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Abstract

A search for proton decay into A+ #, which is predicted by SUSY-SU(5) GUT, is performed
with the Super-Kamiokande detector. The total exposure of the detector is 25.5 kt-yr. We
obtained a total of 3468 fully contained events. We have analyzed the proton decay mode
of p— KT by using the decay products of K*. The major decay modes of Kt are
K* — pty, and Kt — 777% and both modes have been analyzed. Also the prompt
6.3MeV y-ray tagging method has been used for K+ — p*w, mode analysis to eliminate
almost all the background events caused by atmospheric neutrino. Although the number of
candidate events are consistent with the expected number of atmospheric neutrino events
and no statistical significant evidence of proton decay for this mode has been observed.

Thus, the 90% confidence level lower limits of partial lifetime are obtained as :

T/B(p = pKT) > 28 x 10% yrfor K* — w,ut,

7/B(p — pK*) > 1.3%x10% yrfor K* — n*

b

Combining the first two, which are independent to each other, the limit obtained is

T/B(p — v K1) > 3.3 x 10*yr. (90% C.L.).
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Chapter 1

Introduction

The ultimate motivation of the particle physics is to understand fundamental particles
and interactions among them. In the last decades, dramatic progress has been made and
the “standard model” in particle physics has been established. It consists of SU(2)xU(1)

electro-weak gauge theory which has been proposed by Glashow, Weinberg and Salam

in 1960’s[1] and of SU(3) color gauge theory of strong interaction[2]. This is one of the =

most successful models and there are essentially no experimental results which are incon-
sistent with the predictions. The results of experiments from Fermilab’s Tevatron proton-
antiproton collider and CERN’s LEP electron-positron collider, for example, agree very
well with the predictions of the standard model and strongly support this model. In 1995,
the top-quark has been found at Tevatron[3] and now only the Higgs boson remains to be
discovered.

In spite of its great success, the standard model cannot be the ultimate theory. First
of all the gravitation interaction is not included. Also the model contains so many free
parameters which have to be determined by measurements, such as masses of quarks and
leptons, mixing angles of quarks, number of generations for quarks and leptons. Further,
the source of charge quantization or the relations between three coupling constants cannot
be predicted in the framework of the standard model. Thus, after the successful unification
of electromagnetic and weak interactions, attempts to develop a unified theory of the strong -
and electroweak interactions (GUT: Grand Unified Theory) have been started.

The minimal gauge group which contains SU(3)xSU(2)xSU(1) is SU(5). The simplest



GUT model is the minimal SU(5) GUT[4]. One of the most impressive predictions of GUT
is the baryon number violation. This occurs because leptons and quarks are placed in the
same multiplet in the GUT. Therefore, experiments to search for nucleon decays are very
important to test GUTs, which allow us to probe physics at extremely high energy scale
unattainable by accelerators. Several such experiments have been performed but there are
no statistically significant evidences for nucleon decays reported up to now. The minimal
SU(5) GUT predicts p — et7? as the dominant decay mode of proton, of which partial
lifetime is 3.3 x 10°! yr at maximum. But the experimental lower limits obtained up to now
is much longer than this prediction. For example, the obtained lower limit of partial lifetime
for p — eT7% is 5.5x10% yr from IMB experiment[5]. Also the predicted parameters, such
as sin’ O, where fy is the Weinberg angle, is different from the result obtained from the
precise measurements at LEP and SLC and the running coupling constants do not meet at
a single point in contradiction to the prediction. Thus, the minimal SU(5) GUT has been
ruled out.

To remedy theoretical unnaturalness and discrepancy, imposition of Supersymmetry
(SUSY) has been proposed[6]. SUSY theory introduces a new symmetry between fermions
and bosons and every particle has its own SU3Y partner with the spin different by 1/2. The
minimal SUSY-SU(5) GUT ﬁredicts p— vKt as a major mode of proton decay in contrast
with minimal SU(5) GUT[7]. The obtained lower limit of partial lifetime for p — PK* is
1.0x103% yr from KAMIOKANDE experiment[8].

The Super-Kamiokande experiment employs the world largest Water Cherenkov detector
of which fiducial volume is 22,500 metric tons. By using this detector, we can survey
nucleon decay modes of which partial lifetime is up to about 10 times longer than the
current lifetime limits within 5 years.

In this thesis, we present the first result of proton decay analysis for p — 7 KT mode
in Super-Kamiokande. We use the data from May 1996 to October 1997, of which total
exposure time of the detector is 25.5 kt-yr. The obtained results are compared with the
theoretical predictions by the minimal SUSY-SU(5) GUT.

In chapter 2, theoretical background is described. The apparatus of the Super-Kamiokande

detector are explained in chapter 3. Monte Carlo simulations of proton decay and atmo-



spheric neutrino events to study the background are summarized in chapter 4. Each reduc-
tion step of the data is described in chapter 5. The analysis tools are described in chapter
6. In chapter 7, calibration and the uncertainties in energy determination are presented.
The characteristics of the event sample are shown in chapter 8. In chapter 9, the result on

the proton decay analysis and discussions are presented. Finally the conclusion is given in

chapter 10.



Chapter 2

Theoretical background

The basic idea of GUTs is to unify the three independent gauge groups, SU(2)xSU(1)
electro-weak theory and SU(3) color gauge theory into a theory of one gauge group. In
this type of model, all the three gauge coupling constants are unified above the GUT scale
of ~ 10M-18 GeV. Quarks and leptons are assigned to common multiplets and new gauge
bosons mediate transition. As a result, it becomes possible to transform a quark into a
lepton via gauge boson exchange. It means that the baryon and lepton number violating
interactions, such as proton decay, are allowed. Also, the GUTs have capability to predict,
the Weinberg angle, to relate charges between lepton and quark and so on.

The simplest GUT model is the minimal SU(5) GUT model[4]. SU(5) is the minimum
gauge group which contains SU(3)xSU(2)xSU(1). There are 24 gauge bosons in this
model: 8 gluons of SU(3), W%, Z° and photon for SU(2)xU(1) and 1‘2‘ve1;y massive X
and Y bosons, of which masses are of the order of the unification scale. X(Y) has electric
charge 3(—3%) while Y(Y) has the charge 3(—3%). Also X and Y carry the color. Thus, the
transformation from quark to lepton is possible by mediating X or Y. The three generations
of leptons and quarks are treated equally. Each generation consists of 15 states: two quarks,
each in 3 color states (denoted by R, G and B) and 2 helicity states (L and R); charged

leptons with 2 helicity states; and neutrino with 1 helicity state. These states are assigned



to 5 4 10 dimension representations as follows:
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The total electric charge (3" @;) in these multiplets is 0. Thus, the charges between quarks
and electrons are directly related.

As described before, the existence of X and Y introduces the baryon and lepton number
violating processes. However the number B—L, where B is the baryon number and L is
the lepton number, is always conserved in baryon and lepton number violating processes.
Figure 2.1 shows typical diagrams of proton decay V.ia X and Y exchanges (dimension-six
operators). The dominant factor of this decay probability is propagator of X, (¢ + M%)1,
where ¢* is the momentum transfer squared and it is only about 1GeV2. Thus the decay

rate is proportional to M5*. The theoretical prediction of partial lifetime for p — e* 79 is

Mx *
T(p — 6+7T0) ~ 3.7 X 1029:‘:0'7 (m) yr, (21)

With the QCD scale parameter A-M—S- = 150+1°MeV. The mass of X is estimated as My =

2.07%0 x 10'* GeV[4]. As a result, the predicted partial lifetime for this mode is 3.3 x 103

yr at maximum. But the results from Kamiokande and IMB experiments have already

shown that the partial lifetime is 10 times longer than this prediction[8][5]. Also, the

precise measurement of sin? éW(N[ z) in LEP and other experiments excludes the minimal
£20.0031

SU(5) GUT. The predicted value of sin? Gy (M) is 0.2102+5:9%7[9] but the measured value

is 0.2315 4 0.0004[10]. The running coupling constants (c;(Q?)) can be written as follows:
1 1 1
= —b;In —,
ol @)~ wl) A

5

(2.2)
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Figure 2.1: Diagram of proton decay via X and Y exchanges.
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Figure 2.2: Evolution of three coupling constants in the minimal SU(5) GUT model[11].

where b = (3,—2,-7), p* = M3, My is the mass of Z° and Q? is the momentum

transfer squared. If we use the input parameters obtained from the experiments, these
three coupling constants do not meet at one point[Figure 2.2]. Therefore, the minimal
SU(5) GUT has been ruled out and we have to extend or search for another model.
Among the extended models, introducing SUSY GUT (Supersymmetric GUT) has be-
come very popular. SUSY theory introduces a new symmetry between fermions and bosons.
In this model, every particle has its own SUSY partner with spin different by 1/2. At the
same time, at least one more Higgs doublet is required for the mass generation as a natu-
ral extension from the standard model. In the minimal extension of the standard model,
MSSM, which stands for the Minimal Supersymmetric Standard Model, “R-parity” sym-
metry is also required. This symmetry assigns a charge of -1 to the SUSY particles and 1 to
the normal particles including Higgs bosons and the R-parity violating processes are pro-
hibited. Thus, there must be even number of SUSY particles at every interaction vertex.
This symmetry assures the supvpression of the very fast nucleon decay and the absolute
stability of the lightest SUSY particle. In the minimum SUSY-SU(5) GUT model, the
predicted sin® 0y is 0.2316 £0.0003[9] and this number is consistent with the experimental
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Figure 2.3: Evolution of three coupling constants in the minimal SUSY-SU(5) GUT
model.[11].

data. For the running coupling constants, the b; in the eqn.2;2 are modified as follows:

(§5§'vla'_3)v (2.3)

e
and the modification of b; lead the three coupling constants to meet at ~ 3x10'% GeV[Figure
2.3]. In this model, X and Y gauge bosons are expected to be heavier compared to those
of the minimal non-SUSY-SU(5) GUT and the predicted partial lifetime of proton decay
via a single gauge boson exchange is about 10% to 10% yr. It is very hard to cover all
the lifetime limit range even in Super-Kamiokande. But the SUSY SU(5) GUT predicts
another decay mode which does not appear in the minimal SU(5) GUT. As shown in Figure
2.4, the Higgsino mediates the conversion of the quarks in the proton to quarks and sleptons
(dimension-five operator).

