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Abstract

Systematic searches for nucleon decays into a charged anti-lepton (et or u™) plus a light
meson (7%, 7=, n, p, p~, w) were performed. Twelve nucleon decay modes were analyzed.
The total exposure is 140.9 kiloton-year exposure which includes a 91.7 kiloton-year (1489.2 live
days) of Super-Kamiokande-I and a 49.2 kiloton-year (798.6 live days) of Super-Kamiokande-II.

The number and the feature of candidate events are consistent with the atmospheric neutrino
background expectation. We did not observe statistically significant evidence for the nucleon
decay. Thus, the lower limits of nucleon partial lifetime at 90% confidence level were obtained
for all the studied modes. The lifetime limit for the p — e™7” mode is set to be 7/B(p —
etn¥) > 8.2 x 1033 years, which is 5 times longer than the current best limit. For the other
modes, their lifetime limits range from 3.6 x 103! to 6.6 x 1033 years depending on the decay
modes. The more stringent limits than the current best limits are set for ten modes in the twelve
searched modes.
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Chapter 1

Introduction

The motivation for this thesis is to test grand unified theories (GUTSs) by searching for
baryon number violating nucleon decay signals with the Super-Kamiokande detector.

Chapter 2] briefly describes theoretical motivations for GUTs and how GUT models predict
the nucleon decay as a consequence of the model. The minimal SU(5) GUT, its extensions and
their predictions are summarized. Some earlier experiments motivated by the nucleon decay
search are also described in this chapter.

Chapter Bl is the overview of the Super-Kamiokande experiment, which is the largest water
Cherenkov experiment for nucleon decay searches. Basic components and calibrations for the
detector are explained in this chapter. In particular, the energy scale calibrations are crucial for
the nucleon decay search. Its methods and results are shown.

Nucleon decay signals were simulated by a custom developed simulator. The details of the
simulator is described in Chapter Bl Atmospheric neutrinos are irreducible background for
nucleon decay search. The simulation for the interactions of the atmospheric neutrinos are also
explained in this chapter

The data reduction algorithms to extract fully contained event samples from the enormous
amount of the Super-Kamiokande data are explained in Chapter Bl The quick summary of the
extracted data samples are shown in Chapter [§

The event reconstruction algorithms were applied to the observed and simulated events
passing the data reduction. Chapter [6] describes how the algorithms reconstruct interaction
points, particle types and momenta and so on by detected charges and timings of PMTs.

Finally, the details and the results of the nucleon decay analysis are discussed in Chapter [l
Twelve nucleon decay modes predicted by the exchange of a super heavy gauge boson were
studied in this thesis. Systematical searches with simple selection criteria were performed.
Chapter concludes this thesis with the new nucleon partial lifetime limits for the studied
modes.



Chapter 2

Physics Background

The standard model is based on the gauge group, SU(3)xSU(2)xU(1). The SU(2)xU(1)
symmetry describes the electroweak theory, and SU(3) color symmetry describes the strong
interactions. The standard model has been successful in accounting for many experimental
results. All the fermions and the gauge bosons in the standard model have been discovered. At
present, only the Higgs boson is remaining to be discovered.

However, the standard model has a lot of unanswered questions. There are a lot of free
empirical parameters, such as masses and generations of fermions, coupling constants, mixing
angles and so on. Various attempts have been made to resolve the shortcomings by unifying the
electroweak and the strong interactions in the context of Grand Unified Theory (GUT).

2.1 Grand Unified Theories

2.1.1 SU(5) GUT

The basic idea of GUTs is that the SU(2)xU(1) symmetry of the electroweak interactions
and the SU(3) color symmetry of the strong interactions might be incorporated into a more
global symmetry at some high unification energy scale. The simplest GUT model is the minimal
SU(5) model proposed by Georgi and Glashow [I] in 1974. There are 24 independent matrices
defining SU(5), which means that there are 24 gauge bosons mediating interactions as follows:

¢i-2 ¢ G} b 7!
Gi G- G X? V2
v.=| ¢ G- X 73 (2.1)
X Xy Xy M4+ w
Yi Yo Ys woo Wy sk

where G{ is the field related to the eight gluons, and W+, W—, W3 and B are the gauge bosons

in the electroweak interactions. In addition to the electroweak and strong interactions, there

appeared two new very heavy gauge bosons X and Y with electric charges % and %, respectively.
The fermions of each family or generation consist of 15 states as follows;

( . > y WiR, diRa < Vi ) ) 617{ (22)
di ) ¢ Jr
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where ¢ denotes color indices (i = r, g,b) of SU(3) symmetry.
They are assigned to the 5 + 10 dimensional representations as follows;

dy
d3
5 = d5 (2.3)
o—
0 us  —ug Y —
) —ugz 0 uf  —u? —d?
10 = — | wg —up 0 —ud (2.4)
wl oW w0 —eh

This model incorporates leptons and quarks into the same multiplets.

Since leptons and quarks are in the same multiplets, the coupling constants for the strong
and electroweak interactions (gs, g and ¢’) must be related to each other by Clebsch-Gordan
coefficients at the energy scale of GUT. For example, the weak mixing angle 6w at the GUT

scale can be predicted as;
2

o, g 3
S1n 9W = m = g (25)
The evolution of the three running coupling constants («;) can be given as follows;
1 1 b; . Mx
_ _ n—= 2.6
ai(p)  o(Mx) 2« 1 (2.6)

where p is the energy scale, and b; = (—%, %, ) The mixing angle fw at the energy scale u

can be extrapolated using Equation (2.6) by requiring the following unification condition;
a1 (Mx) = aa(Mx) = a3(Mx) = agur- (2.7)
Then, the weak mixing angle is predicted as;
sin? Gy (Mz) = 0.210275:9037 [7] (2.8)

where My is the Z boson mass.

As a consequence of the SU(5) GUT model, there will be new interactions in which leptons
and quarks can transform one into the other. This interaction can lead to the baryon number
violation, such as nucleon decay, which is one of the most dramatic predictions from GUTs. Two
quarks in a proton can transform into a lepton and an anti-quark resulting in a lepton plus meson
final state. Figure 2.1 shows examples of possible diagrams for proton decay, p — e*qq (neutral
meson), in SU(5) GUT.

Even at normal energy scale, the X, Y boson exchanges can take place, although the decay
rate, which is proportional to M3?, is very small. The proton lifetime can be calculated as;

1 M%

Ty ~ — 2.9
v (2.9
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Figure 2.1: Diagrams of proton decay via X and Y bosons exchanges.

where a¢ is the coupling constant at the unification scale, Mx is the mass of the gauge boson
X, and m, is the proton mass. In the minimal SU(5) GUT, the GUT unification scale is
Mx ~ (2 — 7)x 10" GeV. The predicted partial lifetime for the proton decaying to
p — e*n®, which is the dominant mode in the SU(5) GUT, is 7/B,_+70 ~ 103'%! years [2, [3].
However, the experimental lifetime lower limits from the IMB and KAMIOKANDE experiments
are 7/B,_tq0 > 5.40 x 10°% years [5] and 7/B,_c+m0 > 2.60 x 103 years [6] at 90% C.L.,
respectively.

Furthermore, there are some inconsistencies in the minimal SU(5) GUT predictions with the
results from precise measurements. The predicted mixing angle Oy (Equation [2.§]) is significantly
smaller than the experimental results of sin® Oy (Myz) = 0.23119 & 0.00014 [8]. If we use the
experimental data as input parameters the three couplings do not meet exactly in a point as
shown in Figure

Therefore, the minimal SU(5) GUT model is excluded by the experimental results. We need
to consider a larger group to unify particles and fields.
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Figure 2.2: Evolution of the couplings 041_1, oy L and Qg 1 as a function of energy scale for the
minimal SU(5) GUT (left) and the minimal SUSY SU(5) GUT (right) [4].



2.1.2 Beyond SU(5) GUT

One possible extension of SU(5) GUT is supersymmetric (SUSY) GUT. The SUSY hypoth-
esis introduces a new symmetry between fermions and bosons. Every particle has its own SUSY
partner. Because of these extra degrees of freedom, the coefficients b; in Equation (2.6]) are
modified to be smaller values. That results in the reduction of the slopes of the a~' depen-
dence on In (Mx /u) and the higher unification energy scale. The three couplings oy, as and
a3 can meet on a single energy scale, ~ 3 x 10'® GeV, as shown in Figure In the minimal
SUSY SU(5) GUT model, the predicted weak mixing angle is sin Oy (Mz) = 0.233410-0030 1],
which agrees well with the experiment [§]. The predicted partial lifetime of a proton decaying
top — etalis 7/B, orp0 ~ 2 x 103! [9], and the theoretical lower limit is calculated as
T/Bp_etz0 > 4.1 x 1033 [9], which can be reached by the Super-Kamiokande data used in this
thesis. However, in the SUSY SU(5) GUT, the p — 7K+ mode induced by the exchange of su-
persymmetric particles is the favored proton decay mode compared to the p — e*7” mode. The
partial lifetime of a proton for the p — 7K™ mode is estimated to be 7/B,,_;x+ < 2.9 x 1030 [9],
while the experimental lower limit of this mode is 2.3 x 1033 years [12] by the Super-Kamiokande
experiment. As a result, the minimal SUSY SU(5) GUT is strongly constrained by the experi-
mental limit.

Another extension of GUT is to use a larger symmetry containing the standard group,
SU(3)xSU(2)xU(1). One of the most popular example is the GUT model based on the SO(10)
symmetry. One of the interesting features of the SO(10) GUT is that it can include left-right
symmetry and has the power to predict the neutrino mass. There are some intermediate symme-
tries to break the symmetry to SU(3)xSU(2)xU(1) from SO(10). The SO(10) model breaking
the symmetry via Gaze =SU(4)xSU(2) 1, xSU(2) g [13] is one of the viable models. The dominant
proton decay mode for the model is p — et 7%, and it predicts the partial lifetime of a proton
to be in the accessible range of the Super-Kamiokande experiment as;

T/Bp et mo ~ 1.44 x 10321F0-TELOELI T, (2.10)

However, predicted partial lifetimes of a proton by the other models with various intermediated
symmetries have large uncertainties ranging from 1032 to 103° [14] [15].

In addition, various GUT models are proposed, such as flipped SU(5) model [19] and SO(10)
models in extra dimensions [17, [I8]. The recent predictions including those models are summa-
rized in Table 211

2.1.3 Predictions for the Branching Ratios

Although the p — eT7% mode is considered to be the dominant decay mode in many GUT
models, branching ratios for the other modes are not negligible. Table 2.2 shows some of the
results of the detailed estimations of proton decay branching ratios. Those calculations are
based on the non-supersymmetric SU(5) or SO(10) GUT models. Though the uncertainty of
the branching ratio is large depending on the models, there are considerable fractions from the
sub dominant decay modes.

Various predictions for 7,/7,, the ratio of neutron to proton lifetime, are also shown in
Table The neutron and proton lifetimes are estimated to be comparable in the SU(5) GUT
model. In most of the models, the n — e™ 7~ mode is the dominant neutron decay mode.

As for the N — u™(meson) mode, u* can be produced by mixing effects between families.
The ratio of the decay width of muons to positrons in the SU(5) GUT model are predicted to



Model Prediction (years) Reference
Minimal SU(5) ~ 1031%! 3]
SO(lO) G422 1.44 % 1032.1i0.7i1.0i1.9 [14]
Minimal SUSY SU(5) ~ 2 x 103+ [9]
SUSY SU(5) or SO(10)/Gaaa  ~ 1035+1 [16]
Flipped SU(5) ~ 5 x 10%5%! [19]
5-dimensions SO(10) ~ 7 x 1033%2 [17]
6-dimensions SO(10) ~1x10% [18]

Table 2.1: Predictions from various models for the proton partial lifetime for p — et 7°

be as follows [24];
I'(N — pt(meson))
I'(N — et(meson))

_ sin@fcosfg 0,010
(14cosB2)"+1

(2.11)

where 6, is the Cabbibo angle. The N — pu*(meson) rate is estimated to be very small compared
to the N — e™(meson) rate. On the other hand, the flipped SU(5) GUT [19] predicts the ratio
as;
r (p - /["710) _ ’UhQ‘Q
I'(p— etn?) Uy, ‘2

(2.12)

where U is the charged-lepton mixing matrix. Due to the uncertainty in the mixing matrix, the
p — p 70 mode can have a comparable branching ratio with the p — e™7° mode in the flipped
SU(5) GUT.

In summary, a lot of possibilities for nucleon decays are theoretically proposed. Therefore,
we should search for all the possible nucleon decay modes in order to test them. This is the
motivation for this thesis.

Br. (%)
SU(5) (S010)
References | [20] [21I] [22] [23] 123]
p—etn® | 33 37 9 35 30
p—etn 12 7 3 15 13

p—etp? | 17 2 21 2 2
p—etw 22 18 56 17 14
others 17 35 11 31 31
Tp/Tn 0.8 1.0 1.3

Table 2.2: Predictions for the branching ratios for proton decay in the SU(5) and SO(10) GUT
models. The ratio of of neutron to proton lifetime is also shown in the last line.



2.2 Nucleon Decay Experiments

In the late 1970s, several nucleon decay experiments were proposed motivated by the predic-
tion of the minimal SU(5) GUT. The lifetime of proton was estimated to be 10?7 ~ 103! years
at that time. One kiloton of material detector, which contains ~ 3 x 103? protons, was expected
to yield 10~! ~ 10% proton decays per day. Therefore, first of all, detectors are required to be
very massive. The detectors are also required to have a high particle tracking performance and
to be placed deep underground to reduce cosmic ray muon background. For nucleon decay ex-
periments, there have been two types of detectors, i.e., fine grained iron calorimeters and water
Cherenkov detectors.

Fine grained iron calorimeters consist of alternating layers of iron plates and tracking de-
tectors. This type of detector has good performances in energy determination and particle
identification. However, the detectors are more expensive than water Cherenkov detectors, and
their total mass is limited to a few kilotons. The KGF [25], Soudan [27, 33], NUSEX [29] and
Frejus [31] experiments used this type of detectors. Basic characteristics for these experiments
are summarized in Table

Water Cherenkov detectors have high resolutions of momentum and direction by detecting
the intensity and the pattern of Cherenkov ring images. The particle identification also can
be achieved by the Cherenkov ring pattern. Water Cherenkov detectors are less expensive
and can be scaled up to tens of kilotons. The IMB [34], KAMIOKANDE [35] [36] and Super-
Kamiokande [37] experiments used water Cherenkov technique and have much larger fiducial
mass than the other type of experiments. The IMB experiment had a fiducial mass of 3.3 kilotons
and had been the largest water Cherenkov detector until the Super-Kamiokande experiment
started. KAMIOKANDE used 984 of 20-inch photomultiplier tubes and had a much higher
photon collection efficiency than the IMB detector. KAMIOKANDE had better performances
in momentum and vertex determination and particle identification. These two experiments had
found no evidences for nucleon decays, and IMB had set the best lifetime limits for p — etx°
and many other nucleon decay modes [5].

The Super-Kamiokande experiment is a successor to the KAMIOKANDE experiment and
have been the largest nucleon decay experiment as ever. In Super-Kamiokande-I and II, the
accumulated exposure reached 141 kiloton-year exposure, which is about 20 times larger than
the exposure of the IMB-3 experiment. The details of the Super-Kamiokande detector are
described in the next chapter. The p — e*7” mode was searched for with the data of 414 days
of Super-Kamiokande. No candidate events were found in the Super-Kamiokande data, and the
more stringent lower lifetime limit than the IMB limit was obtained [38]. Super-Kamiokande
also searched for p — 7K+, n — vK% p — et KY and p — pt K [11, [12], which are favored by
SUSY GUT models. No candidate events were found for these modes as well.



Experiment Operation  Fiducial Source of Depth Limits (p — et7?)
(year) Mass (ton) Nucleons (m.w.e.)  (103%yrs at 90%CL)
KGF 1980~1992 60~150 Fe 6050~7000 1 candidate*[25]
Soudan-I 1981~1990 16~24 Fe 1800 1.31 [2§]
NUSEX 1982~1998 110~130 Fe 5000 15 [30]
Frejus 1984~1988 550  Fe 4850 70 [32]
Soudan-II 1992~2001 809 Fe 2070
IMB 1982~1992 3300 H,O 1580 540 [5]
KAMIOKANDE 1983~1997 1040 H20O 2700 260 [6]
Super-Kamiokande 1996~ 22500 H>O 2700 1600 [38]

Table 2.3: Earlier nucleon decay experiments. *KGF found one candidate for p — et7%. They
estimated the proton lifetime to be 7, ~ 6 x 1030 years [26].

2.3 Nucleon Decay Searches in This Thesis

The nucleon decay modes mediated by the exchange of the super heavy gauge bosons, X and
Y are commonly important for most of the GUT models. In spite of its importance, only the p —
et mode search result was published by the early data of the Super-Kamiokande experiment.
As described in Section 2.1.3] the other modes decaying into a charged antilepton (e, u™) plus
a meson (m, 1, p,w) can have considerable branching ratios depending on the models. Thus, first
systematical studies for these decay modes are performed in this thesis.

This thesis searches 12 nucleon decay modes; 8 modes for a decay of a proton and 4 modes
for a decay of a neutron. Table 2.4l summarizes the searched modes. As for the decay into the
7 meson and the w meson, two different meson decays are searched for each mode. Therefore,
16 types of decay modes are studied in this thesis.

N —  lepton meson | meson decay mode (Br.)
p— e (ut) a° 70 — 2y (98.8%)
p— et (W) n n— 2y (39.3%)
n — 30 (32.6%)
p— et (ut) p — T (~100%)
p— et (uh) w — 70y (8.9%)
w— 7tr— (89.2%)

ne et ()
n— et (uth) - p~ — w0 (~100%)

Table 2.4: Searched nucleon decay modes in this thesis.

Currently, we have 6 times greater exposure than the previous publication for the p — e*7°



mode. Moreover, two different detector phases, Super-Kamiokande I and II, are used for this
search. The number of photo detectors in the Super-Kamiokande-II period is only a half of
those in the Super-Kamiokande-I period. This thesis shows the first nucleon decay search results
using the Super-Kamiokande-IT data. The results can be an implication for the study of a next
generation nucleon decay search detector.

All the searched nucleon decay modes are two body decays. Thus, more than two Cherenkov
rings are emitted in a detector. The dominant backgrounds for the nucleon decay are events
induced by atmospheric neutrinos. The most significant difference between the nucleon decay
signal and the atmospheric neutrino background is in the total momentum of an event. Since
the total momentum of the nucleon decay event should be equivalent to the momentum of a
source nucleon, it tend to be relatively smaller than that of the atmospheric neutrino event with
the same total amount of Cherenkov light.

Therefore, the ring counting and the momentum reconstruction are essential event recon-
struction tools for the nucleon decay search. The details of those event reconstruction algorithms
are described in Chapter [l Especially for the momentum reconstruction, its algorithm is im-
proved for this analysis for Super-Kamiokande-II. Reliability for the energy and momentum scale
is also crucial for this analysis. That is discussed in Chapter [1l



Chapter 3

Experimental Apparatus

3.1 Overview of the Super-Kamiokande Detector

The Super-Kamiokande detector [37] is a large water Cherenkov detector located in the
Mozumi zinc mine below the peak of Mt.Ikenoyama, under ~ 1000m rock overburden as shown
in Figure B.Il This rock overburden is equivalent to 2700m of water and acts as a shield from
the cosmic ray muon background. It reduces the cosmic ray flux to 6 x 1078 ecm™2s~!'sr™!, a
reduction of 5 orders of magnitude compared to that on the surface of the earth.

LINAC room = P 7.4, %, \
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o
: control room
Y
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I R T
= * .
e ) A [l
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= [ ﬁﬂih_‘“ L -
3 I~ I R
4 & THEE I B
e | t—
J
S
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Figure 3.1: The Super-Kamiokande detector

The Super-Kamiokande experiment started data taking in April, 1996 and had continued
observation for five years until the detector maintenance in July 2001. This period is referred
to Super-Kamiokande I (SK-I). On November 2001, while filling the tank with water after
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Black sheet

Figure 3.2: Supporting frame of PMTs.

the upgrade, an accident which destroyed more than half of the PMTs occurred. The Super-
Kamiokande detector was partially rebuilt with half the density of photo-sensor coverage in the
inner detector. Observation began again in October 2002 and stopped in October 2005 for a full
detector reconstruction. This latter period is referred to as Super-Kamiokande II (SK-IT). This
thesis shows the nucleon decay search results in these two periods of SK-I and SK-II.

The Super-Kamiokande detector is made of a cylindrical stainless steel tank, of which the size
is 39.3m in diameter and 41.4m in height. The detector is optically separated into two regions,
which are called the inner detector (ID) and the outer detector (OD), by a photomultiplier tube
(PMT) support structure and a pair of opaque sheets as shown in Figure The ID contains
32 kiloton of water with the size of 36.2m in height and 33.8m in diameter. On the surface of
the ID, 11,146 inward-facing 20-inch PMTs were uniformly attached and covered 40% of the
ID surface with their photocathodes for SK-I. For SK-II, 5182 20-inch PMTs were attached
and their photocathode coverage on the ID is 19%. The OD, which surrounds the ID with a
2m thickness of water, is used to reject cosmic ray muon events and to tag outgoing charged
particles with 1,885 outward-facing 8-inch PMTs. The OD region also serves as a shield from
radioactivity from materials around the detector wall.
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Figure 3.3: The spectrum of Cherenkov light through pure water. The quantum efficiency of
the 20-inch PMT is also illustrated for comparison.

3.2 Water Cherenkov Technique

The Super-Kamiokande detector detects relativistic charged particles by emitted Cherenkov
light in water. When the speed of particles exceeds the speed of light in the medium, Cherenkov
light is emitted on a cone along the track of the charged particle with a characteristic half
opening angle 0¢:

R (3.1)
cosfc = — 3 :
where n is the refractive index of the medium, and 3 is the speed of charged particles v over the
speed of light in vacuum c. The Cherenkov radiation threshold of electrons, muons and charged
pions are 0.57, 118 and 156 MeV /¢, respectively, because the refractive index of water is about
1.34. For particles with 8 ~ 1, ¢ is 42°.
The spectrum of Cherenkov light per unit path length dx is given by the following formula.

d*N __2wa¢<1 1 > (3.2)

dedh — A2 U n2p2

where « is the fine structure constant, and A is the wavelength of Cherenkov light. About
340 photons/cm are emitted between the wavelength of 300 nm to 600 nm, which is the most
sensitive region of the PMTs used in Super-Kamiokande as shown in Figure 3.3l

Cherenkov light emitted by charged particles project ring images on the detector wall. Fig-
ure [3.4] shows a typical event display observed with Super-Kamiokande detector. A clear and
sharp Cherenkov ring can be seen. By detecting and analyzing the Cherenkov ring images,
we can reconstruct the events. For example, the number of Cherenkov ring corresponds to
the number of charged particle. The Cherenkov ring edge sharpness tells us the particle type,
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Figure 3.4: A typical event in Super-Kamiokande. The size of small circles in the unrolled
cylinder represents the amount of Cherenkov photons detected in each photomultiplier tube.
The Cherenkov ring image is clearly visible.

shower type (e*, v) or non-shower type (u*, 7%). Moreover, the momentum of the particle
can be obtained mainly by the total amount of the Cherenkov light. The details of the event

reconstruction algorithms are described in Chapter [

3.3 Photomultiplier Tube

3.3.1 Inner Detector Photomultiplier Tube

The large size PMT used in the inner detector, which has a photocathode of 20-inch (50
cm) in diameter, was originally developed by Hamamatsu Photonics K.K. in cooperation with
the Kamiokande collaborators [39]. For the Super-Kamiokande experiment, the PMT was im-
proved in order to achieve better timing resolution and photon collection efficiency [40]. The
specifications of the 20-inch PMT are summarized in Table 3.1l

The photocathode of the PMT is coated by Bialkali (Sb-K-Cs) for its high sensitivity to
Cherenkov light and low thermionic emission. As shown in Figure B.5 the quantum efficiency of
the PMT covers the wavelength of Cherenkov light emitted in pure water. The dynode structure
and the bleeder circuit were optimized to achieve high collection efficiency, which results in a
good energy resolution and a fast timing response. Figure shows the charge distribution for
the single photo-electron (p.e.) signal. The transit time is about 90 nsec at 107 gain, and its
spread is about 2.2 nsec as shown in Figure B.7l The average dark noise rate is about 3 kHz at
the threshold of 1/4 p.e.s used in the normal observation in Super-Kamiokande.

The performance of large size PMTs can easily be affected by magnetic fields. The geomag-
netic field at the detector site is about 450 mG, which is enough to make the timing resolution
worse since the PMT tolerates up to 100 mG. In order to compensate for the magnetic field,
26 sets of Helmholtz coils are installed around the tank, and the magnetic field inside the detector
is kept around 50 mG.
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Product Name R3600

Shape Hemispherical

Photocathode area 50 cm diameter

Window material Pyrex glass (4 ~ 5mm)
Photocathode material ~ Bialkali (Sb-K-Cs)

Quantum efficiency 22% at A = 390 nm

Dynodes 11 stage Venetian blind type

Gain 107 at ~ 2000 V

Dark current 200nA at 107 gain

Dark pulse rate 3kHz at 107 gain (1/4 p.e threshold)

Cathode non-uniformity < 10%
Anode non-uniformity < 40%

Transit time 90 nsec at 107 gain

Transit time spread 2.2nsec (10) for 1 p.e. equivalent signals
Weight 13kg

Pressure tolerance 6 kg/cm? water proof

Table 3.1: The specifications of the 20-inch PMT.
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Figure 3.5: The quantum efficiency of the 20-inch PMT.
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Figure 3.6: The single photo-electron distribution of the 20-inch PMT [40]. A single p.e. is

equivalent to approximately 2 pC at 107 gain. A peak around 0 ADC count corresponds to dark
current.
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Figure 3.7: The transit time spread of the 20-inch PMT for single p.e. equivalent signals [40].
This spread corresponds to the timing resolution of the PMT.
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As described in the overview of this chapter, about 55% of the PMTs were destroyed by
the accident in 2001. In order to avoid such a cascade of implosions of PMTs, all of the inner
detector PMTs have been covered by acrylic covers and fiber reinforced plastic cases since the
start of the SK-II period. Figure 3.8 shows the transparency of the acrylic cover for photons
with normal incidence in water, which is more than 96% at 350 nm of wavelength. The effect
of the acrylic cover is confirmed to be small.
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Figure 3.8: The transparency of the acrylic case as a function of wavelength.

3.3.2 Outer Detector Photomultiplier Tube

8-inch PMTs, Hamamatsu R1408, are used in the outer detector. At the beginning of SK-I,
these PMTs were recycled from the IMB experiment [41], but 57% of the PMTs were newly
manufactured for SK-II because of the accident.

The photocathode of the PMT is fitted with 60 cm x 60 cm x 1.3 cm wavelength shifter
plates, which increases the light collection efficiency by 60%. Although the wavelength shifter
degrades the timing resolution from 11 nsec to 15 nsec, it is still accurate enough for the function
of the OD as a veto counter.

3.4 Data Acquisition System

3.4.1 Inner Detector

The schematic view of the inner detector data acquisition system is shown in Figure B.10l
Signals from the ID PMTs are fed into the front-end electronics, called ATM (Analog Timing
Module) [42] [43], which was developed based on the TKO (Tristan KEK Online) standard [44]
for the Super-Kamiokande experiment. The ATM module records and digitizes the integrated
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charge and the arrival time information for each PMT signal with a 12-bit ADC (Analog to
Digital Converter).

Figure shows the block diagram of the analog input part of the ATM. Input signals to
the ATM is first divided in the hybrid IC (integrated circuit) [42]. One of the split signals is
amplified 100 times and fed into the discriminator with the threshold of 1/4 p.e.s. When the
pulse height of the input signal exceeds the threshold, a HIT signal is generated, QAC (Charge
to Analog Converter) starts to integrate the charge of another split signal with a gate of 400 nsec,
and TAC (Time to Analog Converter) also starts to integrate charge with a constant current.
The HITSUM signal, which is the sum of the HIT signals on the ATM module, is sent to a
global trigger system to generate a global trigger which is the definition of an ’event’ in Super-
Kamiokande. If the global trigger signal is issued, the TAC stops the charge integration and the
integrated charge in the QAC and the TAC are digitized by a ADC. If a global trigger is not
issued within 1.3 psec, the information in QAC and TAC for the channel are cleared. It takes 5.5
usec for the ADC to process one channel. Therefore, each channel of the ATM has two switching
pairs of QAC and TAC so that two successive events, such as a muon and the subsequent decay,
can be processed. However, input signals which comes arrive 400 nsec to 900 nsec after the HIT
signal generation are neglected to remove the noise from signal reflections. The performances of
the ATM module are summarized in Table

to PMTSUM
HITOUT W:200ns to HITSUM
DISCRI ONE-SHOT T
‘ ‘W:900ns
Q SELF GATE
= <A
PMT INPUT e § START/STOP
e % Z TAC-A
= T TAC-A
- R %)
TS| CLEAR
S
Pyl ~ GATE QAC-A
3 QAC-A
t’;g to ADC
START/STOP TAC-B
TAC-B
CLEAR
GATE QAC-B
QAC-B
THRESHOLD DELAY
GATE
TRIGGER
PED_START

Figure 3.9: The analog input of the ATM.

Signals from 12 PMTs are fed to an ATM module to be processed. Every 16 events, the
digitized data in the ATMs are sent to VME memory modules called SMP (Super Memory
Partner) [45], with a typical data transfer speed of ~ 2 MB/sec. 48 SMPs are installed in 8
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Table 3.2: The specifications of the ATM module.

Number of channels 12 ch/board

One hit processing time ~ 5.5 usec

Charge dynamic range ~ 400 ~ 600 pC (12-bit)
Timing dynamic range ~ 1300 nsec (12-bit)
Charge resolution (LSB) 0.2 pC/LSB

Charge resolution (RMS) 0.2 pC (RMS)

Timing resolution (LSB) 0.3 ~ 0.4 nsec/LSB
Timing resolution (RMS) 0.4 nsec (RMS)

Temperature dependence (QAC) 3 Count/deg. < 0.6 pC/deg.
Temperature dependence (TAC) 2 Count/deg. < 0.8 nsec/deg.

Event number 8 bit
Data size of one hit 6 Byte
FIFO 2 kByte (~ 340 hits)

VME crates, and one SMP module handles the data of 20 ATMs. The data in the SMP memories
are read out by 8 slave computers and sent to the online host computer.

3.4.2 Outer Detector

Figure B.11] shows the schematic view of the OD data acquisition system [46]. The paddle
cards distribute high voltage from the main frame to the OD PMTs. The high voltage to an
OD PMT is supplied through a coaxial cable. Signals from the PMT are also sent to the OD
electronics through this cable and picked off by a high voltage capacitor on the paddle card.

Signals from the OD PMTs are sent to QTC (Charge to Time Converter) modules. The
QTC module, which consists of LeCroy MQT200 chips and comparators, converts the PMT
signal to a rectangular pulse whose width is proportional to the input charge. At the same time,
a rectangular HITSUM signal is generated by the QTC module and sent to the global trigger
system. The threshold of the QTC module is set to be 1/4 p.e.s. If the OD electronics receives
a global trigger signal, the leading edge and the width of the rectangular pulse are converted to
the timing and charge information by a LeCroy 1877 multi-hit TDC module. The TDC module
can record up to 8 QTC output pulses with a resolution of 0.5 nsec. The dynamic range of the
TDC module is set to be 16 psec which starts from 10 usec before the global trigger timing. The
digitized data stored in the TDC module are read by a slave computer through a VME memory
module called DPM (Dual Port Memory) and then sent to the online host computer.

