). The black data

points represent the combined data, including both statistical and systematic uncertainties. In the top panel, the combined data are

compared to the prediction intervals of the models. Thicker shaded regions represent the range of predictions obtained by varying only

the neutrino event generator options while keeping the secondary hadron-nucleus interaction model fixed to the baseline (SK-VI
default). Lighter shaded regions indicate the broader range of predictions from all model combinations. The bottom panel shows

corresponding plots for specific model choices that are based on GENIE and Geant4, including the one (GENIE INCL + G4 BERT_PC)
that shows good agreement with the data (see Table IV).
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a more refined parametrization based on the nuclear optical

model potential [65], fitted to a broader dataset [66],

resulting in lower evaporation rates particularly for low-

energy neutrons. Additionally, the Geant4 precompound

model features tuned level density parameters and allows

Fermi breakup in nuclei up to mass 16 [61], including

oxygen, further reducing isolated neutrons that contribute

to ðn; γÞ signals.

B. Nuclear in-medium effects

A key distinction among the FSI cascade models is their

treatment of Pauli blocking, which prevents nucleons from

occupying the same quantum state, as dictated by the Pauli

exclusion principle. For instance, NEUT 5.4.0, NEUT
5.6.3 and GENIE BERT implement “strict” Pauli block-

ing, which forbids all nucleon scattering below the pre-

defined oxygen Fermi momentum around 225 MeV=c,

modeling the nucleus as a degenerate Fermi gas. This

approach results in a characteristic dip in the outgoing

neutron momentum distributions for NEUT 5.4.0 and

NEUT 5.6.3 within the corresponding energy range, as

shown in Fig. 13. The Liège INC model applies a

probabilistic approach for nucleon collisions throughout

the cascade (except for the initial collision), accounting for

nucleon holes in the surrounding phase space volume

[67,68]. This results in smoother neutron distributions near

TABLE IV. Reduced χ2 [see Eq. (5)] and p-values for each model combination. The signal efficiency scale s was either freely

minimized or constrained to 10%. The fit has 38 fixed degrees of freedom. p-values assume Gaussian bin errors without bin correlations.

Minimizing s Reduced χ2 p-value

ν generator Secondary interaction Free s Constrained s Free s Constrained s Free s Constrained s