Thus, in the final state, a strange particle is produced. The predictéd partial lifetime is
proportional to M% sin? B/]f?], where f ~ M+ [m3, My is the mass of Higgsino, f is the
vacuum angle of doublet Higgs scalars, m.+ is the mass of chargino and m; is the mass of

squark. The detailed studies of nucleon decay in the framework of the SUSY-SU(5) GUT

8



Figure 2.4: Diagram of proton decay predicted by SUSY-SU(5) GUT.

have been done by several authors[7]. There are quite a large ambiguities remaining and
the predicted partial lifetime for p — 7K+ varies from the order of 10% to 10* yr. For

this decay mode, the current experimental lower limit is 1.0 x 1032 obtained in Kamiokande

experiment.



Chapter 3

The Super-Kamiokande detector

3.1 Earlier experiments

The first experiment of direct search for nucleon decay was started in 1954 by F.Reines
et al, where the stability of protons and bound neutrons was tested. They used liquid
scintillator and searched for high energy fragments from nucleon decay. At that time, they
obtained 10?2 yr for the lifetime limit. Similar experiments were performed by several
groups and the best limit was 2 x 10° obtained by Reins et al. in 1974. In the late 1970’s,
several nucleon decay experiments were proposed motivated by the prediction of nucleon
lifetime estimated from the minimal SU(5) GUT. According to this model, the lifetime
of nucleon was estimated to be 10?7 to 103! yr. These experiments necessarily employ
the large mass. The detectors are required to have high performance in particle tracking
to identify nucleon decay. There are two types of detectors: one is fine grained tracking
detectors and the other is water Cherenkov detectors.

Fine grained tracking detectors consist of plates of irons or some other heavy materials
and tracking chambers. This type of detector has good position and momentum resolution.
Particle types can be identified through the range and ionization yield of tracks. But it is
difficult to identify the direction of each particle. Also the total mass is limited to a few
kilo-tons. |

Water Cherenkov detectors provide good momentum and angular resolution for particles

through the pulse height and patterns of the ring images. The particle identification can

10



be made by the pattern of the Cherenkov ring. Also water itself is essentially free and
available everywhere and the fiducial volume of a water Cherenkov detector can be scaled
up to tens of kilo-tons.

In table3.1, the nucleon decay experiments recently performed or being in operation are
summarized.

The Frejus experiment used a new generation tracking calorimeter type detector[12][68].
The detector consisted of iron plates, flash tubes and Geiger tubes and the fiducial volume
was 550 metric tons. They did a beam test with a detector configuration close to the real
one and the data were used to estimate the background from atmospheric neutrino events.
This experiment was started in 1984 and continued until 1988.

The Soudan-II experiment also uses a tracking calorimeter[13]. This detector uses 15mmé
drift tubes with iron sheets. For the veto counter, there is a proportional tube shield
surrounding the main detector. The volume of this detector is not so large but the tracking
capability for low energy charged particles is highly improved. They started data taking
in 1992 in full operation. |

The IMB experiment had been the largest water Cherenkov detector before the Super-
Kamiokande detector[14]. The fiducial volume was 3300 metric tons and thus this exper-
iment had given the best lifetime limits for p — et and some other modes. But since
their light collection efficiency was smaller than that of Kamiokande, some modes such as
p — v+meson modes were background limited. The IMB3 detector was closed in 1992.

The KAMIOKANDE experiment started in 1983 is the predecessor experiment of Super-
Kamiokande expeﬁment[lS]. The fiducial volume of the detector was 1040 metric tons
but they used 984 of 20 inch PMTs (Photo Multiplier Tubes). Its photo-coverage was
20% and the collection efficiency of Cherenkov photons were much higher than the IMB
detector. Thus, it had better momentum and vertex resolutions and had higher capability
in identifying particles. An anti-detector surrounded the inner detector to veto incoming

cosmic-ray muons and to reduce great number of background events.

11



Experiment Detector Depth Fiducial operation
(location) (m.w.e.) | Mass(ton) | (year)
KGF-1 10x10 em? prop. tube 7000 60 1980-
(Kolar) I'e plate
KGF-II 6050 150 1985-
KGF-III 6050 (807) 1988-
NUSEX 9% 9 mm? streamer 5000 110-130 1982-
(Mont Blanc) tube + FE plate
Soudan-I 28mmg¢ prop. tube 1800 16~24 1981-1990
(Soudan) + heavy concrete
Soudan-I1 15mm¢ drift tube 2090 1992-

+corrugated Fe sheets

prop. tube active shield
Frejus 5x5mm?* flash tube 4850 550 1984-1988
(Frejus) +15x15mm? gaiger tube

+Fe plate
IMB Water Cherenkov 1580 3300 1982-1992
(Ohio) 5inch¢ PMT(Phase I)

8inchg PMT+wave shifter

(Phase III)
KAMOIKANDE Water Cherenkov 2700 1040 1983-1997
(Kamioka) 20inch¢ PMT
Super-Kamoikande | Water Cherenkov 2700 22500 1996-

(Kamioka)

20inch¢ PMT

Table 3.1: Recent experiments




3.2 | Overview of the Super-Kamiokande detector

The Super-Kamiokande detector is a ring imaging water Cherenkov detector with 50,000
tons of pure water located 1000m under the ground (2700 meter water equivalent)[Figure

3.1].

SUREMONLGRANDE v oo e 6003t g S sep L0 AR A

Figure 3.1: Super-Kamiokande detector

The thickness of the rock over the detector reduces the cosmic ray muons down to the
level of 1073 and the event rate caused by them is only 3Hz.

The detector uses a cylindrical stainless steel tank to hold water; its size is 39m in
diameter and 40m in height. The water tank is optically separated into two sections by the
- PMT(Photo Multiplier Tube) support structure of which surfaces are covered by Tybek
(white reflector sheet) and black-sheet; one is the inner detector and the other is the anti
detector[I'igure 3.2].

The inner detector is the main part of this detector to search for events of interest. The
anti detector is used to identify incoming and outgoing particles. On the wall of the inner

detector, 11,146 ‘of 20inch PMTs are mounted and the photo cathode coverage amounts to

13
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Figure 3.2: PMT support structure used in Super-Kamiokande detector
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40% of the inner surface. For the anti detector, we use 1,885 of 8inch PMTs equipped with
60x60cm plates of wavelength-shifter to increase the collection efficiency of the Cherenkov

photons.

3.3 Ring imaging Cherenkov technique

If a charged particle runs through material of the refractive index n with velocity more than
¢/n, Cherenkov light will be emitted. Cherenkov photons are emitted along the direction
of the particle in a cone with half angle(@), which is given by the following equation:

kN
np

where B=p/E, E and p are the energy and momentum of the particle, respectively.

= cos™H(—) ' (3.1)
The spectrum of Cherenkov light per unit length(z) and per wavelength()) is given by:

d*N
dad)

= 2ra(l — %)2/,\2. (3.2)

where « is the fine structure constant. According to this, a particle with § ~ 1 in water,
will emit about 340 photons/cm in the wavelength between 300 and 600nm.

These photons are detected by the PMTs mounted on the surface of this detector. An
expanded view of a typical one ring event is shown in Figure 3.3. Each small circle cor-
responds to a hit PMT and its size is proportional to the pﬁlse—hejght of each hit. As
described before, one Cherenkov-ring corresponds to one charged particle or y-ray. So we
can count the number of such kind of particles in an event by counting the number of rings.
The vertex of each event is reconstructed by using the timing and charge information. (For
the fitting method, see chapter 6 in detail.) We can also identify the type of each particle
by using the shape of the ring. For electrons and «-rays, electromagnetic cascade showers
are generated and the detected shape of the Cherenkov ring image is diffused, while muons
and charged mesons generate clear-cut ring images. Typical events of each type are shown

in Figures 3.4-(a) and (b). (For particle identification method, see chapter 6 in detail.)
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Figure 3.5: Timing resolution of 20inch PMT for single photoelectron.

3.4 Photomultiplier tubes

The 20 inch photomultiplier tubes (PMT) used in Super-Kamiokande have been devel-
oped by Hamamatsu Photonics Co. in cooperation with members of Super-Kamiokande
Collaboration[16]. PMTs have been much improved compared to the ones used in Kamiokande.
The major improvements are:
1) the timing resolution for single photoelectron is reduced to 3ns [Figure 3.5],
2)-a clear single photoelectron peak can be observed because of the better electron collec-
tion efficiency at each dynodes[Figure 3.6],
3) the tolerance against the earth-magnetic field is increased in help avoiding a use of mag-
netic shield,
4) waterproof capability has been improved.
The itemsl) to 3) have been achieved by optimizing the structure of the Venetian blind
type dynodes and the breeder chain. The cable and the water shield have been \also changed
to improve the tolerance to the pressure of the water. These PMTs are operated at a
" nominal gain of 1 x 107 and the average noise rate of each PMT is 3.6kHz at the 0.25
photoelectron equivalent threshold. |

The 8 inch PMTs are also made by Hamamatsu Photonics 'Co. which were used in the
IMB detector. These PMTs are installed with wavelength-shifter plates and due to this, the

effective time jitter is about 11ns. They are operated at the gain of 1 x 10® and the average
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dark noise rate is around 3kHz measured at the 0.5 photoelectron equivalent threshold.

3.5 DAQ system

The DAQ (Data AcQuisition) system for the Super-Kamiokande detector can be divided

into 3 parts: the inner detector, the anti detector and the trigger system.

Inner detector DAQ system

A schematic view of the inner detector DAQ system is shown in Figure 3.7. The inner
detector is divided into 8 parts and each detector part works independently. Each part
consists of 1 front-end workstation, 1 VME crate and 6 TKO (Tristan KEK Online) boxes.
The front-end module is called ATM which stands for the Analog Timing Module[17]. This
module has 12 inputs and each individual channel has two local buffers. Each channel has
own discriminator and is self-gated. The input signal above the discriminator threshold is
stored into its own buffer and after that the internal buffer will be switched to the other.
Therefore, basically we can take the subsequent signal without dead time. If there is no
trigger coming within 1.3us, stored signal will be discarded. For each input signal above
discriminator threshold, ATM creates a hit signal, which is a rectangular signal of 900ns
width. They are summed up within an ATM board. This output signal is called ‘hitsum’

and used to generate the global trigger. At every 16 triggers, stored events in the ATM are
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Figure 3.7: Schematic view of the inner detector DAQ system

read out automatically by SMPs (Super Memory Partner) through SCH (Super Control
Header). Each SMP has two independent 1MByte memory buffers and by switching these
two, SMP can store data from ATMs into one buffer while the workstation is reading data
from the other buffer on the same SMP. The front-end workstation reads out the data from

SMP before the buffer is filled up.