3.4.3 Trigger System

The overview of the global trigger generation scheme for the ID is shown in Figure
The global trigger signal is generated by the total number of the hit PMTs within 200 nsec. In
order to count the number of hit PMTs, HITSUM signals sent from each ATM with 200 nsec
in width and with 15 mV in pulse height for each hit are analog-summed over all PMTs. The
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Figure 3.10: The schematic view of the inner detector data acquisition system.
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Figure 3.11: The schematic view of the outer detector data acquisition system.

pulse height of the summed signal is proportional to the number of hit PMTs within 200 nsec
time window. There are three types of global triggers depending on energy regions: the high
energy trigger (HE), the low energy trigger (LE), and the super low energy trigger (SLE). In the
SK-I period, the trigger thresholds of the HE and LE triggers correspond to 31 hits and 29 hits,
and the trigger rates for the HE and LE triggers are ~ 5 Hz and ~ 11 Hz, respectively. The LE
trigger threshold is equivalent to a 5.7 MeV electron assuming 50% efficiency. The SLE trigger
was implemented in May 1997 in order to lower the energy threshold for solar neutrino analysis,
and achieved the energy threshold of 4.6 MeV equivalent. In the SK-II period, the threshold of
the number of hit PMTs were changed due to a half density of PMTs. The threshold energy for
the LE trigger in SK-II is 8 MeV.

The OD trigger generation scheme is similar to that of the ID. HITSUM signals from all the
QTC modules are summed up to count the number of hits in the OD within a 200 nsec time
window. The threshold for the OD trigger is set to 19 hits.

These four types of trigger signals (HE, LE, SLE and OE) are fed to a hardware trigger
module called TRG. The TRG module records the trigger types and trigger generation timings
with a 50 MHz clock, counts an event number with a 16-bit counter, and generates a global
trigger signal when any one of the trigger signals is issued.

3.5 Water Purification System

For a large water Cherenkov detector, it is essential to keep the water clean, not only for
long light attenuation length, but also for the reduction of the radioactive materials, especially
radon, which can be a background source for the neutrino observation of the MeV range.

The water in the tank is constantly circulated through the water purification system with
the flow rate of about 35 ton/hour. The schematics of the system is shown in Figure

The typical number of particles larger than 0.2 pum is reduced to 6 particles/cc, and the
light attenuation length is achieved to be ~100m after the purification. The typical resistivity
of the water entering the water purification system from the tank is about 11 MQ-cm. After
the water purification, the water has an average resistivity of 18.20 M{2-cm, approaching the
chemical limit.
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3.6 Calibration

3.6.1 Relative Gain Calibration

The uniformity of the PMT gain is necessary to determine the momentum without systematic
difference depending on its vertex position or direction, which results in the systematic error of
the total momentum of an event for nucleon decay searches. Therefore, the high voltage supplied
to each PMT is individually adjusted to provide a uniform gain.

The relative gain calibration system is illustrated in Figure BI4l Light generated by a Xe
lamp is passed through an ultraviolet (UV) filter and a neutral density (ND) filter, and then
split into four. One is injected into a scintillator ball in the tank via an optical fiber. The other
split lights are monitored to measure the intensity of the Xe light and to generate a calibration
trigger.

UV filter ND filter

Xe Flash Lamp
Optical fiber
e [ e

SK TANK

OO

Scintilator Ball <>

O 24 ©
ORI AN g | E
Scintilator L

< QL 20ineh - Monitor

PMT

Trigger

Figure 3.14: A schematic view of the relative gain calibration system.

The relative gain G; of the i-th PMT is obtained by :

Qz’ 2 l;

Gl_Q0f<9)‘li - exp (L) (3.3)
where @); is the charge detected by the i-th PMT, [; is the distance from the light source to
the PMT, f(0) is the PMT acceptance as a function of the photon incidence angle 0, L is
the attenuation length, and Qg is the normalization factor. This measurement is performed for

several positions of the scintillator ball, changing the high voltage. As a result of this calibration,
the relative PMT gain spread is about 7%.

3.6.2 Absolute Gain Calibration

In order to convert the charge detected by each PMT in pC into the number of photoelectrons,
the absolute gain of PMTs are calibrated by the charge distribution of single photoelectron
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signals.

The low energy gamma ray generated from neutron capture on a Nickel nucleus is used as
a calibration source. The calibration source is shown in Figure Neutrons produced by
spontaneous fissions of 2°2Cf are captured on surrounding Ni wires in a polyethylene vessel, and
low energy (6 ~ 9 MeV) gamma rays are simultaneously generated. The number of hit PMTs is
about 50 ~ 80 in total, and the number of p.e.s detected by each PMT is at most one, The clear
single photoelectron charge are observed and the mean value of the peaks, 2.055 pC, is used as
a constant to convert the PMT charge from pC to the number of photoelectrons.

Ni wire§ o
+twater. 200mm

190mm

Figure 3.15: A schematic view of the absolute gain calibration source.

3.6.3 Relative Timing Calibration

The relative timing calibration is important for the reconstruction of a vertex position. The
timing responses of PMT signals depend not only on the length of signal cables also on the
amplitude of detected charge because of the time-walk effect of discriminators as shown in
Figure This scatter plot of the timing and the charge is called TQ-map.

For the timing calibration, No laser generator, which can emit intense light with 337 nm
wavelength within a time width of 3 nsec, is used. The wavelength of the laser light is converted
to 384 nm by a dye laser module. The light intensity can be changed by using a variable
attenuation filter. After passing through the filter, the laser light is injected into a diffuser ball
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in the tank via an optical fiber. To emit the light uniformly in the detector, the injected light
is first diffused by a TiO2 and then further diffused by the surrounding LUDOX silica gel made
of 20nm glass fragments. In the SK-II period, the acrylic ball containing MgO powder is used
as a diffuser ball to improve the uniformity of the light.
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Figure 3.16: A typical TQ-map, a measured two-dimensional plot of timing vs. charge distribu-
tion. Larger values in the vertical axis correspond to earlier hits.

3.6.4 Water Transparency Measurement

Water transparency is the optical attenuation length in water, which represents the combined
effect of absorption and scattering of the light. The transparency is measured using No laser
light injected into the detector. The wavelength dependence of the attenuation length can
be measured by changing the dye of the laser. The absorption and scattering coefficients are
separately measured by this method. Furthermore, the transparency is independently measured
by Cherenkov light from cosmic ray muons. The time variation of the water transparency can
be monitored by this method without disturbing the normal data taking.

Light scattering measurement by a laser

The light attenuation length in water can be described as L = (aaps +ascat)_1, where
Qaps and ageat are the absorption and scattering coefficients, respectively. Each coefficient is
separately measured using a Ny laser. The setup of the measurement is shown in Figure B.I71
Each laser, wavelength of 337, 371, 400 and 420 nm, fires every 6 seconds during normal data
taking. The laser light is injected into the detector via an optical fiber toward the bottom of
the tank.

The barrel part of the detector is separated into 5 regions as shown in Figure[3.I7l Figure3.I8
shows the PMT hit timing distributions in each region for the calibration data and a Monte
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Carlo detector simulation (see Section [£.4]). The PMT hits on the top and barrel wall are due
to the photons scattered in water, or the photons reflected by the surfaces of the bottom PMTs
or black sheets. For the Monte Carlo simulation, the absorption and scattering coefficients are
tuned so that the PMT hit time distributions agree with the calibration data.

The attenuation coefficients obtained by this method are shown in Figure The lines
show the models used in the Monte Carlo simulation, which are determined by fitting to the
data.

LASER

337nm

Optical Fiber

371nm

400nm

420nm

T

3

Figure 3.17: A schematic view of the scattering and absorption parameter measurement.

Measurement with cosmic ray muons

The water transparency is also measured by Cherenkov light from cosmic ray muons, of
which energy deposit is almost constant in water. Only vertical downward muons are selected
for this measurement. The muon track is reconstructed by connecting the entrance and the exit
points in the detector. The detected charge by each PMT is expressed as :

Q= 1 o (—i) (3.4)

where Qg is a constant, f() is the PMT acceptance, [ is the photon path length, and L is the
attenuation length.

Figure shows the time variation of the attenuation length measured by the cosmic ray
muons. The attenuation length in event reconstruction processes are corrected by this calibration
data.
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Figure 3.19: Attenuation coefficients as a function of wavelength obtained by the water scattering
measurement (star) with the model in the detector simulation (solid and dashed lines).
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Chapter 4

Event Simulation

In order to estimate the detection efficiencies of nucleon decays, a custom nucleon decay
event simulator has been developed. The number of background events was also estimated by
the simulations of atmospheric neutrino flux and neutrino interaction in the detector.

Mesons produced in a nucleus by a nucleon decay or a neutrino interaction strongly interact
with nucleons (nuclear effect) until it escapes from the nucleus. This effect is important especially
for estimating detection efficiencies of nucleon decay searches. This was treated in the common
simulation code both in nucleon decay events and atmospheric neutrino events.

As for the backgrounds from the atmospheric neutrino interaction, a charged current single
(multi) pion production can be the dominant background source for the studied modes. A
charged current quasi-elastic scattering can also contribute the background because a nucleon
produced by the neutrino interaction can produce pions by hadronic interactions in water. They
were taken into account in the simulation.

4.1 Nucleon Decay Simulation

In a HoO molecule, there are two free protons from hydrogen nuclei, and eight bound pro-
tons and eight bound neutrons in an oxygen nucleus. The decay probabilities of free protons
and bound nucleons were assumed to be equal in the simulator. All the decay modes studied
in this thesis are two body decays. A charged lepton and a meson are back-to-back with a
monochromatic momentum in the nucleon rest frame.

For the decay of bound nucleons in oxygen, the simulation should consider the effect of Fermi
motion of the nucleons, correlation with another nucleon, and meson-nucleon interactions in the
nucleus (nuclear effect). Nucleon momentum and nuclear binding energy in the nucleus was
measured by an electron scattering experiment on '2C [47]. Figure Bl shows the experimental
momentum distributions with the theoretical calculations [47]. The theoretical calculations were
used in our simulation since it agrees well with the experimental data. The measured nuclear
binding energies were 39.0 MeV for the 1s state and 15.5 MeV for the 1p state. They were also
taken into account in the simulation by modifying the proton mass.

Generated mesons in an oxygen nucleus strongly interact with nucleons until they escape
from the nucleus. The nuclear effect should be carefully simulated since the detection efficiencies
for nucleon decays are largely affected by the effect. Nucleon decay position in a nucleus was

29



7 — T
1 | A T
| | 5° ‘
% g I 1
L 20~ = 3 50 -
3 Exp. data ) 27
X . - i
x { } Eg=2-21Mev | T 40 g ity T
o } ] 2 1 Eg=30-42 MeV
e } S | 1
__ 10 . z t 1
x ~= 20 -
£ IS 20)
n? s ]
10+ .
L L
0 PO SR T U [ VRN W WU U S S S 0 PO 4
0 100 200 300 [ 100 200 300
K (Mevic) K (MeVic)

Figure 4.1: Nucleon momentum distributions [47]. The left and right figures show momenta of
1s state and 1p state in 12C nucleus, respectively. Solid lines show theoretical calculations [47].

determined by the Woods-Saxon nuclear density distribution in the simulation,

_ p(0)
p(r) = T+ exp (59) (4.1)

where p(0) is the average density of nuclei, and a and ¢ are the density parameters for nuclei.

From this position, m, n and w mesons were tracked in oxygen nuclei. For p meson, the
lifetime is so short (8y7 =~ 0.3 fm) that it decays in a nucleus immediately into 2 7 mesons and
the nuclear effect of p meson itself was not considered in the simulation. Details of the nuclear
effects are described in Sections [Z.1.1], and 1.3l The mass of the p meson was assumed
to have a Breit-Wigner type distribution with a width of I' = 149 MeV as shown in Figure
Therefore, generated particles via the modes including p meson does not have monochromatic
momentum even in the case of free proton decay.

Ten percent of nucleons in oxygen were assumed to decay correlating with another nu-
cleon [48]. Figure B3 shows the invariant mass distribution of e*7% in the p — e*7® MC. In
such correlated decay events, the invariant mass of e™ and 7° is smaller than the mass of a
nucleon because of the invisible momentum of another nucleon.
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Figure 4.2: The p meson mass distribution in the nucleon decay simulation. The upper limit of
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Figure 4.3: Invariant mass distribution of e*7" in the p — e*7® MC in H20. The effect of
nucleon correlated decay can be seen in the lower invariant mass tail in this distribution. Two
peaks around the proton mass are corresponding to 1s state and 1p state, which are separated
by the difference of the nuclear binding energy.
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4.1.1 7 Meson Nuclear Effect

As for the pion nuclear effect, inelastic scattering, absorption, charge exchange and pion
production were considered in the simulation. The pion production is caused by relatively high
momentum pions (p; > 500 MeV /c). Thus, its effect is not significant for nucleon decay events.
Cross-sections for those processes were calculated based on the model of Oset et al.[49]. Fig-
ure L4 shows the cross sections of pion nuclear effect compared with the experimental data [51].
The angular and momentum distributions of pions were determined from the results of the
phase shift analysis of the m-N scattering experiments [50]. On account of the Pauli exclusion
principle, the momentum of the scattered nucleon is required to be more than the Fermi surface
momentum given by

pr0) = (Srr)) (42)

where p(r) is the nuclear density distribution (Equation [A.T]).
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Figure 4.4: The cross-sections of 71-160 scattering as a function as 7+ momentum. Lines show
the calculation in our simulation, and data points are taken from the experimental data [51].

The 7° momentum from the decay mode of p — e*7¥ is 459 MeV/c at the rest frame of
the nucleon. As shown in Figure 5], 37% of 7’ were simulated to be absorbed or charged-
exchanged in the nuclei. This was a major reason for the inefficiency of the p — etn% and
p — pt 7% modes. The probability of escape without any scattering was estimated to be 44%,
and 19% of 7% were scattered.
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Figure 4.5: Fraction of pion nuclear effect as a function of initial pion momentum

4.1.2 17 Meson Nuclear Effect

The interaction of n-nucleon in nuclei was considered through a baryon resonance of S11(1535).

n+N — 511(1535)
511(1535) — N +meson (m,n,77) (4.3)

The cross-section of the 1 meson nuclear effect shown in Figure was calculated by the
Breit-Wigner formula as follows.

I V0 (Frotal — I'ynv)
k? (ECMS - ]wres)2 + I"21“013211/4’

o (4.4)

where Fcng is the center of mass energy of n-N, Mg is the mass of the resonance, I'pyian iS
the total width of S(1535) resonance, I'yy is the partial width of S(1535) — 7N, and k is the
wave number (p/h). Pions can be generated by the decay of the resonance. The nuclear effect
for the 7 meson was also considered according to Section £.T.Il Approximately 56% of n mesons
generated by p — e*n escaped from the nucleus without any scattering, while 38% of 7 mesons
were absorbed or decayed into other particles from the resonance.

The 1 meson nuclear effect simulation was checked by a comparison with the experimental
cross-section of 7 photoproduction measured at MAINZ [52]. The differential cross sections
of the n photoproduction were measured for £, = 735 ~ 765 MeV. The peak momentum
of the 1 meson is about 300 MeV/c. This is equivalent to the 7 momentum generated by
p — et (or u™) n. Since photons are insensitive to strong interactions and able to probe the
inside of nuclei, meson photoproduction data were used for the study of the nuclear effects. In
the 1 photoproduction on a '2C target simulation, 7 mesons were generated following the cross-
section data of a proton target from the SAID calculation [53], and tracked in nuclei suffering
the n» — N interaction described above. For the cross-section of the n photoproduction on a
neutron target in the simulation, the cross-section was assumed to be 2/3 of that of a proton
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Figure 4.6: Calculated cross section of 1 nuclear effect considering S11(1535) resonance in the
custom simulation code.

target, since this assumption reproduces the experimental cross-sections of a deuteron target
[54].

Figure @7is the comparison of an experimental 7 photoproduction cross-section, with a 2C
target, and the cross-section simulated by our nuclear effect simulation. The dashed line in
Figure .7 is the simulated cross section without the nuclear effect, which corresponds to the
elementary cross section of a nucleon times the number of nucleons in the nucleus. The simulated
photoproduction cross-section predicted well the experimental data. The difference between the
experiment and the simulation was considered as the uncertainty of the cross section of the 7
nuclear effect. The uncertainty of the cross section was estimated to be a factor of two.

4.1.3 w Meson Nuclear Effect

The width of w meson resonance is I' = 8.49 MeV and its lifetime is 7 = h/T' = 0.77 x 10722
sec. In the proton decay of p — eTw, the w meson momentum is ~ 140 MeV /c so that the
mean free path (5y7) of the w meson is ~ 4 fm. The decay of w was taken into account in the
w meson tracking in nuclei because the mean free path is comparable to the size of the radius
of a nucleus.

The w meson interaction with a nucleon in an oxygen nucleus was calculated by Lykasov et
al.[55] with a boson exchange model. The coupling constants and the form factor of this model
were fixed by the experimental data of TN — wN. Inelastic reactions such as wN — wN,
wN — 7N, wN — pN, wN — pr N, wN — 7N, wN — oN were considered in the simulation.
Approximately 53% of w mesons generated in p — eTw decayed in the nucleus. Therefore, the
nuclear effect of secondary pions should also be considered.

The calculated cross section described above were compared with experimental data. The
CBELSA/TAPS collaboration measured the w photoproduction cross section on the various
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Figure 4.7: The differential cross sections of photoproduction of the 1 meson on a '2C target
with the 7 energy of 735 ~ 765 MeV. The experimental data at MAINZ [52] are shown as
circles. The black solid line shows the simulated production cross-section. The dashed line
shows the cross-section without nuclear effect, and the blue and red solid lines show simulated
cross-sections with doubled and half the cross-sections of the 1 nuclear effect, respectively.
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nuclei targets of C, Ca, Nb and Pb [56]. They extracted the wN cross section from the pho-
toproduction cross sections and compared it with the calculated cross section by Lykasov et
al. as shown in Figure .8 This cross-section obtained by the experiment is approximately 3
times larger than the calculated cross section. We took this difference as an uncertainty of the
cross-section of the w meson nuclear effect.

If a w meson escapes from a nucleus, the w meson immediately decays to 7+7x 7"

, ™0~ and
777~ with branching ratios of 89%, 9% and 2%, respectivelly.
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Figure 4.8: The comparison of the total wN cross-section between the extracted cross-section

from the experiment (square) [56], and the calculated cross section (solid line) by Lykasov et
al.[55]
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4.2 Atmospheric Neutrino Flux

The most important and irreducible background for nucleon decay searches in Super-Kamiokande
is the events caused by the interactions of atmospheric neutrinos because these events may mimic
the nucleon decay signals. In order to estimate the amount of background, the atmospheric neu-
trino flux and neutrino interactions were simulated precisely. The atmospheric neutrino flux at
Kamioka used in our simulation was calculated by M. Honda et al.[57] (Honda flux).

The primary cosmic ray flux has been precisely measured by the BESS [58] and AMS [59]
experiments up to 100 GeV/c. The model of the primary flux used in the calculation of the
Honda flux is parameterized and fitted to the experimental primary flux data as shown in
Figure with some experimental results. The primary cosmic ray flux is affected by the solar
wind and the geomagnetic field of the Earth. These effects were considered in the calculation.
The difference of the flux at solar maximum and solar minimum is more than a factor of two for
1 GeV cosmic rays, while it decreases to ~ 10% for 10 GeV.
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Figure 4.9: Primary cosmic ray flux measurements compared with the model used in the Honda
flux calculation. The data are taken from Webber [60] (crosses), LEAP [61] (upward triangles),
MASSI [62] (open circles), CAPRICE [63] (vertical diamonds), IMAX [64] (downward triangles),
BESS98 [58] (circles), AMS [59] (squares), Ryan [65] (horizontal diamonds), JACEE [66] (down-
ward open triangles), Ivanenko [67] (upward open triangles), Kawamura [68] (open squares) and
Runjob [69] (open diamonds).

Interactions of primary cosmic ray with air nuclei were simulated based on the two theoretical
models, NUCRIN [70] for the primary cosmic ray energies below 5 GeV, and DPMJET-III [71]
for above 5 GeV. The atmospheric neutrino flux can be obtained from the decays of secondary
particles, mostly pions and partially kaons, generated by the interactions.

The calculated energy spectrum of atmospheric neutrinos at the Super-Kamiokande site is
shown in Figure with the predictions of G. Battistoni et al.[T2] (Fluka flux) and G. Barr
et al.[73] (Bartol flux). Neutrinos with the energy of the order of 1 GeV contribute to the
background for nucleon decay searches. The systematic uncertainty of the absolute flux was
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estimated to be approximately 25% due to the uncertainty of the absolute primary cosmic ray

flux and the uncertainties of the cosmic ray interactions.
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Figure 4.10: The Predicted atmospheric neutrino fluxes at the Super-Kamiokande site. Solid
lines show the Honda flux, dashed lines show the Fluka flux [72], and dotted lines show the

Bartol flux [73].

4.3 Neutrino Interaction

Atmospheric neutrinos interact with nucleons and electrons in water in the Super-Kamiokande
detector. Neutrino interactions were treated by NEUT [74] [75] in our simulation. In NEUT, the
following charged current (CC) and neutral current (NC) interactions were considered:

CC/NC (quasi-)elastic scattering
CC/NC single meson production
CC/NC deep inelastic interaction

CC/NC coherent pion production

v+N— [+ N
v+ N — I+ N+ meson
v+ N — |+ N'+ hadrons

v+ 160 - 1+ 160 4+«

where v is a neutrino (either a neutrino or an anti-neutrino), N and N’ are nucleons (proton or
neutron), and [ is a lepton (either a neutrino or a charged lepton).
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4.3.1 Elastic Scattering and Quasi-Elastic Scattering

The differential cross-section of the charged current quasi-elastic scattering for free protons
is given by [76 [77] :

do”®) _ M?G% cos? . s—u +C(q2)(s—u)2 (4.5)
dq? 8 F?2 M?2 M4 ’ '
where F, is the neutrino energy, M is the mass of the target nucleon, G is the Fermi coupling

constant, 6. is the Cabbibo angle, ¢ is the four-momentum transfer, and s and v are Mandelstam
variables [76]. The factors A, B and C are :

[A<q2) ¥ B(¢%)

m2 — g2 7 7
Alg?) = O [(4— Mz) |Fal* — <4+ M2> |Fy|?
2 2 211 2
q 2.2 q 4q° Fy EFY
abvELd <1+4M2>_ M?
m? 1 242 2
- s ((F 4 SR 4 |FaP) (4.6)
2
q
B@) = L (Fa(R+€FY) (4.7
o) = L(IEa+ 1R - - jerep (45
4 4 \7A v Tzt '

where m is the charged lepton mass, and & = p, — pp, = 3.71. The vector form factors, F‘l/ (q%)
and F‘% (¢?), and the axial vector form factor, F4(q?) are determined experimentally and given
by :

2 \ 1 2

R = (1-405)  |oe) - {20 (4.9
2 -1

() = (1-135)  [Ge) - Gule?)] (4.10)

2\ —2
Fa(g?) = —1.23 <1—]\qﬁ> (4.11)
P\’
Culd?) = <1+5>-1GM<q2>=<1Ma> (4.12)

where G and GG are the electric and magnetic form factor, the vector mass My is set to be
0.84 GeV and the axial vector mass M, is set to be 1.21 GeV, which is a common parameter for
the single meson production model.

For scattering off nucleons in 60, the Fermi motion of the nucleons and Pauli exclusion
principle must be considered [78]. Since nucleons are fermions, the outgoing momentum of the
nucleons in the interactions is required to be greater than the Fermi surface momentum to allow
quasi-elastic scattering to occur. In NEUT, the Fermi surface momentum is set to be 225 MeV /c.

39



The cross-section for neutral current elastic scattering are estimated from the following
relations [79, [80] :

o(vp —vp) = 0.153 x o(vn — e p) (4.13)
o(vp — vp) = 0218 x a(vp — eTn) (4.14)
o(vn —wvn) = 1.5xao(vp— vp) (4.15)
o(on —vn) = 1.0 x o(vp — vp) (4.16)

Figure .1T] shows the cross-section of the quasi-elastic scattering for the experimental data and
the calculation by NEUT.
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Figure 4.11: cross-sections of (a) v, and (b) 7, with the experimental data from ANL [8]],
Gargamelle [82] 83], BNL [84], Serpukhov [85] and SKAT [86].

4.3.2 Single Meson Production

The resonant single meson production of w, K, and n was simulated based on the model of
Rein & Sehgal [87]. This method assumes an intermediate baryon resonance :

v+ N —Il+N*

(4.17)

N* — N’ + meson
where N and N’ are nucleons, N* is a baryon resonance, and [ is a lepton (either a charged
lepton or a neutrino). The differential cross-section of single-meson production is a product of
the amplitude of each resonance production and the probability of their baryon resonance decay
to the meson. For a baryon resonance with a negligible decay width, the differential cross-section
is :

d’c 1 1 ) , ,
= = T(vN — IN? M i1
d?dE, ~ 32xME2 2 > TN — INDT6(W? — M) (4.18)

7,8pin
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where M is the mass of the target nucleon, F, is neutrino energy, W is the invariant mass
of the hadronic system (or the mass of the intermediate baryon resonance), M; is the mass of
the baryon resonance, and T(vN — [N*) is the amplitude of resonance production, which is
calculated using the FKR (Feynman-Kislinger-Ravndal) model [88]. The invariant mass, W,
is restricted to be less than 2GeV/c?. For W larger than 2GeV/c?, the interactions were
simulated as deep-inelastic scattering as described in the next section. For a baryon resonance
with a finite decay width, the differential cross-section can be derived by replacing the J-function
with a Breit-Wigner factor :

2 2 i . r

For a single-meson production, the axial vector mass M4 is also set to be 1.21 GeV. A
total of 28 resonances were simulated in our simulation. The effect of the Pauli exclusion
principle in the decay of the baryon resonance was considered by requiring the momentum of
the scattered nucleon to be greater than the Fermi surface momentum. The pion-less decay of
A resonance in 10 nuclei, where about 20 % of the events do not have a pion in the decay, was
also simulated [89]. Figure show the cross-sections of charged currentresonant single-meson
productions for our calculations and the experimental data.

Most of the baryon resonances decay to the final states including 7. The production cross
section for the 1 meson and K meson are much less than that for w. The fractions for the
single n meson and the K meson production in the total single meson production events in the
atmospheric neutrino MC were approximately 4% and 0.6%, respectively.

4.3.3 Deep Inelastic Scattering

The cross-section of charged current deep inelastic scattering is calculated by integrating the
following equation in the range of the invariant mass W > 1.3 GeV/c? [90] :

d>o¥" GZMNE y? Y
_ (1 —y+ = +C))Fa(x,¢?) £ y(1 — Z + Co)zFs(z, ¢
- DB (g B QO 91—+ Coai(o?))
c yMl2 _ayMy m? B ml2
! AMyE,x  2E, 4E2 2MyE,x
2
m
Cy = —— " 4.20
2 AMyE,x (420)

where z(= —¢*/(2M (E, — E}))) and y(= (E, — E;)/E,) are Bjorken scaling parameters, My is
the nucleon mass, m; is the outgoing lepton mass, F,, and E; are the energy of incoming neutrino
and outgoing lepton in the laboratory frame, respectively. The nucleon structure functions Fb
and xF3 are taken from GRV9S8 [91].

In our simulation, the cross-section of deep inelastic scattering induced by neutral current
were assumed to have the following relations which were estimated from experimental results [92]
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93] :

(vN — vX) 0-26 (B, <3GeV)

o\V — U

o(wN — p=X) : : - < 4.21

o(vN — p=X) 0.26 +0.04 (E£,/3 - 1) (3GeV < E, <6GeV ) (4.21)
0.30 (E, >6GeV)

(N 7X) 0.39 (E, <3GeV)

o\v — UV

o(vN — 4+ X) - - < )

N = p+X) 0.39 - 0.02(E,/3~1) (3GeV < E, <6GeV) (4.22)
0.37 (E,>6GeV)

The kinematics of the hadronic system was simulated by two different methods according
to the range of invariant mass. In the region of 1.3 GeV/c?> < W < 2.0 GeV/c?, only pions were
considered as outgoing mesons. The mean multiplicity of pions was estimated from the result
of the Fermilab 15-foot hydrogen bubble chamber experiment [94] :

(ny) = 0.09 + 1.83 In(W?) (4.23)

The number of pions in each event was determined by using KNO (Koba-Nielsen-Olsen) scaling.
Since the range of W overlaps with that in single pion production, n, > 2 is required in this W
region. The forward-backward asymmetry of pion multiplicity in the hadronic center of mass
system is included using the results from the BEBC experiment [95] :

~0.35+0.41In(W?)
0.5+ 0.091In(W?2)

F
nﬂ'
—= 4.24
i (4.24)
In the region of W >2.0 GeV/c?, the kinematics of the hadronic system were calculated by
using the PHYTIA /JETSET package [96]. This package treats not only = but also K, 7, p and
SO on.
The cross section of the CC v, and v, interactions are shown in Figure .13

4.3.4 Coherent Pion Production

Coherent pion production is a neutrino interaction with an oxygen nucleus, which remains
intact, and one pion with the same charge as the incoming weak current is produced. Since very
little momentum is transferred to the oxygen nucleus, the angular distributions of the outgoing
leptons and pions are peaked in the forward direction. The formalism developed by Rein and
Sehgal [97] was used to simulate the interactions, and the differential cross-section is given by :

dSO' . G%‘M 2 42 1 TN \2
W = A3x 52 A Ey(l—y)ﬂ(atotal)
2 M3\ Ly
X (14 1r%) (W) e M EFaps (4.25)
r = Re(fzn(0))/Im(frn(0)) (4.26)

where (3 is the axial vector couping constant and is 1 (2) for neutral current (charged current)
interactions, G is the weak coupling constant, M is the nucleon mass, f; is pion decay constant
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Figure 4.13: Cross sections for charged current v, and 7, interactions. Upper(lower) lines are
Vu(Tp)-

and is 0.93m,, A is the atomic number (=16 for oxygen), E, is the neutrino energy, y is
the lepton fractional energy loss, agft\gl is the averaged pion-nucleon cross-section, b is in the
order of the nucleus transverse dimensions and is 80 GeV~2, M4 is the axial-vector mass, Q>
is the square of the four-momentum transfer of the lepton, and ¢ is the square of the four-
momentum transfer to the nucleus, and F, is a factor to account for the absorption of pions
in the nucleus. f;n(0) in r is the 7N scattering amplitude. However, the K2K experiment
set an upper limit on the cross-section of coherent CC pion production [98]. The upper limit
is significantly lower than the predicted cross-section by Rein and Sehgal. Therefore some
modification is necessary to the Monte Carlo coherent pion production cross-sections. The
calculated cross-sections of the coherent pion production for the CC and NC interactions by
Kartavtsev and Paschos [99] agree better with the several experimental data than that of Rein
and Sehgal as shown in Figure .14l The difference between the experimental data and the
model proposed by Kartavtsev and Paschos was taken into account as a systematic uncertainty
of 100 %.

4.3.5 Nucleon Nuclear Effect

Nucleons produced in a nucleus by neutrino interactions can cause secondary interactions
with other nucleons. The nucleon-nucleon elastic scattering cross section is based on the mea-
surements by Betrini et al. [104], which is used in GCALOR. The pion production caused by
the decay of produced deltas was also taken into account, according to the isobar production
model by Lindenbaum et al. [105].

