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Proton decay
• Quark→lepton (e.g. p→e+π0 , p→ K+)

• Lifetime: τp ~ O(1034-1035) years?

• Signal with invariant mass ~ mp ~ 1 GeV
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3Figure 2: Theoretical predictions of proton lifetime for representative GUT models are presented
(for the underlying assumptions, see text). (c here represents the coefficient of a Planck suppressed
dimension-5 operator, for details, see Ref. [107].) Current Super-K data rule out the gray shaded
regions. Future projections/sensitives from JUNO, DUNE, THEIA, and Hyper-K are also specified in
the diagram (see Section 3 for details).

ciated with numerous phenomenological inputs in the calculation of the proton lifetime are analyzed.
For example, in constraint MSSM (cMSSM) case, assuming sparticle masses . O(10) TeV, the proton
lifetime is found to be ⌧p(p ! ⌫K+) . (2 � 6) ⇥ 1034 yrs which can be tested in the near future.

We emphasize that unusual decay modes, such as p ! µ+⇡0 and p ! µ+K0, can also be within
the reach of the future experiments even in the minimal SUSY SU(5), if there exists flavor violation in
sfermion mass matrices [113]. These decay modes can also be enhanced in flipped SU(5) GUTs with
R symmetry, as recently discussed in Refs. [126, 127].

• SO(10) GUTs: GUTs based on SO(10) gauge symmetry [18, 19] are especially attractive since
all SM fermions of each family are unified into a single irreducible 16-dimensional representation.
Additionally, 16 contains a right-handed neutrino which naturally leads to non-zero neutrino mass via
a type-I seesaw mechanism. Furthermore, SO(10) is free of gauge anomalies, whereas, in contrast, in
SU(5), the gauge anomaly due to the 5R cancels the anomaly due to the 10L of fermions (separately
for each generation). The unification of all fermions of each generation into a single multiplet suggests
that SO(10) may serve as a fertile ground for addressing the flavor puzzle. In fact, it turns out that
SO(10) GUTs are very predictive and have only a limited number of parameters to fit charged fermion
as well as neutrino masses and mixings, which have been extensively analyzed in the literature [128–
149]. As shown in Ref. [144], the most economical Yukawa sector with only SO(10) gauge symmetry
consists of a real 10H, a real 120H, and a complex 126H Higgs fields. Another widely studied
class of models [128], with minimal Yukawa sector, utilizes a complex 10H and a complex 126H
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Source: J. Phys. G: Nucl. Part. Phys. 51 033001 (2024)
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p → e+π0

p → ν̄K+

Predicted lifetime [years]

https://iopscience.iop.org/article/10.1088/1361-6471/ad1658/pdf
https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.102.112011.pdf
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Atmospheric neutrinos
• Byproduct of CR air showers

• All directions, easily pass through the Earth 


😢 BG for proton decays

😃 Abundant, diverse energy and path lengths
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Oscillation studies
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Example
P(να → νβ) ≈ f(θij, δCP, Δm2

ij; L/E)
Parameters Kinematics, flavorν/ν̄

Mixing angles, CP phase, mass splittings
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Oscillation studies
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“Oscillation”

Example
P(να → νβ) ≈ f(θij, δCP, Δm2

ij; L/E)
Parameters Kinematics, flavorν/ν̄

Important questions
CP symmetry  

 ?P(να → νβ) = P(ν̄α → ν̄β)

Second-order effects: require large statistics and accurate neutrino reconstruction

Mass Ordering 
 e<µ<τ ~ 1<2<3 ?
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Oscillation studies
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Example
P(να → νβ) ≈ f(θij, δCP, Δm2

ij; L/E)
Kinematics, flavorν/ν̄

Rely solely on outgoing e/µ, limits in accuracy
Difficult to access the “second-order effects”

Again, neutron-tagging can help improve

 ID and  kinematic reconstruction
ν/ν̄ ν



Gd 0%
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Gd-loading effect on neutron detection rate
Fully-contained events (mostly atmospheric neutrinos)



Gd impact on data quality seems small
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Event rate Event visible energy Particle ID likelihood
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SK results in FY2023
Proton decay 
- Search for p→e+π0π0, p→µ+π0π0 (NNN23)


Atmospheric neutrinos 
- Neutrino oscillation parameter measurement (arXiv:2311.05105)

- “NCQE” cross section measurement (PRD 109, L011101)