Anti detector DAQ system

The anti detector uses a completely different electronics system[Figure 3.8]. The signals
from each PMT goes into a custom QTC (Charge to Time Converter) card. This card
generates a rectangular pulse of which width is proportional to the input charge. The
output signal is digitized by LeCroy 1877 multi-hit TDC (Time to Digital Converter).
This TDC has 96 input channels per board. This module can record both léading and
trailing edges of up to 8 pulses within 32 us. The position of the trigger in this 32 us
. window was initially set to -16 to 16 us relative to the global trigger timing. But later, this
width was changed to -10 to +6 us to reduce the FIFO overflow caused by the multiple hits
due to the PMT signal reflection. The signal reflection depends on the charge of the initial
pulse and if the charge is ﬁot so much, this effect is almost negligible. But for example, in

the cosmic ray muon events, some anti detector PMTs will lose its true timing information.
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Figure 3.8: Schematic view of the anti detector DAQ system

Like the ATM module, QTC card generates hitsum signal to be used for the anti detector
trigger. The digitized data from TDC are read out by the FSCC (FASTBUS Smart Crate
Controller) and then sent to the DC2-DM115. The DC2-DM115 latches the TDC data and
write to the available DPM (Dual Port Memory) Module. These two DPMs are operated
like SMPs. While the DC2-DM115 is writing to one DPM, the data on the other one can

be read out from the online front-end workstatio.

Trigger system

In the Super-Kamiokande detector, the number of hit PMTs in the certain timing window
is proportional to the energy of an electron when its energy is less than a few tens of MeV.
Thus, the total number of hit PMTs within 200ns is used for the inner detector trigger
discrimination.

At the beginning of the experiment, there were two inner detector triggers called HE
(High Energy) trigger and LE (Low Energy) trigger. Both triggers are basically the same
and the only difference was the discriminator threshold. The discriminator thresholds were
29 hits equivalent for the LE trigger and 31 hits equivalent for the HE trigger. Both triggers
were always sent to the inner and anti d'etectors[Figure 3.9]. The nominal trigger rate for
the LE (HE) trigger was around 12 Hz (5Hz). Both trigger rates were very stable. The

anti detector trigger is also used to detect the incoming particles going through the anti
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detector volume. For this purpose, the number of hit PMTs, similarly 1o the inner detector,
is used for the trigger. By using the real data and Monte Carlo simulations, width of the
coincidence window is set to 200ns and the discriminator threshold is adjusted to 19 hit
PMTs. The anti detector trigger is always sent to the whole detector system. The trigger
rate of the anti detector trigger is around 3Hz and this number is consistent with the event
rate of the cosmic ray muons. »

After July 1997, the SLE (Super Low Energy) trigger is in operation and at the same
time, the triggering scheme has been changed. This change is to take lower energy events
for the solar neutrino analysis. The discriminator threshold for the SLE trigger is set at
25 hits equivalent and its trigger rate is around 90Hz. For the analysis of the low energy
events, it is not necessary to use the information from anti detector and we decided not to
send those triggers to the anti detector. The anti detector cannot catch up at this trigger
rate, and the events triggered only by the LE or SLE trigger do not have the information
of the anti detector[Figure 3.10].

The trigger handling module used in Super-Kamiokande detector is called TRG. This
module can handle 8 independent triggers and generates 16bit global event number and
feed this number to the electronics. This module has an internal 50MHz clock and this
timing information is also added to each event. These trigger information for each event is

read out by an independent workstation.

Online system

Each front-end workstation reads out the data from electronics independently, convert the
raw data into a simple online format and sorts events in the order of event numbers. All
the information from the detector is collected and merged into an event by the event-
builder[Figure 3.11]. Each front-end workstation notifies the event-builder the last event
number of data ready to be sent. The event-builder checks these event numbers and request
the front-end workstations to send the available events. At the same time, the event-builder
is always monitoring the front-end workstations and if something wrong is detected, event-
builder will cut off that part issuing a warning message and continue the run without that

part.
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There is also a slow-control monitoring system, monitoring such qualities as the status of
all the high-voltage supply of the PMTs, measured temperatures and power supply voltage
of the electronics. These kinds of information are also added to the event data and sent
out to the offiine. The data format made up by the event-builder cannot be handled by
the offline procedures. The offline format (ZBS, Zebra Bank System) is not proper to this
online DAQ system because of its overhead in the size and speed. So it is necessary to
convert the data format from the online’s to the offline’s. This process is called "reformat”.
For this purpbse, another workstation is employed and after this, processed data files are
sent to the offline facilities. The workstation on which reformat process is running has

24MBytes of storage area to keep the data for a while.

3.6 Water purification system

It is very important to keep the water clean. The dirty water not only absorbs the
Cherenkov photons but also gives out the remaining dusts and gas containing radio iso-
topes, such as Rn, the decays of which will be one of the major background for the low
energy solar neutrino observation. Thus, water in Super-Kamiokande detector is always
c.ircﬁlated to keep clean. The schematic view of the water purification system in Super-

Kamiokande is shown in Figure 3.12. This system consists of the following elements.
1) Filter to remove dusts (~ 1um).
2) Heat exchanger to keep the water temperature around 14°C.

3) Ion exchanger to remove metal ions.

5) Vacuum degasifier to remove remaining gas such as oxygen and radon.

)

)
4) UV sterilizer to kill bacteria.

)
-6) Cartridge polisher to remove ions.
)

7) Ultra filter removing small particles(~ 100nm).

As a result, the attenuation length of the photon of which wavelength is 450nm in water

is almost 100m.
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Chapter 4

Event simulation

In the analysis of proton decay and the estimation of the background, Monte Carlo sim-
ulation plays an important role. The characteristics of simulations for proton decay and

atmospheric neutrino event are presented here.

4.1 proton decay event simulation

In the Super-Kamiokande detector, proton decay is expected to occur with equal probability
among free protons in ' H and bound ones in 160. The decay of a free proton can be ciuite
simply treated as a usual multi-body decay. The decay of a bound proton needs more careful
treatment, because nucleons in *0 carry Fermi momenta and the decay products may
interact in the nucleus. The momentum distribution of nucleons in #Q is evaluated from

experimental results[18] [Figure 4.1]. The meson-nuclear interactions in *0 are described

in section 4.

\

4.2 Atmospheric neutrino event simulation

Major background for proton decay is the atmospheric neutrino interactions. The event
topologies of some atmospheric neutrino interactions are similar to those of proton decays

and their vertices also distribute uniformly in the detector.
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4.2.1 Atmospheric neutrino fluxes

Primary cosmic-rays, most of which are protons, collide with molecules of the atmosphere
and produce hadronic showers. Mesons in this shower decay into neutrinos and muons
and these muons also decay into electrons and neutrinos. Atmospheric neutrino fluxes
depend on the magnetic latitude since the cut-off energy of primary cosmic-ray protons is
affected by geomagnetic field of the earth. Thus, we use Honda's calculation because his
calculation has been done at the magnetic latitude of the Kamioka and covers the neutrino
energy from 10MeV to 1TeV[19] [Figure 4.2]. Gaisser has also calculated the neutrino fluxes
at the Kamioka site and we compare them td estimate the systematic errors[20] [FFigure

4.3]. The discrepancy between these two calculations is less than +10%.
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Figure 4.1: Fermi Momentum distribution of nucleons in "C/[18].
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4.2.2 Neutrino interactions
In our Monte Carlo simulation, the following neutrino interactions are considered:

Chénrged Current quasi-elastic scattering ( v N — [N’ )s
Neutral Current elastic scattering vN — v N )
vN — I[N« ),

Charged Current single = production

Neutral Current single = production vN — vNn«

1
1

(Neutral Current multi = production) )

Charged Current coherent 7 production v 190 — ¥ X

bl

(
(
, ( )
Charged Current multi 7 production ( vN — [INnr )
( vN — vNonar )
( )
( )

Neutral Current coherent 7 production v %0 — v X

where N and N’ are the nucleons (proton or neutron), [ is the charged lepton, n{=1,2,3...)
is the multiplicity of pions and X is the remaining nucleus. The other interaction modes such
as a strange particle production is not included in this simulation, because its production
probability is small enough to neglect compared to the above interactions. For the neutrino

kaon production, its effect is estimated from the existing neutrino experimental results.

Elastic and quasi-elastic scattering

The cross sections for the quasi elastic charged current interaction can be written in terms

of hadronic current,

Yol Y v F2 2
< N'\Jhaap|N > = cosl.a(N) [y Fi(d®) + a q;ﬁ/j‘/(q ) + Y5 F4(@®)u(N) (4.1)

where F}, F are the vector form factors, F is the axial-vector form factor, £ = p, — g, = 3.71,
0. is the Cabibbo angle[21]. The parameters of the form factors are determined from the
experiments[22]. If the target is a free proton, the ¢* dependence of the cross sections is

‘directly calculated from this equation and the results are shown in Figure 4.4 and Figure

4.6.

In estimating the cross sections of neutral current elastic scattering, we use the following

relations[27]:

o(vp — vp) = 0.153 x o(vn — e7p),
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o(p — vp) = 0.218 X o(vp — et n),
o(vn — vn) = 1.5 x o(vp — vp),

o(vn — n) = 1.0 x o(vp — vp).

For the v'®0 scattering, Fermi motion of the nucleon and Pauli principle have to be
taken into account. The momentum distribution of nucleons in %0 is estimated from
the experimental data of electron 2C scattering[18] [Figure 4.1]. For the Pauli blocking
effect, we assume the Fermi gas model and require the momentum of the recoil nucleon
to be greater than the Fermi surface momentum. The calculated cross sections for v*°O

~scattering are shown in Figure 4.5.