4.4 Detector Simulation

Particles produced in the nucleon decay simulation and atmospheric neutrino interactions
were passed through a GEANT-3 [106] based custom detector simulator. Cherenkov light emis-
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sion, light propagation through matter, particle propagation and hadronic interaction in water,
and the response of PMTs, data acquisition electronics and trigger systems are simulated in this
simulator.

In many of the nucleon decay modes searched in this thesis, charged pions are produced
and propagate in water radiating Cherenkov photons. Therefore, hadronic interactions in water
should be simulated precisely. In order to reproduce low energy pion interactions, hadronic
interactions were treated by a custom simulation program [I08] based on experimental data of
7-100 scattering [109] and m-p scattering [I10] for charged pions of p, < 500 MeV/c, while
CALOR [107] was employed for nucleons and charged pions of p, > 500 MeV/c.

In the photon tracking in the detector simulator, absorption and Mie and Rayleigh scattering
processes were taken into account. Rayleigh scattering is a dominant process for short wave-
length because of the A™* dependence, and photons are scattered symmetrically in forward and
backward directions in this process. Absorption is a dominant process for longer wavelength
(450 nm) photons. Coefficients for these processes were tuned to reproduced the calibration
data as described in Section B.6.4]
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Chapter 5

Data Reduction

The nominal trigger rate in Super-Kamiokande except for the Super Low Energy trigger is
~11 Hz. About 10° events are accumulated every day. Most of those events are cosmic ray
muon events or low energy background events from radioactivities from materials around the
detector wall. A flasher event, which is caused by a flashing PMT due to a discharge around the
dynode structure, can also be a non-negligible background. Some relatively intelligent reduction
techniques were applied to reduce the background.

We have to reject these background events before proceeding further detailed event recon-
struction processes. For nucleon decay searches, fully contained (FC) events were selected by
the reduction algorithms described in this chapter. The fully contained event is defined to have
some activities only in the inner detector.

There are five steps for the FC reduction scheme. All the data reduction schemes for the
FC events are automated. The reduction algorithms are basically common for SK-I and SK-II
except for some criteria because of the difference in the number of the ID PMTs.

5.1 First Reduction

The 1st reduction were applied in order to reduce low energy backgrounds from radio isotopes
(by criterion (1)), cosmic ray muon events (by criterion (2)) and electron events from the decay
of the cosmic ray muons (by criterion (3)).

These cuts reduced the data size from 10° events/day to 3000 (2200) events/day for SK-T
(SK-II).

The selection criteria of the 1st reduction are defined as;

(1) PE3po > 200 p.e.s (100 for SK-IT),
(PE3qp is the maximum number of total p.e.s observed by the ID PMTs in a sliding 300
nsec time window.
The threshold for PE3go cut corresponds to 22 MeV /¢ for electrons. The PEsgg distribu-
tions for the raw data and the proton decay MC are shown in Figure [5.])

(2) NHITAgpo < 50 or OD trigger is off,
(NHITAgqo is the number of hit OD PMTs in a fixed 800 nsec time window from -400 nsec
to +400 nsec before and after the trigger timing.
The NHITAgyo distributions for the raw data and the proton decay MC are shown in
Figure [5.21)
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(3) TDIFF > 100 pusec.

(TDIFF is a time interval to the previous event.)

The criterion (3) removes the electron events from the decay of the cosmic ray muons which
stopped in the ID. The events within 30 usec after another selected events by the above criteria
are selected to keep the decay electrons. These events are attached to the fully contained event

candidates as sub-events and not counted as a primary events.
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Figure 5.1: PEgqg distribution for the raw data (top) and the p — eTn% MC (bottom) in SK-I
(left) and SK-IT (right). The selection criterion is indicated by the arrows.

5.2 Second Reduction

The 2nd reduction were applied in order to further eliminate the cosmic ray muon events
(by criterion (1)), low energy events and electrical noise events, which have one larger hit signal

from a single PMT (by criterion (2)).

The event rate after the 2nd reduction decreased to 200 (280) events/day for SK-I (SK-ITI).

The selection criteria of the 2nd reduction are defined as;

(1) NHITAggy < 25 if PEgo; < 100,000 p.e.s (50,000 for SK-IT) or OD trigger is off,
(PE¢ot is the total p.e.s observed in the ID.

This criterion is shown in Figure by the solid line.)

(2) PEmax/PEs00 < 0.5.

(PEmax is the maximum number of p.e.s observed in the ID PMTs. The PEpax/PEsqo

distributions are shown in Figure [5.3])

5.3 Third Reduction

In order to reduce the background events after the 2nd reduction, tighter cuts were applied
to eliminate noise events, such as flasher events, and cosmic ray muon events which have a small

47



£ 10° £10°%

% 105 rejected S 105 rejected
“ 104

s 103

2 102

£

=]

Z o0

0 13 0
£10 £
) )
5 3
Rl 5
T o]
2 10 55 a
£ o £
= o =
pz4 : pz4
1 o E\ X I L L L L L L
0 10 20 30 40 S 60 70 80 90 100 70 80 90 100

0
NHITAg,

Figure 5.2: NHITAgy distributions for the raw data (top) and the p — e*7® MC (bottom) in
SK-I (left) and SK-II (right). The dotted (solid) arrows indicated the selection criteria in the

1st (2nd) reduction.

£ 10° 2 10°
§ 104 rejected % 1o: rejected
10 w 10°F
G S .2
© 10 o 10
310 8 10
€ 1 E 4
=]
2 0 01 02 03 04 05 06 07 08 09 Z 0 01 02 03 0. 1
PEadPEgo PE,_/PE,,
10

Number of events
Number of events
=
B3

. . . . . . . 3] . . . . . .
02 03 04 05 06 07 08 09 1 0 .1 02 03 04 05 06 07 08 09 1
PEqax/PE 300 PEqax/PE 350

Figure 5.3: PEpay/PE3q distributions for the data (top) and the p — et 7% MC (bottom) in
SK-TI (left) and SK-II (right) after the 1st reduction. The selection criteria are indicated by the

arrows.

48



number of the OD hits.
The 3rd reduction is separated into six parts as follows;

e through-going muon cut,

e stopping muon cut,

e cable hole muon cut,

e flasher event cut,

e accidental coincidence events cut,

e low energy events cut.

After applying these cuts, the event rate decreased to 45 (21) events/day for SK-I (SK-II).
The details of these reduction criteria are described below.

Through-going Muon Cut

The remaining through going muon events have fewer number of hit PMTs in the OD and
cannot be easily rejected. Therefore, we applied a special through-going muon fitter and counted
the number of hit PMTs in the OD around the entrance and exit points. Events which satisfy
all the conditions below are rejected;

(1) PEmax > 230 (and the number of hit PMTs exceeds 1000 for SK-II),

(2) NHITA;, > 10 or NHITA,,; > 10,
(NHITA;, (NHITA.yt) is the number of hit OD PMTs in a fixed 800 nsec time window
located within 8m from the entrance (exit) point.) These distributions are shown in

Figure 5.4
(3) the goodness of the through-going muon fit > 0.75.
The goodness of the fitter is defined as;

1 1 (t; — T3)*
OOdTLCSS = X —5 €X —_—— 5].
g Zl ZZ o? p( 2(1.5><0¢)2> 5:1)
2
X U’i

where t; and o; are the observed hit time of the i-th PMT and its resolution, and T} is the hit
time expected from the entering time of muon and its track.

Stopping Muon Cut

There are also remaining events by cosmic ray muons which stopped in the detector. This
type of events can also be rejected by fitting the muon track and counting the number of hit
PMTs of the OD around the entrance. The stopping muon fitter assumes the location of the
PMT having the earliest signal to be the entrance point. The direction of the muon is determined
by maximizing the total charge in the Cherenkov cone. The goodness of this fitter is same as
that for through-going muons.

The events satisfying the following criteria are classified as stopping muon events and re-
moved;
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(1) NHITA;, > 10
or
NHITA;, > 5 if goodness of the stopping muon fit > 0.5.

Cable Hole Muon Cut

On the top of the detector tank, there are twelve cable holes where all the signal and high
voltage supply cables go through. Four holes out of twelve are directly above the ID and block
the OD. Cosmic ray muons going through these holes would not leave any OD activities and
could be identified as contained events. In order to eliminate this mis-identification possibility,
a set of veto counters (2.0m x 2.5m plastic scintillation counters) were installed as shown in
Figure

The rejection criteria are defined as;

(1) one veto counter hit,

(2) Lyeto < 4 m.
(Lyeto is the distance from the cable hole to the reconstructed vertex.)

Figure shows the reconstructed vertex distributions for the 1-ring non-shower type events
before and after the installation of veto counters. The muons going through the cable holes are
well eliminated by the veto counters.

Flasher Event Cut

The flasher events usually show a broad timing distribution as shown in Figure[5.7l In order
to remove these events, the number of hit PMTs is counted within a 100 usec sliding time
window, and the minimizing point (NMINjq) is searched.

The rejection criterion for SK-I is defined as;
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(1) NMINygp > 14
or
NMIN1gg > 10 if the number of hit ID PMTs < 800.
(NMINqg is the minimum number of hit ID PMTs in a sliding 100 nsec time window from
+300 nsec to +800 nsec after the trigger. NMINygg distributions are shown in Figures [(.8]
5.3)

The rejection criterion for SK-II is defined as;

(1) NMIN;g > 10.
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Figure 5.7: The timing distribution of a typical flashing PMT (top) event and a typical fully
contained event (bottom). The arrows indicate the time window for counting NMINjqy.
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Accidental Coincidence Events Cut

The accidental coincidence occurs when a low energy event generates the trigger and a cosmic
ray muon event follows in a single trigger gate. Such events were rejected by the following
rejection criteria:

(1) NHITA.& > 20.
(NHITA, g is the number of hit OD PMTs in a fixed 500 nsec off-timing window from 4400

nsec to +900 nsec after the trigger timing.)

(2) PEog > 5000 p.e.s (2500 for SK-II).
(PEog is the number of p.e.s observed by ID PMTs in a fixed 500 nsec off-timing window

from +400 nsec to +900 nsec.)

Low Energy Events Cut

The remaining low energy events are from the decay of radio isotopes and the electrical noise.
Such events were rejected by the following rejection criteria:

(1) NHIT5¢ < 50 (25 for SK-II).
(NHIT5q is the number of hit ID PMTs in a sliding 50 nsec time window. The threshold
for this cut corresponds to 9 MeV for electron.)

5.4 Fourth Reduction

Most of remaining backgrounds after the 3rd reduction are flasher events. The typical event
display of a flasher event is shown in Figure 5.I0l In order to eliminate the flasher events, an
intelligent pattern matching algorithm is used. Flasher events usually repeat similar PMT hit
patterns in the detector in the course of hours and days. Such repeated events are not likely to
be caused by nucleon decays or neutrinos.
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The 4th reduction algorithm compares event patterns between every two events and esti-
mated the correlation factors for those events in order to find “matched” events.

Figure 5.10: Event display of a typical flasher event. The circle in the left side of the display
indicates the flashing PMT. The light from the flashing PMT reaches to the other side of the
detector.

The event rate after the 4th reduction decreased to 18 events/day for both SK-I and SK-II.
The detailed procedure of the 4th reduction algorithm is summarized as follows:

(1)
(2)

(4)

()

The ID wall is divided into 1450 patches of 2m x 2m square.

The correlation factor r is calculated by comparing the total charge in each patch of two
events, A and B, as follows,

1 Qf — Q%) x (QF —(QF)
iy ) x ( )

oA X OB

(5.2)

where N is the number of patches, and (QA(B)> and o 4(p) are the averaged charge and its
standard deviation for the event A (B).

(a) The distance (DISTax) between the PMTs with the maximum charge in the two
compared events is calculated.

(b) IF DISTyax < 75 cm, an offset value is added as; r — r + 0.15.

If r exceeds the threshold (r4,), events A and B are recognized as matched events. The
threshold is defined as;

ro, = 0.168 x logy ((PE{, + PEfy) /2) +0.130 (5.3)
where PFEi.; is the total number of p.e.s observed in the ID.

The above calculation is repeated over 10,000 events around the target event. Then, the
number of matched events are counted.

The events with large correlation factor r or large number of matched events are removed.
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5.5 Fifth Reduction

The remaining background events were removed by the following criteria specialized for each
kind of background events.

e stopping muon cut

e invisible muon cut

e coincidence muon cut
e long-tail flasher cut

After applying these reduction criteria, the event rate was 16 events/day for both SK-I and
SK-II.
The details of these reduction criteria are described below.

Stopping Muon Cut

The remaining stopping muons were rejected by tighter criteria than those in the 3rd re-
duction. The entrance position in the OD is estimated by a backward extrapolation from the
reconstructed vertex determined by TDC fit (see Section [6.1]).

Events satisfying the following criterion were rejected;

(1) NHITA;, > 5
(NHITA;, is the number of hit OD PMTs located within 8m from the entrance point in a
sliding 200 nsec time window from -400 nsec to +400 nsec.)

Invisible Muon Cut

Invisible muon events are caused by cosmic ray muons with momenta less than the Cherenkov
threshold and the subsequent decay electrons being observed. These events are characterized
by a low energy signal from decay electron and a signal in the OD before the trigger timing.
Events which satisfied the following cut criteria were rejected as invisible muons:

(1) PEgy < 1000 p.e.s (500 for SK-II).
(PE4ot is the total number of p.e.s observed in the ID.)

(2) NHITACu1y > 4.
(NHITAC a1y is the maximum number of hit PMTs in the OD hit cluster in a sliding 200
nsec time window from -800 nsec to -100 nsec.)

(3) NHITACqry + NHITAC500 > 9 (if DIST st < 500 cm)
NHITAC a1y > 9 (otherwise).
(NHITACj300 is the number of hit PMTs in the OD hit cluster in a fixed 500 nsec time
window from —100 nsec to +400 nsec.
DIST st is a distance between two OD hit clusters, which are used for the NHITAC,,1y
and the NHITAC5[)0.)
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Coincidence Muon Cut

The remaining accidental coincidence muon events are removed by the following rejection
criteria;

(1) PEso0 < 300 p.e.s (150 for SK-II).
(PEsqp is the total number of p.e.s observed in the ID in a fixed 500 nsec time window
from -100 nsec to +400 nsec.)

(2) PEjate > 20 p.ess.
(PEjate is the maximum number of hit OD PMTs in a 200 nsec sliding time window from
400 nsec to 1600 nsec. PEju. distributions are shown in Figure 5.111)
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Figure 5.11: PEj,. distributions after the 4th reduction for the data (top) and the p — et ¥
MC (bottom) in SK-I (left) and SK-II (right). The rejection criteria are indicated by the arrows.

Long-tail Flasher Cut

This is a stricter version of the flasher cut in the 3rd reduction. Events satisfying the following
criteria are removed as flasher events:

(1) NMINjgp > 5 if the goodness of point fit < 0.4.
(NMINqg is the minimum number of the hit ID PMTs in a sliding 100 nsec time window
from 300 nsec to 800 nsec.)
(See Section for the explanation of point fit.)

(2) The goodness of point fit < 0.3 (only for SK-II).

(3) NHITMIN;p0 < 6 (only for SK-II).

5.6 Summary

Finally, the fully contained samples are selected by applying the following cut:
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e The vertex (interaction point) should be inside the fiducial volume (2m away from the ID
detector wall).

e The number of hit PMTs in the highest charge OD cluster (NHITAC) should be less than10
(16 for SK-II).

e The visible energy should be greater than 30 MeV. (The visible energy is defined as the
sum of the energy of each ring assuming all rings are produced by electrons.)

The event rate of the fully contained events for the real data was 8.18 £+ 0.07 (8.26 £ 0.10)
events/day for SK-I (SK-II). The background events from cosmic ray muons, flasher events
and neutrons from the rock around the detector were largely rejected by requiring the fiducial
volume cut. The contaminations of the backgrounds were estimated to be negligible as shown in
Table 5.1l After applying reduction criteria to the observed data, we obtained 12232 and 6584
fully contained event samples in the SK-I and SK-II data, respectively. The characteristics of
those event samples are described in Chapter [l

SK-I Sub-GeV Multi-GeV
(Evis < 1330 MeV/c) | (Eyis > 1330 MeV/c)
e-like (%) p-like (%) | e-like (%)  wp-like (%)

Cosmic ray p — 0.07 — 0.09
Flashing PMT 0.42 — 0.16 —
Neutron event 0.1 — 0.1 —

SK-IT Sub-GeV Multi-GeV

e-like(%)  p-like(%) | e-like(%)  p-like(%)
Cosmic ray — 0.01 — 0.07
Flashing PMT 0.27 — 0.65 —
Neutron event 0.1 — 0.1 —

Table 5.1: Summary of the estimated upper limit of the contamination of each background. [111],
117]
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The same reduction criteria were also applied to the nucleon decay MC (see Chapter d). For
the nucleon decay via the N — etmeson modes, the detection efficiencies surviving the reduction
criteria were estimated to be greater than 97%. On the other hand, for the N — u*(p or w)
modes, the muon can be invisible due to the large meson mass. Moreover, the meson sometimes
cannot escape from a nucleus or can be immediately absorbed by nucleons in water. Such events
were rejected at the 1st reduction because of the very small visible energy. That resulted in
relatively lower efficiencies for these modes.

Mode SK-I SK-II || Mode SK-I SK-II
p—etn? | 994% 99.5% | p — etw 99.6% 99.8%
p—pt70]99.6% 998% | p— ptw | 925% 93.8%
p—etn 1994% 99.7% | n—etm™ | 99.7% 99.7%
p—putn | 99.6% 99.6% | n— puTr | 99.8% 99.9%
p—etp? | 97.9% 97.9% | n —eTp™ | 97.1% 97.1%
p—putpd | 81.2% 81.5% || n— utp™ | 83.1% 84.0%

Table 5.2: The detection efficiency by the data reduction criteria for the nucleon decay MC for
SK-T and SK-II. The fiducial volume cut is not included.
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Chapter 6

Event Reconstruction

Event reconstruction processes were applied to the fully contained events which passed the
data reduction described in the previous chapter. The common reconstruction algorithms were
used for the observed data and the Monte Carlo (MC) simulation events. This chapter describes
the outline of the event reconstruction algorithms and their performances. The details of the
reconstruction algorithms are well described in another document [113].

The reconstruction algorithms were applied through the following procedure:

(1)

Vertex Fitting:

The vertex position is determined as the point at which the timing residual distribution of
hit PMTs has the sharpest peak. The direction and the outer edge of the dominant ring
is estimated.

Ring Counting:

Additional possible rings are searched using the vertex position and the direction of the
dominant ring. The ring candidates are tested whether the ring really exists or not by a
likelihood method. The total number of ring is also determined in this step.

Particle Identification:

Each ring is classified into two types, a showering type (eT,~) or a non-showering type
(ut,7F), by the ring pattern and the opening angle. The showering type and non-
showering type are commonly called e-like and p-like, respectively.

Momentum Determination:

The momentum of each ring is determined from the charge detected inside a 70° cone. The
conversion from the charge to the momentum is done based on the MC simulation and
the detector calibration. The observed charge at each PMT is divided into each ring in
this step. The separation is one of the most important part for this nucleon decay analysis
because it determines momenta for multi-ring events.

Ring Number Correction:
Rings which have low momentum and overlapped with the other energetic rings are dis-
carded as fitting mistakes.

Decay Electron Finding:
Decay electrons following the primary events are searched.
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6.1 Vertex Fitter

The event reconstruction process starts from the vertex fitting. The vertex fitting consists
of three steps: point-fit, ring edge search and TDC-fit.

Point-Fit

The vertex position is roughly estimated by assuming all of the photons are emitted at the
same time from a point source. The time of flight (TOF) of photon is subtracted from the hit
timing of each PMT. The vertex is estimated as the point where the TOF-subtracted timing
distribution is peaked. This algorithm is called point-fit. The goodness of the fit is defined as

follows;
1 (t; — to)?
oodness = — g exp | ——— 6.1
g N & p( 2(1.5 x 0)? (6.1

where N is the number of hit PMTs, ¢; is the TOF-subtracted timing of the i-th PMT, t; is a
free parameter chosen to maximize the goodness, and o is the PMT timing resolution taken to
be 2.5 nsec. The numerical factor 1.5 was chosen to optimize the fitter performance. The fitter
searches for the vertex point maximizing the goodness.

Ring Edge Search

In the second step, the direction and the edge of the dominant Cherenkov ring (the most
energetic ring) are determined. To determine the ring direction, the estimator @ (fedge) is defined

as follows;
2
96 e eex 2
X exp < (dg2p)> . (6.2)
0=0cdge 209

where Ocx, and oy are the Cherenkov opening angle expected from the charge within the cone
and its resolution, respectively. PE(f) is the angular distribution of the observed charge as a
function of the opening angle 6 from the particle direction as shown in Figure The ring
edge Oqqge is determined to satisfy the following two conditions :

Q (eedge) =

Bcdgc
PE(0)do
/0 (9) _ ( dPE@)
do

sin Oeqge

eedge > gpeak (63)
d?PE(0)
= A4

edge

where Opcak is the opening angle where PE(6) takes maximum.

The estimator Q(Hedge) is calculated changing the particle direction around the initial direc-
tion estimated by the point fit. The direction of the ring and the ring edge are determined to
maximize the estimator Q(fedge)-

TDC-Fit

In the last step of the vertex fitting, the vertex position is more precisely determined by the
TDC-fit. The track of a charged particle and the scattered Cherenkov photons are taken into
account using the fitted direction by the ring edge search.
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Figure 6.1: The typical PE(#) distribution (top) and its second derivative (bottom) for a single
ring event as a function of Cherenkov opening angle.

The track of the charged particle is considered for the TOF-subtracted timing calculation
for PMTs inside the Cherenkov ring cone as follows;

1 L
m:ﬁ—g P - X,

%]

n
C

(6.5)

where O is the vertex position, X, is the position at which Cherenkov photons are emitted
toward the i-th PMT, n is the refractive index of water, ]5; is the position and t? is the hit
timing of the i-th PMT.

The TDC-fit consists of two different estimators, G; and Go. Gy is the estimator for the hit
PMTs inside the Cherenkov ring cone. The definition of G is almost same as Equation (G.1),
but the charge dependent timing resolution is considered. The other estimator, Go , is for the
hit PMTs outside the Cherenkov ring cone. If the TOF-subtracted timing is later than tg , the
contribution from the scattered photons is considered in Gp. The total estimator of TDC-fit is

obtained by;
_ Gr+Go

dob
— 73
(2

The vertex position and the ring direction are determined to maximize the Gr.

Figure shows the distance between the true vertex and the reconstructed vertex for the
free proton decay MC (p — et 7). The resolutions of the TDC-fit for the free proton decay MC
samples were estimated to be 18.1 (20.1) cm in SK-I and SK-II, respectively. For the atmospheric
neutrino MC samples, the resolutions were estimated to be 62 cm (85 c¢cm) for the fully contained
multi-ring u-like samples in SK-I (SK-II). For only single ring events, the vertex will be re-fitted
more precisely using the Cherenkov ring pattern after the particle identification. However, that
can not be applied for multi-ring events and not used for this analysis.

Gr (6.6)
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Figure 6.2: Distance between the true vertex and the reconstructed vertex for the free proton
decay p — et7? MC for SK-I (solid) and SK-II (dashed).

6.2 Ring Counting

Once the event vertex and the dominant Cherenkov ring are found, a ring counting algorithm
is applied to search for any additional Cherenkov rings in the event.

Ring Candidate Search

Cherenkov ring candidates are searched by an algorithm using a Hough transformation [114].
The basic concept to find additional possible rings are illustrated in Figure The shaded
circle in this figure represents the Cherenkov ring image projected to a plane perpendicular
to the particle direction. Hit PMTs are picked up, and virtual circles (dashed line) centered
on the position of the hit PMT are drawn with 42° half angle. As a result of this procedure,
the direction of a Cherenkov ring is identified as the intersection point of these virtual circles.
In practice, instead of drawing virtual circles, an expected charge distribution function f(0) is
mapped on a polar coordinate plane (0, ®) for each hit PMT. It is weighted by the observed
charge distribution. As a result of this Hough transformation method, ring center candidates
are visible as the peaks of charge on the map as shown in Figure

Ring Candidate Test

The ring candidates found by the Hough transformation method are tested by a log likelihood
method. When N rings are already found in the event, whether the (N + 1)-th ring candidate
really exists or not is tested.

The likelihood for the ring counting is calculated as;

5
F= Z {log [(P)) 5 y1] —log[(P) ]} (6.7)
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Figure 6.3: A basic idea of finding ring candidates. By drawing rings around the hit PMT with
Cherenkov opening angle of 42° from the vertex, the center of the actual Cherenkov ring can
be identified.

Figure 6.4:

A typical charge map by the Hough transformation on the polar coordinate for
a two ring event. The two peaks in the figure are the directions for the candidate Cherenkov
rings.
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where P; is the probability density function for i-th evaluation function, and Py and Py are
the probability for (N + 1)-ring and N-ring events. The evaluation functions are defined by the
following quantities;

e the difference L(N + 1) — L(N),

the average of the expected charge from the (N + 1) ring near the edges of the Cherenkov
rings,

the average of the expected charge outside the (IV 4 1) ring,

the residual charge from the expectation from N rings,

the difference of charge between the peak of a candidate ring and the average of inside and
outside the ring,

where L(N) = >, log (prob (q‘?bs,zgzl ap - qi’jf)) and prob(¢®™, ¢7P) is the probability to

) i 7 7
obs

detect g™ when ¢;" is expected.

The probability density functions for the evaluation functions were determined using the
atmospheric neutrino MC samples.

Figure shows the ring counting likelihood distributions for the data and the atmospheric
neutrino MC. The efficiency for identifying v, charged current quasi-elastic scattering events

with the visible energy below 1.33 GeV as a single-ring event was 96% (97%) for SK-I (SK-II).
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Figure 6.5: The ring counting likelihood distributions for fully contained events of the data
(points) and the atmospheric neutrino MC (solid line) assuming 2-flavor v, < v, oscillation
assumed with (sin? 26, Am?2) = (1.00,2.5 x 10~3eV?) for SK-I (left) and SK-II (right). Events
with the visible energy below 1.33 GeV are filled in the figures.

6.3 Particle Identification

A particle identification (PID) program is applied to classify the Cherenkov rings into two
types: a showering type (e-like) or a non-showering type (u-like). Due to the electromagnetic
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shower and multiple scattering, electrons or gamma-rays produce e-like rings, which give diffused
ring patterns. Non-showering (u-like) rings are produced by muons or charged pions and have
sharper ring edges. Figure shows the typical event displays of electron and muon neutrino
MC events with a momentum of 1 GeV/c. In addition, the Cherenkov rings from electrons and
gamma-rays have the Cherenkov opening angle of 42°, but the Cherenkov rings from muons or
charged pions can have smaller angles if they are not highly relativistic (8 = v/c < 1) and when
they lose energy. The PID algorithm exploits these differences in the patterns and the opening
angles of the Cherenkov rings. The details of PID are described below.
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Figure 6.6: Event display of single-ring electron (left) and single-ring muon (right) neutrino
MC event. Each small circle on the figure represents a hit ID PMT, and the size of a circle
corresponds to the number of photoelectrons detected. An electron event gives diffused ring
pattern, and a muon event has a sharp ring edge.

Expected Charge Distributions

The first step of the PID is to calculate the expected p.e.s in each PMT from an electron
or a muon. The expected p.e. distributions in the i-th PMT from an electron and a muon are
calculated as follows;

R\? 1
exXp — exp . i . scatt
) = acx Q00 x (1) X St x (00 + (69
in0,, 1 o
) = | aux — a7 ) X e X F(0)) + ¢ (6.9)
T <Sin6x7; +r; % a::aci> exp(ri/L)
where
(e, «, : normalization factor
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T : distance from the vertex to the i-th PMT

0; : opening angle between the i-th PMT direction and the ring direction

L : light attenuation length in water

£(6y) : correction for the PMT acceptance as a function of the photon incidence
angle ©;

R : radius of the virtual sphere (16.9m)

QP (pe, 0;) : expected p.e. distribution from an electron as a function of the opening
angle and the electron momentum

x : track length of the muon

Z; : track length of the muon at which Cherenkov photons are emitted toward
the i-th PMT

@M (gknock) ¢ expected p.e.s for the i-th PMT from scattered photons (knock-on
electrons)

6 (0,) : Cherenkov opening angle of the muon traveling at = (z;)

The expected p.e. QP (p, 6;) distribution for electron was obtained by the MC simulation.

In addition to the direct photons, the expectation from scattered photons are also considered
scatt

by ¢;“*".

In the case of a muon, the expected p.e. distributions are analytically calculated. The term
sin? @ comes from the Cherenkov angle dependence of the Cherenkov light intensity. The term
r(sinf + r(df/dz)) comes from the area where Cherenkov photons are emitted to.

Estimation of Particle Types
The definition of likelihood for the n-th ring is expressed by:

Ly(eor p)= H prob | ¢, i (e or p) + Z i (6.10)
0;<(1.5x0.) n'#n

obs

where the product is made over the PMTs inside the n-th ring. ¢7"® is the observed p.e.s in
the i-th PMT, qff;p(e or p) is the expected p.e.s from the n-th ring assuming an electron or a

muon (Equation ([G.8), [69)) and ¢;7 are the expected p.e.s from the n/-th ring. The function
prob(g®™ qup) gives the probability to detect qus in the ¢-th PMT when qup is expected. The

1 )
qin (e) and g;,7(pt) are optimized by changing the direction and the opening angle of the n-th
ring to give the maximum likelihood value.
In order to combine with another estimator which uses the Cherenkov opening angle, the

likelihood for the ring pattern is translated into a x? parameter :

x2(e or ) = —2 log Ly, (e or p) + constant (6.11)
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The probability from the ring pattern is given by:

( xZ(e or p) —min [x2(e), X2 (1] )2>

6.12
e (6.12)

n

Pnpattern(e or 'u) = exp (_

The resolution of the y? distribution is approximated by oy2 = V2N, where N is the number
of PMTs used in the calculation.
The probability from the Cherenkov opening angle is given by :

( Hfl’bs — 0P (e or p) )2
2(660,,)?

Paele(e or 1) = exp | — (6.13)

where 6°P and 66,, are the reconstructed opening angle of the n-th ring and the fitting error,
respectively. 6, (e or p) is the expected opening angle of the n-th ring, which is estimated
from the reconstructed momentum assuming an electron or a muon.

This PID algorithm with PP (e or 1) and P,™8(e or p) was checked by a beam test
experiment at KEK [II5]. Two types of PID probability functions were used for the nucleon
decay searches. One is the probability using only the ring pattern, and the other is defined as
the product of the probabilities from the ring pattern and the opening angle.

Pi(e,p) = PP (e, p) (6.14)
Py(e,p) = PP (e, p) x P (e, 1) (6.15)

For the nucleon decay modes generating low momentum g and/or 7%, the PID probability
with the opening angle was used in order to improve the PID efficiency.

Figure[6.7lshows the distributions of the PID likelihood, Ppip = \/— log Po(p)— \/— log P»(e),
for single-ring events. The mis-identification probabilities were estimated to be 0.8% (0.7%) and
0.7% (1.0%) for the fully contained single-ring v. and v, using charged current quasi-elastic
scattering events with the visible energy below 1.33 GeV for SK-I (SK-II). For the free proton
decay MC samples, the mis-identification probabilities were estimated to be 3.3% (3.4%) and
4.8% (5.4%) for the p — et7® and p — p 7% in SK-T (SK-II).