1 NEUT 5.4.0 SK-IV/V default 0.75 0.90 2.76 11.66 <10−4 <10−4

2 NEUT 5.4.0 SK-VI default 0.74 0.90 3.64 14.38 <10−4 <10−4

3 NEUT 5.4.0 G3 GCALOR 0.73 0.90 2.14 13.47 <10−4 <10−4

4 NEUT 5.4.0 G4 BERT 0.70 0.90 2.14 20.76 <10−4 <10−4

5 NEUT 5.4.0 G4 BERT_PC 0.84 0.90 2.73 3.68 <10−4 <10−4

6 NEUT 5.4.0 G4 INCL_PC 0.89 0.90 5.08 5.11 <10−4 <10−4

7 NEUT 5.6.3 SK-IV/V default 0.72 0.90 2.92 15.94 <10−4 <10−4

8 NEUT 5.6.3 SK-VI default 0.71 0.90 4.40 19.97 <10−4 <10−4

9 NEUT 5.6.3 G3 GCALOR 0.71 0.90 2.24 18.30 <10−4 <10−4

10 NEUT 5.6.3 G4 BERT 0.67 0.90 2.53 27.88 <10−4 <10−4

11 NEUT 5.6.3 G4 BERT_PC 0.81 0.90 3.38 5.87 <10−4 <10−4

12 NEUT 5.6.3 G4 INCL_PC 0.86 0.90 6.38 6.86 <10−4 <10−4

13 GENIE hA SK-IV/V default 0.73 0.90 3.17 14.83 <10−4 <10−4

14 GENIE hA SK-VI default 0.67 0.90 6.71 30.43 <10−4 <10−4

15 GENIE hA G3 GCALOR 0.71 0.90 2.47 17.69 <10−4 <10−4

16 GENIE hA G4 BERT 0.65 0.90 3.73 36.46 <10−4 <10−4

17 GENIE hA G4 BERT_PC 0.77 0.90 5.29 10.91 <10−4 <10−4

18 GENIE hA G4 INCL_PC 0.80 0.90 9.64 12.93 <10−4 <10−4

19 GENIE hN SK-IV/V default 0.71 0.90 1.75 16.50 0.0030 <10−4

20 GENIE hN SK-VI default 0.66 0.90 4.32 31.29 <10−4 <10−4

21 GENIE hN G3 GCALOR 0.69 0.90 1.48 20.77 0.028 <10−4

22 GENIE hN G4 BERT 0.63 0.90 2.29 40.19 <10−4 <10−4

23 GENIE hN G4 BERT_PC 0.76 0.90 3.13 10.10 <10−4 <10−4

24 GENIE hN G4 INCL_PC 0.79 0.90 6.48 10.34 <10−4 <10−4

25 GENIE BERT SK-IV/V default 0.75 0.90 1.22 9.79 0.17 <10−4

26 GENIE BERT SK-VI default 0.70 0.90 3.31 21.35 <10−4 <10−4

27 GENIE BERT G3 GCALOR 0.73 0.90 1.21 13.69 0.17 <10−4

28 GENIE BERT G4 BERT 0.67 0.90 1.79 27.70 0.0020 <10−4

29 GENIE BERT G4 BERT_PC 0.80 0.90 2.56 6.06 <10−4 <10−4

30 GENIE BERT G4 INCL_PC 0.83 0.90 5.60 7.12 <10−4 <10−4

31 GENIE INCL SK-IV/V default 0.87 0.90 0.84 1.21 0.74 0.18

32 GENIE INCL SK-VI default 0.80 0.90 1.33 4.59 0.082 <10−4

33 GENIE INCL G3 GCALOR 0.83 0.90 1.36 2.75 0.067 <10−4

34 GENIE INCL G4 BERT 0.76 0.90 0.87 8.55 0.71 <10−4

35 GENIE INCL G4 BERT_PC 0.92 0.92 0.95 0.96 0.56 0.53

36 GENIE INCL G4 INCL_PC 0.97 0.97 2.74 2.74 <10−4 <10−4
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the Fermi momentum, as seen in Fig. 13. In contrast, the

GENIE hA and hN models omit Pauli blocking entirely,

leading to significantly higher predicted neutron production

than NEUT 5.4.0, NEUT 5.6.3, and GENIE INCL.
In the 0.2–1 GeV=c range, the number of neutrons

predicted by the Liège INC and Geant4 Bertini cascade

models is lower than that from the GENIE hA, hN, and
NEUT nucleon FSI models, as illustrated in Fig. 13. One

contributing factor may be the inclusion of cluster for-

mation—such as deuterons, tritons, and α particles—

among cascade products, which reduces the number of

isolated neutrons contributing to the observable signal.

Reference [69] also identifies cluster formation as a major

mechanism behind the reduction of outgoing protons in the

Liège INC model. Additional in-medium effects, consid-

ered either explicitly or implicitly in the two models—such

as short-range nucleon repulsion and local nuclear density

reduction after each collision—further reduce the number

of nucleon-nucleon collisions during the cascade.

C. π� production

Accurate modeling of pion-nucleus interactions is cru-

cial for predicting neutron production in multiring events

with energetic pions (see Figs. 24 and 25 in Appendix C).