- Neutron production measurement (paper in preparation)
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All results involve neutron-tagging data events

⇧ My PhD work

https://agenda.infn.it/event/33778/contributions/209392/
https://arxiv.org/abs/2311.05105
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L011101
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p→e+π0π0 p→µ+π0π0

Search for p→e+π0π0, p→µ+π0π0
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Decay rates expected to be comparable to p→e+π0, p→µ+π0

Improves IMB limits (1999) by factor of ~40

Full pure water data: SK I-V (6511.3 days, 0.40 Mt•yrs) + n-tag BG reduction

τ < 7.2 × 1033 years

Cuts

Data
Expected BG

(atmospheric )ν

τ < 4.5 × 1033 years (90% CL)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.052004


19

π− /2π− 0 /2π π

CPδ

0
2
4
6
8

10
12
14
16

2 χ
∆

V expanded FV−SK I
Data  fit Inverted
MC expectation Normal

0 0.02 0.04 0.06
13θ2sin

0
2
4
6
8

10
12
14
16

2 χ
∆

1.5 2 2.5 3 3.5
)2 eV-3 (1032,31

2m∆

0
2
4
6
8

10
12
14
16

2 χ
∆

68%
90%
95%

99%

0.4 0.5 0.6
23θ2sin

0
2
4
6
8

10
12
14
16

2 χ
∆

FIG. 14. 1D ��2 profiles of oscillation parameters in the SK-only analysis with sin2 ✓13 treated as a free parameter. Solid
lines correspond to the data fit result, while dashed lines correspond to the MC expectation at the data best-fit oscillation
parameters, cf. Tab. IV. Dashed lines show critical values of the �2 distribution for 1 degree of freedom with lowest to highest
corresponding to 68%, 90%, 95%, and 99% probabilities.

straints on this parameter, especially evident in the in-
verted ordering fit, is a consequence of rapidly varying
oscillation probabilities in the sub-GeV samples. Finally,
the atmospheric neutrino data place the best-fit value
of sin2 ✓23 in the lower octant, sin2 ✓23 = 0.45, although
values in each octant are allowed at the 68% level.

As discussed in Sec. IA, the combination of nonzero
sin2 ✓13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-
GeV events. We observe excess electron-flavor upward-
going multi-GeV, single ring and multi-GeV, multi-ring
events in the SK data. Figure 15 shows a projection of
the multi-GeV e-like samples as an up-down asymmetry:

Asymmetry =
Up�Down

Up + Down
, (12)

where “Up” is the number of upward-going, cos ✓z <
�0.4, events, and “Down” is the number of downward-
going, cos ✓z > 0.4 events. The figure plots the asymme-
try for these data as a function of reconstructed energy,

and the expected asymmetry for the normal and inverted
ordering scenarios assuming the best-fit oscillation pa-
rameters from the fit to all atmospheric neutrino data.
The ⌫e-enhanced samples, multi-GeV ⌫e-like and multi-
ring ⌫e-like, have the largest excesses relative to either
ordering, and drive the preference for the normal mass
ordering in the analysis.

2. Results with Reactor Constraints on sin2 ✓13

Figure 16 shows the 1D ��2 profiles for the fitted
neutrino oscillation parameters assuming the constraint
sin2 ✓13 = 0.0220± 0.0007 from reactor antineutrino dis-
appearance experiments [16]. The constraint on sin2 ✓13
is incorporated by introducing an additional systematic
uncertainty for this fit, where the 1� e↵ect is defined as
the change induced by varying sin2 ✓13 by its measured
1� uncertainty.
The best-fit value of �CP in both the normal and in-
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y-axis is the asymmetry parameter, the ratio between the
di↵erence and sum of upward-going, cos ✓z < 0.4 and downward going, cos ✓z > 0.4 events. The x-axis is the reconstructed
neutrino energy: For single ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed
ring is an electron, while for multi-ring events, it is the total visible energy of the event. All error bars are statistical. MC lines
for the normal and inverted orderings are drawn assuming the best-fit oscillation parameters of the SK + sin2 ✓13-constrained
analysis. SK IV-V multi-GeV single-ring events are selected using the number of tagged neutrons, and so are separated from
the SK I-III multi-GeV single-ring samples.
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FIG. 16. 1D ��2 profiles of oscillation parameters in the SK-only analysis with sin2 ✓13 constrained. Solid lines correspond to
the data fit result, while dashed lines correspond to the MC expectation at the data best-fit oscillation parameters, cf. Tab. IV.
Dashed lines show critical values of the �2 distribution for 1 degree of freedom corresponding to 68%, 90%, 95%, and 99%
probabilities.
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Updates in neutrino oscillation studies
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Full pure water data: SK I-V (6511.3 days, 0.48 Mt•yrs) + external θ13 constraint

Compared to last publication (2018): 50% stat. ↑ +  separation w. n-tagν/ν̄

SK (2023) favors:

?