6.4 Momentum Determination

The momentum of each particle is estimated by the observed p.e.s inside the Cherenkov cone
with a half angle of 70°. The number of observed p.e.s in each PMT is corrected for the light
attenuation in water and the acceptance of the PMT. The integrated charge for each ring, called
RTOT, is corrected as follows;

G ; (CF
RTOT, = 7= | o x > ((JS,ZS X exp (%) x COS@’> - Y S |. (616)
data 0; n<70° f(©i) 0; 7 <70°

—50nsec<t; <250nsec

where
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Figure 6.7: The PID likelihood distributions for fully contained events of the data (points) and
the atmospheric neutrino MC (solid line) assuming 2-flavor v, < v, oscillation assumed with
(sin? 20, Am?) = (1.00,2.5 x 1073eV?) for SK-I (left) and SK-II (right). Single ring events with

the visible energy below 1.33 GeV are filled in figures.

« : normalization factor,

Gdata , Grve @ the relative PMT gain parameter for the data and the MC,

Oin : the opening angle between the n-th ring direction and the i-th PMT
direction,

t; : the TOF subtracted hit timing of the i-th PMT position,

L : the light attenuation length in water,

5 : the distance from the vertex position to the i-th PMT,

f(6y) : the correction function for the PMT acceptance as a function of the

photon incidence angle ©;,
S; : expected p.e.s for the i-th PMT from scattered photons.

The summation is restricted inside the time window from -50 nsec to +250 nsec around the peak
of the TOF subtracted hit timing distribution to reject the effect from muon decay electrons.

As described in Chapter [, the energy scale stability of the detector was tested by the mean
reconstructed energy of stopping cosmic ray muons and their decay electrons. It varied within
+0.88% (£0.55 %) over the SK-I (SK-II) period. The absolute energy scales for SK-I and SK-1I
were separately adjusted by observed p.e.s of penetrating cosmic ray muons. The scale was
checked by many calibration data such as stopping cosmic ray muons, their Michel electrons,
and the invariant mass of 7% produced in atmospheric neutrino interactions. From comparisons
of these sources and MC simulation, the absolute calibration error was estimated to be less than
+0.74% (£1.60%) for SK-I (SK-II) period.
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Ring Separation

In order to determine the momentum for individual rings for multi-ring events, the observed
p-e.s in hit PMTs are separated into the contribution from each ring. The separation of the
observed p.e.s is carried out based on the expected p.e. distribution from each ring.

In the nucleon decay signals studied in this thesis, a charged lepton and a meson are generally
back-to-back. The expected charge in the backward region can directly affect the charge sepa-
ration for the other ring in that case. Therefore, the expected charge distribution, especially in
the backward region, should be relatively more precise for the charge separation than the other
algorithms.

However, the expected charge distribution used in the old ring separation did not reproduce
well the simulated charge distribution in SK-II as shown in Figure That resulted in the
error of the total invariant mass for nucleon decay events. Figure shows the total invariant
mass distribution by the old ring separation for the p — e*7 MC for free proton decay events
in SK-T and SK-II. The total invariant mass in SK-II was about 20 MeV/c? lower than that
in SK-I. Therefore, the expected charge distribution for the ring separation was improved by
introducing new corrections for the nucleon decay searches in this thesis. It is corrected by the
amount of scattered Cherenkov light in water, reflected light on PMT surface, and the vertex
position shift due to the 4’s conversion length. The expected charge distribution for the charge
separation is calculated as;

) = Q200 x exp (g ) X o < SO H G (64D
where
T3 : distance from the vertex to the i-th PMT,
0; : opening angle between the i-th PMT direction and the ring direction,
L : light attenuation length in water,
MC : light attenuation length in water in MC,
f(6y) : correction for the PMT acceptance as a function of the photon incidence
angle ©;,
R : radius of the virtual sphere (16.9m),

e (p,0;) : expected p.e. distribution for e and p on the virtual sphere as a function
of the momentum and the opening angle,

scatt

q; : expected p.e.s for the i-th PMT from scattered photons.

The expected p.e. Q*P(p, ;) distribution for muon was also obtained by the MC simulation. For
e-like rings except for the most energetic ring, the +’s conversion length are taken into account
for the distance calculation. The effect of the reflection on the PMT surface is considered as;

q; Ple,u) = ax | ¢ e, u) + Z Bij - Q;')Xp(ea 1) (6.18)
J#
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where « is a normalization factor, and (;; is the PMT reflection factor from the j-th PMT to
the i-th PMT calculated as;

B = B x f(03) x exp (—2) (6.19)
where 7;; is the distance from the i-th PMT to j-th PMT, ©;; is the photon incidence angle
to the i-th PMT from the j-th PMT, and 3 is the PMT reflection factor. The constant 3 was
determined by the MC simulation and common in the SK-I and SK-II event reconstructions.
After applying these corrections, the expected charge distribution agrees well with the simulated
charge distribution also in SK-II as shown in Figure
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Figure 6.8: The angular distribution of detected charge as a function of opening angle between
a positron direction and each PMT for the p — e*7® MC in SK-II. The solid and dashed lines
show the observed charge in the MC and the expected charge used in the ring separation, respec-
tively. The old and new expected charge are shown in the left and right figures, respectively.
The forward and backward peak consist of Cherenkov rings from a positron and two ~y-rays,
respectively.

The observed p.e.s for each PMT are estimated by maximizing the following likelihood

function L;
L= Z log <pmb (q Z Q- qﬁ’?,‘;/)) (6.20)

91-/,”<70° n

where ¢ is the observed p.e.s in the #-th PMT and qf/xﬁ, is the expected p.e.s in the i'-th PMT

obs _€xXp

from the n'-th ring, prob(¢?, ¢;"") is the function giving the probability to detect @9 in the
i-th PMT when ¢;" is expected, and «,, is the scaling and optimization parameter for each
ring. The optimization parameter «, is selected to reproduce the observed charge distribution
by scaling the expected charge pattern qf,fg, of each ring.
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Figure 6.9: The total invariant mass distribution using the reconstructed momenta by the old
ring separation for the p — e*t7® MC. Only the free proton decay events with three rings are
filled in the figure for SK-I(solid line) and SK-II(dashed line).

The observed p.e.s in the i-th PMT from the n-th ring are obtained as;

- &P

qpbs _ qus x n - Qin

in i =
§ n' 4 p

/

(6.21)

n

using the best optimized parameter a,, maximizing L. Figure shows the example of the
charge separation for the p — eTn% MC event with three rings.

Figure shows the reconstructed momentum distributions for positrons in p — eTx? and
for muons in p — p* 0. The resolutions (1) for the positron and the muon were estimated to be
4.9% (6.0%) and 2.8% (4.1%) in SK-I (SK-II), respectively. The mean reconstructed momenta
in SK-T and SK-II agreed within 1%. The total invariant mass distributions in SK-I and SK-II
also agreed with each other as shown in Figure The common separation algorithm works

well with the different PMT densities.

Charged Pion Momentum

Charged pions suffer from interactions with nucleons in water. The charged pion momentum
is hard to be reconstructed only by the observed p.e.s. Therefore, the charged pion momentum
is reconstructed using both the observed p.e.s and the Cherenkov opening angle to maximize
the likelihood defined as follows;

obs\ 2 obs\ 2
L, =log (1 exp (— (Qn(pw) _ Q"b ) ) X iexp (— (Gn(pﬂ) - an ) )) (6.22)

2 2
o4 20q g 20}

where
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Figure 6.10: The reconstructed momentum distributions for positrons in p — e™7% (left) and
for muons in p — p 70 (right) in SK-I (solid) and SK-II (dashed). Only the free proton decay
events are filled in the figures

Pr : the charged pion momentum,

Qn(pr) : the expected p.e.s for n-th ring as a function of the pion momentum,

0 (pr) : the expected opening angle for n-th ring as a function of the pion mo-
mentum,

Qobs : the observed p.e.s,

6obs : the observed opening angle,

o : the error for the expected p.e.s,

oy : the error for the expected opening angle.

The functions of the expected p.e.s @n(pr) were determined by the MC simulation.

Figure shows the charged pion momentum distributions for the n — e*7~ MC and
the atmospheric neutrino MC and the data. In order to extract charged pion rings, only not
most energetic and non-shower type rings in multi-ring events are filled in the right figure. The
resolution for the charged pion momentum in the n — eTn~ MC was estimated to be 9.2%
(9.7%) for SK-T (SK-II).

6.5 Ring Number Correction

If the number of rings are larger than 2, the ring number correction is applied.
If one of the reconstructed rings has very small momentum or is overlapped with another
much energetic ring, such a ring is rejected by the ring number correction as a mis-fit ring.
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Figure 6.11: Example of the charge separation for the p — e*7? MC event with three rings in
SK-I. The top figure shows the charge distribution before the separation. The bottom two figures
show the divided charge distributions for the overlapped two rings. The overlapped charge from
the two ring for each PMT is correctly divided by the ring separation algorithm.

73



220 45
2001 40
180 C
n n 35
=160 c F
(O] r (O] C
F 30
— > |-
(TH40F m -
‘c120F © 25
100 D o0l
%.00: _g 20F
5 80 S 15F
< 60F zZ7h
C 10
40— C
200 e 5 .
WA 2% WU N WU kv =1 R %m\mmm\mmmmH\H“Jﬂuﬁrhm\mf
% 100 200 300 400 500 600 700 800 900 1000 % 100 200 300 400 500 600 700 800 900 1000
charged pion momentum (MeV/c) charged pion momentum (MeV/c)

Figure 6.12: The charged pion momentum distributions for the n — et7~ MC (left) and
the atmospheric neutrino MC (solid line in the right) and the data (points with errors in the
right). In the left figure, the solid line and the dashed line show the reconstructed and true
pion momentum distributions, respectively. In the right figure, the reconstructed momenta only
for not most energetic, non-shower type rings in multi-ring events are filled in order to extract
charged pion rings.

6.6 Decay Electron Finding

In this section, the detection method of electrons from muon decays following the primary
events is described. There are three types of observed decay electrons :

e sub-event type
Decay electrons observed as a separate event (sub-event).

e primary-event type
Decay electrons observed in the same event as primary event.

e split type
Decay electrons occurred around the end of event timing window. The event is recorded
separately in the primary event and the sub-event.

For sub-event type events, the following criteria are required :
) The time interval from a primary event(At) is < 20 usec.
) The total number of hit PMTs is greater than 50 (25 for SK-II).
3) The goodness of vertex fit is greater than 0.5.
)

The number of hit PMTs in a 50 nsec time window is greater than 30 (15 for
SK-II).

(5)  The total number of photoelectrons is less than 2000 (1000 for SK-IT).
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(6)  The number of hit PMTs in a 50 nsec time window (Nxo) is greater than 60
(30 for SK-II).

For primary-event type decays, another peak after the primary event is searched with require-
ment more than 20 hits in 30 nsec window above the background level. Additional conditions
for decay electrons are as follows :

(7) The number of hit PMT in a 30nsec time window is greater than 40 (20 for
SK-II). (for primary-event type and split type)

(8) 0.1 usec < At < 0.8 pusec or 1.2 usec < At < 20 psec (for all types)

N50=60 (30 for SK-II) corresponds to about 11 MeV of electron energy. Criterion (1) rejects
the gamma emission from p~ captured on 'O nuclei. Criterion (8) rejects the decays in the
inefficient time interval around 1 usec. The efficiency of detecting these electrons are 80 % and
63 % for u* and p, respectively.
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Chapter 7

Energy Scale

The most distinguished characteristics of nucleon decay signals are that the total invariant
mass and the total momentum are consistent with source nucleons. Thus, a precise momentum
determination is crucial for nucleon decay searches.

The absolute energy scale were checked by four kinds of methods ranging from a few ten
MeV /c to about 10 GeV/c using independent calibration sources; decay electrons from stopping
muons, 7 events and low and high energy stopping muons. The long term stability monitoring

and the detector uniformity checking for the energy scale were also performed.

7.1 Decay Electron Energy Spectrum

Many electron events produced by the decay of cosmic ray muons are observed in Super-
Kamiokande. The energy spectrum of these electrons are well known and used to determine the
absolute energy scale by comparing the the spectrum between the observed data and the Monte
Carlo (MC) simulation.

The event selection criteria for decay electron events are as follows;

1) the time interval from a stopping muon event is 2.0 usec to 8.0 usec,

(
(2) the number of hit PMT in a 50 nsec time window is larger than 60 (30) for SK-I (SK-II),
(3) the goodness of the vertex fit is greater than 0.5,
)

(4) the vertex position is reconstructed more than 2m away from the ID wall.

The criterion (2) rejects ~ 6 MeV ~-rays from p~ captures on nucleons. Figure [[1] shows the
momentum spectra of decay electrons compared with the prediction from the MC simulation.
In the MC simulation, the measured cosmic ray muon charge ratio u* /= of 1.37 [116] was used
and the effect of u= capture by nuclei was also considered. The mean values of the observed
data agreed with the MC prediction within 0.6% (1.6%) for SK-I (SK-II).

7.2 7V Invariant Mass

The 7V events produced in the interactions of the atmospheric neutrino were used for the
energy scale calibration in the several hundred MeV energy range. Since the 7° decays immedi-
ately into two 7-rays, the invariant mass of 7% is obtained by the reconstructed momentum of
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Figure 7.1: The momentum distributions of decay electrons of the observed data(bar) and the
MC(line) for SK-I(left) and SK-II(right).

the two y-rays (P51 and P,2) and the opening angle 6 as follows;

Myo = \/2P;1 Py (1 — cosb). (7.1)

The ¥ events are selected from the fully contained data sample (see Chapter B) by the
following criteria:

(1) Two Cherenkov rings are recognized and both of them are identified as shower-type ring.
(2) Electrons from muon decay are not detected.
(3) The vertex position is reconstructed more than 2m away from the ID wall.

The criterion (2) rejects the contamination of 7¥7% or p*7° events. Figure shows the
invariant mass distribution of the 7% events compared with the MC prediction. A peak from
the 7 is clearly observed around 135 MeV /c?. The peak position of the data was 0.7% (1.3%)
higher than that of the MC for SK-I (SK-II).

7.3 Low Energy Stopping Muons (Cherenkov Opening Angle)

The Cherenkov opening angle o of charged particles is expressed as a function of their

momentum as follows;
1 1 m

cosblo =—=— |1+ —

5= . (7.2)

where n is the refractive index of water, § = v/c, and m and p are the mass and momentum
of a charged particle, respectively. Since the Cherenkov opening angle has a large dependence
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Figure 7.2: The invariant mass distributions of neutrino induced 7° events of the observed
data(dot) and the atmospheric neutrino MC (box) for SK-I (left) and SK-II (right).

on momentum especially for low energy stopping muons (< 400 MeV/c), their momenta can be
estimated by measuring the Cherenkov opening angle. The systematic uncertainty of the mo-
mentum determination was checked by comparing the momentum estimated from the observed
photoelectrons (Pp.c.) with the momentum derived from the Cherenkov opening angle (). Low
momentum stopping muon events are selected by the following criteria:

(1) The total number of p.e.s in the ID is less than 1500 p.e.s for SK-I (750 p.e.s for SK-II).
(2
(
(

)

) There is one cluster of hit PMTs in the OD.
3) The entrance point is on the top wall.
)
)

4) The direction is downward (cos Oenith > 0.9).
(5) One decay electron is detected.

The criterion (1) approximately corresponds to the muon momentum of < 380 MeV/c. The
criterion (2) requires an entrance point of a muon in the OD. The criteria (3) and (4) select the
muon events which are straight down-going.

Figure [.3] shows the scatter plots of the reconstructed Cherenkov opening angle and the
momentum from the observed photoelectrons for the observed data and the MC simulation.
The momentum dependence of the Cherenkov opening angle is seen in both figures. The energy
scale of the data was compared with that of the MC simulation by the ratio P,. /FPy. The
averaged momentum ratio P, . /Py for the data and the MC simulation are shown in Figure [Z.4]
The energy scales of the observed data and the MC agreed within 1.1% for SK-I and 1.3% for
SK-II.
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Figure 7.3: The scatter plots of the reconstructed Cherenkov opening angle and the reconstructed
momentum from the observed photoelectrons for the data (left) and the MC simulation (right).

7.4 High Energy Stopping Muons (Track Length)

The momentum of high energy stopping muons can be estimated from its track length
because the range of the muon track is well understood and approximately proportional to the
momentum. Since the measurement of the muon range can be independent on the momentum
measurement based on the observed photoelectrons, the estimated momentum from its range
is used for checking the energy scale from 1 GeV/c to 10 GeV/c. Stopping muon events are
selected by the following criteria:

(1) The entrance point is on the top wall.
(2) The direction is downward (COSzenith>0.94)-
(3) One decay electron is detected.

)

(4) The reconstructed range of muon track is greater than 7m.

The range of the muon is determined by the entrance position and the vertex position of the
subsequent decay electron. Figure shows the averaged value of the ratio momentum/range
as a function of the range for the observed data and the MC simulation. The momentum loss
per cm is about 2.3 MeV/c. The energy scale of the data and the MC simulation agreed within
0.7% (1.1%) for SK-I (SK-II).
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7.5 Time Variation of Energy Scale

The stability of the energy scale was monitored by the stopping muon and the decay electron
events. The time variation of the ratio (momentum/range) of stopping muons and the decay
electron momentum are shown in Figures and [[.71 The RMS of the energy scale variation
was 0.83% (0.53%) for SK-T (SK-II).

7.6 Uniformity of Energy Scale

The detector non-uniformity of the energy scale can cause the error for the total momentum
reconstruction, which is important information for nucleon decay searches. The uniformity of
the detector was measured by the decay electron momentum from cosmic ray muons. They are
good calibration sources to check the detector uniformity, because the vertex and the momentum
distributions are almost uniform in the fiducial volume and in all directions, respectively. In
order to avoid energy bias by muon polarization, only electrons whose direction is perpendicular
to the parent muon direction are used. This condition is —0.25 < cos O, < 0.25, where —0.25 <
cos O, < 0.25 is the opening angle between the electron and muon directions. Figure [7.8 shows
the momentum of decay electrons for the MC normalized by the observed data as a function of
the zenith angle of the electrons. The detector gain was uniform within +0.6% for SK-I (SK-II).

7.7 Summary of the Energy Scale Calibration

Figure shows the summary of the absolute energy calibration. The uncertainty of the
energy scale was estimated to be less than 0.74% and 1.60% for the momentum range from a
few ten MeV/c to about 10 GeV/c for SK-I and SK-II, respectively. Combined with the RMS
of the time variation, the systematic error of the energy scale was estimated to be 1.1% (1.7%)
for SK-I (SK-II).
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Figure 7.8: The non-uniformity of the detector gain as a function of zenith angle for SK-I (left)
and SK-II (right). The vertical axes in the two figures are the momentum of decay electron
events for the MC simulation normalized by the observed data.
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Chapter 8

Characteristics of the Data Sample

Total livetime for the SK-I and SK-II period were 1489.2 and 798.6 days, respectively. These
correspond to 91.7 kiloton-year and 49.2 kiloton-year exposure. Table Bl shows the event
summary for the fully data samples of the observed data and the atmospheric neutrino MC.
In SK-I and SK-II, 12232 and 6584 fully contained events were obtained, respectively. The
event reconstruction processes described in Chapter [0l were applied for those samples. The
characteristics for those events are described in this chapter. All the neutrino MC in this
chapter are normalized with the data by livetime.

SK-1I SK-II
FC all Sub-GeV FC all Sub-GeV
Data MC Data MC | Data MC Data MC
1-ring 8536 9461 6647 7327 | 4520 5078 3527 3879
e-like 3426 3018 1841 1601
u-like 3221 4309 1686 2278
2-ring 2134 2295 1560 1635 | 1160 1192 883 871
>3-ring | 1562 1706 777 857 | 904 953 419 467
Total 12232 13461 8984 9819 | 6584 7223 4829 5216

Table 8.1: Event summary of the fully contained samples for the data and the atmospheric
neutrino MC for SK-I and SK-II. ’Sub-GeV’ is the event category for the visible energy below
1.33 GeV.

Figures [R.] and show the vertex distributions for the data and the atmospheric neutrino
MC projected on Z axis and R?(= X2 4 Y?) axis, respectively. The shapes of the distributions
for the data and the MC are consistent. The discrepancy in the absolute normalization are
within the systematic uncertainties of the atmospheric neutrino flux (25%) and the cross sections
(~ 20%).

Figure B3] shows the number of ring distributions for the data and the atmospheric neutrino
MC. Their shapes for the data and the MC are also consistent with each other. the number
of single-ring event and multi-ring event were 8536 (4520) and 3696 (2064) for SK-I (SK-II),
respectively. Only the multi-ring events were used in the nucleon decay search in this thesis.
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Figure 8.1: The vertex distributions projected on Z axis for the fully contained events of the
data (points) and the atmospheric neutrino MC (histogram). The arrows indicate the fiducial
volume.
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Figure 8.2: The vertex distributions projected on R?(= X2 + Y?) axis for the fully contained
events of the data (points) and the atmospheric neutrino MC (histogram). The arrows indicate
the fiducial volume.
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Figure 8.3: The number of ring distributions for the fully contained events of data (points) and
the atmospheric neutrino MC (histogram )

The momentum distributions for single ring e-like and pu-like events are shown in Figure [8.4]
As indicated by this figure, the observed flavor ratio R(y/e) is not consistent with the MC
prediction without neutrino oscillation. The measured double ratio for the events with the
visible energy below 1.33 GeV are as follows;

R(p/e) =

(Nyu/Ne)ata _ { 0.659 *35ig (stat.) (SK-I) 51)

(N./Ne)ue | 0.643 £9922 (stat.) (SK-I1)

where N, and N, are the number of e-like and p-like events, respectively.

This discrepancy is well explained by the 2-flavor v, < v, oscillation established by the
neutrino oscillation experiments [117, 118, 119]. Therefore, the neutrino oscillation was taken
into account for the nucleon decay search described in Chapter [0l
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Figure 8.4: The momentum distributions for the data (points) and the atmospheric neutrino
MC (histogram). The top two figures are for single-ring e-like events, ant the bottom two figures
are for single-ring u-like events. Events with the visible energy below 1.33 GeV are plotted.
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Chapter 9

Nucleon Decay Analysis

In this thesis, nucleon decays into a charged anti-lepton (e* and p™) plus an un-flavored
light meson (m, 7, p and w) were searched using the Super-Kamiokande I and II data. The
number of studied modes were 8 for decays of a proton and 4 for decays of a neutron. The
7 meson has three dominant decay modes (27y: 39%, 37%: 33% and 7t7~— 7% 23%), and each
decay mode has a clearly different event signature from the other modes. The first two of the
three n decay modes were studied in this thesis. The w meson also has two dominant decay
modes, w — 777~ 7" with a branching ratio of 89% and w — 7%y with a branching ratio of 9%.
Both of the w decay modes were studied. Therefore, 16 types of decay modes were studied in
this thesis as shown in Table

Event selection criteria to extract nucleon decay signals from the fully contained data and
to eliminate atmospheric neutrino backgrounds are first described for each nucleon decay mode.
Nucleon decay detection efficiencies were estimated by the nucleon decay Monte Carlo simulation
(MC). The comparison of performances between SK-I and SK-II are described especially for
the p — et 7% mode. Since the event selection criteria are common for many modes, only the
difference and the characteristics are shown for the nucleon decay modes except for the p — et 7
mode. Details of the selection criteria are described also in the Appendix [Al Background rates
from the atmospheric neutrino were also estimated by the atmospheric neutrino MC with the
large statistics of 500 year observation equivalent. Pure v, to v; oscillation with Am? = 2.5 x
1073 eV? and sin? 20 = 1.0, were assumed in the atmospheric neutrino MC. The atmospheric
neutrino MC events was normalized with the observed data using the number of single-ring
e-like events, which are assumed to have a negligible neutrino oscillation effect. The details of
the background are described especially for the p — et7? and p — p+7° modes. Finally, the
selection criteria were applied to the observed data of SK-I and SK-II for each mode. Then,
systematic errors for detection efficiencies and background rates were estimated. In the last
section, nucleon partial lifetime limits are obtained if no significant nucleon decay signals are
observed in the data.

9.1 Nucleon Decay Search

9.1.1 Common Event Selection Criteria

First of all, the data used in the nucleon decay search was the fully contained (FC) data in
the SK-T and SK-IT period. The definition of the FC events are given in Chapter [l
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In order to study many nucleon decay modes systematically, event selection criteria were
chosen to be as simple and common as possible. The primary policy for determining the criteria
was not to optimize it for the best sensitivity of lifetime limits, but to obtain a low enough
background level. Basically, the following reconstructed informations were used in the event
selection criteria,

A) the number of Cherenkov rings,

B) particle type of each ring,

D

(A)
(B)
(C) the meson invariant mass (if it is possible to be reconstructed),
(D) the number of Michel electrons,

)

(E) the total invariant mass and the total momentum (if it is possible to be reconstructed).

The total momentum P, the total energy Eiot and the total invariant mass M are defined
as ;

all
E i
7

all

Bt = » /I +m2, (9.2)

Moy = Et20t - Pt20tv (9.3)

: (9.1)

where p; is the momentum of each ring, m; is the mass of a particle (v, e*, u*, 7%). The
meson mass is reconstructed in a similar way by summing up the momenta and energies of
secondary particles from the meson decay. Although our particle identification algorithm can
only classify a Cherenkov ring into a shower type ring (e* or 7) or a non-shower type ring
(ut or m%), the invariant mass reconstruction sometimes required to distinguish e* from + or
p* from 7%, For example, for the 7¥ invariant mass reconstruction in the p — eTn% mode
search, we should identify a positron and a ring from a «-ray. However, that cannot be done
in a large water Cherenkov detector. In those cases, the invariant mass was calculated for all
the possible combinations of particle type assignment. Then, the best combination in which the
reconstructed mass is the closest to the true nucleon (or meson) mass is selected. This method
can make the mass distribution narrower than the detector intrinsic resolution, and can make a
fake peak in the meson mass distribution for the atmospheric neutrino MC even if the meson is
not produced in the simulation.

All the studied nucleon decay modes are two body decays with back-to-back kinematics, and
have isotropic event signatures, which is the most significant difference from the typical atmo-
spheric neutrino events. Therefore, the event selection by the total mass and the total invariant
mass is a powerful tool to eliminate the atmospheric neutrino background. The threshold of the
total momentum cut is normally set to be 250 MeV /¢ considering the Fermi motion of bound
nucleons. To keep the background rates low enough (below 0.5 events in the total exposure),
the tighter total momentum cut with the threshold of 150 (or 200) MeV/c is applied in some
relatively high background mode searches.
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We required that the number of identified rings and their particle ID are consistent with a
proton decay signal. For the particle identification, two types of algorithm were used in this
analysis as described in Section One is the PID with only a Cherenkov ring pattern, and the
other is the PID with both a Cherenkov ring pattern and an opening angle. Since Cherenkov
opening angles become small for low momentum non-shower type particles (p, <~ 300 MeV/c
for muons), the PID with both a ring pattern and an opening angle is used for the modes in
which low momentum muons or charged pions are searched.

The number of Michel electron was required to be consistent with a proton decay signal.
The background events can be effectively eliminated, while the loss of the detection efficiency is
zero or small due to the high detection efficiency of Michel electron detections

The event selection criteria for all the searches are summarized in Table[Q.Jl Details of each
mode search are described in the next section and Appendix [Al

A B C D E
Modes Ring PID M neson decay-e Mot Pt Note
p— etmd 2,3 SS(S) 85~185 () 0 800~1050 <250
p— puta? 2,3 NS(S) 85~185 () 1 800~1050 <250
p—etn (27) 3 SSS 480~620 (n) 0 800~1050 <250
p— ptn (29) 3 NSS* 480~620 (n) 1 800~1050 <250
p — ety (370) 4,5  SSSS(S)  400~700 (n) 0 800~1050 <150
p — ptn (37%) 4,5 NSSS(S)* 400~700 (n) 1 800~1050 <250
p—etp’ 3 SNN* 600~900 (p) 0,1 800~1050 <150
p— putp° 3 NNN* 600~900 (p) 1,2 800~1050 <250
p— etw (V%) 3,4 SSS(S)  650~900 (w) 800~1050 <150
p— ptw (70) 2,3 SS(S)  650~900 (w) 1 - <200
p—etw (rTr70) 4 SSSN* 85~185 () 0,1 600~800 <200 P+
p— ptw (rtr70) 3 SSN* 85~185 () 2 450~700 <200
n—etn” 2 SN - 0 800~1050 <250
n— utm 2 NN - 1 800~1050 <250
n—etp” 4 SSSN*  600~900 (p) 0 800~1050 <250 M;,
n—utp” 3 SSN* 600~900 (p) 1 - <150 M,

Table 9.1: Summary of the selection criteria. ’S’ and 'N’ in PID stand for shower type rings
and non-shower type rings, respectively. ’*’ in PID means that the PID with a Cherenkov
ring pattern and an opening angle was used for that mode search. All the invariant mass and
momentum are written in MeV/c? or MeV /¢ units. For the p — eTw (37%) mode, the positron
momentum cut is applied (100 < P+ < 200). For the n — I*p~ mode, the 7° invariant mass
cut is also applied.
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9.1.2 p — I*71° Mode Search

The selection criteria for the p — {T7" mode are defined as ;

(A) the number of Cherenkov rings is two or three,

(B) one of the rings is a shower (non-shower) type ring for p — e*7% (p — p*7%), and all the
other rings are shower type rings,

(C) for three ring events, 7¥ invariant mass is reconstructed in between 85 to 185 MeV/c?,
(D) the number of Michel electrons is 0 (1) for p — et 7 (p — pu*7?),

(E) the total momentum is less than 250 MeV /¢, and the total invariant mass is in between
800 to 1050 MeV /c?.

p — et 71? search in SK-I In the proton decay of p — et7¥, a positron and a neutral pion
are back-to-back and have the same momentum of 459 MeV /c in the proton rest frame. Then,
the 7° immediately decays into two ~-rays. Figure shows the event signature of a typical
proton decay MC event. One shower type ring from the positron and two shower type rings
from the 7¥ are clearly seen in this figure.
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Figure 9.1: A typical proton decay MC event of p — et7% in SK-I. One Cherenkov ring from
a positron and two Cherenkov rings from two y-rays from 7% decay can be observed around
the bottom and the top of the detector, respectively. This event is the same event as that in
Figure[6.11] but this is with some reconstructed informations. Solid lines show the reconstructed
rings. The reconstruction algorithms correctly find all the rings and identify their particle ID
for this event.
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The two ~-rays from the 7° decay are back-to-back in the 7° rest frame. They are Lorentz-
boosted by the momentum of ~ 450 MeV/c. One of the two y-rays momenta in the laboratory
frame can be very low depending on the direction of the Lorentz boost. In such a case, it
sometimes happens that only one ring from 7° decay is identified. Therefore, one Cherenkov
ring from the positron and one or two shower type rings from the 7¥ decay were required in the
criterion (A) and (B). Figure shows the number of ring distributions for the proton decay
MC as well as the atmospheric neutrino MC. For free proton decays, the fraction of 2 rings and
3 rings was 39% and 60%, respectively.

3000
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Figure 9.2: The number of ring distribution of p — e*7% MC in SK-I. The shaded histogram
is the distribution for free proton decay events. The distribution for the atmospheric neutrino
MC, which is normalized with the proton decay MC using the maximum bin value, is also shown
in the dashed histogram. Dashed lines and arrows indicate the selection criterion.

If all three rings were found, the 7° invariant mass, which is reconstructed by two of the three
rings, was required to be in between 85 to 185 MeV/c (the criterion (C)). The reconstructed
70 invariant mass distribution for the proton decay MC is shown in Figure For free proton
decay events, the mean of the ¥ invariant mass is 137 MeV /c?, and its resolution is 20 MeV /c2.