The difference in predicted neutron production in the few-

GeV multiring sample between the Liège INC model (G4
INCL_PC) and the Geant4 Bertini cascade model (G4
BERT_PC), as observed in Fig. 18, can be attributed to

differences in pion production cross sections for pion

projectiles. Our results are consistent with those of

Ref. [70], which report that the Liège INC model tends

to predict lower inclusive π� production cross sections on

light nuclei (mass number A < 20) compared to the Geant4

Bertini cascade model. In addition, the pion potential

within the nucleus differs between the two models. In

the Liège INC model, the pion potential is generally deeper

[71] than the constant 7 MeV potential used in the Geant4

Bertini cascade model [58], which impacts pion trans-

parency. For instance, Ref. [72] demonstrated that the Liège

INC model shows lower pion transparency for pions with

momenta below 300 MeV=c compared to the GENIE hA,

hN, or NEUT pion FSI models. Also, using the NEUT pion

FSI routine for low-energy π� transport in water slightly

improves agreement with the data (e.g., SK-IV/V
default vs G3 GCALOR).

D. Other considerations

Neutrons produced from μ− captures contribute 5%–

10% of the average ðn; γÞ multiplicity for visible energies

below 300 MeV, as shown in Fig. 16 (e.g., SK-VI
default, which includes μ− capture simulation, vs

SK-IV/V default, which does not).

Our model predictions do not account for interactions of

ντ and ν̄τ from oscillations, nor neutrinos with energies

below 100 MeV. However, their contributions are expected

to be smaller than our uncertainty budget in the upper and

lower ends of the visible energy range, where their effects

become relevant, respectively.

Tables V and VI summarize the components of each

tested model and their agreement with the data. The

differences in model components indicate that accurately

describing the data requires both moderate evaporation of

low-energy neutrons (as modeled in NEUT, ABLA07, and

Geant4 precompound) and suppression of medium-energy

neutrons in the [0.3, 1] GeV/c range via in-medium effects

such as Pauli blocking, cascade step correlations, and

cluster formation. Among the tested neutrino event gen-

erator configurations, only GENIE INCL satisfies both

conditions as seen in Fig. 13. For secondary hadron–

nucleus interaction models, G4 BERT_PC and G4
INCL_PC meet these requirements, with G4 BERT_PC
performing better at higher energies due to its relatively

larger π� production. These features make GENIE INCL
and G4 BERT_PC the most successful model combinations

TABLE V. Summary of interaction models for final-state hadrons from neutrino–nucleus interactions used in the neutrino event

generators, including their component choices and the resulting minimum reduced χ2 values when compared to data (with a 10%

constraint on the signal efficiency scale). Footnotes highlight notable features of specific models or components.

Model Hadron transport Nuclear deexcitation Minimum χ2 (coupled model)

NEUT 5.4.0 GCALOR Bertini
a

Refs. [35,36] 3.68 (G4 BERT_PC)
NEUT 5.6.3b

GCALOR Bertini
a

Refs. [35,36] 5.87 (G4 BERT_PC)
GENIE hA INTRANUKE/hA

c � � � 10.91 (G4 BERT_PC)
GENIE hN INTRANUKE/hN

c � � � 10.10 (G4 BERT_PC)
GENIE BERT Geant4 Bertini

d
Geant4 Bertini

e
6.06 (G4 BERT_PC)

GENIE INCL Geant4 INCL++
ef

ABLA07 0.96 (G4 BERT_PC)

a
π� inelastic scattering below 500 MeV=c are modeled based on Refs. [31,32].
b
Predicts a lower fraction of QE interactions compared to NEUT 5.4.0, due to a modified treatment of nuclear binding energy.

c
Pauli blocking is not included.
d
Includes cluster formation and nucleon correlations that effectively reduce collisions, in contrast to GCALOR Bertini.

e
Predicts larger neutron evaporation compared to the NEUT model or ABLA07.
f
Includes a probabilistic treatment of Pauli blocking and predicts smaller π-induced π� production than Geant4 Bertini.
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for reproducing the data. Additionally, the native deexci-

tation routine in the Geant4 Bertini cascade model signifi-

cantly overpredicts neutron evaporation; thus, caution is

advised when using it for neutron multiplicity predictions.