Single pion production

We adopt Rein-Sehgal’s method to simulate this interaction[28]. In their method, this type

of interaction is separated into two parts as follows.

v+ N — [+ N7,
N* = wm4+ N/,

where N and N’ are the nucleons, N* is the baryon resonances. To obtain the cross sec-
tioné, we calculate the amplitude of each resonance production and after that multiply the
probability of decay into one pion and nucleon to each resonance. At this time, interfer-
ences among the resonances are also taken into account. In calculating the cross sections
for this interaction, 18 resonances below 2GeV are considered but to keep the consistency
with multi pion production in our simulation, the hadronic invariant mass(W), which is
the mass of intermediate resonance, is restricted to be less than 1.4GeV. The cross sections
of single pion productions are shown in Figures 4.7-(a),(b) and (c).

In the calculation of the angular distribution of pion in the final state, we use Rein-
Sehgal's model for the Ps3(1232) resonance, which is dominant in the region of W below.
1.4GeV. For the other resonances, the distribution of direction of generated pion is set to be
isotropic in the Adler Frame (resonance rest frame) [Figure 4.8]. We can calculate the single

pion production cross sections for each single resonance and the intermediate resonance
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can be determined using them. The angular distribution of 7+ has been measured for
vp — p~prt mode[31]. Figure 4.9 shows the result of our Monte Carlo simulation and the

measured value.

Multi pion production

The total cross section of this interaction is calculated by integrating eqn.4.2 in the range

of W > 1.3GeV/c, where W is the invariant mass of the hadronic system:

d*o GLMyE, 1 1
ol = o (o gyt COR@¢) £y = 5y + C)leFie,a)), (4.2)
o yM}? B xyMpy B M} 3 M}
! AMyE,x  2E  4E? 2MyE,x’
ME
“ = R

where z = —¢*/(2M(E, — E))), vy = (E, — E})/E,, My is the mass of nucleon, M; is the
mass of lepton, E, and F; are the energy of incoming neutrino and outgoing lepton in
the laboratory frame, respectively. The nucleon structure functions, F, and zf are taken
from the result of CCFR experiment[32]. Total charged current cross sections including
-quasi-elastic scattering, single and multi pion productions are shown in Figures 4.10 and
4.11.

The mean multiplicity of charged pions((n;) > 1) is estimated from the result of Fermilab

15-foot hydrogen bubble chamber experiment[44],
(ng) = 0.09 + 1.83InW?. (4.3)

The value of W is determined assuming the KNO scaling[45] [Figure 4.12]. The forward-
backward asymmetry of pion multiplicity(nf /nP) in the hadronic center of mass system is

also included as follows:
nf0.35+ 0.41In(W?)

5= : 4.4
nB 0.5 + 0.09In(W?2) (4.4)

This value is obtained from the result of BEBC experiment[46].

To obtain the cross sections for multi pion production induced by the neutral current,
we use the following relations:

o(vN — vX)
o(vN — u=X)

0.26 (K, < 3GeV), (4.5)
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a(vN — vX)
o(vN — u=X)
o(vN — vX)
o(vN — pu=X)
o(vN — vX)
o(PN — ptX)
o(vN — X))
o(vN — ptX)
o(PN — vX)
o(vN — ptX)

= 0.26+0.04 x ((E, —3.)/3.) (3GeV < E, <6GeV),  (4.6)

= 0.30 (E, > 6GeV), (4.7)

= 0.39 (E, < 3GeV), (4.8)

= 0.39-0.02x ((E, —3.)/3.) 3GeV < E, < 6GeV),  (4.9)

= 0.37 (B, > 6GeV). (4.10)

These values are estimated from the experimental results[47][48].

Coherent pion production

The differential cross section of coherent pion production can be expressed as follows[49]:

Po G* My I
s = zm A B =) el

r o= Refer(O)/ImfﬂN_(O)’

2
my

m? + Q?

Ve bl g, (4.11)

where G is the weak coupling constant, My is the mass of nucleon, fr = 0.93m,,y = (£, — £
E, and E; are the energy of neutrino and outgoing lepton, respectively and A(=16) is the
atomic number of oxygen. F,,, which accounts for the absorption of pion in the nucleus,

is expressed as follows:

Fabs = 6_(23)/1\ . (412)
A= opl

where (z) is the average path length of the pion in oxygen and p = A(FR3)~! is the nuclear

density. Calculated cross sections for coherent pion productions are shown in Figure 4.13.

4.3 Meson nuclear effect

The interactions of the mesons, especially of pions, which are generated in a %0 nucleus, is
important in estimating the efficiency and expected background from atmospheric neutrino

interactions. Because the cross section of neutrino pion production is quite large around
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a few GeV which is the same energy region of the pions emitted from proton decay. Also
the interaction cross section of pion in nuclei is large. In our Monte Carlo simulation
program, the following pion interactions in '°O are considered: inelastic scattering, charge
exchange and absorption. In simulating the pion interactions, we followed the philosophy
of the cascade model. The actual procedure is as follows. The generated position of the
pion in nuclei is set according to the Woods-Saxon type nucleon density distribution. The
interaction mode is determined by using the calculated mean free path of each interaction.
To calculate these mean free paths, we adopt the model by Oset et al[50]. In the calculation,
Fermi motion of the nucleon in O and the Pauli-blocking effect are included and the
~ calculated mean free paths depend not only on the momentum of pion but also on the
position of pion in the nucleus. If the inelastic scattering or the charge exchange occurs,
the direction and momentum of pion are determined by using the result of phase shift
analysis obtained from the T — N scattering experiments[51]. \/Vhen calculating the pion
scattering amplitude, the Pauli blocking effect is also taken into account by requiring the
nucleon momentum after interaction to be larger than the Fermi surface momentum (pg(r))

at the interacting point defined as follows:

pr(r) = [gﬂp(r)r%,_ ’ (4.13)

I

A: Atomic Number , 7Z: Number of protons

[x]

where p(r) = %,5{1 + exp(

— C
a

p : Average density of nucleus

a,c : density pararﬁeter of nucleus.
This pion interaction simulation is tested by using tbhe following three interactions:
o 7'2C scattering,
o 710 scattering,
e pion photo-production (y +'2C — 77 4+ X).

To simulate the pion photo-production, we use the measured cross section for primary
interaction (v +n — 7~ + p)[52]. The results of each simulation and comparison with the

existing experimental results are shown in Figures 4.14-4.16.
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" The interactions of Kt in '°O are also important in analyzing p — 7K+ mode (momen-
tum of K is around 340MeV/c). But in this case, we are only interested in the charge
exchange interaction of K't, because the momentum of the K+ is below the threshold energy
for the Cherenkov light emission and the elastic and inelastic scattering will not affect the
analysis. Among possible charge exchange interactions of K+ at low energy, K*tn — K%
has the largest cross section. Its cross section was measured for 340MeV/c KT to be only
34 0.5mb[56]. From this result, the probability of charge exchange interaction is estimated
to be 2.4% through Monte Carlo simulation[57].

4.4 Detector simulation

For the particle tracking part of simulation, we use GEANT package developed at CERN
which is commonly used in high energy physics experiments. For the hadronic interactions
in water, we choose CALOR package, which is based on the nuclear cascade model[58].
This package gives good agreement with the data even for the pion interactions below
1GeV/c. But reproducibility of the low energy pion interactions (for momentum less than
SOOMéV/ ¢) s not enough for our experiment and there is no available simulator packages
which have good agreement with other w-nucleus scattering data. Thus, we have prepared
our own code which uses the cross sections of 7 — H,O estimated from the results of existing
T scattering experimental results to determine the interactions of 7[59][60][61].

Cherenkov photon radiation is also done in the GEANT package. But the tracking part
of Cherenkov photons is developed for this experiment. For the short wave light scattering,
Rayleigh scattering is known to dominate if the size of particle with which Cherenkov pho-
tons interact is small compared to the wavelength. So we take into account this scattering.
For the longer wavelength, measured wavelength dependences of the light scattering and
- absorption are used. There are two method to measure the attenuation length of photon in
water: one is the direct measurement by laser and the other is an indirectly measurement -
by using the through going muons. Figure 4.17 shows the attenuation length used in our
simulation program and the results of direct water transparency measurement.

The effective quantum efficiency of photomultiplier and the response of them and elec-
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tronics have been measured. Based on these results, Cherenkov photon detection part was

developed.
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Figure 4.4: Cross sections of v,(a) and 7,(b) charged current quasi-elastic scattering. The
solid lines show the calculated cross sections. Data points are taken from the following
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YGGM|[26], (@)Serpukov(25].

35



Figure 4.5: Cross section of 7,p — e*n for bound proton in the *O and for free proton.
Solid line corresponds to the bound proton (in the %0) and dashed line corresponds to the

free proton.
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Figure 4.6: Cross sections of v and ¥ (quasi) elastic scattering. Solid lines show the cross
‘sections for neutrino-free proton scattering. Dashed lines shows the cross sections for

neutrino-bound nucleon scattering.
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Chapter 5

Data reduction

In Super-Kamiokande, the nominal trigger rate is about 12Hz (90Hz after installation of
the Super Low Energy Trigger) and it has been very stable. About 3Hz is from cosmic-ray
muons and the remaining is from low energy events. Thus we have to reject large fraction
of unnecessary events before doing detailed analysis for proton decay.

In this chapter, the data reduction scheme is described. Figure 5.1 shows the reduction

steps for the proton-decay and atmospheric neutrino analysis.

5.1 1st and 2nd reduction

At the 1st reduction stage, we apply very loose cuts to reject low energy events and cosmic-
ray muons. A typical cosmic-ray muon event is shown in Figure 5.2.

Low energy events are rejected by requiring total charge of the inner detector within
300ns window is more than 200 p.e. (photo electrons), which corresponds to 23MeV/c for
electron, while cosmic-ray muon events are rejected by requiring the number of hit PMTs
of the anti detector within 800ns window to be less than 50. After this reduction, the
number of remaining events is about 4000 events/day.