Expect MO/CP sensitivity ~10%↑

Inverted (3<1<2)

Normal (1<2<3)

Neutrino

Mass Ordering (MO)?

•Normal MO (92% CL)•CP violation•Lower θ23 octant

sin(δCP)≠0?

https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.97.072001.pdf


“NCQE” cross section measurement
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Dominant BG for Supernova  signals 


O(1-10) MeV Charged-Current 

ν

ν̄ep → e+n

Neutral-Current Quasi-Elastic
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Figure 2.1: Overview of the impulse approximation. Under the impulse approximation,
the description of neutrino-nucleon interaction is divided into four parts. The last process,
nuclear de-excitation, is not considered in commonly-used generators. We newly added
this process in the description in this study (Chap. 5).

If it is an interaction with free nucleon, only the first part, primary interaction, is
considered. Taking advantage of the fact that most nuclear effects are common in elec-
troweak interactions and pure weak interactions, we generally use large-statistical electron
scattering experimental data to model the nuclear effects.

Neutrino-nucleon interactions involve complex physical processes. Neutrino experi-
ments commonly use neutrino Monte Carlo event generators (simulators) that implement
theoretical models to predict the detector response. The prediction accuracy of the gener-
ator limits the accuracy of experiments, and its understanding and improvement are one of
the most important issues in the field of neutrino physics. Chap. 4 introduces commonly-
used generators. While these generators consider the primary interaction, nuclear effects,
and FSI, they do not consider the nuclear de-excitation. Thus, to measure neutron mul-
tiplicity associated with neutrino interactions, it is necessary to build a simulation of the
nuclear de-excitation that can be used with the neutrino event generators. The details of
nuclear de-excitation developed in this study are in Chap. 5. In this chapter, the details
of three parts, primary interaction, nuclear effects, and FSI, which are considered in the
generators, are described.

2.1 Primary Interaction

Primary interaction basically describes an initial neutrino interaction with a free nucleon
(or nucleus). Neutrino interactions can be firstly divided into two channels: charged
current (CC) and neutral current (NC) interactions. The CC interaction mediated by
W± has flavor information because a charged lepton appears in the final state. There is
a neutrino energy threshold for the CC interaction because it needs to create the charged
lepton. On the other hand, the NC interaction mediated by Z0 transfers the momentum to
the other particles without flavor change and contributes equally to all flavors. Therefore,
we cannot distinguish flavors via the NC interaction. Neutrino oscillation experiments use
the CC interactions containing flavor information as signals.

There are various channels in both CC and NC interactions, as shown in Fig. 2.2. For
small neutrino energies O(1)MeV, interaction with a nucleus called coherent scattering
(COH) is dominant. As the energy increases O(1)GeV, interactions with a nucleon become
dominant. There are two major channels in this energy region: Quasi-elastic scattering
(QE) and resonance pion production (RES). The RES is slightly more dominant than the
QE in the higher energy region above ! 3GeV. In the higher energy region O(10)GeV,

n
n

γ γ

Hadron 
spallationconservative value and 18.0% in [160 MeV, 10 GeV] is

applied to atmospheric neutrino flux uncertainty.
Primary interaction uncertainty arises from the spectro-

scopic strengths of the oxygen nucleus. Computation of the
p3=2 spectroscopic strength is consistent with 16Oðe; e0pÞ
experiment within 5.4% [19,21]. For the others state, there
is no reliable predictions as written in Sec. III, thus the
uncertainty is conservatively estimated by comparing with
an extreme case, that is the difference between the default
state [ðs1=2Þ−1] and the ground state [ðp1=2Þ−1].
Secondary interaction uncertainty arises from the sec-