IX. CONCLUSIONS AND PROSPECTS

Accurately modeling neutron production in neutrino

interactions is essential for characterizing incoming neu-

trinos, which is crucial for advancing precision measure-

ments of neutrino oscillation parameters and rare event

searches involving neutron tagging. Recent studies have

suggested potential inaccuracies in the modeling of sec-

ondary hadron-nucleus interactions.

This paper reports a measurement of total neutron

production following atmospheric neutrino interactions

within the water volume of the Super-Kamiokande (SK)

detector. Atmospheric neutrino events were binned by their

electron-equivalent “visible energy,” a semicalorimetric

proxy for neutrino momentum transfer, in the range of

[0.03, 10] GeV. The dominant systematic uncertainty was

the roughly 10% uncertainty in the overall signal efficiency

scale. The average neutron capture multiplicity in each

visible energy bin was compared against predictions from

various combinations of neutrino event generators and

secondary hadron-nucleus interaction models.

Our data provides strong discriminative power for

evaluating these models, with predictions varying by up

to 50%. Two key observations were made: a reduction in

neutron production for sub-GeV single-ring events, where

secondary hadron interactions are minimal, and a nearly

linear increase in neutron production with visible energy,

especially in the multi-GeV region. The first observation

highlights the need for moderate neutron evaporation and

consideration of nuclear in-medium effects. The second is

more sensitive to pion production in cascade models, which

become important at higher energies.

This study highlights the crucial role of hadron-nucleus

interaction models in accurately predicting total neutron

production from neutrino interactions. The observed

discrepancy with the evaporation model [64] commonly

used in Bertini-based cascade models aligns with previous

studies, including neutron measurements with NCQE

selections [17] at SK and secondary γ-ray measurements

using Germanium detectors with a neutron beam on a water

target [73–75]. Our data also supports the selection of

specific models, such as GENIE INCL and G4 BERT_PC,
which reduce the uncertainty in total neutron production

from atmospheric neutrino events to around 10%. These

models may help explain the deficits in total neutron

capture signals reported by T2K [13] and SNO [14], and

offer insights into the low-energy neutron signal deficits

observed in MINERvA [2]. Lastly, this work will improve

the use of neutron tagging for identifying atmospheric

antineutrino events at SK, enhancing sensitivity to neutrino

mass ordering and searches for proton decays and the

diffuse supernova neutrino background.

The data and model predictions to produce Fig. 18 and

Table IV are openly available [76].
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APPENDIX A: hNioverall CONSISTENCY ACROSS

SK PHASES

When applying a signal efficiency correction based

on the weighted mean of Am/Be data-to-MC efficiency

ratios—as shown in Fig. 10 and described in Sec. IV B—

the efficiency-corrected estimate of total neutron produc-

tion hNioverall was 2.21� 0.03ðstatÞ � 0.11ðsystÞ in SK-IV,
lower than the values observed in the other two phases:

2.46� 0.10� 0.11 for SK-V and 2.50� 0.06� 0.05 for

SK-VI. This discrepancy may be due to unaccounted

systematic uncertainties in SK-IV, which had the longest

data-taking period (nearly 10 years) but only a limited

amount of calibration data to constrain the entire duration.

In contrast, SK-VI—with a much shorter runtime (about

2 years)—periodically took calibration data across various

positions within the detector volume. Thus, the signal

efficiency scale for SK-VI is considered more reliable than

that of SK-IV.

To test the robustness of the signal efficiency correction

derived from the Am/Be calibration data and simulation,

we applied an alternative neutron signal detection algo-

rithm to both the calibration and atmospheric neutrino

datasets in SK-VI. This algorithm uses a likelihood-based

vertex fitter [77] to reconstruct the Gdðn; γÞ vertex inde-

pendently of the neutrino interaction vertex, making it more

resilient to uncertainties in outgoing neutron kinematics

that affect the detection efficiency in the baseline algorithm

described in Sec. IVA. Using this reference algorithm, we

obtained hNioverall ¼ 2.49� 0.06� 0.05 for SK-VI, con-

sistent with the baseline result.