Next, we apply tighter cuts to reject low energy events with accidental noise hits by
requiring (maximum number of p.e. in one PMT)/(Total p.e. of the event) is less than 0.5
and cosmic-ray muon events by requiring the number of hit PMTs of the anti detector

within 800ns window is less than 25. The number of hit PMTs of the anti detector within

44



Trigger rate ~12Hz @

( 1st. Reduction ) cut low E (Evis<23MeV) events

~3500/day cut Nhit (anti-counter) > 50

2nd. Reduction cut Nhit (anti-counter) > 25

~400 /day

3rd. Reduction cut flasher events

~40 /day cut remaining cosmic ray muon events

cut remaining flasher events
check the data quality

Final Scan
~15 /day

Final Sample

Figure 5.1: Reduction steps for the proton decay and atmospheric neutrino analysis.
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Figure 5.2: Typical cosmic-ray muon event.
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Figure 5.3: Number of hit PMTs of the anti detector within 800ns. Fig.(b) shows the

atmospheric neutrino Monte Carlo events.

800ns is shown in Figure 5.3. Based on Figure 5.3-(b), the latter criterion of the second
reduction has been determined. After this reduction, the number of remaining events is

about 500 events/day.

5.2 3rd reduction

To further reduce events after the 2nd reduction, we apply tighter cuts to reject remaining
noise events, cosmic-ray muon events, etc. The 3rd reduction is separated into six parts.
Rejection of through going muon events

The remaining through going muon events have fewer number of hit PMTs in the anti
detector and cannot be easily rejected. Thus we use the fitted result of the muon track and
count the number of hit PMTs in the anti-detector around the entrance and exit points[62].

Events which satisfy all the conditions below are rejected:
e one or more PMTs have p.e. more than 230,
e the number of hit PMTs in the inner detector is more than 1000,

e the number of OD-cluster hits for the entrance or exit of the particle is more than 9,

where OD-cluster hits are hit PMTs of the anti detector in 800ns window within the
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radius of 8m from the entrance or the exit point of the particle.

Rejection of stopping muon events

There are also cosmic-ray muons which come and stop in the detector. This type of events
is tejected also by fitting the muon track and count the number of hit PMTs of the anti
detector 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 fit has the
same definition as that of the TDC fit. (See chapter 6 for detail.) Events which satisfy one

of the following two conditions are rejected:
e the number of OD-cluster hits at the entrance is more than 9,

e the goodness of the stopping-muon fit is greater than 0.5 and the number of OD-

cluster hits at the entrance is more than 4.

For proton decay events and fully contained atmospheric neutrino events, the number of

OD-cluster hits is at most 2.

Rejection of low energy events

To reject low energy events with noise hits, we apply a low-energy specific fitting pro-
gram. This fitting program uses a grid-search method and search for the vertex where the
goodness,, 1s maximum. Here the definition of the goodness,,, is the same as that of
point-fit (Eqn.6.3). We also use the number called Ngg, which is the maximum number of
hit PMTs within 50ns window and when we count the number of hit PMTs, we correct for
the TOF (Time of Flight). For the low energy region, this number is proportional to the
energy of electron and Nsq of 5 corresponds to about 1MeV.

Low energy events with many hit PMTs caused by noise are rejected by requiring the
number of hit PMTs of the inner detector to be more than 500 and N5y be more than
50. Events generated by noise which cannot be reconstructed are rejected by requiring the
number of hit PMTs of the inner detector to be more than 500 and the goodnessiy, be

morte than 0.5.
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Figure 5.4: Typical timing distribution for (a)mormal event and (b):flashing PMT.

Rejection of flashing PMT events

There are some flashing PMT's in the detector. These PMTs emit photons by sparking and
generate false events. The events caused by such a flashing PMT usually shows a broad
timing distribution. [Figure 5.4].

To remove these events, we use the number of hit PMTs within 100ns window, slide
this window from 1200ns to 1800ns and search for the minimized point (Nygo(min)). The

events which satisfy one of the following conditions are rejected:
o Nigo(min) is more than 14,

e the number of hit PMTs of the inner detector is less than 800 and N,gq(min) is more

than 9.

Rejection of accidentally overlapping events

There are some events where a low energy event overlaps with a muon event of later timing.
Such events are rejected by requiring the number of hit PMTs in the anti detector in the
timing window between 1300ns and 1800ns be less than 19 hits and the total number of

_p.e. of the inner detector in the same timing window be less than 5000 p.e..
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Figure 5.5: Typical cable-hole cosmic-ray muon. The shaded square in the anti detector

corresponds to the hit of scintillator veto counter.

Rejection of Cable-hole muon events

In the top part of the anti detector, there are four cable holes where all the signal and high
voltage supply cables go through and thus PMTs cannot be installed for the anti detector.
To reduce this inefficiency, we have installed 2.0mx2.5m scintillation veto counters on each
cable hole. If an event has hit in one of the veto counters and the entering point fitted by
the stopping muon fitter is located within 4m from the cable hole, we reject this event. An

event display of a typical cable-hole muon is shown in Figure 5.5.

5.3 Visual scanning

After the third reduction, the remaining event rate is about 30 events/day. But this dataset
still contains cosmic-ray muon and noise events including events caused by a flashing PMT.

In order to remove those events, all the remaining events are visually scanned by two
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physicists independently. At the same time, each scanner checks the quality of data and
if there are some troubles found in the detector, such as too many noise or flasher events,
rejects that part of the run. After the two independent scannings, we check the consistency

of them and finalize the dataset.
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Chapter 6

Event analysis tools

To the remaining events after the third reduction and the visual scanning, we apply several
analysis programs. Firstly, the events are fitted to obtain the vertex position and the
-direction of the particles. The number of rings are counted. Then, we identify particle
types of rings and reconstruct the momenta. Finally, for one-ring events, we apply another
vertex fitter to improve the vertex resolution. These tools for the analysis are described in

this chapter.

6.1 Reconstruction of initial vertex
The fit to obtain the initial vertex is divided into three parts:

o the “point-fit” part, which performs a rough vertex fitting by using only the timing

information of hit PMTs,
o the “ring edge search” part, which searches for the edge of the Cherenkov ring,

o the fine vertex fitting part, which uses the ring edge information and takes into

account the track length of the particle and scattered photons.

These three parts are described in this section.
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Figure 6.1: TOF subtracted timing(7j) distribution.

Point-fitter

If we assume that all the Cherenkov photons are emitted from one point in the detector
(z,y,z) at one time and that they are not scattered by the medium, then 7;, the timing

information observed by the i-th PMT located at (i, yi, i), can be written as follows:

T, = % X \/(a: — )2+ (y —y:)2 + (2 — z)? + (constant), (6.1)

where ¢ is the light velocity and n is the refractive index of water. The vertex fitter with
timing information uses this relation to fit the vertex. If there is enough number of hit
PMTs, we can find the correct vertex by changing x, y and z to minimize the width of the

distribution of T}(7) defined by the following equation:

i) =Ti — g /(= 22+ (y— p)® + (2 — 2)2. (6.2)

In the actual case, the Cherenkov photons are scatlered by the medium (water) and each
PMT has some timing fluctuation; the distribution of T§(7) is smeared but still narrow

enough to fit the vertex [Figure 6.1].

In fitting the vertex, we define goodness to evaluate the correctness of the fitted vertex.

goodness for this point fit (G) is defined as

1 (t; — (1)
G = —— Y exp(— i\ - .
P N ;GXP( 2‘773 ) (63)

where Ny is the number of hit PMTs, (t) is the mean value of ¢; and ¢,(=3.75ns) is the
typical timing resolution for this fitting. This ¢, includes the effect of scattering thus the

value is larger than the actual timing resolution of PMT itself. The “point fit” program
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searches for a point where the G, takes the maximum value and regards it as the vertex

position.

Ring edge search

The opening angle of a Cherenkov ring is restricted by the refractive index of medium and
the maximum half opening angle is 42 degrees for water for a 8 = 1 track. Thus, the edge
of the Cherenkov ring is useful in fitting the vertex. In searching for the ring edge, we
made a charge histogram as a function of the opening angle (PE(f)) measured from the
fitted vertex obtained by the point fitter. The resolution of the vertex fitting is taken into
account in making the histogram. By using this histogram, the opening angle of the ring

edge (0cdge) 1s defined as the minimum angle (#) which satisfy the following two conditions:

- d*PE
W = 0, : (6.4)
Gc-dge > gpeaka (65)

where PE(0peqr)>PE(0) for all §. At this stage, the direction of the particle is also a free
parameter and fitted by maximizing the function (Q) defined as

05 e
Jo 4 PE(0)do % exp (_(OEdge —260)2> |
o

$10 Ocdge 2

Q(Oedge) = (6.6)

where 0¢ is the Cherenkov opening angle and o is its resolution.

TDC-fitter

At this stage, we can use the edge information of the Cherenkov ring and fit the vertex
more precisely. We use two goodness parameters for the “TDC-fitter”, Gy and Go. Gy is
the goodness for the PMTs located in the Cherenkov ring, which is obtained by the ring
edge search program, and the PMTs of which timing (7;) is earlier than the mean of T;
((t)). Go is the goodness for the remaining PMTs, which are considered to detect the
scattered photons. They are defined is as follows:

)

Go = Z;l-xmdx[exp( .(2(1 <>)> 08><exp< MH (6.8)

~ 07 1.5(c))? 20(nsec)
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where o; is the timing resolution of the i-th PMT as a function of charge, (¢) is the mean
value of ;. The factor 1.5 is the parameter for the effective cut-off of timing distribution
at ~ 30. The overall goodness(Gr) is defined as
. 1

Gr = (G1 + Go)/ . (6.9)
In this fitting, the finite track-length of the particle is also taken into account. The track-
length is estimated from the total number of p.e. within the cone of 70° half opening angle
and we correct for the timing information of each individual PMT (7}) in calculating the
Gr. The fitted vertex position is the point where the G is maximum obtained by iterating

the scheme described above.

6.2 Ring counting

The number of rings of an event corresponds to the number of charged particles or ~-
rays and is very important information for the proton decay analysis. The ring counting
program identifies rings and counts the number of them. In searching for rings, it makes
a special “charge map” and searches for possible candidates of rings. After that, the ring
information is passed to the ring determination routine and identified as rings. The method

of each part is described in this section.