ondary interaction model used in the detector simulation.
As described in Sec. V, the chi-square differences were
inconclusive. Therefore, the uncertainty is taken to be the
difference in the expected number of events from BERT to
BIC or INCLþþ.
In the calculation of Eq. (3), the integral is performed

between 160 MeV and 10 GeV, while the expected number
of atmospheric neutrino events is estimated using full
energy range. Energy cutoff uncertainty is estimated by
applying the energy cutoff to the expected number of
atmospheric neutrino events. Since the expected number
of events decreases by the energy cutoff, only negative
systematic uncertainty is considered.
Atmospheric neutrino/antineutrino ratio, NC non-QE

cross section, CC cross section, data reduction, and neutron-
tagging uncertainties are taken as 5.0% [31], 18.0% [3],
24.0% [3], 1.4% [5], and 6.4% [6], respectively.
Systematic uncertainties of spallation, reactor neutrino,

and accidental coincidence events are taken as 60.0% [6],
100.0% [6], and 4.6%, respectively. Due to the small event
fraction, these uncertainties are negligible.
Systematic uncertainty of the measured NCQE cross

section is estimated by performing toy MC considering the
systematic uncertainties. As a result, the 1σ confidence
level region becomes ½0.59; 1.59% × 10−38 cm2=oxygen,
and the measured NCQE cross section is determined as

hσmeasured
NCQE i ¼ 0.74' 0.22ðstatÞþ0.85

−0.15ðsystÞ

× 10−38 cm2=oxygen: ð5Þ

The measured NCQE cross section, the theoretical NCQE
cross section [19], and the atmospheric neutrino flux
predicted using the HKKM11 model [15] are shown in
Fig. 3. The measured NCQE cross section is consistent
with the flux-averaged theoretical NCQE cross section
within the uncertainties. Furthermore, the measured
NCQE cross section is consistent with the measurement
in the SK pure-water phase within the uncertainties
[1.01' 0.17ðstatÞþ0.78

−0.30ðsystÞ × 10−38 cm2=oxygen] [14].
The systematic uncertainty on the measured NCQE cross
section in this study is larger than that in the measurement
of the SK pure-water phase [14]. The reason is that we

take the difference of secondary interaction models into
consideration, conservatively estimated by the comparison
among these models. The uncertainty will be reduced with
better understanding of secondary interaction models in
future.

Conclusion and future prospects. We reported the first
measurement of the atmospheric neutrino-oxygen NCQE
cross section in the Gd-loaded SK water Cherenkov
detector. Using a 552.2 day dataset, the NCQE cross
section was measured to be 0.74' 0.22ðstatÞþ0.85

−0.15ðsystÞ ×
10−38 cm2=oxygen in the energy range from 160 MeV to
10 GeV, which was consistent with the atmospheric
neutrino-flux-averaged theoretical NCQE cross section
(1.02 × 10−38 cm2=oxygen) and the measured NCQE
cross section in the SK pure-water phase [1.01'
0.17ðstatÞþ0.78

−0.30ðsystÞ × 10−38 cm2=oxygen]. Moreover,
from the comparison of three different secondary inter-
action models, we found that BIC and INCLþþ provide
a somewhat better fit to the observed data than BERT.
As described in Sec. II, we continue the observation

with a 0.03% Gd-loaded SK detector, the phase known as
SK-VII. Since the neutron-tagging efficiency in SK-VII is
higher than that in SK-VI (35.6%) [6,26], more delayed
signals can be detected, and the observed number of
events can be accumulated faster in SK-VII than in SK-VI.
Assuming that the neutron-tagging efficiency in SK-VII is
about 60%, the statistics increases by about 1.4 times with
the same live time as SK-VI. After one more year of
observation in SK-VII the statistical uncertainty will reach

FIG. 3. The measured neutrino-oxygen NCQE cross section,
the theoretical neutrino-oxygen NCQE cross section [19], and
the atmospheric neutrino flux predicted using the HKKM11
model [15]. Vertical bars show the statistical uncertainty (short
bar) and the total uncertainty (long bar). Horizontal bars show the
1σ from the mean (0.60 GeV) of the theoretical NCQE cross
section multiplied by the atmospheric neutrino flux.
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Motivation: Validation of simulation models
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This study - Larger statistics (~40,000 atmospheric  events in water)

                   - Investigate variability in hadron spallation models
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Figure 2.1: Overview of the impulse approximation. Under the impulse approximation,
the description of neutrino-nucleon interaction is divided into four parts. The last process,
nuclear de-excitation, is not considered in commonly-used generators. We newly added
this process in the description in this study (Chap. 5).