Relying on the signal efficiency scale obtained for

SK-VI, we adjust the correction factors for all phases such

that hNioverall aligns with the SK-VI reference value of

2.49. The difference between the calibration-based and

phase-consistency-based correction factors is treated

as an independent systematic uncertainty in the signal

efficiency scale and is included in the uncertainty

budget shown in Fig. 12. This yields a final hNioverall
of 2.49� 0.03ðstatÞ � 0.26ðsystÞ, corresponding to a

total systematic uncertainty of approximately 10%.

Figure 19 illustrates the impact of the two signal effi-

ciency correction approaches: one based on Am/Be

neutron source calibration and the other based on phase

consistency.

FIG. 19. Average ðn; γÞ multiplicities plotted against neutrino event visible energy across SK phases. The left plot uses signal

efficiency scales from Am/Be calibration (Sec. IV B), while the right plot adjusts SK-IV and SK-V scales to match hNitotal of SK-VI.
Error bars include statistical and systematic uncertainties, with the right plot also accounting for scale differences. The dashed “SK-VI

(Reference)” line shows SK-VI data using a neutron-energy-independent reference algorithm.
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APPENDIX B: EFFECTIVE METRICS FOR

MODEL EVALUATION

To separately evaluate the contributions from FSI within

the target nucleus and downstream secondary interactions,

we define two effective metrics. The first metric is the low-

energy (low-E) multiplicity as the average ðn; γÞ multiplic-

ity in the [0.1, 0.3] GeV visible energy range, where the

contribution of low-energy nucleon FSI is significant (see

Fig. 23 in Appendix C). Events below 0.1 GeV are

excluded due to large systematic uncertainties. The second

metric is the slope of the linear increase in average ðn; γÞ
multiplicity as a function of visible energy, obtained by

performing a linear fit over the range [0.3, 10] GeV, as

shown in Fig. 20.

Figure 21 compares the measured slopes and low-energy

multiplicities across different SK phases and event topol-

ogies. For the slope fits shown in the figure, the binning

scheme was adjusted to ensure sufficient statistics (typi-

cally ≳30 neutrino events per bin). The measured values

are consistent across SK phases within the assigned

uncertainties. Both metrics are higher for multiring events

than for single-ring events, as expected due to the higher

fraction of deep inelastic scattering (DIS) interactions in the

multiring sample (see Fig. 5). While the observed slopes

agree with baseline model predictions, the measured low-

energy multiplicities were lower than expected.

Figure 22 compares the measured slopes and low-energy

multiplicities with model predictions. The predictions show

three distinct groups of slopes: the G4 INCL_PC model

gives the smallest slopes, G4 BERT_PC predicts inter-

mediate slopes, and other variants of the Bertini cascade

model produce the largest slopes. The slope observed in the

single-ring data better matches the G4 INCL_PC predic-

tions, while the slope in the multiring data is closer to the

G4 BERT_PC predictions. This distinction is most evident

FIG. 20. Average ðn; γÞmultiplicity as a function of visible energy for neutrino events: all events (left), single-ring events (center), and

multiring events (right). Red dashed lines show predictions from the full MC simulation in the SK-VI baseline setup. Blue dashed lines

represent fitted linear functions with 1σ prediction intervals shaded in blue, with the fit covering the energy range [0.3, 10] GeV. Green

points represent low-energy multiplicity in the [0.1, 0.3] GeV range. Error bars include both statistical and systematic uncertainties.

FIG. 21. Measured slopes (left) and low-energy multiplicities (right) across different SK phases and event types. Data error bars

(black) represent both statistical and systematic uncertainties, while MC error bars in the left panel indicate statistical uncertainties. In

the right panel, MC predictions correspond to the “true” average ðn; γÞ multiplicity.
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in the bottom panel of Fig. 18, where G4 INCL_PC
matches well with sub-GeV single-ring data, and G4
BERT_PC is a better fit for multi-GeV multiring data.