Search for secondary ring candidates

Candidates for secondary rings are searched for by using a “charge map”. This “chafge
map” is a 2-dimensional map which consists of 72 bins for azimuthal angle and 36 bins for
zenith angle. Each bin corresponds to the direction from the vertex and the number of p.e.
within 42 degrees from the direction is filled to each bin. After summing up the number of
p.e. for each bin, the expected number of p.e. from the rings which are already identified
is subtracted. The direction of a ring candidate is identified as a bin which has the largest
number of p.e. When one of the angles between the direction of the newly identified ring
and that of the previously identified ones is smaller than 15 degree, this candidate is treated

as the same ring and discarded.
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Ring determination

The ring determination is done by using the maximum likelihood method. Firstly, we as-
sume the existence of a new ring candidate and calculate the likelihood from the expected
number of p.e. Next, we calculate the likelihood from the expected number of p.e. with
the rings which are already identified. This likelihood function is calculated with weights
from the opening angle and overlapping regions between the rings. Finally, the ring deter-
mination is done by comparing these two likelihoods. If the existence of the new ring is

more probable, it is identified as a new Cherenkov ring.

Performance

The performance of the ring counting is checked by using Monte Carlo charged current
quasi-elastic scattering events in the Sub-GeV region, which means the visible energy is
less than 1.33 GeV. The efficiency is defined as follows:

number of events identified as single-ring \ (6.10)
€= : . .
number of quasi-elastic events ~

Figure 6.2 shows the efficiency as a function of momentum.

According to this figure, 95% of the quasi-elastic events are identified as single-ring above
400MeV /c. Relatively low energy electrons of which momenta are less than 400MeV /¢ are
scattered and the efficiency is slightly lower; the efficiency for the e-like events of which
energy is less than 400MeV/c is estimated to be 90%. Figure 6.3 shows the efficiency as
a function of the distance from the wall. From this figure, no dependence on the vertex

positions can be seen.

6.3 Ring separation

For multi-ring events, the Cherenkov rings will be overlapped. Thus, we have to separate
each individual ring to identify the kind of the incident particles and their momenta. We
estimate the number of p.e. from each ring for each PM'T which is located within 70 degree

from the particle direction by maximizing the x* defined as follows:

2 _ Qobs(i)_qum,emp(i) :
. _Z< Qo)) ) ! (6:11)
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Figure 6.2: Efficiency of ring counting as a function of momentum for charged current quasi-
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where Q,p5(7) is the observed number of p.e. for the i-th PMT, Q sum exp(?) is the sum of the
expected number of p.e. for the i-th PMT. When there are n rings identified, Qsum,ezp(?)
is defined as: )

Qsum,ezp(i) = 21 Qeep(is)- (6.12)
At the first stage, we assume that all the part;cles are electrons and calculate the expected
number of photons(Qezp(7,7)). To maximize the x?, we change the momentum of each
particle and calculate Qsum,ezp- Next, the charge distribution of the j-th ring(Q,,,(0,7)) is
calculated from the fitted result as a function of angle to the direction of the particle. This
time, Q.x,(2,7) is obtained by using the maximum likelihood method. The relation between
Qezp(t,7) and QL,,(0,7) is defined as Qerp(?,7) = o+ Q. (0op(i,5),7)s Where 8,5(2, 7) is the
angle between the particle direction which correspond to the j-th ring and the direction to
the ¢-th PMT from the fitted vertex. In the estimation of Q.xy(7, 7), we use the following

likelihood function and maximize its value by changing the parameter a;:

LSGP(j) = Zlog(Pr()b(Qobs(i)’ Q;um,exp(i)))

X/ Qp (o (i, ), 5) X W, (6.13)
Q;um,exp(i) = ZanQ;mp(QOP(i’j)?j)v (614)
j=1

where n is the total number of the rings, Q,,(00,(2,7),7) is the expected number of p.e.
from the j-th ring which is calculated from Qexp(t,J) and Prob(Qops, Qerp) is the probability
to take Qobs Wwhen the incident number of p.e. 18 Qerp. Prob(Qobs, Qezp) is obtained from the
measured value of one p.e. distribution for small Qezp which is less than 20 p.e. [Fig.6.4].

For the larger Q..p, Prob(Qups, Qesp) is defined as follows:

P""Ob(Qobs,Qem)) - 1 exp (_(Qobs — Qemp)2> , (6.15)

\/(_277)0 202

where 0 = Q.pp X 1.22 4 (0.1 X Qepp)?. The factor 1.2 comes from the difference of the

PMT resolution between the ideal one and the real one and factor 0.1 comes from the
uncertainty in the relative gain calibration of PMT. Wj is the weight parameter to include

the effect of the scattered photons defined as follows:

1.0 0,,(2,7) < (0.
W= [T a0 -
Bop(]) (00p(2,5) > 0c)
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Figure 6.4: Charge probability function Prob(Ques, Qczp)-

where 6, is the Cherenkov angle. After the particle identification, which is described in
the following section, we can use the kind of the particle and estimate more precise charge

distribution. The likelihood function which is used for the ring separation is the same as

[

above except for the W, which is always set to 1.

6.4 Particle identification

In the Supe.r—Karlnioka,nde detector, particle identification can be done by using the shape
of the Cherenkov ring. Electrons or 4-rays generate electromagnetic showers and their
products also emit the Cherenkov light. As a result, observed Cherenkov rings for electrons
(v-rays) are diffused compared to the rings generated by muons. Also the opening angle of

the ring can be used to identify the type of low momentum particles.

Expectation from each particle

In identifying particles, we have to estimate the expected number of p.e. for each particle
and momentum. For the direct Cherenkov photons from electrons, we made Monte Carlo

events of various momenta with ideal quality of water, which means that no light scattering
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Figure 6.5: Fraction of effective photo-sensitive area of the PMT.

and attenuation are considered. Then, we make the tables of the expected number of p.e.
observed at 16.9m from the initial vertex (Npsc(pe, 0)) as a function of momentum (p,) and
opening angle from the particle direction (). By using this table, the expected number of

p.e. for the t-th PMT is calculated as follows:

. 16.9(m) 1o l;
Ne,direct,erp(z) = e X N]MC'(pea ‘91) X <'_l_> X exp (‘i‘ X f(e)s (617)
2
where «, is the normalization factor, p, is the momentum of an electron which can be
calculated from the total number of p.e., [; is the distance of the :-th PMT from the vertex,
parameter 1.5 comes from the characteristic of the scattering of the Cherenkov photons, L
is the light attenuation length of water and f(©) is the fraction of effective photo-sensitive

area of the PMT [Figure 6.5].

The expected number of p.e. for the i-th PMT from a muon can be expressed as:

10\ ™ -
N//,,direct,ea:p(i) = (Q’u X (lz (Sin 92’ + li (b‘))) X Si’[l2 (92' + Nu,knock,,er])(i)) Xexp (_%) Xf(e)’

(6.18)

where «, is a normalization factor. The second term includes the ionization energy loss
of the particle as shown in Figure 6.6. N, pnock exp(?) is the expected number of photons

emitted by the knock-on electrons detected by the i-th PMT as a function of angle between
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the particle direction and the :-th PMT. This number is estimated from the Monte Carlo
simulation.

The scattered photons are also taken into accoﬁnt. We only use PMTs located inside
the cone of which half opening angle is less than 1.5x 8., where 0, is the Cherenkov angle.
The direct photons and the scattered photons are identified by using the TOF subtracted
relative timing. After selecting the PMTs, we make the histogram of charge as a function
of TOF subtracted timing. By using this histogram, the direct photons are defined as

follows:

— 30nsec < T — tpear < o(N;) + Tnsec, (6.19)

where t,cq is the TOF subtracted timing when the charge histogram has the highest peak
and o(N;) is the timing resolution of the ¢-th PMT. From this equation, the number of

scattered photons (Nyeutered(2)) 1s calculated.

Probability functions

To identify particle types, we use two probability functions: one for electron and one for
muon, and compare the probabilities. These probability functions consist of two parts: one

is the shape of the Cherenkov ring (Probarge) which uses the charge distribution of the
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ring, and the other is the opening angle of the ring (Probung.) as
Prob(e or yt) = Peparge(e or 1) X Pyugie(e or p). (6.20)

The probability functions for charge are defined as follows:

P‘I“Obcharge(@ or #) = exp (_l (\2 (6 or /L) mz‘”[k?(C)»X2(F")]) ) ; (6.21)

2 O‘X.z

&

xHeoru) = (logge)™t x (=logyy Le or p)) — const.,
@ = \/2Np,

where L(e or ) is the likelihood function:

ag

Lleor )= T[] Probieor p). (6.22)

0;<1.58¢

The probability function for the i-th PMT Prob;(e or ;1) is defined as follows:

for the direct photons,

Probi(e or i) = Prob(Nairectexp(t): Ndata(7)), (6.23)

for the scattered photons,

PTObi(e or “) = PrOb(Nd'irect,emp(é)aO) X PTOb(Nscattered,emp(i)aNdata(i))a

(6.24)

where N, is the expected number of p.e. and Ny, is the observed number of p.e.. The
probability function Prob(Negp, Niutq) 18 derived from the measured single-photoelectron
distribution for small Nyue, which is smaller than 20 p.e.. For the larger number of observed

number of p.e.(Ny.,) we use the following function:

Nea: - ata 2
Prob(Negps Njaza) = ! exp (—( p = Naata) ) , (6.25)

oro 202
o? = 1.22 X Ny + (0.1 X Ny )

The factor 1.2 in 0 comes from the result of comparison between the actual PMT resolution
and the ideal one and the factor 0.1 comes from the uncertainty of the relative calibration of

the PMT in this region. The probability to take certain opening angle (04440) is calculated
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Figure 6.7: Distribution of PID parameter. The hatched region shows the cosmic-ray

muons and clear region shows the decay electron.

by using the expected opening angle derived from the reconstructed momentum (0.,,).

Thus, the probability function for the opening angle (Fypng.(e or pt)) is defined as

1 eea: 3 5 - 0 ata 2 :
Pongle(e or ) = C X exp (E ( ple OIA/;) dat ) ) . (6.26)

where C is the normalization constant and A is the ambiguity of the opening angle derived

from the reconstructed momentum.

Performance of particle identification

The performance of the particle identification has been studied by using cosmic-ray muon,
decay electron and atmospheric neutrino events. In Figure 6.7 shows the result of particle
identification for cosmic-ray muons and decay electrons from cosmic-ray muons. X-axis

shows the parameter of particle identification(Ppyp):

Ppip = C x (\/P(e) =/ P()), (6.27)

where C is the normalization constant. If Ppp) is greater (less) than 0, then that particle

is identified as electron-like (muon-like).
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Figure 6.8: Distribution of the PID parameter for single ring atmospheric neutrino data

sample and Monte Carlo.