The criterion (D) requires no Michel electron to reduce the background. This selection
criterion does not reduce the signal efficiency at all.

The criterion (E) selects the events of which total momentum and invariant mass are con-
sistent with the momentum and mass of a source proton, respectively. This criterion can reduce
the atmospheric neutrino background by more than three orders of magnitude. Figures [0.4]
and show the distributions of the total momentum, the total invariant mass and their
2-dimensional plots, respectively. For free proton decay events, the total invariant mass was
well reconstructed. The mean of the total invariant mass distribution is 933.8 MeV/c?, and its
resolution is 28.2 MeV/c2. The resolution of the total momentum is 29.8 MeV/c. The total
momentum and invariant mass cut was wide enough for free proton decay events.

The detection efficiency for the proton decay MC at each selection criteria is summarized in
Table The detection efficiency for p — etn" were estimated to be 44.6%. For free proton
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Figure 9.3: The invariant mass of 7% distribution for SK-I proton decay MC. The Shaded
histogram are the distribution for free proton decay events. Dashed lines and arrows indicate
the selection criterion.

decay events, the high efficiencies of 87% were achieved for p — eT7". The inefficiency is mainly
due to nuclear interaction effects of pions in 0. About 37% of 7% from proton decay in 160
were absorbed or charge-exchanged by interactions with nucleons in the proton decay MC. Those
events hardly survive the selection criteria.

Performance Comparison between SK-I and SK-IT In the SK-II period, there were only
about a half of the PMT density of SK-I. The performances of SK-I and SK-II were compared
using the p — et 7" free proton samples.

The number of ring distributions for the free proton decay MC in SK-I and SK-II are shown
in Figure The efficiencies for the criterion (A), which requires 2 or 3 rings, were 99%
and 98% for free proton decay events in SK-I and SK-II, respectively. There was no significant
difference in the ring counting performance. The PID performance in SK-II was also comparable
to that in SK-I. The mis-PID probabilities for SK-I and SK-II free proton decay of p — et 0
were estimated to be 3.3% and 3.4%, respectively.

Figures and show the distributions of the total momentum and the total invariant
mass. The resolutions of the total momentum and the total invariant mass for the free proton
decay events in SK-I (SK-II) were 29.8 (32.5) MeV/c and 28.2 (36.2) MeV/c?, respectively.
Though the resolutions in SK-II were slightly worse than those in SK-I, the effect on the total
detection efficiency was so small. The detection efficiencies for p — et 70 were estimated to be
44.6% and 43.5% in SK-I and SK-II, respectively. Moreover, for the free proton decay events,
the efficiencies were 87% and 86% in SK-I and SK-II, respectively.

Consequently, SK-IT had comparable performances to SK-I for the p — e*7? mode. The
efficiency difference for the other modes will be mentioned in Section
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p — u 7m0 search Differences in the selection criteria from the p — et7% mode are to require
one non-shower type ring and one Michel electron. The detection efficiency for a Michel electron
from the decay of u was approximately 80%. This is the reason of the detection efficiency
difference between p — e*7° and p — p*7°. The detection efficiency for the p — p+7° mode
was estimated to be 35.5% (34.7%) in SK-I (SK-II).

p— etnd p— ptad
eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data
SK-I SK-II SK-I SK-II  SK-I SK-II | SK-I SK-II SK-I SK-II  SK-I SK-II
V.| 98.0 99.8 12586 6684 12232 6584 | 98.6 99.4 12586 6684 12232 6584
72.9 73.5 3365 1759 3157 1732 | 73.6 93.7 3365 1759 3157 1732
64.4 65.3 2045 1096 1957 1079 | 61.2 61.7 1063 541 983 553
62.7 624 1706 907 1639 882 | 959.6 59.8 853 431 817 464
61.9 61.7 1265 676 1203 656 | 46.6  45.8 387 193 398 244
44.6 43.5 0.20 0.11 0 0| 35.5 34.7 0.23 0.11 0 0

HOAQ®

Table 9.2: The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for p — et7n% and p — pt7%. The atmospheric neutrino MC is normalized with the observed

data using single-ring e-like events. The criteria (A~E) are described in the text.

Background First, the atmospheric neutrino MC was compared with the data in a sideband
region. The sideband region is defined as a region outside of the signal window for the cut by
the total momentum and the total invariant mass with a 100 MeV margin. It is illustrated in
Figure @10, Figures Q.11 [0.12 .13 and [9.14 show the sideband distributions of the invariant
mass of 70, the number of Michel electron, the total momentum and the total invariant mass,
respectively. The atmospheric neutrino MC reproduces the observed data well. No significant
differences between the MC and the data are not observed.

The number of the normalized atmospheric neutrino MC events at each selection criterion
are summarized in Table[Q.2 The estimated background rates in SK-I and SK-II are consistent
with each other. The background events for p — et7® and p — puT7" were estimated to
be 0.31 and 0.34 events in total (SK-I4+SK-II), respectively. Therefore, the low background
observation with the high efficiency were achieved for these modes with the Super-Kamiokande
detector, both in the SK-I and SK-II period. The estimated background for p — et7¥ were
compared with another estimation by the experimental data of K2K v beam and 1-kiloton water
Cherenkov detector [120]. The number of expected background events from the K2K data is
0.2310-58 (stat.) 7005 (sys.), which is consistent with the estimation by our MC. The background
estimation was also compared with a different neutrino interaction MC, NUANCE [121]. The
number of background estimated by NUANCE was 0.27 £ 0.10. It is also consistent with our
estimation.

The breakdown of the background events is shown in Table[.3. The dominant background
for both modes were charged current single(multi)-7 production interactions. A charged lepton
and a 7° produced by this interaction makes a similar event signature to p — e*7°

or p — ptm.
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A typical background event from the single-m production is shown in Figure In most back-
ground events from charged current quasi-elastic scattering (CCQE), a highly energetic proton
(>1GeV/c) produced by a neutrino interaction scattered in water and produced a secondary 7°.
Approximately 16% of charged current 7 production came from v, for the background of
p — pt70, while there was no background events from v,, charged current 7 production for the
p — eTm¥ mode. This is because one shower type ring from an electron and the other non-shower
type ring from a charged pion from the neutrino interaction could mimic a p — ,u+7r0 signal.

Interaction Mode p—etn® p— putad
CCQE 28% 15%
CC single-m production 32% 47%
CC multi-7 production 19% 21%
CC others 2% 13%
NC 19% 4%

Table 9.3: The breakdown of the neutrino interaction modes of the background events.
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Figure 9.15: A typical background event for the p — e*7® mode in the atmospheric neutrino
MC. One ring from a charged lepton and the other two rings from the decay of a 7°, which is
produced by a neutrino interaction, mimic a proton decay signal from p — et .

Nucleon Decay Signal Search in the Data The selection criteria described above were
applied to the SK-I and SK-II data. The momentum and the total invariant mass distributions
for the observed data are shown in Figure [0.191 No candidate event was observed in the data
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for both modes. Table shows the number of surviving events in the data at each selection
criterion with the normalized atmospheric neutrino MC. The atmospheric neutrino MC repro-
duces the number of events in the observed data well. The data and the atmospheric neutrino
MC were compared by the 7¥ invariant mass distributions in Figure [@.16} the total momentum
distributions in Figure and the total invariant mass distributions in Figure The data
and the atmospheric neutrino MC in these distributions are consistent with each other.
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Figure 9.16: The invariant mass of 7¥ distribution for SK-I data (points) and the atmospheric
neutrino MC (solid line). Dashed lines and arrows indicate the selection criterion.
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Figure 9.19: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — et SK-II p — et7% SK-Ip — ptn% and SK-II p — put 7Y, from top to bottom: the
proton decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy
the event selection criteria except for the selection by the total momentum and total mass.
The boxes in figures indicate the criteria. No candidates were found for both p — e*7® and
p — ptn% in the data.
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9.1.3 p — I*n Mode Search

As described at the beginning of this chapter, n meson has three dominant decay modes,
and the two of the three modes were studied in this thesis; n — 27 (Br=39%) and n — 3x°
(Br=33%). The decay branch of  — 77~ 7% was not studied because it has the smallest
branching ratio of the three modes, and its efficiency was expected to be very low.

The mass of 7 meson is 548 MeV /c2. Because of the larger mass than 7° mass, a generated
charged lepton and a 1 meson has a smaller momentum, 309 (296) MeV/c in the proton rest
frame. For the p — pu™n mode, the PID with a Cherenkov ring pattern and an opening angle
was used to improve the PID for a low low momentum g ring. This is common for both meson
decay modes of p — pu™1.

The search of p — [Tn mode via n — 2+ mode is first explained, and then p — "7 search
via 7 — 37° mode is explained.

p — Ity (n — 2v) Mode Search

A B C D E

Modes Ring PID Mineson decay-e Mot Piot
p—etn (29) 3 SSS  480~620 (n) 0 800~1050 <250
p—putn(29) | 3 NSS* 480~620 () 1 800~1050 <250

Table 9.4: The event selection criteria for p — e*n and p — u™n (2v).

Event Characteristics These modes have very similar event signatures with p — e*7% and
p — pt 0. However, the momentum of the two y-rays in the 7 meson rest frame is 274 MeV /c,
which is much larger than that in p — eT7% and p — 7% The opening angle between two
~-rays from the 1 meson decay is about 132 degree in the laboratory frame. Therefore, three
Cherenkov rings are clearly visible and easily be separated as shown in Figure .20l so that
the number of Cherenkov rings is required to be three. Figure shows the number of ring
distributions for the proton decay MC. The fraction of 3 rings was 93% for SK-I free proton
decay of n — 2y mode of p — e™n.

Because only the three ring events survive the number of ring cut, n invariant mass cut
was applied to all the surviving events. Figure shows the reconstructed invariant mass
of  meson for the proton decay MC of the p — e*n mode. The 7 invariant mass was well

reconstructed.

The Search Results The detection efficiencies for the proton decay MC and the number of
events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for p — e*n and p — ptn (27) were estimated to be 18.8% (18.2%)
and 12.4% (11.7%) in SK-I (SK-II), respectively. The branching ratio of the meson decay was
taken into account in the detection efficiencies. The reason for the inefficiency was due to the
nuclear effect of the n meson. Approximately 38% of generated n meson could not escape from
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Figure 9.20: A typical proton decay MC event of p — e*n (27y). Three Cherenkov rings are
clearly visible.
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Figure 9.21: The number of ring distributions of the p — e*n MC in SK-I. All the decay
branches of the n meson are filled in the figure. The Shaded histogram is the distribution for
the free proton decay events of the 7 — 27 mode only. The distribution for the atmospheric
neutrino MC, which is normalized with the proton decay MC using the maximum bin value, is
also shown in the dashed histogram. Dashed lines and arrows indicate the selection criterion.
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Figure 9.22: The 7 invariant mass distributions of the p — e*n MC in SK-I. All the decay
branches of the  meson are filled in the figure. The shaded histogram is the distribution for
the free proton decay events of the  — 27 mode only Dashed lines and arrows indicate the
selection criterion. The lower momentum peak consisted of the other n meson decay events,

such as n — 37% and n — 7770,

nuclei. For the free proton decay events of  — 2+ mode in SK-I, the high efficiencies of 74%
and 58% were achieved for p — e and p — p*n, respectively.
The low background rate was also achieved. The background events for p — e™n and
p — ptn were estimated to be 0.28 and 0.04 events in total (SK-I+SK-II), respectively.
Finally, Nucleon decay signals were searched in the SK-I and SK-II data. No candidate event
was observed in the data for both modes as shown in Figure
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Figure 9.23: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — etn; SK-Il p — e™n; SK-I p — pu'n; and SK-II p — p*n, from top to bottom: the
proton decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy
the event selection criteria for p — e*n (2v) or p — ptn (27) except for the selection by the
total momentum and total mass. The boxes in figures indicate the criteria. No candidates were
found for both p — e*n (2v) and p — putn (27) in the data.
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p—etn(n—2y) p— ' (n—2v)
eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data
SK-I SK-II SK-I SK-II SK-I SK-IT | SK-I SK-II SK-I SK-II SK-I SK-II

FV.| 979 1004 12586 6684 12232 6584 | 98.1 99.4 12586 6684 12232 6584
A 444 448 1109 597 1023 572 | 439  43.6 1109 597 1023 572
B 38.6  39.1 677 373 647 373 | 33.8  32.5 417 232 370 208
C 247 242 154 85 163 81| 18.2 17.0 35 20 30 18
D 244 239 91 51 89 46 | 14.0 13.1 15 8 11 14
E 18.8 18.2 0.19  0.09 0 0| 124 11.7 0.03 0.01 0 0

Table 9.5: The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for p — ety and p — un (n — 2v). All the decay modes of 7 meson are included in the proton
decay MC. The atmospheric neutrino MC is normalized with the observed data using single-ring
e-like events. The criteria (A~E) are described in Section [I.1.1] and Table 9.4

p— 1Ty (n — 37") Mode Search

A B C D E

Modes Ring PID M eson decay-e Mot Piot
p—etn (37%) | 4,5  SSSS(S)  400~700 (n) 0 800~1050 <150
p—ptn (379 | 4,5 NSSS(S)* 400~700 () 1 800~1050 <250

Table 9.6: The event selection criteria for p — e*n and p — p*n (37°).

Event Characteristics In these proton decay modes, 7 meson decays into 3 7’s, and 3 s
immediately decay into 6 «-rays. Therefore, one ring from a charged lepton and 6 rings from
the v-rays can be observed in principle. However, the ring counting algorithm was only possible
to find up to 5 rings. Consequently, the criterion of the number of ring was applied to select
events with 4 or 5 rings. The number of ring distribution for the proton decay MC is shown
in Figure .24l The fraction of 4 or 5 rings was 77% (84%) for SK-I free proton decay of the
n — 37° mode of p — ey (p — utn).

The invariant mass of the 1 meson was reconstructed only by three or four shower type rings,
though there should be 6 rings from 37%s. That resulted in the worse invariant mass resolution
for the n meson. Therefore, the event selection window of the n invariant mass was larger than
that in the search via the n — 27 mode. The reconstructed 7 invariant mass distributions for
the proton decay MC are shown in Figure [0.25.

The background rates for p — e™n was not low enough with the standard event selection
criteria of Py < 250 MeV/c. In order to further reduce the background, the tighter total
momentum cut of Pt < 150 MeV /¢ was applied for the p — e*n mode.
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Figure 9.24: The number of ring distributions of p — e*n in SK-I. The black line shows the

distribution for all the decay branch of the n meson (same as Figure[@.21]). The shaded histogram

is the distribution for the free proton decay events of the 7 — 37° mode only. The dashed line
histogram shows the atmospheric neutrino backgrounds.

N
o
o

[o]
o

Number of Events

60

40

/i

20

L1 Ln—r'J—\LnL mewe~eswseessse | [ )
200 400 600 800 1000 1200
n invariant mass (MeV/c?)

2

Figure 9.25: The 7 invariant mass distributions of p — e®n in SK-I. The black solid line shows
the distribution for all the decay branch of the n meson. The Shaded histogram is the distribution
for the free proton decay events of the n — 37° mode only.
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The Search Results The detection efficiencies for the proton decay MC and the number of
events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for p — e*n and p — putn (37Y) were estimated to be 8.1% (7.6%)
and 6.1% (5.4%) in SK-I (SK-II), respectively. For free proton decay events of the n — 37" mode
in SK-I, the detection efficiencies were 67% and 34% for p — e*™n and p — u*n, respectively.

The background events for p — e™n and p — ™7 were estimated to be 0.16 and 0.45 events
in total (SK-I4+SK-II), respectively.

Nucleon decay signals were searched in the SK-I and SK-II data. Two candidates were found
in the SK-II data for p — p*n mode, while the number of the expected background was 0.45.
The details of the candidates are described in Appendix [B.1l

p— ety (n—37°) p— utn (n—37°)
eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data
SK-I SK-II SK-I SK-II SK-I SK-II | SK-I SK-II SK-I SK-II SK-I SK-II

FV.| 979 1004 12586 6684 12232 6584 | 98.1  99.4 12586 6684 12232 6584
A 189  20.8 571 334 539 332 | 215 21.3 571 334 539 332
B 17.2 18.8 395 234 370 253 | 134 127 178 112 158 103
C 166 178 165 94 156 101 | 10.5 9.2 52 29 39 28
D 16.3 17.5 89 51 66 43 7.9 7.1 21 11 15 14
E 8.1 7.6 0.08  0.08 0 0 6.1 5.4 0.30  0.15 0 2

Table 9.7:  The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for the p — e*n and p — ptn (n — 37°). All the decay modes of i meson are included in the
proton decay MC. The atmospheric neutrino MC is normalized with the observed data using
single-ring e-like events. The criteria (A~E) are described in Section and Table [0.6.
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Figure 9.26: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — eTn; SK-II p — etn; SK-I p — p'n; and SK-II p — pn, from top to bottom: the proton
decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy the event
selection criteria for p — e™n (37%) or p — utn (37°) except for the selection by the total
momentum and total mass. The boxes in figures indicate the criteria. Two candidates were
found in the SK-II data for p — pu*n.
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9.1.4 p—I"p° Mode Search

A B C D E

Modes Ring PID M ineson decay-e Mot Piot
p—etpd 3 SNN*  600~900 (p) 0,1 800~1050 <150
p— utpd 3 NNN*  600~900 (p) 1, 2 800~1050 <250

Table 9.8: The event selection criteria for p — et p® and p — utp°.

Event Characteristics In the proton decay of p — eTp° and p — utp®, the momentum
of a charged lepton and a p meson, which depends on the p meson mass with the width of
I' =149 MeV, is about 170 MeV /c. For p — ptp°, the muon momentum can be lower than the
Cherenkov threshold for muons. The p meson decays into 77~ with the branching ratio of ~
100%. The two pions suffer from strong interactions with nucleons in water, also in a nucleus in
the case of a proton decay in a 0 nucleus. Accordingly, finding all the three Cherenkov rings
from the charged lepton and the two charged pions is intrinsically difficult. However, in order to
reduce the background with the selection by the total invariant mass and the total momentum,
finding all three rings were required to reconstruct the mass and the momentum of a proton.
Figure shows the number of ring distributions for the proton decay MC. The fraction of 3
rings was 50% and 27% for the free proton decay of p — et p® and p — p*p°, respectively. The
lower efficiency for p — ptp® was due to proton decay events with an invisible muon.
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Figure 9.27: The number of ring distributions for the p — e p MC (left) and the p — u*p" MC
(right) in SK-I. The shaded histograms are the distributions for the free proton decay events.
The dashed histograms show the atmospheric neutrino backgrounds.

The charged pions from the decay of the p meson has a low momentum of about 300 MeV /c.
Therefore, the PID with a Cherenkov ring pattern and an opening angle was used for both
p—etp’and p— ptpl.

The invariant mass of the p meson was reconstructed by two non-shower type rings and
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required to be in between 600 to 900 MeV /c? as shown in Figure[@.28. Most of the events shown
in p meson distributions were from free proton decay events. This means that the events from
proton decays in a %0 nucleus were difficult to survive the selection by the number of ring and
the PID.
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Figure 9.28: The p invariant mass distributions for p — e*p® in SK-I. The Shaded histogram is
the distribution for the free proton decay events.

For these mode searches, one more Michel electron is expected from the 7 decay in addition
to one Michel electron from the p decay. The number of Michel electrons were required to be
consistent with this expectation.

The total momentum versus total invariant mass distributions for the atmospheric neutrino
MC is shown in Figure The p — et p® mode had a relatively higher background rate than
that of p — utp° mode. In order to reduce the background, the tighter total momentum cut of
Piot < 150 MeV /c was applied for the p — et p mode.

The Search Results The detection efficiencies for the proton decay MC and the number of
events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for p — e*p? and p — utp® were estimated to be 4.9% (4.2%)
and 1.8% (1.5%) in SK-I (SK-II), respectively. For the free proton decay events in SK-I, the
detection efficiencies were 20% and 7% for p — e*p° and p — ptp°, respectively. Most of the
surviving events in the proton decay MC were from free proton decay events. Their fraction in
total surviving events was about 80% for both modes.

The background events for p — e*™n and p — pu™n were estimated to be 0.35 and 0.42 events
in total (SK-I4+SK-II), respectively.

Nucleon decay signals were searched in the SK-I and SK-II data. One candidate was found
in the SK-I data for the p — pu*p® mode, while the number of the expected background is 0.42.
The details of the candidate is described in Appendix
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Figure 9.29: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — etpd SK-II p — etp®; SK-1 p — putp®; and SK-II p — putp°, from top to bottom: the
proton decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy
the event selection criteria for p — etp? or p — ptp® except for the selection by the total
momentum and total mass. The boxes in figures indicate the criteria. One candidate was found
in the SK-I data for p — putp® mode.
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p—etp p— ptp’
eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data

SK-I SK-II  SK-I SK-II SK-I SK-II | SK-I SK-II SK-I SK-II SK-I SK-II

FV.| 96.6 994 12586 6684 12232 6584 | 74.3  76.7 12586 6684 12232 6584
A 25.8 25,6 1109 597 1023 572 | 11.8 11.4 1109 597 1023 572
B 10.3 9.2 127 86 129 87 3.0 2.9 32 19 33 20
C 8.1 7.2 37 27 33 33 2.6 2.3 21 13 20 14
D 8.1 7.2 31 22 22 27 24 2.1 14 9 15 11
E 4.9 4.2 0.23  0.12 0 0 1.8 1.5 0.30  0.12 1 0

Table 9.9: The detection efficiencies for the proton decay MC and the number of surviving event
in the atmospheric neutrino MC and in the observed data at each event selection criterion for
p — etp®and p — pTp®. The atmospheric neutrino MC is normalized with the observed data
using single-ring e-like events. The criteria (A~E) are described in Section[9.1.1] and Table [9.8.

9.1.5 p— ITw Mode Search

+ 0

Two of the w meson decay modes were studied in this thesis: One is the w — 777~ 7
mode (Br=89%), and the other is the w — 7%y mode (Br=9%). The momentum of a generated
charged lepton and a w meson is 143 (105) MeV/c? in p — etw (p — ptw). For the p — ptw
mode, the muon momentum is lower than the Cherenkov threshold, and the muon ring cannot be
observed. Therefore, the existence of the muon is indicated only by a Michel electron detection
from the muon decay. The w meson suffers from the nuclear effect in the case of a decay in
a %0 nucleus. Only ~ 20% of the w meson could escape from the nucleus. This cause the
inefficiency for these two mode searches. In this section, the selection criteria of the p — [Tw
search via w — 7% is first explained, and then the criteria of p — ItTw search via w — 7t7 7"
is explained.

p— ITw (w — 7%) Mode Search

A B C D E
Modes Ring PID M neson decay-e Mot Piot
p—etw (m%) | 3,4 SSS(S) 650~900 (w) 0 800~1050 <150
p—putw (7%y) | 2,3  SS(S) 650~900 (w) 1 - <200

Table 9.10: The event selection criteria for p — etw and p — ptw (7%).

Event Characteristics In the w — 7%y decay mode, the 7¥ decays into two 7-rays, and
three shower type rings can be observed from the decays of the w meson. The 7° momentum
from the w decay is about 380 MeV/c in the w meson rest frame. Due to the same reason as
p — etn® or p — ptnY one of the two rings from the 7% decay cannot be observed in a certain
probability. Therefore, two or three shower type rings were required from the w meson decay,
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and one more shower type ring from et was required only in the case of the p — e™w mode.
Figure shows the number of ring distributions for the proton decay MC. The fraction of
3-rings or 4-rings (2-rings or 3-rings) was 95% (97%) for SK-I free proton decay of the w — 70y
mode for p — etw (p — ptw).
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Figure 9.30: The number of ring distributions of p — etw in SK-I. The black solid line his-
togram shows the distribution for all the w meson decay modes. The shaded histograms is the
distribution for the free proton decay events of the w — 7%y mode only. Dashed lines and arrows
indicate the selection criterion. The dashed histogram is the atmospheric neutrino backgrounds.

The w invariant mass was reconstructed by all the detected rings for the p — p*w mode. For
the p — eTw mode, it was reconstructed by the detected rings except for one ring, which was
assumed to be et ring. The w invariant mass distribution for the proton decay MC are shown
in Figure The invariant mass was well reconstructed, The lower invariant mass peak in
the proton decay MC was due to the another w meson decay mode of w — 7+7 =70,

Since the muon is invisible for the p — pu™w mode, the total momentum corresponds not
to the source proton momentum, but to the w meson momentum. Thus, the reconstructed
momentum for the free proton decay in SK-I was peaked at 123 MeV /¢ as shown in Figure
In order to eliminate the background sufficiently, the tighter total momentum cuts were applied

for both modes; Py < 150 MeV/c for p — eTw and Py < 200 MeV /¢ for p — ptw.

The Search Results The detection efficiencies for the proton decay MC and the number
of events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for p — eTw and p — ptw (7%) were estimated to be 2.4% (2.2%)
and 2.8% (2.8%) in SK-I (SK-II), respectively. The branching ratio was taken into account
in the estimation. For the free proton decay of the w — 7%y mode in SK-I, the detection
efficiencies were 82.5% and 66.9%, and their fraction in total surviving events were 59% and
41%, respectively. In the proton decays of the p — p*w mode, the efficiency of the fiducial
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histogram shows the distribution for all the w meson decay modes. The shaded histograms are
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Figure 9.32: The total momentum distributions of the p — u*w MC in SK-I. The black solid
line histogram shows the distribution for all the w meson decay modes. The shaded histograms
is the distribution for the free proton decay events of the w — 7%y mode only. Only the events
which satisfy the selection criteria (A ~ D) are plotted.
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volume cut was not about 100%. This is because a w meson and other secondary particles could
not escape from a nucleus in some proton decay events, which could not pass the FC reduction
process as described in Section

The background events for p — eTw and p — u™w were estimated to be 0.14 and 0.31 events
in total (SK-I+SK-II), respectively. The low background rate was achieved with the tighter
total momentum cut.

Nucleon decay signals were searched in the SK-I and SK-II data No candidate event was
observed in the data for both modes.

p— etw (@ — 1) p— 1w (@ — 1)
eff. (%) atm. v MC FC Data eff.(%) atm. v MC FC Data
SK-I SK-II  SK-I SK-II  SK-I SK-II | SK-I SK-II SK-I SK-II SK-I SK-II
V.| 976  99.3 12586 6684 12232 6584 | 86.8  90.6 12586 6684 12232 6584
084  58.6 1542 845 1429 808 | 60.6 61.3 3365 1739 3157 1732
46.1 47.3 966 542 917 544 | 46.7 474 2045 1096 1957 1037
4.3 4.3 248 139 233 156 5.0 4.9 182 97 184 90
4.3 4.3 131 75 108 62 3.8 3.7 51 27 o6 23
2.4 2.2 0.10 0.04 0 0 2.8 2.8 0.24 0.07 0 0

H O QW

Table 9.11: The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for p — etw and p — pTw (w — 7%y). All the w meson decay modes are included in the proton
decay MC. The atmospheric neutrino MC is normalized with the observed data using single-ring
e-like events The criteria (A~E) are described in Section and Table [0.10.
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Figure 9.33: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — etw; SK-II p — etw; SK-I p — pw; and SK-1I p — ptw, from top to bottom: the proton
decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy the event
selection criteria for p — etw (7%) or p — ptw (1) except for the selection by the total
momentum and total mass. The boxes in figures indicate the criteria. No candidates were found
for both p — etw (%) and p — ptw (7%y) in the data.
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p—Itw (w — 7t7~7") Mode Search

A B C D E F

Modes Ring  PID M eson decay-e Mot Piot

p—etw (rtr70) 4 SSSN*  85~185 () 0,1 600~800 <200 P.+
+ta=70) 3 SSN*  85~185 (7) 2 450~700 <200

p— ptw(r

Table 9.12: The event selection criteria for p — etw and p — p*w (77~ 7). The selection
criterion F is the positron momentum cut (100 < P,+ < 200 MeV/c).

Event Characteristics In this w decay mode, the w decays into two low momentum charged
pions and a neutral pion. Their momenta are about 220 MeV/c. In order to find the low
momentum non-shower type ring, the PID with both a Cherenkov ring pattern and an opening
angle was used for these modes. Due to the strong interaction of the charged pions in water,
finding both of the two charged pion rings is difficult. Therefore, finding only one of the two
charged pion rings were required for these mode searches. The number of ring distribution is
shown in Figure For the p — etw (p — pTw) mode, 4 (3) rings were required to be found
in total. The efficiency of the number of ring cut was 27% (42%) for SK-I free proton decay MC

of the p — etw (p — ptw), w — 777~ 7% mode.
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Figure 9.34: The number of ring distributions of p — e*w MC in SK-I. The black solid line
histogram shows the distribution for all the w meson decay modes (same as Figure [0.34]). The
shaded histogram is the distribution for the free proton decay events of the w — 777~ 7" mode
only. Dashed lines and arrows indicate the selection criterion. The dashed histogram is the
atmospheric neutrino backgrounds.

Since one of the two charged pions were assumed to be invisible in the selection criteria, the
invariant mass of the w and the proton cannot be reconstructed for these modes. Instead of the
w mass reconstruction, the reconstructed 7° invariant mass was required to be consistent with
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79 mass. As for the total invariant mass, the event selection criteria for the total mass were

set to be lower than the normal event selection criteria as shown in Figure The selection
windows were determined to reduce the atmospheric neutrino MC though they were not wide
enough even for the free proton decay events.

For the p — pu™w mode, both of two Michel electrons from the decay of u* and 7" were
required to be found. Although the detection efficiency is decreased by a factor of 2, this cut
could greatly reduce the background by a order of magnitude.

In order to reduce the background further, the positron momentum was also required to
be consistent with the source positron momentum for the p — e™w mode. Figure shows
the positron momentum distributions for the proton decay MC, the atmospheric neutrino MC
and the observed data. This criteria could reduce the background by a factor of 2, while the
detection efficiency is decreased by about 20%.
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Figure 9.35: Positron momentum distribution for p — etw MC (left) and the atmospheric
neutrino MC (solid lines in the right) and the observed data (points in the right) in SK-I. The
solid line histogram in the left figure shows the distribution for all the w meson decay modes. A
shaded histogram is the distribution for the free proton decay events of the w — 777~ 7% mode
only. Dashed lines and arrows indicates the selection criterion. Only the events which satisfy
the selection criteria (A~D) are plotted.

The Search Results The detection efficiencies for the proton decay MC and the number
of events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for p — etw and p — ptw (77~ 70) were estimated to be 2.5%
(2.3%) and 2.7% (2.4%) in SK-I (SK-II), respectively. The branching ratio was included in the
estimation. For free proton decay of the w — 777~ 7" mode in SK-I, the detection efficiencies
were 8.5% and 7.7%, and their fraction in total surviving events were 61% and 51%, respectively.