For low-energy multiplicities, NEUT 5.4.0, NEUT
5.6.3, and GENIE INCL are preferred, as they predict

lower neutron production. In contrast, models such as

GENIE hA, hN, and BERT overestimate low-energy mul-

tiplicities, producing values significantly higher than the

estimated 1σ uncertainty. These trends in model predictions

and agreement with data remained robust under variations

in the visible energy ranges used to define both metrics.

APPENDIX C: SOURCES OF NEUTRON

PRODUCTION

Here, we clarify the sources of neutron production in our

simulation. Figure 23 shows the baseline SK-IV neutron

production as a function of visible energy. The number of

outgoing neutrons from neutrino-nucleus interactions

remains nearly constant across visible energies. At lower

energies, the outgoing neutrons have small momenta, with

each neutron corresponding closely to a single ðn; γÞ
reaction. At higher energies, larger hadron momentum

results in a linear increase in secondary neutron production.

This indicates that, for the two metrics defined in

Appendix B, the low-energy multiplicity is sensitive to

nucleon transport modeling, while the slope is primarily

determined by the secondary hadron-nucleus interac-

tion model.

Figure 24 shows the contributions of nucleons and pions

to the ðn; γÞ multiplicity as a function of visible energy, for

different secondary hadron-nucleus interaction models. A

general trend across all models is that, in the single-ring

sample, most ðn; γÞ reactions are induced by outgoing

nucleons from neutrino interactions, while in the multiring

sample, outgoing pions dominate in the few-GeV range.

Figure 25 further breaks down the contributions to the

ðn; γÞ multiplicity by outgoing particle momentum, for two

FSI models (GENIE INCL and GENIE hN) and two

secondary interaction models (G4 INCL_PC and G4
BERT_PC). In single-ring atmospheric neutrino events

with visible energy in the range [0.1, 0.3] GeV, the total

ðn; γÞ multiplicity is primarily driven by neutrons below

1 GeV=c (from neutrino-nucleus interactions), with

negligible variation across secondary interaction models.

However, in multiring events with visible energies

above 2 GeV, the total contribution from outgoing pions

at all momenta becomes comparable to that from

neutrons.

FIG. 22. Scatter plots of fitted slopes and low-energy multiplicities in model predictions and data (black crosses, error bars include

both statistical and systematic uncertainties), shown for all events (left), single-ring events (middle), and multiring events (right). Shapes

represent neutrino event generator options used, while colors indicate the secondary hadron-nucleus interaction model options used.

FIG. 23. Mean multiplicity of outgoing neutrons from the

primary neutrino interaction (blue, dotted) and subsequent FSIs

(green, dashed) and resulting total ðn; γÞ reactions (red, solid), in
the baseline SK-IV simulation setup.
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FIG. 24. Average contribution of outgoing nucleons (dashed lines) and pions (solid lines) to the observed ðn; γÞ multiplicities as a

function of visible energy, shown separately for single-ring events (left) and multiring events (right). The line colors represent different

secondary hadron-nucleus interaction models used in the predictions.

FIG. 25. Momentum distributions of outgoing hadrons predicted by neutrino event generators, weighted by the average ðn; γÞ
multiplicity per projectile hadron momentum bin as predicted by secondary hadron-nucleus interaction models. The area under each

histogram bin represents the average contribution of a specific hadron at a given momentum to the observable ðn; γÞmultiplicity. The top

panels show predictions for single-ring events with visible energy (Evis) in the range [0.1, 0.3] GeV, while the bottom panels correspond to

multiring events with visible energy above 2GeV. The left plots compare two different cascademodels for final-state interactions (GENIE
INCL and GENIE hN) coupled with the secondary hadron-nucleus interaction model G4 INCL_PC, whereas the right plots compare two

secondary interaction models (G4 INCL_PC and G4 BERT_PC) coupled with the neutrino event generator option GENIE hN.
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