If it is an interaction with free nucleon, only the first part, primary interaction, is
considered. Taking advantage of the fact that most nuclear effects are common in elec-
troweak interactions and pure weak interactions, we generally use large-statistical electron
scattering experimental data to model the nuclear effects.

Neutrino-nucleon interactions involve complex physical processes. Neutrino experi-
ments commonly use neutrino Monte Carlo event generators (simulators) that implement
theoretical models to predict the detector response. The prediction accuracy of the gener-
ator limits the accuracy of experiments, and its understanding and improvement are one of
the most important issues in the field of neutrino physics. Chap. 4 introduces commonly-
used generators. While these generators consider the primary interaction, nuclear effects,
and FSI, they do not consider the nuclear de-excitation. Thus, to measure neutron mul-
tiplicity associated with neutrino interactions, it is necessary to build a simulation of the
nuclear de-excitation that can be used with the neutrino event generators. The details of
nuclear de-excitation developed in this study are in Chap. 5. In this chapter, the details
of three parts, primary interaction, nuclear effects, and FSI, which are considered in the
generators, are described.

2.1 Primary Interaction

Primary interaction basically describes an initial neutrino interaction with a free nucleon
(or nucleus). Neutrino interactions can be firstly divided into two channels: charged
current (CC) and neutral current (NC) interactions. The CC interaction mediated by
W± has flavor information because a charged lepton appears in the final state. There is
a neutrino energy threshold for the CC interaction because it needs to create the charged
lepton. On the other hand, the NC interaction mediated by Z0 transfers the momentum to
the other particles without flavor change and contributes equally to all flavors. Therefore,
we cannot distinguish flavors via the NC interaction. Neutrino oscillation experiments use
the CC interactions containing flavor information as signals.

There are various channels in both CC and NC interactions, as shown in Fig. 2.2. For
small neutrino energies O(1)MeV, interaction with a nucleus called coherent scattering
(COH) is dominant. As the energy increases O(1)GeV, interactions with a nucleon become
dominant. There are two major channels in this energy region: Quasi-elastic scattering
(QE) and resonance pion production (RES). The RES is slightly more dominant than the
QE in the higher energy region above ! 3GeV. In the higher energy region O(10)GeV,
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FIG. 20. Mean neutron multiplicity as a function of recon-
structed muon transverse momentum. The envelopes of the
expectations represent the MC statistical errors. For the er-
ror bars of the data, the inner bars represent the systematic
errors, and the outer ones represent the total errors that are
calculated as a quadrature sum of the statistical and system-
atic errors.

FIG. 22. Reconstructed neutron travel distance (left), reconstructed neutron travel distance perpendicular to the beam direction
(middle), and reconstructed cosine of angle between reconstructed inferred neutron direction assuming the CCQE reaction and
reconstructed neutron direction (right). The vertical bars represent the statistical errors of the data.
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FIG. 20. Mean neutron multiplicity as a function of recon-
structed muon transverse momentum. The envelopes of the
expectations represent the MC statistical errors. For the er-
ror bars of the data, the inner bars represent the systematic
errors, and the outer ones represent the total errors that are
calculated as a quadrature sum of the statistical and system-
atic errors.

FIG. 22. Reconstructed neutron travel distance (left), reconstructed neutron travel distance perpendicular to the beam direction
(middle), and reconstructed cosine of angle between reconstructed inferred neutron direction assuming the CCQE reaction and
reconstructed neutron direction (right). The vertical bars represent the statistical errors of the data.

1208

These results may indicate imperfectness of the simula-1209 tion of nucleons produced by SI or FSI. For instance,1210
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Neutron multiplicity: 
Phase consistency
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++ Pure water: 2008-2019
++ 0.01w% Gd-water: 2020-2021

Atmospheric neutrino data

in different SK operational phases

Phases with/without Gd, 

having different neutron efficiencies,


show consistent results

CHAPTER 4. NEUTRON MULTIPLICITY MEASUREMENT

E�ciency scaling SK-IV SK-V SK-VI SK-VI (R) Reduced �
2

No scaling 1 1 1 1 0.8843
Calibration-based 1.1000 0.9784 0.9086 0.8770 1.3747
Consistency-based 0.9534 1.0387 0.9452 0.8770 (fixed) 0.7610

Table 4.6: The signal e�ciency scaling factors used to plot Figure 4.32, and the
resulting reduced sum of mutual �

2.