The distﬁbution of Monte Carlo events agrees well with the data and no time dependence
is observed. The miss-identification (MISS-ID) probabilities estimated from the data for
muon and electron are 0.44:0.1% and 1.84:0.5%, respectively. From the Monte Carlo events,
MISS-ID probabilities are estimated to be 4.4 & 1.0% and 0.1 +53 % for electron-like and
muon-like events, respectively.

To the atmospheric neutrino single-ring events, we also applied the particle identification.
The results are shown in .Figure 6.8. From this figure, v, events and v. events are clearly
separated and the shape of the histogram for Monte Carlo events agrees well with the data.

From these results, the miss-identification probability is estimated to be 0.8 + 0.1%.

6.5 MS fit

For single-ring events, the vertex resolution of TDC fit is not so good for longitudinal direc-
tion compared to the transverse direction. This is the general characteristic of the fitting
which mainly relies on the timing information. To improve the resolution of longitudinal

direction, we use charge information in MS fit. To make assumption of charge distribution,
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we use the results obtained so far: the initial vertex from TDC fit and the information of

particle identification.

Fitting method

As described above, the MS fit uses the timing information to fit the vertex perpendicular to
the particle direction and the charge distribution to fit the vertex parallel to the direction.
Firstly, the vertex position perpendicular to the particle direction is fitted by using the
same goodness used for TDC fit. Next, by shifting the vertex parallel to the particle
direction, the best position is found where the likelihood function of particle identification
(L(e or p)) returns the best value. The MS-fit iterates these two steps until the following

conditions are satisfied:

Aver‘tea} < Sem,

Ay < 0.5°,

where A, orer and Ay represent the changes of the vertex and the angle.

Performance

The performance of the MS fit is checked by using the atmospheric neutrino Monte Carlo
single-ring events. The distributions of the distance between the real and fitted vertex
parallel to the particle direction are shown in Figure 6.9. From this figure, apparently the
MS fit has better resolution and smaller systematic effect to the particle direction.

The distribution of the distance between the real vertex and the fitted vertex is shown
in Figure 6.10. We define the vertex resolution at the distance where 68% of the events are
covered and the results are 34cm for e-like events and 25c¢m for p-like events.

The distribution of the angle between the real direction and the fitted direction is shown
in Figure 6.11. Again the angular resolution is defined in the same way as for the vertex

and the result is 3.2° for e-like events and 1.9° for p-like events.
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Figure 6.9: Distributions of the distance between the real and fitted vertex parallel to the

particle direction of single ring events.
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Figure 6.10: Distributions of the distance between the real vertex and the fitted vertex for
single ring atmospheric neutrino Monte Carlo events. The hatched region corresponds to

the 68% of the events.
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Figure 6.11: Distributions of the angle between the real particle direction and the fitted
direction for single ring atmospheric neutrino Monte Carlo events. The hatched region

corresponds to the 68% of the events.

6.6 Momentum determination

For the momentum determination, we use the corrected total number of p.e. (Ry). To
calculate the Ry,;, we want to eliminate the effect from the scattered lights. Thus the

following selection criteria are set to select the direct photons:

e use PMTs of which opening angle from the particle direction is less than 70°,

o —50(ns)< (1"(2) — T} .0n) < 250(ns) ,

mean

where 7"(¢) is the TOF subtracted timing information of the ¢-th PMT and 7}

rean 18 the
mean of 77(¢). The number of p.e. is also corrected for the flight length of photon (distance
from the vertex to the PMT) and for the incoming direction of photons to the PMT. Figure
6.12 shows the relation between the R;,; and the momentum for each particle, which were
generated from the Monte Carlo simulation.

The absolute scale ambiguity of the momentum reconstruction is discussed in Chapter
7 and it is estimated to be less than £2.5%. The momentum resolution of each particle is

estimated from Figure 6.13 and the results are

2.6
for electrons : o, = 0.6 + —%, (6.28)

VP
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where p is the momentum of each particle in GeV/c.
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Chapter 7

Energy calibration

The accuracy of the reconstructed momentum and the vertex position is sensitively depen-
dent on the calibration of charge and timing. In this chapter, the methods of calibration

and their results are described.

7.1 Relative gain calibration

It is very important to adjust the gain of each PMT, because the momentum is recon-
structed out of the charge information. The uniformity of the gain is also important to
insure a good detection efficiency for low energy events.

To calibrate the relative gain of the PMTs, a scintillator ball with a Xe lamp as the light
source is used. A schematic view of this system is shown in Figure 7.1.

The Xe lamp generates ultra violet light pulses. This light is converted in the scintillator
ball to scintillation light, whose wavelength peaks at 440nm by BBOT, a wave length
shifter, and is diffused by MgO mixed in the ball. The observed pulse width is a few 10mns.
This scintillator ball is lowered into the tank from the calibration hole located near the
center of the top surface of the tank. To reduce the systematic effect of the incoming
direction of the photon, we took data by placing the scintillator ball at various heighfé.
The relative gain of the i-th PMT(G;) is expressed by the following equation:

Gi = f_(léj . -gz— ~rfexp (—2—) , (7.1)
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Figure 7.1: A Schematic view of Xe calibration system.

where Q; 1s fhe charge detected by the i-th PMT, r is the distance between the PMT and the
scintillator ball, L is the light attenuation length in the water and Q is the normalization
factor. We adjusted the gain by changing the high voltage value of each PMT. As a result,
the spread of the relative gain is kept within 7% [Figure 7.2].

7.2 Absolute gain calibration

The absolute gain is calibrated by using a low energy ~-ray source. Because each PMT
will catch a single photon in such a low energy event, the distribution of the signal pulse
height can be treated as that of a single photo electron(p.e.).

We use vy-rays from a neutron capture of Ni. A schematic view of this calibration source
is shown in Figure 7.3. A %52Cf source is used as a neutron source and the average energy
of emitted neutrons is about 2MeV. The emitted neutrons are thermalized by water and
captured by Ni. We use natural Ni whose abundance and energy of emitted «y-rays are
listed in table 7.1. The single p.e. distribution for a typical PMT is shown in Figure 7.4.
From this figure, the mean value of the charge distribution is obtained as 2.055pC and thus
we define 1 p.e. as 2.055pC. Also the relative gain of each PMT is corrected by comparing

the mean value obtained from this measurement.
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Isotope | abundance (%) | Neutron capture | Energy of v (MeV)
cross section (barn)
S\ 68.27 5.5 9.0
SONj 26.10 2.6 7.8
6INj 1.13 2.0 10.6
62Nj 3.59 15. 6.8
64Nj 0.91 1.5 6.1

Table 7.1: Property of Ni as a gamma-ray source
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Figure 7.4: Typical distribution of single photo electron.
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Figure 7.5: Typical timing response of a PMT as a function of the detected charge.

7.3 Calibration of timing

The timing information is essential to the vertex reconstruction and thus the calibration of
the relative timing of each PMT is important. As the response of timing is different from
PMT to PMT, we have to correct the data for these effects. These differences are mainly
from two causes, one is the transit time difference of the PMT and the other is the pulse
height dependence of the discriminator response of the input signal (slewnig effect). The
difference of the transit time is caused by the different high voltage supplied to each PMT.
To correct for these effects, we make a table called TQ-map and adjust timing for different
pulse heights, length of cables and response of PMTs. In making TQ-map the pulse width
of the light source should be narrow. Therefore, we choose Ny laser of which pulse width
is less than 4ns. The wavelength of N, laser itself is 337nm and it is short compared to the
wavelength of Cherenkov light. Thus the wavelength is converted to 384nm by a dye. The
intensity of the light is controlled by optical filter. The laser light goes through the optical
fiber and reaches at a diffusing ball placed at the center of the detector. This diffusing
ball emits the light isotropically. Figure 7.5 shows a typical timing response of a PMT as
a function of the detected charge. We generate TQ-map for all the channels by fitting this

histogram.
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Figure 7.6: Timing resolution as a function of charge.

The timing resolution as a function of charge is also obtained from this figure and the

result is shown in Figure 7.6.

7.4 Ambiguity in the energy determination

It is important to know the accuracy of the momentum reconstruction in the data analysis.
In this chapter, we estimate the ambiguity in our energy determination by using several
sources.

LINAC electrons

We employ an electron LINAC (LINear ACcelerator) installed near the detector. This
LINAC can provide electrons with energies between 5MeV and 16MeV with the energy
spread of less than 0.3% at the end of the beam pipe. We use the dataset of 16MeV
electrons which were injected downward from 6m below the top of the inner PMT surface.

The criteria for LINAC electron events are as follows:
o the number of hit PMTs of the inner detector is between 100 and 210,

e goodness,, is more than 0.5,

e the distance between the real vertex and the reconstructed vertex is less than 200cm.
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Figure 7.7: Reconstructed momentum distribution of 16MeV electrons from LINAC. His-

togram shows that of Monte Carlo.

Figure 7.7 shows the reconstructed momentum distribution of 16MeV electrons from LINAC.
The difference of the mean value between the real data and Monte Carlo is 2.4% and thus

the agreement is good.

decay electrons

The energy spectrum of decay electrons from muons follows the Michel spectrum. We
select decay electron events and compare the spectrum with that of Monte Carlo events.

The criteria for decay electron events are as follows:

e the timing gap between the parent muon and the decay electron is more than 1.5usec

- and less than 8usec,
e the number of hit PMTs of the inner detector‘is less than 1000,
e goodness),, is more than 0.5,

o the reconstructed vertex of the decay electron is in the fiducial volume.

For the Monte Carlo events, the vertices distribute uniformly in the fiducial volume and

their directions are isotropic. Figure 7.8 shows the reconstructed momentum distribution
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IYigure 7.8: Reconstructed momentum of decay electron from cosmic-ray muon. Histogram
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of electrons. The spectrum of the data agrees well with that of the Monte Carlo. The

difference of the mean values between the real data and Monte Carlo is 2.0%.

reconstructed mass of #°

7% decay into two y-tays as soon as they are created (or escape from °0). For the neutral
current single 7% production, no other particles generate Cherenkov rings and the two e-like
rings are clearly observed. By using these events, we can reconstruct the mass of 7° and
check the accuracy of the energy reconstruction. The selection criteria for #° candidate

events are as follows:
e reconstructed vertex is in the fiducial volume,
e two ring events,
e both rings are identified as e-like,

o reconstructed momentum of 70 (pyo) is less than 400MeV.