The background events for p — eTw and p — u™w were estimated to be 0.39 and 0.17 events
in total (SK-I4+SK-II), respectively.
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Nucleon decay signals were searched in the SK-I and SK-II data. Each one event survived
the criteria A ~ E in SK-I and SK-II for p — eTw. However, one event in SK-II was rejected
by the selection by the positron momentum. One event in SK-I passed the selection by the
positron momentum and remained as a candidate for p — etw (37) mode, while the expected
background was 0.39. The details of the candidate is described in Appendix [B.3l

p—etw (w— 3m) p— ptw (w— 3m)
eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data

SK-I SK-II SK-I SK-II SK-I SK-IT | SK-I SK-II SK-I SK-II SK-I SK-II
F.V. | 97.6 99.3 12586 6684 12232 6584 | 86.8 90.6 12586 6684 12232 6584
A 18.8 18.9 432 248 406 236 | 27.0 26.1 1109 597 1023 572
B 9.6 9.5 139 86 117 77 1 15.0 14.4 417 232 370 208
C 9.1 8.9 75 41 70 34| 13.1 12.4 175 90 164 79
D 9.1 8.9 65 36 61 30 6.4 5.2 15 7 15 5
E 3.2 2.9 0.57 0.25 1 2.7 2.4 0.10 0.07 0
F 2.5 2.3 0.26 0.13 1 0 - - - - - -

Table 9.13: The detection efficiencies for the proton decay MC and the number of surviving

event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for p — etw and p — ptw (w — 777~ 7%). All the w meson decay modes are included in the
proton decay MC. The atmospheric neutrino MC is normalized with the observed data using

single-ring e-like events. The criteria (A~F) are described in Section[9.1.1l and Table[9.12. The
criterion F is the positron momentum cut, which is the special cut for p — eTw.
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Figure 9.36: Total momentum versus total invariant mass distributions, from left to right: SK-I
p — eTw; SK-II p — etw; SK-I p — ptw; and SK-II p — putw, from top to bottom: the
proton decay MC; the atmospheric neutrino MC; and the observed data. These events satisfy
the event selection criteria for p — etw (37) or p — ptw (37) except for the selection by the
total momentum and total mass. The boxes in figures indicate the criteria. One candidate was
found in the SK-I data for p — eTw. The other remaining event in the SK-II data for p — eTw
is rejected by the positron momentum cut.
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9.1.6 n — [T7~ Mode Search

A B C D E
Modes Ring PID Myeson decay-e Mot Piot
n—etm 2 SN - 0 800~1050 <250
n— ptr 2 NN - 1 800~1050 <250

Table 9.14: The event selection criteria for n — e™n~ and n — p*7~

Event Characteristics All the neutrons in a HoO molecule are bounded in a nucleus. Then,
all the generated charged pions suffer from the nuclear effect, and detection efficiencies for
neutron decay searches tend to be lower compared to proton decay searches.

The momentum of a charged lepton and a charged pion is about 460 MeV /¢, almost same
as that of p — 770, In these modes, a Cherenkov ring from the charged pion generated from
the nucleon decay can be directly observed. Figure shows the number of ring distributions
of the neutron decay MC. Approximately 50% of the neutron decay events in SK-I were 2-rings
event from the charged lepton and the charged pion. Therefore, there was no event selection by
a meson invariant mass for these modes.
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Figure 9.37: The number of ring distributions for the n — eT7~ MC in SK-I. Dashed lines and
arrows indicate the selection criterion. The dashed line histogram is the atmospheric neutrino
backgrounds.

For the total invariant mass reconstruction in the n — pu™7~ mode, we should determine
which ring the muon or the charged pion is. As described before, a better combination for
the neutron mass was selected. This resulted in the narrower invariant mass distribution of
n — pt7~ than that of the n — etn~ MC as shown in Figure
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Figure 9.38: Total momentum versus total invariant mass distributions, from left to right: SK-I
n—etn ; SK-II n — etn; SK-In — putn; and SK-II n — p™ 7, from top to bottom: the
proton decay MC; the atmospheric neutrino MC; and the observed data. These events satisfied
the event selection criteria for n — e™n~ or n — p*7~ except for the selection by the total
momentum and total mass. The boxes in figures indicate the criteria. One candidate was found
in the SK-I for n — p*n~.
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The Search Results The detection efficiencies for the proton decay MC and the number
of events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for n — eTn~ and n — p™ 7~ were estimated to be 19.4% (19.3%)
and 16.7% (15.6%) in SK-I (SK-II), respectively. The background events for n — e*w~ and
n — pt~ were estimated to be 0.27 and 0.43 events in total (SK-I+SK-II), respectively.

Nucleon decay signals were searched in the SK-I and SK-II data. One candidate was observed
in SK-I for the n — p*t7~ mode, while the number of the expected background was 0.43. The
details of the candidates are described in Appendix [B.4l

T n— ptr

eff.(%) atm. v MC FC Data eff.(%) atm. v MC FC Data
SK-I SK-II  SK-I SK-II  SK-I SK-II | SK-I SK-II SK-I SK-II SK-I SK-II
V.| 99.0 99.9 12586 6684 12232 6584 | 99.5 100.2 12586 6684 12232 6584
48.9 49.4 2255 1162 2134 1160 | 49.4 49.3 2255 1162 2134 1160
28.7 291 700 352 662 383 | 31.6  30.3 187 88 162 71
28.6 29.0 291 150 256 128 | 25,5 239 96 44 89 34

19.4 19.3 0.16 0.11 0 0] 16.7 15.6 0.30 0.13 1 0

n—e

MO W

Table 9.15: The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for n — eTr~ and n — puT7~. The atmospheric neutrino MC is normalized with the observed
data using single-ring e-like events. The criteria (A~E) are described in Section and
Table 0141

125



9.1.7 n —I*p~ Mode Search

A B C(M,) C(Mxy) D E
Modes Ring  PID M, M, decay-e Mot Piot
n—etp 4 SSSN*  600~900 85~185 0 800~1050 <250
n— putp” 3 SSN*  600~900 85~185 1 - <150

Table 9.16: The event selection criteria for n — e*p~ and n — p*p~.

Event Characteristics In the neutron decay of n — [*p~, the p~ meson decays into 7~ 0.

Then, the 7° decays into two 7-rays. Accordingly, two shower type rings and one non-shower
type ring were required from the p~ meson decay. One more shower type ring from the positron
was required for the n — e'p~ mode search, while one more non-shower type ring from the
muon was not required for the n — pu™p~ mode search. In order to find the low momentum
non-shower type ring, the PID with both a Cherenkov ring pattern and an opening angle was
used for these modes. Figure shows the number of ring distributions of the neutron decay
MC. The fraction of 4-rings (3-rings) was 9% (23%) for n — eTp~ (n — utp7).

2500

2000

1500

Number of Events

1000

500

\\‘\\\\‘\\\\‘\\:
0T 2 3

Nl N B
5 6

Number of Rings

Figure 9.39: The number of ring distributions for the n — e™p~ MC in SK-I. Dashed lines
and arrows indicate the selection criterion. The dashed histogram is the atmospheric neutrino
backgrounds.

The invariant mass of the p~ meson was reconstructed by two shower type rings and one
non-shower type ring and required to be in between 600 to 900 MeV /c? as shown in Figure
In addition to the p meson mass, the 7° invariant mass was also required. This additional cut
reduced the atmospheric neutrino background by a factor of 2, while the loss of the detection
efficiencies are about 10%.

The tighter total momentum cut of Pyt < 150 MeV /¢ was applied to reduce the background
for the n — puTp~ mode because the proton invariant mass cannot be reconstructed for the
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Figure 9.40: p~ invariant mass distributions of the n — e*p~ MC in SK-I. Dashed lines and
arrows indicate the selection criterion.

mode due to the invisible muon.

The Search Results The detection efficiencies for the proton decay MC and the number
of events for the normalized atmospheric neutrino MC and the observed data at each selection
criteria are summarized in Table The momentum and the total invariant mass distributions
in the final selection criterion are shown in Figure

The detection efficiencies for n — e*p~ and n — ptp~ were estimated to be 1.8% (1.6%)
and 1.1% (0.94%) in SK-I (SK-II), respectively. The background events for n — etp~ and
n — putp~ were estimated to be 0.38 and 0.29 events in total (SK-I+SK-II), respectively.

Nucleon decay signals were searched in the SK-I and SK-II data. One candidate was found
in the SK-I data for n — e*p~ mode, while the number of expected background event for this
mode was 0.38 events. The detail of the candidate is described in Appendix [B.5l
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Figure 9.41: Total momentum versus total invariant mass distributions, from left to right: SK-I
n— ep; SK-IIn — etp~; SK-In — putp~; and SK-II n — ptp~, from top to bottom:

the proton decay MC; the atmospheric neutrino MC; and the observed data.

These events

satisfy the event selection criteria for n — eTp~ or n — uTp~ except for the selection by the
total momentum and total mass. The boxes in figures indicate the criteria. One candidate was
observed in the SK-I data for n — e™p~ mode.
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oo n— putp”
eff. (%) atm. v MC FC Data eft.(%) atm. v MC FC Data

SK-I SK-II SK-I SK-II SK-I SK-IT | SK-I SK-II SK-I SK-II SK-I SK-II
F.V. 95.2 96.5 12586 6684 12232 6584 | 75.9 79.1 12586 6684 12232 6584
A 8.9 9.0 432 248 406 236 | 17.1 16.8 1109 597 1023 572
B 4.6 4.5 139 86 117 77| 10.9 10.2 417 232 370 208
C(M,) 3.1 2.7 44 28 51 25 5.7 5.1 96 56 82 44
C(M;) 2.9 2.5 28 15 36 14 5.3 4.5 49 24 36 14
D 2.9 2.5 13 8 14 7 4.3 3.6 23 11 18 12
E 1.8 1.6 0.25 0.13 1 0 1.1 0.94 0.19 0.10 0 0

n—e

Table 9.17: The detection efficiencies for the proton decay MC and the number of surviving
event in the atmospheric neutrino MC and in the observed data at each event selection criterion
for n — eTp~ and n — uTp~. The atmospheric neutrino MC is normalized with the observed
data using single-ring e-like events. The criteria (A~E) are described in Section P.I.T] and
Table [9.16]

9.1.8 Summary of the Search Results

The result of the nucleon decay searches are summarized in Table PrI8] The detection
efficiencies, the expected backgrounds and the number of candidates are shown in the table.

The detection efficiencies of SK-II are certainly inferior to that of SK-1. However, the differ-
ence was a only few% for the modes with high detection efficiencies (p — et 7%, p — etn), etc.)
and less than about 17% even for the modes with low efficiencies. Therefore, the nucleon decay
search using the SK-II data is as valuable as SK-I. The estimated background rates of SK-I and
SK-II are also comparable with each other.

The details of the background are described especially for the p — et7® and p — putn°
modes in Section P:I-2] The charged current pion production was the dominant background
source for most of the studied nucleon decay modes as well as p — etn% and p — putr0.
Pions produced by neutrino interactions and/or hadronic interactions in nuclei and/or in water
can mimic the event signatures of nucleon decay signals with a charged lepton. Thus, these
pion production processes are important for the background estimation, and their systematical
uncertainties are discussed in Section F:2.1] Especially for the neutrino interactions and the
nuclear effects, their consistency were checked by comparing background estimations between
our MC and NUANCE [121]. NUANCE has different models of neutrino interactions and nuclear
effects. The atmospheric neutrino MC by NUANCE used the same atmospheric neutrino flux of
100 year equivalent and the same detector simulation. The results of these two estimations are
shown in Table g:19] Consistent results with our estimations were obtained with the NUANCE
MC.

In total, six candidates were found in the SK-I and SK-II data. The candidates were found
in the five largest background modes. Probabilities to observe these candidates from the back-
grounds were calculated using the estimations in SK-I41I by Poisson statistics without system-
atic errors.

e p— utn (37%): P(> 2events) = 7.5%
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Eff.(xBr.)(%) | BG events | Candidates
SK-  SK-II | SK-I SK-II | SK-I SK-II
p— etnl 44.6 43.5 | 0.20  0.11 0 0
p— ptrd 35.5 3471 023 0.11 0 0
p—etn
(n — 27) 18.8 18.2 | 0.19  0.09
(n — 37Y) 8.1 7.6 | 0.08  0.08
p—ut
(n — 27) 12.4 11.7 | 0.03  0.01
(n — 37Y) 6.1 541 030 0.15 0 2
p—etp’ 4.9 421 023 0.12 0 0
p — ptpd 1.8 1.5 0.30 0.12 1 0
p—etw
(w — 70) 2.4 2.2 0.10 0.04 0 0
(w—atr=r%) || 2.5 2.3 026 0.13
p—ptw
(w — %) 2.8 2.8 024 007
(w— 7tr—7Y) 2.7 24| 010 0.07 0 0
n—etn™ 19.4 19.3 | 0.16  0.11 0
n— ptr 16.7 15.6 | 0.30 0.13 1 0
n—etp” 1.8 1.6 | 0.25 0.13 1 0
n— utp” 1.1 0.94 | 0.19 0.10 0 0

Table 9.18: Summary of the nucleon decay searches in this thesis.
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Mode Our MC NUANCE || Mode Our MC NUANCE
p—etr® | 031 £0.04 0274+0.10 | p— etw

p—ptr® | 034+ 0.05 0.27 £0.09 || (w— 7"7) 0.14 £ 0.03 0.29 £ 0.10
p—etn (w—ntr=7Y%) [ 0.39 £ 0.05 0.30 + 0.11
(n—2y) |028+005 0294010 | p— ptw

(n — 37%) | 0.16 £ 0.03 0.32 £ 0.11 || (w — 7°9) 0.31 £ 0.05 0.37 £ 0.11
p— utn (w—ata=7%) | 0.16 & 0.03 0.05 + 0.04
(n—2v) |0.04+002 004=+004 | n—etn 0.27 £ 0.04 0.37 £ 0.12
(n—37Y) | 0.45 £ 0.06 044 +0.13 | n— pt7r- 0.43 + 0.05 0.44 £+ 0.12
p—etp’ | 0.35+£005 0344011 | n—etp” 0.38 + 0.05 0.44 £ 0.12
p—putp® | 042 £0.05 046 +0.12 | n — putp™ 0.29 + 0.04 0.69 £ 0.14

Table 9.19: The number of estimated background events in SK-I4+II with our MC and NU-
ANCE [121] MC. Only statistical errors are shown. The statistics of our MC and NUANCE MC

were 500 and 100 year observation equivalent, respectively.

e p— utp’: P(> levent) = 34.9%

o p—etw (ntr %) :

P(> levent) = 32.3%

o n— putw

P(> levent) = 34.3%
e n—etp : P(>levent) = 31.6%

As listed above, those probabilities are not so small for 16 decay modes that we cannot take the
candidates as serious evidences for a nucleon decay. Moreover, the number of background events
in total was 4.7 events. Consequently, the number of candidates is consistent with the estimation

by the atmospheric neutrino MC. Therefore, nucleon partial lifetime limits were calculated in
Section
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9.2 Systematic Errors

Systematic errors for detection efficiencies and background estimations are described in this
section. Systematic errors on detection efficiencies or common systematic errors are first ex-
plained. Then, systematic errors only on backgrounds are explained later in the next section.
As for the exposure, the systematic error on it is negligible, < 1%.

9.2.1 Systematic Errors for Detection Efficiencies
Nuclear Effect

In most of the modes, meson (mw, 7, w) nuclear effects (meson-nucleon interactions in a
nucleus) have large effects on detection efficiencies and can be a dominant error source.

m nuclear effect The systematic uncertainties of m nuclear effect was estimated by comparing
the nuclear effect simulation with another simulation result based on the model used by the
IMB experiment [104] because there are no suitable experimental data which can be used for the
systematic error estimation with enough precision at the moment. The comparison of the fraction
of the final states for the proton decay of p — e*7” in 'O nuclei is shown in Table The
detection efficiency directly depends on the 70 escape probability without any scattering. There
is a 10% difference for that probability between the two models. This difference corresponds to
a 15% difference in the total detection efficiencies of p — e* 7% and p — pt7°.

nuclear effect in 10  Our MC IMB

no interaction 44%  54%
absorption 22%  22%
charge exchange 15% 10%
scattered 19% 14%

Table 9.20: Fraction of the final states of 7° from the proton decay of p — e*7% in 10 compared
with the simulation used in the IMB experiment.

The escape probability difference described above for the p — eTn® mode is equivalent to
~ 40% difference in the total cross section of the 7 nuclear effect. Thus, this difference in the
total cross section was used for the systematic error estimations from m nuclear effect for the
other nucleon decay modes, since detailed results of the IMB simulation were not available for
those modes. As for the n — e™n~ mode, the effect on the 7~ escape probability from 40%
uncertainty of the m nuclear effect was estimated by the nucleon decay simulation. This effect
corresponds to a 20% difference in the total detection efficiency for n — e*7~. It is greater than
that for p — e*7° because there are no free (unbounded) nucleon decay events for n — et7~.

n nuclear effect The systematic uncertainty of the n nuclear effect was estimated in Sec-
tion .1.2] by comparing the experimental 1 photoproduction cross section with the simulated

132



cross section. The estimated error for the n-nucleon cross section in 0 nuclei was a factor of
2.

n nuclear effect in 10  default o x % o X2

no interaction 5% 3%  43%
scattered 6% 4% 5%
no 7 survived 38%  23%  53%

Table 9.21: Fraction of the final states of 7 meson from the proton decay of p — I*# in 160.

Table shows the effects of the systematic uncertainties of the cross section on the fraction
of 1 meson final states from a proton decay in 0. The events in which no 1 meson escapes
from a nucleus hardly passed the selection criteria. The efficiency for the events in which the 7
meson were scattered in a nucleus was less than ~ 1/4 of the efficiency for the events without
any interactions in a nucleus. Therefore, effects on the detection efficiency could be estimated
almost by the change of the escape probability with no interaction in a nucleus. The estimated
errors corresponded to a ~ 20% error in total detection efficiencies for p — e™n and p — utn.

w nuclear effect The systematic uncertainty of w nuclear effect was a factor of 3, which was
estimated by the comparison of w-nucleon cross section between the theoretical calculation and
the extracted data from the w photoproduction experiment as described in Section .13l

w nuclear effect in 10 p—etw ox3|p—putw ox3
no interaction 19% 11% 17%  10%
scattered 2% 2% 1% 1%
decay in a nucleus 53%  35% 56%  37%
wN — N + meson(# w) 26%  52% 25%  51%

Table 9.22: Fraction of the final states of the w meson from the proton decay of p — etw or
p — ptwin 160.

The effect of the factor of 3 uncertainty of the cross section had a large effect on the fraction
of the w meson final state from p — etw and p — ptw in a 0 nucleus, as shown in Table
However, these effects corresponded to only a ~ 20% error on the total detection efficiency, since
the fraction of free proton decay events, which do not suffer from the nuclear effect, in the total
surviving events was 40 ~ 60 % for the p — etw and p — ptw search.

Hadron Propagation in Water

In some of the nucleon decay mode searches, Cherenkov rings from charged pions were
required to be found. Charged pions strongly interact with nucleons in water. Thus, whether
charged pion rings can be observed or not depends on the hadronic interaction in water.
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The uncertainty of the charged pion cross section in water was considered to be 10% by
comparing the detector simulation with the experimental data [51, [122].

Only for the systematic errors on the background, the uncertainty of pion production prob-
ability by high momentum (> ~1 GeV/c) hadrons was also considered. This error was conser-
vatively set to 100%.

Fraction of N-N Correlated Decay

As described in Section B1], 10% of nucleons in a %O nucleus are assumed to correlate with
another nucleon. Such a decay is calculated as a three body decay. The detection efficiency for
this decay can be very low. The uncertainty for this fraction was conservatively set to 100%.

Fermi Motion

The total momentum of a bound nucleon decay event corresponds to the Fermi motion of the
source nucleon. The systematic error from the uncertainty of the Fermi motion was estimated
by comparing the distributions shown in Figure [L1] with the Fermi gas model or by changing
the momentum by +20%. If the tighter total momentum cut is used, the systematic error from
the Fermi motion can be large.

Detector and Event Reconstruction Performances

Fiducial Volume The systematic errors from the fiducial volume were estimated by the
difference between the number of events of the reconstructed and true vertices form multi-
ring events. The estimated errors were 3% and 2% for SK-I and SK-II, respectively. This error
can directly affect the detection efficiencies, but its magnitude is negligible compared with other
systematic errors.

Detector Non-uniformity and Energy Scale The non-uniformity of the detector gain was
within £+ 0.6% as described in Chapter [l The non-uniformity cause the momentum imbalance
of an event, 1.2% error for the total momentum. Therefore, the systematic errors on detection
efficiencies were estimated by changing the total momentum threshold by 1.2%.

The stability of the energy scale is also described in Chapter [l The systematic errors from
the energy scale was estimated by changing the threshold of total momentum and total invariant
mass by 1.1% (1.7%) in SK-T (SK-II).

These two errors have negligible effects on the detection efficiencies.

PID, Ring Counting and Cherenkov Opening Angle The systematic error of the particle
identification was estimated by comparing the PID likelihood (Fig [0.42)) between the observed
data and the atmospheric neutrino MC. The systematic errors of the detection efficiencies were
estimated by changing the threshold of the PID likelihood for the MC to fit it with the data. The
systematic error from the ring counting was also estimated by comparing its likelihood between
the observed data and the atmospheric neutrino MC.

Figure shows the PID likelihood distributions for multi-ring events in SK-I and SK-II.
The ring counting likelihood are shown in Figure[6.8lin Section 6.2l The data and the MC agree
well with each other in these distributions. Therefore, systematic errors from the PID and the
ring counting were estimated to be negligible.
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Figure 9.42: The PID likelihood (defined by Equation (€.15])) distributions for SK-I (left) and
SK-II (right). The multi ring events of the data (bar) and the atmospheric neutrino MC (his-
togram) with the visible energy below 1.33 GeV are filled in the figures.

As for the Cherenkov opening angle, the systematical error of the Cherenkov opening an-
gle was estimated to be 0.7 (0.5) degrees in SK-I (SK-II) by comparing the angle distributions
between the observed data and the atmospheric neutrino MC. Charged pion momentum recon-
struction largely depends on the opening angle. Thus, the systematic errors for the modes which
need to reconstruct the charged pion momenta can be relatively large.

Vertex Shift The vertex position was reconstructed at the beginning of the event reconstruc-
tion. The reconstructed vertex can affect all of the following reconstruction algorithms like the
ring counting, the PID, the momentum determination, etc.

Systematical shift of the reconstructed vertex was estimated to be within about 30 cm
by comparing different vertex fitting algorithms and by some measurements. Therefore, the
systematic error from the vertex shift was estimated by shifting the reconstructed vertex by
30 cm along with the direction of the most energetic particle.

Summary of the Systematic Errors for Detection Efficiencies

Tables 0.23] 0.24] and summarize the results of the systematic error estimation
for detection efficiencies of all the modes. The systematic errors for detection efficiencies were
about 20 ~ 30% except for the much large error of n — [ p~ mode.

Nuclear effects are the dominant error source for most of the modes. For the n — e p~
and n — p+p~ modes, the systematic errors from the pion nuclear effect is very large because
both of the two pions from the p meson decay were required to escape from a nucleus. Positive
and negative errors were individually estimated especially for these two modes. On the other
hand, p — e*p® and p — ptp® has a comparably smaller error since most of the surviving
events in these modes are free proton decay events. The uncertainty of Fermi motion can be the
dominant error source especially in the modes using the tight total momentum cut like p — e™n
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(37°). Another important error is the reconstruction biases from the Cherenkov opening angle
reconstruction and the vertex shift. These biases mostly contributes the errors for the modes
which requires charged pion momentum reconstruction.

These dominant errors are mostly common for SK-I and SK-II. Therefore, there are not
significant differences between the systematic errors of SK-I and SK-II.

p — etn? p— ptmd n—etn” n— ptr™

SK-I  SK-II | SK-I SK-II SK-I  SK-II | SK-I SK-II
(Interaction)
pion nuclear effect 15% 15% 20% 24%
hadron propagation in water - - 9% 6%
fraction of correlated decay ™% ™% 11% 11%
Fermi momentum 8% 9% 8% 9% 11% 15% | 6% 10%
(Detector Performance)
fiducial volume 3% 2% 3% 2% 3% 2% 3% 2%
detector non-uniformity 1% 1% 1% 1% 1% 1% 1% 1%
energy scale <0.5% 1% 1% 1% 2% 1% 1%  <0.5%
PID 2% 1% 1% <0.5% 4% 2% 4% 3%
ring counting <0.5% <0.5% 1% 2%
opening angle 1% 1% 1% 1% | <05% 2% 2% 2%
vertex shift 2% 1% 2% 1% 10% 12% | 17%  13%
decay-e detection - 2% - 2%
Total 19% 19% | 19% 19% 29% 31% | 33% 32%

Table 9.23: Systematic errors for the detection efficiencies of N — [T7 modes.
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p—etny p—putny p—etny p—ptn
(n — 27) (n — 27) (n — 31°) (n — 37°)
SK-I SK-IT | SK-I SK-II SK-I SK-II SK-I SK-II
(Interaction)
n nuclear effect 20% 18% 15% 20%
fraction of correlated decay % ™% 5% ™%
Fermi momentum 11%  18% | 15%  12% 26% 25% 16% 10%
(Detector Performance)
fiducial volume 3% 2% 3% 2% 3% 2% 3% 2%
detector non-uniformity 1% 1% 1% 1% 1% 2% 1% 1%
energy scale 1% 3% 1% 1% 1% 2% 1% 5%
PID 2%  <05% | 1% 1% 1% 1% <0.5% <0.5%
ring counting <0.5% <0.5% <0.5% 1%
opening angle 1% <05% | 1% <0.5% | <0.5% <0.5% 1% 1%
vertex shift 3% 3% 2% 1% 8% 9% 8% 11%
decay-e detection - 2% - 2%
Total 24% 28% 25% 23% 32% 31% 28% 27%
Table 9.24: Systematic errors for the detection efficiencies of p — ™1 modes.
p—etp’ p—utp’ n—etp” n—ptp”
SK-I SK-II | SK-I SK-II | SK-I SK-II | SK-I  SK-II
(Interaction)
pion nuclear effect 8% 9% (+51% -23%) | (+51% -25%)
hadron propagation in water 17% 24% 9% 14%
fraction of correlated decay 2% 2% 11% 10%
Fermi momentum 9%  11% 6% % 16%  14% 21% 38%
(Detector Performance)
fiducial volume 3% 2% 3% 2% 3% 2% 3% 2%
detector non-uniformity 1% 1% 1% 1% 2% 1% 4% 3%
energy scale 1% 2% 3% 3% 2% 5% 2% 5%
PID 3% 4% <0.5% <0.5% 1% 2% <0.5% 1%
ring counting 2% 5% 2% 4%
opening angle 2% 2% 10% 3% 1% 1% 2% 4%
vertex shift 19%  14% 3% 4% 5%  24% 22% 21%
decay-e detection - 2% - 2%
Total 29% 2% 29% 28% | +58% +60% | +62% +70%
-36% -39% | -43% -54%

Table 9.25: Systematic errors for the detection efficiencies of N — I p modes.
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p—etw p— ptw p—etw p— utw
(w — 70) (w—7") | (w—atr 7)) | (w—7T7 7%
SK-I SK-II | SK-I SK-II SK-I  SK-II | SK-I SK-II

(Interaction)
w nuclear effect 21% 22% 18% 18%
pion nuclear effect 3% 5% 6% ™%
hadron propagation in water - - 13% 15%
fraction of correlated decay 5% 6% 5% 5%
Fermi momentum 24%  23% | 11% 1% 8% 19% 2% 3%
(Detector Performance)
fiducial volume 3% 2% 3% 2% 3% 2% 3% 2%
detector non-uniformity 3% 2% 2% 2% 4% 4% 2% 2%
energy scale 2% 2% 2% 4% 5% 8% 2% 2%
PID 2% 1% 2%  <0.5% | <0.5% 2% <0.5% 1%
ring counting <0.5% <0.5% <0.5% 1%
opening angle 2%  <0.5% | 1% 1% ™% 3% 4% <0.5%
vertex shift 9% 5% 4% ™% 20% 14% 14% 15%
decay-e detection - 2% - 4%
Total 34% 32% 27% 30% 33% 35% 29% 30%

Table 9.26: Systematic errors for the detection efficiencies of p — [*w modes.
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9.2.2 Systematic Errors for Background Estimations

For the background estimations from atmospheric neutrinos, the uncertainties of atmospheric
neutrino flux and neutrino cross sections should be considered. The systematic uncertainties of
the pion nuclear effect, hadron propagation in water and the detector performances were also
considered as well as the detection efficiencies.

Even with the large statics of the atmospheric neutrino MC, only a few ten events can
survive the nucleon decay event selection criteria. In order to reduce statistical errors for the
systematic error estimation of the background, systematic errors were estimated by averaging
the estimations of SK-I and SK-II because they were basically common as described in the error
estimation for the detection efficiencies. Moreover, for the modes with the same meson decay
modes, systematic errors from the uncertainties of pion nuclear effect and hadron interaction in
water were estimated by averaging the estimations of different charged lepton modes.

Neutrino Flux and Neutrino Interaction

Almost same systematical uncertainties as the atmospheric neutrino oscillation analysis in
the Super-Kamiokande experiment were considered for the errors from the neutrino flux and
the neutrino interaction. The details of the source of the uncertainties are given in the other
documents [123, [124], and not discussed here.

The following uncertainties listed below were taken into account.

e energy dependent normalization (energy spectrum)
e neutrino flavor ratio

e anti-neutrino/neutrino ratio

e up/down asymmetry

e horizontal/vertical ratio

e K/m production ratio

e neutrino flight length

The systematic errors from the neutrino flux were estimated to be 6 ~ 8%, and mostly due
to the uncetainty of the energy dependent normalization. These errors are negligible compared
with other much larger errors.

As for the uncertainties of the neutrino interaction, the following uncertainties were taken
into account.

e My (axial vector mass) in quasi-elastic scattering and single-meson production
e quasi-elastic scattering for bound nucleons (total cross section)
e quasi-elastic scattering for bound nucleons (7/v)

e quasi-elastic scattering for bound nucleons (flavor ratio)

single(multi)-meson production (total cross section)
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e single(multi)-meson production (model dependence)
e coherent pion production

e NC/CC ratio

The systematic errors from the neutrino interaction were estimated to be 8 ~16 % in total.
These errors are also negligible compared with other errors.

Summary of the Systematic Errors for Backgrounds

The estimated systematic errors for the backgrounds are shown in Tables @.27] [0.28],
and The detailed values of the estimated systematic errors are shown in Appendix[Cl The
systematic errors for the backgrounds were about 40 ~ 70%.

One of the dominant errors comes from the uncertainty of pion-nucleon cross section and
pion production probability in water. The errors from the detector and event reconstruction
performances also have non-negligible contributions. The number of background events is much
sensitive to the error of energy and momentum since those events are normally distributed
around the threshold of the selection window of momentum and invariant mass. Therefore, the
systematic error from the energy scale stability, which was negligible for the detection efficiencies,
was estimated to be about 10 ~ 20%. The systematical shift of the reconstructed vertex can
cause the errors of Cherenkov opening angle and opening angles between two particles, which
are important for momentum and mass reconstructions. Due to the same reason as the energy
scale, the systematic error from the vertex shift was larger than that for the detection efficiency,
and estimated to be about 10 ~ 50%.

p—etn?® poputr® n—oefr n—putr

neutrino flux 8% 8% 8% 8%
neutrino cross section 8% 8% 15% 16%
pion nuclear effect 8% 8%
hadron propagation in water 36% 36%
detector performance 22% 43% 46% 36%
Total 44% 58% 61% 55%

Table 9.27: Systematic errors for the backgrounds of N — [T7 modes.
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p—etn p—utn p—etn p—puty

(n — 2v) (n — 37°)
neutrino flux 8% 8% 8% 8%
neutrino cross section 11% 14% 15% 11%
pion nuclear effect 5% 18%
hadron propagation in water 36% 67%
detector performance 26% 28% 13% 20%
Total 47% 49% 76% 73%

Table 9.28: Systematic errors for the backgrounds of p — 71 modes.

p—etp’ poutp’ n—etpm n—putp”

neutrino flux 6% 8% 8% 6%
neutrino cross section 13% 15% 14% 16%
pion nuclear effect 14% 12%
hadron propagation in water 33% 18%
detector performance 33% 23% 54% 27%
Total 51% 46% 60% 39%

Table 9.29: Systematic errors for the backgrounds of N — [™p modes.

p—etw poptw p—etw p—pfw

(w — 7%y) (w— 7tr—7Y)
neutrino flux 8% 8% ™% ™%
neutrino cross section 14% 10% 14% 11%
pion nuclear effect 13% 8%
hadron propagation in water 41% 53%
detector performance 3% 28% 28% 29%
Total 59% 53% 63% 63%

Table 9.30: Systematic errors for the backgrounds of p — ™1 modes.
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9.3 Lifetime Limits

As described in the Section @.1.8] the observed data in SK-I and SK-II are consistent with
the atmospheric neutrino MC. Consequently, the lower limits of the nucleon partial lifetime were
calculated.