Figure 4.32: Comparison of average neutron capture multiplicity across datasets,
using GAM correction only (top), with additional calibration-based scaling (bottom
left), and consistency-based scaling (bottom right).
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4.4. Average neutron capture multiplicity

4.4.5 Comparison of model predictions with data

Figure 4.52 shows the comparison of the observed average neutron capture multiplic-

ity with the prediction range, spanning the minimal to maximal predictions for each

visible energy bin. We observe agreement between the data and the predictions of

the nominal simulation in the low-energy range below 0.1 GeV and the higher energy

range above 1 GeV. However, in the intermediate energy range of 0.1 < E < 1 GeV,

the observed average neutron capture multiplicity is slightly smaller than our most

conservative prediction (NEUT 5.4.0 and INCL). This particular combination yielded

the best agreement in the fitted slope and intercept (Figure 4.53, Table 4.11). Figure

4.54 provides a visual comparison of the data with the linear model, assuming fitted

slope and intercept from the best model combination.

Figure 4.52: Comparison of predicted average neutron capture multiplicities for dif-
ferent model combinations. The nominal MC results shown in red dashed line is
from the full detector MC simulation of SK-VI atmospheric neutrino events (corre-
sponding to NEUT 5.4.0 with SK-VI default).
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20 CHAPTER 2. NEUTRINO INTERACTIONS
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Propagation in 
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ν
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Added in this study

Figure 2.1: Overview of the impulse approximation. Under the impulse approximation,
the description of neutrino-nucleon interaction is divided into four parts. The last process,
nuclear de-excitation, is not considered in commonly-used generators. We newly added
this process in the description in this study (Chap. 5).

If it is an interaction with free nucleon, only the first part, primary interaction, is
considered. Taking advantage of the fact that most nuclear effects are common in elec-
troweak interactions and pure weak interactions, we generally use large-statistical electron
scattering experimental data to model the nuclear effects.

Neutrino-nucleon interactions involve complex physical processes. Neutrino experi-
ments commonly use neutrino Monte Carlo event generators (simulators) that implement
theoretical models to predict the detector response. The prediction accuracy of the gener-
ator limits the accuracy of experiments, and its understanding and improvement are one of
the most important issues in the field of neutrino physics. Chap. 4 introduces commonly-
used generators. While these generators consider the primary interaction, nuclear effects,
and FSI, they do not consider the nuclear de-excitation. Thus, to measure neutron mul-
tiplicity associated with neutrino interactions, it is necessary to build a simulation of the
nuclear de-excitation that can be used with the neutrino event generators. The details of
nuclear de-excitation developed in this study are in Chap. 5. In this chapter, the details
of three parts, primary interaction, nuclear effects, and FSI, which are considered in the
generators, are described.

2.1 Primary Interaction

Primary interaction basically describes an initial neutrino interaction with a free nucleon
(or nucleus). Neutrino interactions can be firstly divided into two channels: charged
current (CC) and neutral current (NC) interactions. The CC interaction mediated by
W± has flavor information because a charged lepton appears in the final state. There is
a neutrino energy threshold for the CC interaction because it needs to create the charged
lepton. On the other hand, the NC interaction mediated by Z0 transfers the momentum to
the other particles without flavor change and contributes equally to all flavors. Therefore,
we cannot distinguish flavors via the NC interaction. Neutrino oscillation experiments use
the CC interactions containing flavor information as signals.

There are various channels in both CC and NC interactions, as shown in Fig. 2.2. For
small neutrino energies O(1)MeV, interaction with a nucleus called coherent scattering
(COH) is dominant. As the energy increases O(1)GeV, interactions with a nucleon become
dominant. There are two major channels in this energy region: Quasi-elastic scattering
(QE) and resonance pion production (RES). The RES is slightly more dominant than the
QE in the higher energy region above ! 3GeV. In the higher energy region O(10)GeV,

ν/ν̄
Leptons

Hadrons

-nucleus int.ν
Hadron spallation

Model variability



4.4. Average neutron capture multiplicity

4.4.5 Comparison of model predictions with data

Figure 4.52 shows the comparison of the observed average neutron capture multiplic-

ity with the prediction range, spanning the minimal to maximal predictions for each

visible energy bin. We observe agreement between the data and the predictions of

the nominal simulation in the low-energy range below 0.1 GeV and the higher energy

range above 1 GeV. However, in the intermediate energy range of 0.1 < E < 1 GeV,

the observed average neutron capture multiplicity is slightly smaller than our most

conservative prediction (NEUT 5.4.0 and INCL). This particular combination yielded

the best agreement in the fitted slope and intercept (Figure 4.53, Table 4.11). Figure

4.54 provides a visual comparison of the data with the linear model, assuming fitted

slope and intercept from the best model combination.