The partial lifetime limit for each mode is derived from a method [125] based on Bayes’
theorem which incorporates systematic errors. The method is first explained in Section
The SK-I and SK-II should be treated as two different experiments. How to combine two
different experiments is described in Section

9.3.1 Lifetime Limit Calculation by Bayes’ theorem

Because the nucleon decay search is a counting experiment, the probability to detect n events
is given by Poisson statistics as follows.

e~ (D) (T )e + b)"

P(n|T'Aeb) = p

(9.4)
where I' is the true decay rate, A is the true exposure, € is the true detection efficiency, b is
the true number of background, and P(A|B) is the conditional probability of A, given that

proposition B is true.
Applying Bayes’ theorem allows us to write,

P(TAcb|n) = %P(nﬁ‘)\eb)P(I‘)\eb) (9.5)

where A is the constant to normalize P(I"Aeb|n). Because the decay rate, the detection efficiency,
the exposure and the background are independent, P(I"Aeb) can be separated into constituents.

P(T\eb|n) = %P(n]F)\eb)P(F)P(e)P()\)P(b) (9.6)

The probability density function of I' can be defined as;

P([|n) = / / / P (TeAb|n)dedAdb. (9.7)

Accordingly,

1 —(TXe+b) T\ "
P(F|n):A///e r(u 0" b (VP ()P (AP (b)dedAdb. (9.8)
The normalization constant A can be resolved by,
A:/ P(T|n)drl. (9.9)
0

P(T), P(\), P(¢) and P(I') are the prior probability distributions, in which systematic
uncertainties can be incorporated.

142



The priors for the exposure, the detection efficiency and the background are assumed to be
truncated Gaussian distributions defined as;

PO\ « {‘mp<_jk5gy> (3 >10) (9.10)
0 (A <0)

PO o {mpGﬁﬁy) (e > 0) 0.11)
0 (e<0).

P { exp <_(b;’g)2> (b>0) (9.12)
0 (b <0).

where Ao (o)), €0 (0¢) and b (0}) are the estimations (systematic errors) of the detection efficiency,
the exposure and the background, respectively.
If the systematic error for the detection efficiency is assumed to be asymmetric, the prior
P(¢) will be an asymmetric Gaussian defined as;
R
exp (—%) (e > €p)
N2
P(G) X exp (—%) (O <e< 60) (913)
0 (e <0)

where 0.4 and o._ are the positive and negative side of the systematic errors, respectively.

If the number of background events are very small (less than about ~ 10), the statistical
error of the background should be taken into account by using the convolution of Gaussian and
Poisson distributions as a prior.

P(b) = /000 M exp (—W) dbyic (9.14)

ny! 20}

where ny is the number of background events in the 500 year equivalent MC, byic is the number
of true background events in the 500 year MC, and C' is the oversampling factor of the MC.

The prior for the decay rate is assumed to be uniform. This is implicitly assumed when
calculating limits by simple Poisson statistics without systematic errors.

{1 (0<T < Teut)

P(I) = (9.15)

0 T<0o0rT >Tey)

where I'¢yt is the upper limit of the decay rate for the calculation of the normalization constant
A in order to avoid the divergence. The upper limit I' is set to be 1073! years™!, which is
sufficiently large than the limits by the previous experiments.

By integrating Equation (O.8]) using the priors, the confidence level can be calculated as;

Dlimit
CL = / P(T|n)drl. (9.16)
0

Lifetime limits are obtained by;

Tlimit = 1/ limit- (9.17)
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9.3.2 Combined Limit Calculation

The combined result of SK-I and SK-II is also derived by the method described above. The
probability to detect ny events in SK-I and ne events in SK-II is the product of the two Poisson
probabilities.

e—(F)\lel—i—bl) (F)\lel + bl)m e—(FA262+b2) (I‘)\262 + b2)n2
nq! na!

P(n1,n2|TA\1€1b1 Aaeabs) = (9.18)
By applying Bayes’ theorem assuming that the decay rate, the exposure, the detection effi-
ciency and the background are independent,

1
P(TA1e1b1 A2eaba|ng, ng) = ZP(nl’ na|lA1€1b1 A262b2) P ()P (e1€2) P( A1 A2)P(b1b2).  (9.19)

Most of the dominant systematic uncertainties like the nuclear effects and hadron propagation
in water are common between SK-I and SK-II. Therefore, the systematic errors of SK-I and SK-
II are assumed to be fully correlated with each other, which gives conservative lifetime limits
for this method. Then, the priors for the exposure, the detection efficiency and the background
of SK-I and SK-II are expressed as;

)

N"yw

P(Ah) = ((5>\)o<exp< ) (9.20)

2
P(ecie2) = P(de) x exp (%) (9.21)
P(biby) = P(&) xexp <—522> (9.22)

where 0y, d. and J, are correlated error factors for SK-I and SK-II. The statistical error term
(Equation [0.14)) for the background MC is not taken into account because of the large systematic
errors. 'The exposure, the detection efficiency and the background for SK-I and SK-II are
calculated as follows.

Ai = Ao+ 00N (Z =1, 2) (9.23)
€& = €0i+00q (i=1,2) (9.24)
bi = boi+ ooy (i=1,2) (9.25)

where \g;, €9; and bg; are the estimated exposure, detection efficiency and background for SK-I
and SK-II, respectively.
Finally the probability density function can be expressed as;

F)\161+b1 —(F>\2€2+b2) ng
P(F[nl, n2> _ P)\1€1 + bl) (F)\QGQ + bg)
A ' TLQ!

xP ) (5) (5>\) ((5b)d5 d(S)\d(sb (9.26)
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Confidence level is calculated by integrating this probability density function.

For a mode with two different meson decay modes like  — 2y and 1 — 37°, the efficiencies
and the backgrounds were simply added because such different meson decay mode searches are
independent. The systematic errors on the detection efficiencies and the backgrounds were also
simply added assuming 100% correlation.

9.3.3 The Results

The nucleon partial lifetime limits at 90% confidence level were obtained by the method
described in the previous sections. The results are summarized in Table with the limits by
IMB-3 [5], Kamiokande-I+IT [6] and the previous Super-Kamiokande result [38]. They are also
shown in Figure The obtained results are discussed in the next chapter.

7/Br (1033yrs) || This Thesis | IMB-3 [5] | Kam-I+II [6] | SK [38]
p— etnd 82 (9.1 0.540 0.260 1.6
p — ptn0 6.6 (7.3) 0.473 0.230
p— ety 42  (5.4) 0.313 0.140
p— ptn 1.3 (1.8) 0.126 0.069
p—etpd 0.71  (0.96) - 0.075
p— putpl 0.16 (0.23) - 0.110
p—etw 0.32 (0.63) 0.107 0.045
p—ptw 0.78 (1.1) 0.117 0.057
n—etr 2.0 (3.2 0.158 0.130
n— ptr” 1.0 (1.7) 0.090 0.10
n—etp” 0.070  (0.18) 0.217 0.058
n— ptp- 0.036 (0.16) 0.228 0.023

Table 9.31: Nucleon partial lifetime limits at 90% confidence level. Limits without systematic
errors are also shown in parenthesis.

145



p-ep
p- K p°
p - e w
p-Hw
n-e 1
n - 't
n-ep

n- pu'p

- This Thesis

Y SK (previous)
® mB-3
V' Kam-I+1

) FREJUS

1031 1032 1033
Lifetime limit (years)

1 034

Figure 9.43: Nucleon partial lifetime limits at 90% confidence level.
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Chapter 10

Discussions and Conclusions

10.1 Discussion

Comparison with the Theoretical Predictions

Here we compare the experimental nucleon lifetime limit for the p — eT7" mode with various
theoretical predictions.
The obtained lower limit of proton partial lifetime at 90% confidence level for p — et 7% by
SK-I and SK-IT is
T/Bp_etq0 > 8.2 X 1033 (years). (10.1)

The theoretical lower limit of proton lifetime by the minimal SUSY SU(5) GUT model is
calculated as;
T/By etp0 > 4.1 x 10° [9], (10.2)

although the dominant decay mode for this model is p — 7K' and strongly constrained by
SK [12].

The non-supersymmetric SO(10) GUT which directly breaks to SU(3)xSU(2)xU(1) predicts
relatively short proton lifetime and are not consistent with the previous experimental results. On
the other hand, the non-supersymmetric SO(10) GUT mediating the SU(4)xSU(2),xSU(2)r
symmetry predicts the partial lifetime limit as;

T/By_otno ~ 144 x 1032 1F0TELOELI 7, (10.3)

The sensitivity of the nucleon decay search in this thesis is within the range of the predictions

of these models.
In addition, the SUSY SO(10) GUT model predicts the lifetime as;

T/By_otqo ~ 10°%! [16]. (10.4)

Another possibility of GUT is the unifications in extra dimensions. One of the 5-D supersym-
metric SO(10) GUT modes also predicts the lifetime in the observable range as;

T/Bp_otqo ~ T x 10832 [17]. (10.5)

These models also predict the possibility of nucleon decays via other charged anti-lepton
plus meson modes. This study systematically set their lifetime limits ranging from 3.6 x 103!
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to 8.2 x 1033 years. On the other hand, these models predict the proton partial lifetime to be
around 1033 ~ 103> years. Although we cannot ruled out these models because of their large
uncertainties, the experimental results described in this thesis give constraints to these models.

Furthermore, by combining the other mode search results, the lower limit for the proton
lifetime which includes all the proton decay branches can be more stringent, though it is strongly
depends on the model. If we use the proton decay branching ratio by Machacek [20] as shown
in Table 2.2] proton decay detection efficiency is ~ 15% only by the p — e*#n? mode. It can
be increased by roughly ~ 30% by combining the other mode searches. In the branching ratio
calculation by Donoghue [22], the p — e*7" mode is significantly suppressed, and the proton
decay detection efficiency only by the p — et7® mode is only ~ 4%. Then, the proton decay
efficiency can be increased by a factor of two by using the others. Similarly, the sensitivity for
the nucleon lifetime can also be improved by including the neutron decay search results because
the neutron lifetime are estimated to be comparable with that of proton in many models.

Comparison with the Other Experiments

Table I0.T] shows the detection efficiencies, background estimations and the number of can-
didates for the Super-Kamiokande, IMB and KAMIOKANDE experiments. In this study, we
decided the selection criteria not to increase sensitivity, but rather to reduce background events
to less than 0.5 events. The detection efficiencies in SK-I and SK-II were similar to or lower than
those in IMB and KAMIOKANDE. Thus, the nucleon decay searches in this thesis achieved the
lower background than the others even with more than one order larger exposure. Especially
for the p — et 7® mode, the detection efficiency in SK-I and SK-II was similar to the other
experiments with the much lower background level.

This is the first systematical search in Super-Kamiokande for nucleon decays mediated by
the exchange of the superheavy gauge boson. The systematic errors for the nuclear effect of
the n meson and the w meson were newly evaluated and can be used for other nucleon decay
mode searches. Moreover, there are some improvements and updates in the event reconstruc-
tion tools for this analysis, especially in the ring separation and the charged pion momentum
reconstruction. These can also contribute to the other physics analysis in Super-Kamiokande.

The obtained nucleon partial lifetime limits are longer than the results from the previ-
ous experiments except for the n — eTp~ and n — puTp~ modes. The exposure of IMB-3,
KAMIOKANDE-I+IT and the previous SK result were 7.6, 3.79 and 25.5 kiloton-year, respec-
tively. The SK-I and SK-II combined data had 18.5, 37.2 and 5.5 times larger exposure than
those three results with much better background expectation, respectively. Therefore, the ob-
tained lifetime limits are roughly equivalent to the values obtained by scaling the previous limits
by the product of exposure and efficiency. For example, the obtained partial lifetime limit for
the p — eT7" mode is five times greater than the previous SK limit. However, in some modes,
the obtained limit is smaller than the scaled limit from the previous limit. That is mostly be-
cause of the differences of the strategy and the treatment of systematic errors. The systematic
errors from the uncertainty of the nuclear effects for the n — e*p~ and n — p*p~ detection
are very large because there is no free neutron. In addition to this, only the systematic error
of background estimations was taken into account in the lifetime limit calculation in the IMB
analysis. If we neglect the systematic error for the detection efficiency, the lifetime limits are
almost equivalent to the ratio ((e x A)gk/(€ X A\)vp) times the limits by IMB, where e and A
are the detection efficiency and the exposure of an experiment.

148



SK-T+I11 IMB-3 KAM-I+II
eff. BG N, 7| eff. BG N, 7| eff. BG N, T
(%) (/141) (%) (/76) (%) (/3-8)
p—etnl | 44.6 0.31 0 82| 48 02 0 054 | 45 <0.04 0 0.26
p— pta® || 355 034 0 66| 42 06 0 047 43 <0.2 0 0.23
p—etn 26.9 0.44 0 4.2 28 0.2 0 0.31 24 <0.04 0 0.14
p— putn 18.5 0.49 2 13| 23 28 3 013 | 21 <0.08 1 0.07
p— etpd 4.9 035 0 0.71 - - - -1 24 2.7 2 0.08
poutp® || 1.8 042 1 016 - - S22 1.7 0 0.11
p—etw 4.9 0.53 1 0.32 21 10.8 7 0.11 11 1.45 2 0.05
p— ptw 9.9 0.48 0 0.78 33 12.1 11 0.12 13 1.9 2 0.06
n—etn™ || 19.4 027 0 20| 30 50 3 016 | 28 <0.2 0 0.13
n—utr || 16.7 0.43 1 10| 14 1.9 0.09 | 23 <0.2 0 0.10
n—etp 1.8 0.38 1 0.07| 49 4.8 0.22 | 15 1.9 0 0.06
n—etp 1.1 029 0 0.04| 36 95 3 023 6 1.8 1 0.02
Total 4.7 6 479 32 11.5 9

Table 10.1: The comparison of efficiencies, background estimations, candidates and lifetime lim-
its between SK, IMB and KAMIOKANDE. 'BG’ is the background estimation for SK, IMB
and KAMIOKANDE in 141, 7.6 and 3.79 kiloton-year exposure, respectively. "N,’ is the num-

ber of candidate.

77 is the partial lifetime limit in 1

033

years.

KAMIOKANDE are those in SK-I and KAMIOKANDE-II, respectively.
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Future Prospects

The low background observation with the high efficiency were achieved with the Super-
Kamiokande detector. Therefore, the sensitivity of the Super-Kamiokande experiment will be
improved proportional to the exposure in the future for the modes studied in this thesis. Super-
Kamiokande-IIT was switched to Super-Kamiokande-IV with the newly developed electronics
and online systems in September, 2008. The accumulated exposure in the SK-III period was
34 kiloton-year. The lifetime sensitivity for the p — e*7? mode including the SK-III data
may reach to the order of 103* years. Furthermore, the Super-Kamiokande-IV experiment will
continue nucleon decay searches as the largest experiment with the new stable electronics. The
more stringent limits or the evidence for nucleon decay signals will be given by the SK-IV
experiment in the future.

As for more future prospects, this thesis has some implications to the design of next genera-
tion nucleon decay experiments. SK-II has the comparable nucleon decay detection performance
even with its half photo coverage of ~20%. This may imply that the lower PMT density than
that of SK-I is acceptable for the next generation experiment. However, this is not obvious
for less energetic modes, such as p — 7K' and needs to be further studied for those modes.
The other implication is for the background rate. If the fiducial volume for the next generation
experiment is more than 10 times greater than SK, its background rate from the atmospheric
neutrinos will not be negligible any longer. The total momentum cuts for p — et7% are wide
enough for the free proton decay events. Thus, one possibility to reduce the background is to
use tighter total momentum cut for the p — et 7? mode targeting the free proton decay events.
The background rate is expected to be reduced by an order of magnitude, while the efficiency
is expected to be decreased to about half of the efficiency in this analysis.

10.2 Conclusion

Nucleon decays into a charged anti-lepton (e and p*) plus a light meson (7%, 7=, n, p°,

p~ and w) were searched in 91.7 and 49.2 kiloton-year exposures of the SK-I and SK-II data,
respectively. The combined 140.9 kiloton-year exposure is six times greater than the previous
result for the p — et 7 mode [38].

This is the first nucleon decay search results using the SK-II data. Performances for nucleon
decay searches were compared between SK-I and SK-II. The observation in the SK-II period
had the similar performance to that in the SK-I period even though the photo coverage is half
of SK-I.

No evidence for proton decays via the p — eT7? mode was found, though this mode has
the highest detection efficiency and is the dominant proton decay mode in various GUT models.
Six candidate events were found in the SK-I and SK-II data for the five largest background
modes. The total expected background from the atmospheric neutrino was 4.7 events. The
number and the feature of candidate events are consistent with the background estimation by
the atmospheric neutrino MC.

The nucleon partial lifetime limits were calculated based on Bayes’ theorem. The lower limit
on the partial lifetime of proton via the p — e*7® mode was set to be 8.2 x 1033 years at 90%
confidence level. This limit is more stringent than the previous results of 1.6 x 1033 years [38]
by 25.5 kiloton-year exposure of the SK-I data. The obtained lower partial lifetimes limits via
the other modes except for n — eTp~ and n — uTp~ are also more stringent than the previous
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limits by IMB-3 or KAMIOKANDE-I+II. They range from 1.6x10%? to 6.6 x 1033 years. The
obtained lifetime limits for the n — eTp~ and n — p*p~ modes are 7.0x10%' and 3.6 x103!
years, respectively. They are less stringent than the IMB-3 result because of the difference of
the strategy for the selection criteria determination and the treatment of the systematic errors.
This systematical study cannot ruled out the interesting GUT models, such as minimal SUSY
SU(5) GUT, SO(10) GUT and so on, but can give constraints on parameters relevant to nucleon
decays mediated by a super heavy gauge boson.
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Appendix A

Details of the Selection Criteria

A.1 p— ITn Mode Search

A.1.1 p— 1ty (n— 2v) Mode Search

Event Selection Criteria The selection criteria for the p — [T (n — 2v) modes are defined
as ;

(A) the number of Cherenkov rings is three,

(B) one of the three rings is a shower (non-shower) type ring for p — e*n (p — p*n), and the
other two rings are shower type rings, (For p — p*n, the PID with both a Cherenkov ring
pattern and an opening angle is used.)

(C) the invariant mass of 7 meson is reconstructed in between 480 to 620 MeV /c?,
(D) the number of Michel electrons is 0 (1) for p — e™n (p — u*n),

(E) the reconstructed total momentum is less than 250 MeV /¢, and the reconstructed total
invariant mass is in between 800 to 1050 MeV /c%.

Figure [A.1l shows the number of ring distributions of the proton decay MC. The fraction of
3 rings was 93% for SK-I free proton decay of the  — 2y mode of both p — e™n and p — p'*n.

For the p — e*n mode, the criterion (B) is same as the p — e* 7 mode. For the p — u™n
mode, the momentum of p* is ~ 300 MeV/c. The PID with a Cherenkov ring pattern and an
opening angle was used for this mode to improve the PID. The mis-PID probabilities for SK-I
free proton decay of the 7 — 2y mode of p — e*n (p — pu'n) were estimated to be 6.0% (7.9%).

The invariant mass of the 1 meson was required to be in between 480 to 620 MeV/c? (the
criterion (C)). The reconstructed 7 invariant mass distributions of the proton decay MC, the
atmospheric neutrino MC and the observed data are shown in Figure For SK-I free proton
decay events of the n — 2v mode of p — e™n (p — p*n), the mean of the reconstructed
7 invariant mass distribution was 548 (539) MeV/c?, and its resolution was 27 (26) MeV/c?.
There is a peak around 7 meson mass in the atmospheric neutrino MC. This is not due to
the n production in the neutrino interaction MC, but due to the invariant mass reconstruction
method, in which the best combination for the n mass reconstruction was selected. The same
peak is also seen in the data, which is consistent with the atmospheric neutrino MC.
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Figure A.1: The number of ring distributions of p — e*n MC (left) and p — ptn MC (right) in

SK-I. Shaded histograms are the distributions of free proton decay events of the n — 2v mode.

The distribution of the atmospheric neutrino MC, which is normalized with the proton decay

MC using the maximum bin value, is also shown in dashed histograms. Dashed lines and arrows

indicate the selection criterion.

Figures [A.3] and [A4] show the distributions of the total momentum of the proton decay
MC and the total invariant mass of the proton decay MC. The total invariant mass was well
reconstructed, and its resolution is comparable to that of p — e*7? and p — putn". For SK-I
free proton decay of the n — 2y mode of p — e™n (p — p*n), the mean of the total invariant
mass distribution was 939.4 (923.7) MeV/c?, and its resolution was 21.8 (24.9) MeV /c?. The
resolution of the total momentum was 25.7 (32.1) MeV/c for p — e (p — utn).
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Figure A.2: 7 invariant mass distributions of p — e™n MC (left) and p — p™n MC (right)
in SK-I. The top two figures are the proton decay MC, and the bottom two figures are the
atmospheric neutrino MC (solid lines) and the observed data (points). Shaded histograms in
the proton decay MC are the distributions of free proton decay events of the n — 2+ mode.
Dashed lines and arrows indicate the selection criterion.
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Figure A.4: The total invariant mass distributions of p — e™n MC (left) and p — ptn MC
(right) in SK-I. Shaded histograms are the distributions of free proton decay events of n — 2+
mode. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ D) and Pyt < 250 MeV /¢ are plotted.
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A1.2 p—litp (n— 37°) Mode Search

Event Selection Criteria The selection criteria for the p — I*n (7 — 37°) modes are defined
as ;

(A) the number of Cherenkov rings is four or five,

(B) one of the rings is a shower (non-shower) type ring for p — e*n (p — u'n), and all the
other rings are shower type rings, (For p — u*n, the PID with both a Cherenkov ring
pattern and an opening angle is used.)

(C) n invariant mass is reconstructed in between 400 to 700 MeV/c?,
(D) the number of Michel electrons is 0 (1) for p — etn (p — u*n),

(E) the reconstructed total momentum is less than 150 (250) MeV /c for p — e*n (p — u™n),
and the reconstructed total invariant mass is in between 800 to 1050 MeV /c?.

The ring counting algorithm is only possible to find up to 5 rings. Consequently, the criterion
(A) was applied to select events with 4 or 5 rings. The number of ring distributions of the proton
decay MC is shown in Figure The fraction of 4 or 5 rings was 77% (84%) for SK-I free
proton decay of the  — 37° mode of p — e*n (p — u*n).
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Figure A.5: The number of ring distributions of p — e*n MC (left) and p — p*n MC (right)
in SK-I. Shaded histograms are the distributions of free proton decay events of n — 37% mode.
The distribution of the atmospheric neutrino MC, which is normalized with the proton decay
MC using the maximum bin value, is also shown in dashed histograms. Dashed lines and arrows
indicate the selection criterion.

In the criterion (B), the PID with a Cherenkov ring pattern and an opening angle was used
for for p — ptn, which is same as the search via the n — 2y mode.

Therefore, the event selection window of n invariant mass is larger than that in the search
via n — 27 mode. The reconstructed n invariant mass distributions of the proton decay MC, the
atmospheric neutrino MC and the observed data are shown in Figure[A.6l For SK-I free proton
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decay events of n — 37" mode of p — e*n (p — p*n), the mean of the reconstructed 7 invariant
mass distribution was 554 (462) MeV/c?, and its resolution was 69 (62) MeV/c?. Because one
ring from a charged lepton (e™) cannot be separately identified from the other shower type rings
by the PID for the p — e™n mode, the best combination which made the reconstructed mass
the closest to true 1 mass was selected. That is why the mean mass for p — e*n MC is closer
to the true 1 mass than that for p — p™.
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Figure A.6: 7 invariant mass distributions of p — etn MC (left) and p — u™n MC (right)
in SK-I. The top two figures are the proton decay MC, and the bottom two figures are the
atmospheric neutrino MC and the observed data. Shaded histograms in the proton decay MC
are the distributions of free proton decay events of n — 37° mode. Dashed lines and arrows
indicate the selection criterion.

Figure [A7] and [A.8 show the distributions of the total momentum of the proton decay MC
and the total invariant mass of the proton decay MC. For SK-I free proton decay of the n — 37°
mode of p — e*n (p — pn) the mean of the total invariant mass distribution was 906.3 (895.0)
MeV/c?, and its resolution was 27.4 (29.9) MeV/c?. The resolution of the total momentum was
41.9 (88.1) MeV/c for p — e™n (p — p'n). Although the reconstructed invariant mass was
systematically lower than the true proton mass, the selection window of the invariant mass is
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wide enough to cover the proton decay MC distributions. The number of background rates for
p — etn was not low enough with the standard event selection criteria of P < 250 MeV/c.
In order to reduce the background, the tighter total momentum cut of Py < 150 MeV/c was
applied for the p — e™n mode.
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Figure A.7: The total momentum distributions of p — e*n MC (left) and p — p™n MC (right)
in SK-I. Shaded histograms are the distributions of free proton decay events of n — 37° mode.

Dashed lines and arrows indicate the selection criterion. Only the events which satisfy the
selection criteria (A ~ D) and 800 < Mo, < 1050 MeV /c? are plotted.
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Figure A.8: The total invariant mass distributions of p — ety MC (left) and p — p*n MC
(right) in SK-I. Shaded histograms are the distributions of free proton decay events of  — 37
mode. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ D) and Pyt < 150 (250) MeV /¢ are plotted for p — etn (p — ptn).

A.2 p—1Tp’ Mode Search

Event Selection Criteria The selection criteria for p — I*p? modes are defined as ;

(A) the number of Cherenkov rings is three,

(B) one of the rings is a shower (non-shower) type ring for p — e*p? (p — pTp"), and the
other two rings are non-shower type rings, (The PID with both a Cherenkov ring pattern
and an opening angle is used.)

(C) p° invariant mass is reconstructed in between 600 to 900 MeV/c?,
(D) the number of Michel electrons is 0 or 1 (1 or 2) for p — etp® (p — utp?),

(E) the reconstructed total momentum is less than 150 (250) MeV /c for p — e p® (p — utp?),
and the reconstructed total invariant mass is in between 800 to 1050 MeV /c?.

The criterion (A) requires to find all the three rings to reconstruct the mass and the momen-
tum of a proton. Figure shows the number of ring distributions of the proton decay MC.
The fraction of 3 rings was 50% and 27% for the free proton decay of p — et pland p — putp?,
respectively. The lower efficiency for p — p*p°® was due to proton decay events with an invisible
muon.

In the criterion (B), the two rings from the two charged pions were required to be identified
as non-shower type-rings. The charged pions from the the decay of the p meson has a low
momentum of about 300 MeV /c. The PID with a Cherenkov ring pattern and an opening angle
was used for both p — etp® and p — ptp°.

The invariant mass of p meson is reconstructed by two non-shower type rings, and was
required to be in between 600 and 900 MeV/c? in the criterion (C), as shown in Figure [A.0l
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For SK-I free proton decay events of p — e*p? (p — u*p°), the mean of the reconstructed p
invariant mass distribution was 730 (664) MeV/c?, and its resolution was 74 (43) MeV/c%. For
p — ptp°, if the p meson mass is greater than about 770 MeV /2, the muon momentum will be
lower than the Cherenkov threshold. That is why the p mass distribution for p — u*p" had the
narrower resolution and the systematically lower compared with p — e*p?. Due to the same
reason, there was a fake peak in the atmospheric neutrino MC, in which p meson production by
neutrino interaction was not taken into account.
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Figure A.9: p® invariant mass distributions of p — e*p? MC (left) and p — p*p® MC (right)
in SK-I. The top two figures are the proton decay MC, and the bottom two figures are the
atmospheric neutrino MC (solid lines) and the observed data (points). Shaded histograms are
the distributions of free proton decay events. Dashed lines and arrows indicate the selection
criterion.

Figures[A. 10l and [A-TT]show the distributions of the total momentum of the proton decay MC
and the total invariant mass of the proton decay MC. For SK-I free proton decay of p — e*p°
(p — ptp®), the mean of the total invariant mass distribution was 907.6 (909.1) MeV /c?, and its
resolution was 43.9 (32.0) MeV /c?. The resolution of the total momentum was 81.9 (96.9) MeV /c
for p — ep® (p — ptp?).
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Figure A.10: The total momentum distributions of p — e*p? MC (left) and p — utp® MC
(right) in SK-I. Shaded histograms are the distributions of free proton decay events. Dashed
lines and arrows indicate the selection criterion. Only the events which satisfy the selection
criteria (A ~ D) and 800 < M, < 1050 MeV /c? are plotted.
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Figure A.11: The total invariant mass distributions of p — e p? MC (left) and p — p*p® MC
(right) in SK-I. Shaded histograms are the distributions of free proton decay events. Dashed
lines and arrows indicate the selection criterion. Only the events which satisfy the selection
criteria (A ~ D) and P, < 150 (250) MeV /c are plotted for p — et p? (p — utp?).
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A.3 p— ["w Mode Search

A3.1 p—itw (w— m) Mode Search

Event Selection Criteria The selection criteria for the p — [Tw (w — 7%v) modes are
defined as ;

A) the number of Cherenkov rings is three or four (two or three) for p — etw (p — ptw),

B) all the rings are shower type rings,

(A)

(B)

(C) w invariant mass is reconstructed in between 650 to 900 MeV/c?,

(D) the number of Michel electrons is 0 (1) for p — etw (p — ptw),
)

(E) the reconstructed total momentum is less than 150 (200) MeV/c for p — etw (p — ptw),
and the reconstructed total invariant mass is in between 800 to 1050 MeV/c? only for
Jr
p— e w.

Two or three shower type rings were required from the w meson decay, and one more shower
type ring from e™ was required only in the case of the p — e*tw mode (the criteria A and B).
Figure shows the the number of ring distributions of the proton decay MC. The fraction of
3-rings or 4-rings (2-rings or 3-rings) was 95% (97%) for SK-I free proton decay of the w — 70y
mode for p — etw (p — ptw).
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Figure A.12: The number of ring distributions of p — e*w MC (left) and p — uTw MC (right)
in SK-I. Shaded histograms are the distributions of free proton decay events of w — 7%y mode.
The distribution of the atmospheric neutrino MC, which is normalized with the proton decay
MC using the maximum bin value, is also shown in dashed histograms. Dashed lines and arrows
indicate the selection criterion.

The w invariant mass was reconstructed by all the detected rings for the p — pu™w mode.
For the p — etw mode, it was reconstructed by the detected rings except for one ring, which
was assumed to be e' ring. The reconstructed w mass was required to be in between 650 to
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900 MeV/c? (the criterion (C)). Their distributions of the proton decay MC, the atmospheric
neutrino MC and the observed data are shown in Figure The invariant mass was well
reconstructed, and the mean of the distribution was 754 (790) MeV /c? with the resolution of 36
(31) MeV/c?. The lower invariant mass peak in the proton decay MC is due to the another w

meson decay mode of w — w770,
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Figure A.13: w invariant mass distributions of p — e*w MC (left) and p — p*w MC (right) in
SK-I. The top and bottom figures are the proton decay MC and the atmospheric neutrino MC
(solid lines) and the observed data (points), respectively. Shaded histograms are the distributions
of free proton decay events of w — 7%y mode. Dashed lines and arrows indicate the selection
criterion.