Figure 4.52: Comparison of predicted average neutron capture multiplicities for dif-
ferent model combinations. The nominal MC results shown in red dashed line is
from the full detector MC simulation of SK-VI atmospheric neutrino events (corre-
sponding to NEUT 5.4.0 with SK-VI default).
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Fitted Slope: Data vs. Models
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CHAPTER 4. NEUTRON MULTIPLICITY MEASUREMENT

Figure 4.53: Comparison of fitted linear slope and intercepts between combined data
and model combinations.
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CHAPTER 4. NEUTRON MULTIPLICITY MEASUREMENT

Figure 4.54: Data comparison with the linear model predictions assuming fitted
slope and intercept from (NEUT 5.4.0 + INCL) and (GENIE hN + Bertini) model
combinations.
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+ “Nuclear effects” which tend to

reduce the estimate of neutron production.


For example:

✓ Nucleon repulsion, interference

✓ “Pauli blocking” of low-energy recoil

✓ Cluster formation

Default spallation model (Bertini)

Best spallation model (INCL)

~O(1) GeV Intra-Nuclear Cascade model: 
Non-interfering 2-body collisions of hadrons



Summary: SK Proton Decay, Atmospheric ν
• Neutron-tagging has potential to reduce BG for proton decays 

and add sensitivity to neutrino mass ordering and CP symmetry; 

it is now applied to most analyses and Gd results are just coming up.


• Gd impact on analyses, including reconstructed variables and neutron 
efficiency, is constrained through data monitoring and calibration.


• Measured neutron counts in neutrino data to reduce large uncertainty;

Accuracy in hadron spallation model was critical in explaining the 
previously reported neutron deficit.  

22



Backup
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Neutron signal detection algorithm @ SK
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Signal cut

t

NHits
Candidates

BG radioactivity Neutron signal

(Step 2) Neural network(Step 1) PMT hit trigger

Noise vs. Signal classification 
using NHits, positional correlation, etc.



Calibration using neutron point source

• Am/Be neutron source: 1n + 1γ (4 MeV)


• Surround with scintillator for event trigger


• Take data for 0.5-1h at each source position

25

4 MeV γ 
scintillation

γ n

≈
Detected neutron signals

4 MeV scintillation triggers
Neutron 
efficiency

1n control



26

4.2. Data quality

SK-VI MC:  CCQE,  = 0.63 GeV�̄� E�

Gd(n, �)
�

Michel e

Figure 4.3: A PMT hit time distribution for a typical ⌫̄µ charged-current quasi-
elastic (CCQE) event, starting from 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).
This event was simulated using skdetsim in the SK-VI configuration.

4.2.1 Prompt atmospheric neutrino interaction signals

We focus on key factors, such as interaction types (CCQE, non-QE, NC), and trans-

ferred energy, which a↵ect outgoing neutron multiplicity and kinematics. The num-

ber of reconstructed Cherenkov rings proves to be the optimal variable for distin-

guishing CCQE events (single-ring) from the others (multi-ring) (see Figure 4.9).

The event rates and reconstructed energies in each sample are compared with the

simulation. Additionally, we verify the validity of the simulation’s oscillation weights

by comparing the oscillated distributions of reconstructed lepton zenith angles with

the corresponding observed data.

We examined reconstructed event variables a↵ecting neutron capture detection

e�ciency. The precision of the initial photon TOF, crucial for signal detection,

heavily depends on the base vertex quality. We assessed the reconstructed neutrino

interaction vertex and other observables influencing vertex reconstruction perfor-

mance, including particle type, vertex, momentum, and multiplicity.
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Mostly PMT noise

Up to

~535 µs

Atmospheric neutrinos and neutron signals
 + 16O →  +  + 15O ν̄μ μ+ n

μ → e