Figures [A.14] and show the distributions of the total momentum of the proton decay
MC and the total invariant mass of the proton decay MC. For p — e*w mode, the total mass and
the total momentum of the source proton can be reconstructed. For SK-I free proton decay of
w — 7’y mode of p — eTw, the mean of the total invariant mass distribution was 935.3 MeV /c?,
and the resolution was 24.8 MeV/c2. The resolution of the total momentum was 32 MeV /c for
p — eTw. The total momentum threshold of the criterion (E) was determined to keep the
background level low enough.
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Figure A.14: The total momentum distributions of p — e*w MC (left) and p — pTw MC
(right) in SK-I. Shaded histograms are the distributions of free proton decay events of w — 70y
mode. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ D) and 800 < Mot < 1050 MeV/c? (only for p — etw) are plotted.
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Figure A.15: The total invariant mass distributions of p — e*w MC in SK-I. Shaded histograms
are the distributions of free proton decay events of w — 7%y mode. Dashed lines and arrows
indicate the selection criterion. Only the events which satisfy the selection criteria (A ~ D) and
Piot < 150 MeV /¢ are plotted.
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A3.2 p—itw (w— 77 71%) Mode Search

+

Event Selection Criteria The selection criteria for p — [Tw (w — 7t7~7%) modes are

defined as ;

(A) the number of Cherenkov rings is four (three) for p — etw (p — ptw),

(B) one of the rings is a non-shower type ring, and all the other rings are shower type rings,
(The PID with both a Cherenkov ring pattern and an opening angle is used.)

(C) 7% invariant mass is reconstructed in between 85 to 185 MeV/c?,
(D) the number of Michel electrons is 0 or 1 (2) for p — etw (p — ptw),

(E) the reconstructed total momentum is less than 200 MeV /¢, and the reconstructed total
invariant mass is in between 600 to 800 (450 to 700) MeV/c?,

(F) for only p — eTw, the positron momentum is in between 100 to 200 MeV /c.

In the criterion (A) and (B), only one non-shower type ring from the charged pions, two
shower type rings from the neutral pion were required. Additionally, one more shower type ring
was also required for the p — e*w mode. In order to find the low momentum non-shower type
ring, the PID with both a Cherenkov ring pattern and an opening angle was used for these
modes. The number of ring distributions is shown in Figure The fraction of 4(3)-rings
was 27% (42%) for SK-I free proton decay of the w — 77~ 7% mode for p — etw (p — ptw).
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Figure A.16: The number of ring distributions of p — eTw MC (left) and p — p*Tw MC (right)
in SK-I. Shaded histograms are the distributions of free proton decay events of w — 7ta =70
mode. The distribution of the atmospheric neutrino MC, which is normalized with the proton
decay MC using the maximum bin value, is also shown in dashed histograms. Dashed lines and
arrows indicate the selection criterion.

The 70 invariant mass instead of the w meson mass was reconstructed by two of the shower
type rings and was required to be in between 85 to 185 MeV/c?. Figure [A17 shows the 7°
invariant mass distributions of the proton decay MC and the atmospheric neutrino MC.
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Figure A.17: 7¥ invariant mass distributions of the p — e*w MC (left) and the p — uTw MC
(right) in SK-I. The top and bottom figures are the proton decay MC and the atmospheric
neutrino MC (solid lines) and the observed data (points), respectively. Shaded histograms are
the distributions of free proton decay events of the w — 77~ 7% mode. The distribution of the
atmospheric neutrino MC, which is normalized with the proton decay MC using the maximum
bin value, is also shown in dashed histograms. Dashed lines and arrows indicate the selection
criterion.
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Figures [A18 and show the distributions of the total momentum of the proton decay
MC and the total invariant mass of the proton decay MC. Since one of the charged pion and the
muon was not considered in the total momentum and total invariant mass calculation, the event
selection window of the total invariant mass was set to be lower than the normal event selection
criteria which corresponds to the source proton mass. The selection windows were determined
to reduce the atmospheric neutrino MC though they were not wide enough even for the free
proton decay events.

The event selection by the positron momentum was also applied for the p — eTw mode
search. A positron ring was selected as a remaining shower type ring of the combination for
7Y invariant mass reconstruction. Figure shows the positron momentum distributions for
the proton decay MC, the atmospheric neutrino MC and the observed data. This criteria can
reduced the background by a factor of 2, while the detection efficiency was decreased by about

20%.
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Figure A.18: The total momentum distributions of p — e*w MC (left) and p — pTw MC (right)
in SK-I. Shaded histograms are the distributions of free proton decay events of w — w770
mode. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ D) and 600 < M < 800 (450 < Moy < 700) MeV/c? for p — etw
(p — ptw) are plotted.
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Figure A.19: The total invariant mass distributions of p — etw MC (left) and p — putw (right)
in SK-I1. Shaded histograms are the distributions of free proton decay events of w — 77~ 7°
mode. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ D) and Pt < 200 MeV/c are plotted.

A.4 n— "7~ Mode Search
Event Selection Criteria The selection criteria for p — 77~ modes are defined as ;

A. the number of Cherenkov rings is two,

B. one of the two rings is a shower (non-shower) type ring for n — e*7~ (n — p*77), and the
other ring is a non-shower type ring,

D. the number of Michel electrons is 0 (1) for n — et~ (n — ptr7),

E. the reconstructed total momentum is less than 250 MeV /¢, and the reconstructed total
invariant mass is in between 800 to 1050 MeV /c2.

One ring from the charged lepton and the other non-shower type ring from the charged pion
are required (the criterion (A) and (B)). Figure shows the number of ring distributions
of the neutron decay MC. Approximately 50% of the neutron decay events in SK-I were 2-ring
event.

Figures [A.2]] and show the distributions of the total momentum of the proton decay
MC and the total invariant mass of the proton decay MC, and the same plots for the atmospheric
neutrino MC, respectively.
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Figure A.20: The number of ring distributions of n — etn~ MC (left) and n — ptn~ MC
(right) in SK-I. The distribution of the atmospheric neutrino MC, which is normalized with the
proton decay MC using the maximum bin value, is also shown in dashed histograms. Dashed
lines and arrows indicate the selection criterion.
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Figure A.21: Total momentum distributions of n — e*7~ MC (left) and n — pt7n~ MC (right)
in SK-I. Dashed lines and arrows indicate the selection criterion. Only the events which satisfy
the selection criteria (A ~ C) and 800 < M, < 1050 MeV/c? are plotted.
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Figure A.22: Total invariant mass distributions of n — etn~ MC (left) and n — p*7n~ MC
(right) in SK-I. Dashed lines and arrows indicate the selection criterion. Only the events which
satisfy the selection criteria (A ~ C) and Pyt < 250 MeV/c are plotted.

A.5 n —ITp” Mode Search

Event Selection Criteria The selection criteria for p — [*p~ modes are defined as ;

A. the number of Cherenkov rings is four (three) for n — e*p~ (n — utp7),
B. one of the rings is a non-shower type ring, and all the other ring are shower type rings, (The

PID with both a Cherenkov ring pattern and an opening angle is used.)
C.(M,) p~ invariant mass is reconstructed in between 600 to 900 MeV /c?,
C.(M,) 7° invariant mass is reconstructed in between 85 to 185 MeV /c?,
D. the number of Michel electrons is 0 (1) for n — etp™ (n — putp7),

E. the reconstructed total momentum is less than 250 (150) MeV /c forn — etp™ (n — putp™),
and the reconstructed total invariant mass is in between 800 to 1050 MeV/c? only for
n—etp .

Two shower type rings and one non-shower type ring are required from the p~ meson decay.
One more shower type ring from the positron was required for n — e*p~ mode search, while
one more non-shower type ring from the muon was not required for the n — ™ p~ mode search.
Figure [A.23] shows the number of ring distributions of the neutron decay MC. The fraction of
4(3)-rings was 9% (23%) for n — etp™ (n — putp™).

The invariant mass of the p~ meson was reconstructed by two shower type rings and one
non-shower type ring and required to be in between 600 to 900 MeV /c? (the criterion C(M,)).
Figure shows the p~ invariant mass distribution for the neutron decay MC. It was also
required that the invariant mass of the these two shower type rings is in between 85 to 185
MeV/c? (the criterion C(My)).
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Figure A.23: The number of ring distributions of n — e*p~ MC (left) and n — up~ MC
(right) in SK-I. The distribution of the atmospheric neutrino MC, which is normalized with the
proton decay MC using the maximum bin value, is also shown in dashed histograms. Dashed
lines and arrows indicate the selection criterion.

Figure [A.25] shows the distribution of the total momentum of the proton decay MC with the
atmospheric neutrino MC. The total invariant of the proton decay MC is shown in Figure [A.26]
The tighter total momentum cut of P < 150 MeV /c was applied to reduce the background
for n — ptp~ mode because the proton invariant mass cannot be reconstructed for the mode.
For n — e™p~ mode, the total invariant mass was well reconstructed as shown in Figure [A_26]
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Figure A.24: p~ invariant mass distributions of n — e*p~ MC (left) and n — u*p~ MC (right)
in SK-I. Dashed lines and arrows indicate the selection criterion.
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Figure A.25: The total momentum distributions of n — e*p~ MC (left) and n — putp~ MC
(right) in SK-I. The distribution of the atmospheric neutrino MC, which is normalized with the
proton decay MC using the maximum bin value, is also shown in dashed histograms. Dashed
lines and arrows indicate the selection criterion. Only the events which satisfy the selection
criteria (A ~ E) (and 800 < Mo, < 1050 MeV/c? for n — et p~) are plotted.
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Figure A.26: The total invariant mass distributions of p — e*p? MC in SK-I. Dashed lines and
arrows indicate the selection criterion. Only the events which satisfy the selection criteria (A ~
E) and P;oy < 250 MeV /¢ are plotted.
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Appendix B

Candidate Events for Nucleon Decay

B.1 p— u'n (n— 37) mode

Two candidates were found for the p — u*n (37%) mode. The event displays of the two
candidate are shown in Figures [B.Il and [B.2l Reconstructed basic informations are summarized
in Table [B.dl The event reconstruction seems to work as expected for these two events. The
reconstructed vertices were near the detector wall for both events. The total invariant mass of
the first candidate was very close to the proton mass. However, its total momentum was almost
on the edge of the selection window. The second candidate had a slightly lower momentum, but
its invariant mass was relatively low as the mass of a proton.

candidate for p — ptn 1 2
Distance from the wall 209 cm 341 cm
Number of rings 4 4

PID & Momentum S (y) 278 MeV/c S () 300 MeV/c
S (v) 244 MeV/c S () 204 MeV/c
S (y) 164 MeV/c S (y) 76 MeV/c
N N

(u) 252 MeV/c (1) 252 MeV/c

M, 564 MeV/c 553 MeV /¢
decay-e 1 1

Piot 232 MeV/c 189 MeV/c
Mot 931 MeV/c? 832 MeV/c?

Table B.1: Reconstructed informations of the candidates for p — pn. 'S’ and "N’ in the PID
mean a shower type ring and a non-shower type ring, respectively.
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Figure B.1: The first candidate for p — p™

ring as a non-shower type.

Figure B.2: The second candidate for p — p*n. (37°).
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B.2 p— utp’ mode

One candidate was found for the p — p*p® mode. The event display of the candidate is
shown in Figure Basic informations for the candidate are summarized in Table The

reconstruction seemingly worked well for this event.
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Figure B.3: The candidate for p — pu*tpC.

candidate for p — ptp°

Distance from the wall 514 cm
Number of rings 3
PID & Momentum N (7) 366 MeV/c

N (7) 302 MeV/c
N (p) 284 MeV/c

M, 665 MeV/c
decay-e 2

Piot 181 MeV/c
Mot 1011 MeV/c?

Table B.2: Reconstructed informations of the candidates for p — p*p°. In the PID, 'N’ means
a non-shower type ring, and '7’ and ’u’ are the assumptions for the mass reconstruction.
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B.3 p—etw (w— 77 7’) mode

One candidate was found for the p — efw (w — 77 7% mode. The event display of
the candidate is shown in Figure Basic informations for the candidate are summarized in
Table [B.3l One of the rings identified as as a shower type ring around the bottom of the event
display had a sharp ring edge and seemed a non-shower type ring. This ring may be from a
charged pion which was scattered in water and made some multiple rings. Those multiple rings
were reconstructed as one ring and may be mis-identified as a shower type ring.
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Figure B.4: The candidate for p — eTw. A solid red line indicate a reconstructed ring as a
shower type.
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candidate for p — etw

Distance from the wall 1320 cm

Number of rings 4

PID & Momentum N (7) 388 MeV/c
S (e) 148 MeV/c
S (y) 127 MeV/c
S (y) 119 MeV/c

M, 147 MeV /¢

decay-e 1

Piot 137 MeV/c

Mot 796 MeV/c?

Table B.3: Reconstructed informations of the candidates for p — eTw. In the PID, ’S’ and "N’
mean a shower-type and a non-shower type ring, respectively, and ’e’ and v’ are the assumptions
for the mass reconstruction.

B.4 n— u"7m mode

One candidate was observed in the SK-I data for the n — p™7~ mode. The event display
of the candidate is shown in Figure [B.5l Basic informations are summarized in Table [B.4l
The reconstructed vertex for this event was very close to the detector wall. Furthermore, the
reconstructed total momentum and total invariant mass were one the edge of the signal box of
the selection criterion D.

candidate for n — putw—

Distance from the wall 209 cm

Number of rings 2

PID & Momentum N (7) 410 MeV/c
N (n) 398 MeV/c

decay-e 1

Piot 245 MeV /¢

Mot 809 MeV/c?

Table B.4: Reconstructed informations of the candidates for n — p*7~. In the PID, 'S’ and "N’
mean a shower-type and a non-shower type ring, respectively, and ’u” and 7’ are the assumptions
for the mass reconstruction.
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Figure B.5: The candidate for n — pu*n~.

B.5 n —ep mode

One candidate was found for the n — e*p~ mode. The event display and basic informations
of the candidate are shown in Figure [B.6l and Table [B.A] respectively. The reconstructed vertex
for this event was also close to the detector wall. The reconstructed total momentum and
total invariant mass were on the edge of the signal box. Furthermore, there may be a mis-
reconstruction for this event. The overlapped two rings on the barrel of the detector seem only
one ring. It seems that only one charged particle stopped just before the detector wall.
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candidate for n — e p~

Distance from the wall
Number of rings
PID & Momentum

M,

My
decay-e
Piot
Mot

397 cm

4
(m) 271 MeV/c
(7) 190 MeV /¢
(v) 186 MeV/c
(e) 184 MeV/c
650 MeV/c
130 MeV/c

0
209 MeV/c
839 MeV/c?

N
S
S
S

Table B.5: Reconstructed informations of the candidates for p — eTw. In the PID, ’S’ and "N’
mean a shower-type and a non-shower type ring, respectively, and ’e’ and v’ are the assumptions

for the mass reconstruction.
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Figure B.6: The candidate for n — e™p~
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Appendix C

Tables of Systematic Errors for
Background

The detailed values of the systematic errors are shown in this Appendix. The systematic
error estimation method and the source of uncertainties are described in Section[@.21 The details
of the neutrino flux and the neutrino interaction are discussed in the other documents [123], [124].
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C.1 Systematic Errors from Uncertainties of Neutrino Flux

p — etnl p — pta® n—etr™ n— putr
SK-I SK-II | SK-I SK-II | SK-I SK-IT | SK-I SK-II

energy dependent
normalization

(B, <1GeV) || 6.8% 64% | 6.8% 6.7% | 6.8% 6.5% | 6.6% 6.8%

(E, > 1GeV) || 3.8% 3.4% | 3.8% 3.8% | 3.9% 3.5% | 3.6% 3.8%

v/ Ve ratio

(B, <1GeV) || 0.5% 0.5% | 0.5% 0.5% | 0.5% 0.5% | 0.6% 0.5%

(1< E, <10GeV) || 0.4% 0.9% | 1.3% 1.5% | 0.8% 0.1% | 1.7% 1.8%

(E, >10GeV) || 0.0% 01% | 0.1% 0.1% | 0.1% 0.0% | 0.1% 0.1%

U [ Ve ratio

(E, <1GeV) || 0.8% 0.6% | 0.8% 0.7% | 0.8% 0.6% | 0.8% 0.8%

(1< B, <10GeV) || 1.5% 1.7% | 01% 0.0% | 1.5% 0.9% | 0.2% 0.3%

(E, > 10GeV) || 02% 0.0% | 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0%

Uy /vy ratio

(E, < 1GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0%

(1< B, < 10GeV) || 0.2% 0.1% | 23% 1.7% | 0.1% 0.8% | 2.3% 2.8%

(E, > 10GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.2% 0.1% | 0.0% 0.0%

up/down asymmetry 01% 0.0% | 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.1%

horizontal /vertical ratio || 0.3% 0.5% | 0.1% 0.4% | 0.5% 0.2% | 0.5% 0.4%

K /7 production ratio 0.1% 0.0% | 0.4% 0.3% | 0.1% 0.2% | 0.3% 0.3%

neutrino flight length 0.1% 0.0% | 04% 0.3% | 01% 0.2% | 0.3% 0.3%

Total 8.0% 7.6% | 83% 81% |81% 7.5% |81% 8.1%

Table C.1: Systematic errors from uncertatinties of neutrino flux for the N — 7 modes.
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p—etn p—putn p—etn p—putny
(n— 27) (n—29) (n — 379) (n — 3a°)
SK-T SK-II | SK-1 SK-II | SK-I SK-II | SK-I  SK-II

energy dependent

normalization

(E, <1GeV) || 6.8% 6.4% | 6.8% 6.8% | 6.8% 6.8% |6.8% 6.8%

(E, > 1GeV) || 3.8% 3.6% | 3.8% 3.8% | 3.9% 3.8% |3.9% 3.9%

v/ Ve ratio
(E, <1GeV) || 0.5% 0.5% | 0.5% 0.5% | 0.5% 0.5% | 0.5% 0.5%

(1< E, <10GeV) || 0.3%  0.7% | 0.8% 0.4% | 0.4% 0.0% | 1.0% 0.7%

(E, >10GeV) || 01% 01% | 0.1% 0.1% | 0.2% 0.1% | 0.0% 0.0%

U [Ve Tatio
(E, <1GeV) || 0.8% 0.6% | 0.8% 0.8% | 0.8% 0.8% | 0.8% 0.8%

(I< E, <10GeV) || 1.0% 0.9% | 1.9% 0.9% | 0.8% 0.1% | 0.4% 0.6%

(E, > 10GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.4% 0.0% | 0.0% 0.0%

Uy /vy ratio
(B, <1GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0%

(1< B, <10GeV) || 0.3% 0.1% | 0.2% 14% | 1.2% 1.0% | 1.7% 0.8%

(E, > 10GeV) || 0.0% 0.1% | 0.0% 0.0% | 0.0% 0.0% | 0.1% 0.1%
up/down asymmetry 01% 01% | 0.0% 0.0% | 0.2% 0.1% | 0.0% 0.1%
horizontal/vertical ratio || 0.5% 1.0% | 1.9% 0.5% | 0.1% 0.3% | 0.2% 0.1%
K /m production ratio 02% 0.1% | 0.0% 0.1% | 0.3% 0.3% | 0.4% 0.0%
neutrino flight length 0.0% 0.0% | 0.0% 0.0% | 0.1% 0.0% | 0.0% 0.2%
Total 79% 7.5% | 83% 8.0% | 81% T7.9% |82% 8.0%

Table C.2: Systematic errors from uncertatinties of neutrino flux for the N — [*n modes.
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p—etp p=utp® | n—etpm | n—putp”

SK-I  SK-II | SK-I  SK-IT | SK-I SK-II | SK-I SK-II

energy dependent
normalization

(B, <1GeV) || 5.9% 4.9% | 65% 59% | 6.8% 6.5% | 55% 3.9%

(B, > 1GeV) || 3.0% 2.2% | 3.6% 3.1% | 4.1% 3.6% | 27% 1.4%

v,/ Ve ratio

(E, <1GeV) || 0.7% 0.7% | 0.6% 0.6% | 0.5% 0.5% | 0.7% 0.9%

(1< E, < 10GeV) || 1.2% 1.1% | 1.9% 1.8% | 0.6% 0.9% | 1.0% 1.3%

(B, >10GeV) || 01% 01% | 0.1% 0.1% | 0.3% 0.1% | 0.0% 0.1%

U [ Ve ratio

(E, <1GeV) || 0.8% 0.7% | 0.8% 0.8% | 0.8% 0.7% | 0.8% 0.8%

(1< B, <10GeV) || 0.1%  0.0% | 0.4% 0.4% | 0.6% 0.4% | 0.1% 0.2%

(B, > 10GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0%

Uy, /vy ratio

(B, <1GeV) || 0.1% 0.2% | 0.0% 0.1% | 0.0% 0.0% | 0.2% 0.3%

(1< B, < 10GeV) || 15% 1.3% | 24% 2.6% | 1.0% 0.9% | 0.8% 1.4%

(E, > 10GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.1% 0.0% | 0.1% 0.0%

up/down asymmetry 01% 0.0% | 0.0% 0.1% | 0.0% 0.0% | 0.0% 0.1%

horizontal/vertical ratio || 0.2% 0.2% | 0.1% 0.1% | 0.4% 0.8% | 0.1% 0.5%

K /7 production ratio 04% 0.3% | 0.3% 0.3% | 0.3% 0.3% | 0.2% 0.3%

neutrino flight length 02% 03% [ 01% 03% | 0.1% 0.1% | 0.4% 0.7%

Total 7.0% 5.7% | 81% 7.5% | 81% T7.6% | 6.4% 4.8%

Table C.3: Systematic errors from uncertatinties of neutrino flux for the N — I*p modes.
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p—etw p—putw p—etw p—ptw
(w — 79) (w—7"%) | (w—7T77 7% | (w— 7t770)
SK-I SK-II | SK-I SK-II | SK-I  SK-II | SK-I  SK-II

energy dependent
normalization

(B, <1GeV) || 6.8% 6.8% | 6.6% 6.8% | 6.0%  5.5% 59%  6.0%

(E, > 1GeV) || 3.8% 3.8% | 3.7% 3.8% | 3.2% 2.8% 2.9% 3.1%

v,/ Ve ratio

(E, <1GeV) || 0.5% 0.5% | 0.6% 0.5% | 0.5% 0.6% 0.7% 0.6%

(1< E, <10GeV) || 0.3% 0.1% | 0.1% 0.1% | 0.7%  0.9% 1.7% 1.6%

(E, >10GeV) || 01% 01% | 0.0% 0.1% | 0.1% 0.1% 0.1% 0.1%

U [ Ve ratio

(B, <1GeV) || 0.8% 0.8% | 0.8% 0.8% | 0.6% 0.7% 0.8% 0.8%

(1< E, <10GeV) | 1.0% 0.7% | 1.3% 14% | 06% 01% | 04% 0.2%

(E, > 10GeV) || 0.0% 0.0% | 0.0% 0.0% | 0.0% 0.0% 0.0% 0.0%

U,/v, ratio

(E, < 1GeV) || 0.0% 0.2% | 0.0% 0.0% | 0.0% 0.0% 0.1% 0.1%

(1< E, <10GeV) | 0.7% 0.9% | 04% 04% | 1.3%  0.9% 1.9%  2.2%

(E, > 10GeV) || 0.0% 0.0% | 0.1% 0.0% | 0.0% 0.0% 0.0% 0.0%

up/down asymmetry 0.0% 02% | 0.0% 02% |0.1% 01% | 01%  0.0%

horizontal /vertical ratio | 0.9% 0.2% | 0.4% 0.3% | 02% 02% | 03%  0.1%

K/m production ratio 02% 04% | 02% 01% |03% 03% |03% 0.3%

neutrino flight length 01% 0.0% | 02% 02% | 0.1% 04% | 0.7% 1.0%

Total 8.0% 79% | 7.8% 8.0% | 7.0% 64% | 72%  7.4%

Table C.4: Systematic errors from uncertatinties of neutrino flux for the N — [Tw modes.
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C.2 Systematic Errors from Uncertainties of Interactions

p—etr® poputr® noefnr n—putr
Neutrino Cross Section
My in QE and
sigle-meson production 6.0% 5.0% 8.8% 9.1%
CCQE total cross section 6.1% 7.3% 6.5% 7.4%
CCQE 7/v ratio 1.0% 0.7% 0.9% 0.7%
CCQE p/e ratio 0.2% 0.5% 0.2% 0.6%
single-meson production
(total cross section) 4.4% 4.6% 6.6% 9.5%
single-pion production
(7/v, 7% ratio) 6.0% 5.0% 6.4% 5.2%
deep inelastic scattering
(model difference) 0.7% 1.1% 0.5% 0.5%
deep inelastic scattering
(total cross section) 0.8% 1.3% 0.6% 0.3%
coherent pion production 1.6% 1.6% 1.6% 1.6%
NC/CC ratio 2.0% 1.0% 1.2% 1.4%
pion nuclear effect 7.8% 7.6%
pion production in water 26.7% 19.5%
m — N cross section in water 24.4% 30.0%
Total 38% 38% 39% 40%

Table C.5: Systematic errors from uncertatinties of interactions for the N — [T modes.
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p—em poptn poetn popty
(n— 2v) (n — 37°)

Neutrino Cross Section
M4 in QE and
sigle-meson production 3.7% 4.3% 0.7% 2.0%
CCQE total cross section 7.8% 9.2% 9.2% 8.9%
CCQE /v ratio 0.7% 0.3% 0.3% 0.4%
CCQE p/e ratio 0.3% 0.4% 0.4% 0.3%
single-meson production
(total cross section) 3.5% 7.0% 1.5% 1.7%
single-pion production
(7/v, 7% ratio) 4.1% 4.0% 3.3% 1.7%
deep inelastic scattering
(model difference) 1.2% 0.7% 2.8% 1.9%
deep inelastic scattering
(total cross section) 1.9% 1.6% 3.1% 2.8%
coherent pion production 1.6% 1.6% 1.6% 1.6%
NC/CC ratio 3.9% 3.0% 10.2% 4.6%
pion nuclear effect 4.7% 17.7%
pion production in water 22.5% 21.9%
m — N cross section in water 28.4% 63.2%
Total 38% 39% 1% 70%

Table C.6: Systematic errors from uncertatinties of interactions for the N — [™n modes.
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p—etp’ poptp® n—etpm n—putp
Neutrino Cross Section
My in QE and
sigle-meson production 2.6% 9.8% 2.2% 4.9%
CCQE total cross section 8.4% 7.6% 8.8% 8.0%
CCQE 7 /v ratio 0.5% 0.7% 0.4% 0.6%
CCQE p/e ratio 0.4% 0.6% 0.3% 0.4%
single-meson production
(total cross section) 5.9% 8.4% 5.2% 9.0%
single-pion production
(v/v, 7%~ ratio) 4.4% 1.1% 1.4% 8.8%
deep inelastic scattering
(model difference) 1.5% 0.6% 2.0% 0.5%
deep inelastic scattering
(total cross section) 1.5% 0.5% 1.9% 0.5%
coherent pion production 1.0% 1.6% 1.6% 1.6%
NC/CC ratio 6.3% 0.9% 8.2% 1.8%
pion nuclear effect 13.9% 12.0%
pion production in water 15.3% 13.8%
m — N cross section in water 29.6% 12.1%
Total 39% 39% 26% 27%

Table C.7: Systematic errors from uncertatinties of interactions for the N — [T p modes.
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p—etw p—putw p—etw p—ptw

(w — 70y) (w— 7tr—7Y)
Neutrino Cross Section
My in QE and
sigle-meson production 2.3% 1.4% 0.9% 1.1%
CCQE total cross section 9.2% 8.0% 8.8% 8.9%
CCQE v/v ratio 0.3% 0.6% 0.4% 0.4%
CCQE p/e ratio 0.4% 0.4% 0.4% 0.4%
single-meson production
(total cross section) 5.0% 2.4% 4.2% 1.3%
single-pion production
(7/v, 7%~ ratio) 3.9% 2.8% 5.3% 5.5%
deep inelastic scattering
(model difference) 0.7% 0.5% 2.1% 1.3%
deep inelastic scattering
(total cross section) 2.2% 2.5% 2.0% 2.8%
coherent pion production 1.6% 1.6% 1.0% 1.8%
NC/CC ratio 6.7% 2.9% 8.5% 1.2%
pion nuclear effect 13.1% 7.6%
pion production in water 30.2% 18.9%
m — N cross section in water 27.8% 49.9%
Total 45% 44% 56% 55%

Table C.8: Systematic errors from uncertatinties of interactions for the N — [Tw modes.
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C.3 Systematic Errors from Uncertainties of Detector Perfor-

marnces
p—etn® poputn® n—oefr n—putr

detector gain non-uniformity 4.6% 4.5% 7.7% 1.7%
energy scale 13.6% 11.3% 22.6% 14.4%
PID 4.7% 5.3% 7.7% 7.4%
fiducial volume 3% 3% 3% 3%
vertex shift 12.7% 40.5% 37.3% 25.5%
Cherenkov opening angle 9.4% 1.3% 6.5% 18.3%
ring counting 0.4% (<3%) 5.7% 5.8%
decay-e detection 0.7% 1.3% 1.4% 1.1%
Total 22% 43% 46% 36%

Table C.9: Systematic errors from uncertatinties of detector performances for the N — [T

modes.

p—en p—ptn p—etn p—puty
(n— 2) (n — 37°)

detector gain non-uniformity | 8.2% (< 14%) 1.9% 3.4%
energy scale 16.4% 11.9% 9.4% 8.4%
PID 5.0% (< 14%) (< 4%) 5.0%
fiducial volume 3% 3% 3% 3%

vertex shift 17.4% 3.3% 25.6% 16.1%
Cherenkov opening angle 2.8% (< 14%) 3.0% 2.7%
ring counting (<5%) (<25%) (<11%) 3.3%
decay-e detection 1.0% 1.8% 1.4% 1.2%
Total 26% 13% 28% 20%

Table C.10: Systematic errors from uncertatinties of detector performances for the N — I*n

modes.
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p—etp’ poptp’ n—efpm n—ptp

detector gain non-uniformity | 10.5% 4.7% 15.6% (< 4%)
energy scale 5.7% 9.2% 10.5% 10.3%
PID 4.4% 5.8% 12.0% 5.0%
fiducial volume 3% 3% 3% 3%
vertex shift 27.9% 19.3% 47.0% 16.4%
Cherenkov opening angle 9.3% 2.3% 5.4% 18.3%
ring counting 6.0% (< 2%) 11.3% (< 4%)
decay-e detection 0.3% 1.2% 1.1% 1.6%
Total 33% 23% 54% 27%

Table C.11: Systematic errors from uncertatinties of detector performances for the N — [*p

modes.

Table C.12: Systematic errors from uncertatinties of detector performances for the N — [tTw

modes.

p—etw p—ptw p—etw p—putw

(w — 70) (w— 77— 7Y)
detector gain non-uniformity 8.9% 2.3% 9.6% 6.5%
energy scale 4.0% 9.6% 15.4% 12.2%
PID (<5%)  (<2%)  3.9% 5.0%
fiducial volume 3% 3% 3% 3%
vertex shift 35.6% 25.6% 20.1% 18.6%
Cherenkov opening angle (< 5%) 5.2% 3. 7% 14.2%
ring counting (<9%) (<4%) 1.6% 9.3%
decay-e detection 0.7% 1.3% 0.3% 1.3%
Total 37% 28% 28% 29%
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