Figure 7.9 shows the distribution of reconstructed mass of 7%. The mean value is the result

from Gaussian fit between 110MeV/c? and 160MeV/c?. The discrepancy between the real
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Figure 7.9: Reconstructed mass distribution of 7% (a):Atmospheric neutrino data sam-
ple. (b):Atmospheric neutrino Monte Carlo sample. The solid line shows the result from

Gaussian fitting between 110MeV/c? and 160MeV/c?.

data and Monte Carlo is 2.4%.

Low energy stopping muons

For low energy muon events, the opening angle of the Cherenkov cone can also be used to
reconstruct momentum. This information is independent of the charge and we can check
the ambiguity of the momentum reconstruction by comparing these two methods: one is
from charge and the other is from the opening angle of the Cherenkov cone. Figures 7.10-
(a) and (b) show the relation between the reconstructed momentum and the opening angle
for the Monte Carlo and for the data, respectively.

Figure 7.11 shows the ratio of the reconstructed momentum by using charge information
of real data and that of Monte Carlo events which have the same opening angle. From this
figure, reconstructed momentum difference between the real data and the Monte Carlo is

found to be less than 2.5% at most.
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momentum reconstructed from opening angle is the same.
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High energy stopping muons

For a cosmic-ray muon event of higher energy, we can estimate the momentum by using
its track length in the detector, because the track length is proportional to the momentum
of the muon. The track length of a muon is estimated by fitting the entrance of the muon
as the starting point and the vertex of the decay electron from the muon as the stopping
point. Figure 7.12 shows the relation between the momentum and the range of muons.
The mean energy loss is about 2.5MeV/cm. To reduce the ambiguity arising from the
estimation of the track length, we use the muons of which track length is more than 7m.
The ratio of reconstructed momentum/track length between the Monte Carlo and the real
data is shown in Figure 7.13. According to this figure, the difference between the Monte

Carlo and the real data is at most 2.1% for momentum of muon less than 1.33GeV /c.

Summary of the momentum calibration

We checked the uncertainty in the absolute scale of the momentum reconstruction by
using several sources: LINAC electrons, decay electrons, reconstructed mass of 7%, low

energy stopping muons and high energy stopping muons. Figure 7.14 is the summary of
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Figure 7.14: The estimated uncertainty in the momentum reconstruction.

uncertainty in our momentum reconstruction. As a result, we estimate the uncertainty in

the reconstructed momentum scale to be less than +£2.5% for all momentum regions.
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Chapter 8

Characteristics of the event sample

After the visual scanning, there remains 6386 events. Most of the events are generated
by atmospheric neutrino events. To these events, the vertex fitting, ring number counting
and particle identification programs are applied. (See chapter 6 for the detailed description
of each program.) In this chapter, comparisons between the Monte Carlo simulation of
neutrino events and the data are shown. For the absolute normalization of the atmospheric
neutrino fluxes, we use the calculation done by Honda. In some figures, the fluxes calculated
by Gaisser are used for comparison.

Fvents of neutrino interactions and of proton decay will occur uniformly in the detector.
Figure 8.1-(a) and (b) show the vertex distributions of the real data. According to these
figures, the vertices are distributed uniformly over the fiducial volume as expected. The
excess near the wall is caused by the remaining cable-hole muon events.

Figure 8.2 shows the number of rings for the real data and for the Monte Carlo events.
The shapes of these two distributions are quite similar.

Figure 8.3 shows the results of the particle identification for one ring events. Muons
and electrons are clearly separated as expected but the number of muons is fewer than
the expected from the model. The anomaly of v, /v, ratio has been found in Kamiokande
and IMB. Data from days of data in Super-Kamiokande confirms this anomaly with higher
statistics. |

Figure 8.4 (a)-(d) show the vertex distributions of the one ring u-like and e-like events

of data. There is no position dependence observed in all these figures.
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Figure 8.3: Likelihood distribution of particle identification. Histogram line shows the

Monte Carlo prediction.

Figure 8.5-(a) and (b) show the reconstructed momentum of electrons and muons for one
ring events, respectively. The shape of each distribution shows a good agreement with the
Monte Carlo simulation except for the normalization. Based on the study of Monte Carlo
simulation, more than 95% of the p-like events arle. coming from v, and 90% of the e-like
events are from v..

In summary, Monte Carlo simulation reproduces the data well except for the absolute

normalization for u-like events.
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Chapter 9

Proton decay analysis

The K+ from p — v K™ carries only 340MeV/c and it is below the threshold momentum for
the Cherenkov light emission. Thus the candidate events of this decay mode are identified

through the decay products of K*. The major decay modes of K+ are

Kt — uty,,

Kt - #tx°

and the branching ratios are 63.5% and .21.2%, respectively. The cross section of the low
momentum ‘K"‘ is known to be small and more than 90% of them will stop before decay.
In the analysis, we can assume that the decay of K+ to be at rest and therefore that the
momentum of each decay particle to be unique. Proton decay into 7K+ can be searched
for through these two decay modes using these characteristics. In addition, a prompt ~-
ray signal can be used when a proton of O in the ps/; state decays. The resulting N
will emit a prompt y-ray of 6.3MeV. The signal from the decay particles of K+ will be
delayed due to its relatively long lifetime (7 = 12ns), so there could be more than 15ns
time gap between the emitted ~-ray and decay particles of K¥. In Super-Kamiokande,
these two signals can be clearly separated within an event. The emission-probability of
6.3MeV y-ray from Oxygen is estimated to be 40%[63] and the identification of this vy-ray
would allow eliminating almost all the background. This prompt v-ray search is applied to
the K+ — uty, candidates. All these modes have been studied in this thesis. They are

described in the following sections.
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9.1 Search for 236MeV /c u*

Since the momentum of y* from the decay of stopped AT is 236MeV/c, the selection
criteria for candidate events are:

1) one ring p-like event,

2) with one decay electron.

To determine the signal region and to estimate the detection efficiency, total of 3681
Monte Carlo events have been generated and analyzed just in the same way as the real
data. The reconstructed momentum distribution of the proton-decay Monte Carlo events,
which satisfy the above criteria, is shown in Figure 9.1-(a). Based on this simulation,
signal region of the reconstructed momentum of pt is defined to be between 215MeV/c
and 260MeV/c. The detection efficiency of this mode is estimated to be 68.9% through
this Monte Carlo study [Table 9.4]. The momentum distributions of the real data and the
atmospheric neutrino Monte Carlo events, which satisfy the above criteria, are shown in
Figures 9.1-(b) and Figure 9.1-(¢), respectively.

To estimate the excess of proton-decay signal from these three histograms, we count
the number of events in three momentum regions: from 200MeV/c to 215MeV/c, from
215MeV/c to 260MeV/c and from 265MeV/c to 300MeV/c, and apply x? method to fit

parameters. The x? function is defined as follows:

o = 3 Gl (0 Nl 40 Mo P g
port reat(t) |
where @ and b are the fit parameters, Nyea1(2), Npdey(?), Natmu(2) are the numbers of events
of real data, of proton decay Monte Carlo and of atmospheric neutrino Monte Carlo, in
each momentum region(i), respectively [Table 9.1]. From this fitting result, the excess from
the proton decay is estimated with the 90% confidence level(C.L.) [Table 9.2]. The best
fit parameter is in the unphysical region (b < 0). Thus, the unphysical region have to be
omitted while estimating the parameter for the excess of the signal with 90% C.L. (bgg). To

obtain the parameter bgg, it is necessary to calculate A2 (= y*(90%C.1..) — x*(minimum)).

Assuming the distribution of x? as Gaussian, the A,z is defined as:

= 0.9, (9.2)
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p— pKT

Atmospheric v

Super-Kamiokande

Kt — utv, M.C. data
(225kt-yr) (25.5kt-yr)
Npdey Natmy Nyeai
200 ~ 215 MeV/c 14 266 27
215 ~ 260 MeV/c | 2537 752 © 52
260 ~ 300 MeV/c 86 630 56

Table 9.1: Number of events in each momentum region.

a

(# of estimated B.G. events)

(# of estimated excess)

b X

Best fit 9.36 x 1072 —7.28 x 1073 0.29
(70.4) (-18.5)

90% C.L. 7.88 x 1072 4.15 x 1073 6.95
59.2 10.9

Table 9.2: Fitted parameters of 236MeV/c i search.
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x 1
fl@) = [ exp(—z(e = w0)?), (9.3)
where z is the minimum value of the x%. Then, the parameter by, is calculated to take
the maximum value by changing the value a for the fixed A,..
The number of events of excess signal 1s estimated to be 11 and the momentum distri-

bution of fitted parameters with the 90% C.L. is shown in Figure 9.2. The partial lifetime

(13 yr) can be calculated as follows:
75 = (7.525 X 10% X T' X €By)/ Neanas | (9.4)

where T' is the exposure time in year, ¢B,, is the detection efficiency multiplied by the
meson branching ratio and Ny,q4 is the number of candidate events. Therefore, the lower
limit of the partial lifetime of 3.4 x 10%? years with 90% C.L. But the systematic error

reduces this number as described in section 9.4.

30

Number of events

[ P R T TN NI I D SR B

a1 “
200 20 20 230 20 250 260 270 180 290 300
Momentrun(MeVic)

Figure 9.2: Reconstructed momentum distribution. Solid line shows the estimated 90%
C.L. number of events which contains the background atmospheric neutrino and the proton
decay signal, dotted line shows the estimated 90% C.L. number of events which contains
only the background atmospheric neutrino and the data-points with error-bars are the data

with statistical errors.
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9.2 Kt — 777" mode search

Each 7 from stopped KT-decay carries only 205MeV/c and the Cherenkov ring generated
by n* is almost invisible in Super-Kamiokande. Therefore, event selection of this mode is
done by searching both for 7° of which momentum is 205MeV /c and for the decay electron

from 7+,

7-‘-+ —> u+yu, (9.5)

wt — efou.. (9.6)

70 can be identified as two v-rays of which reconstructed mass is around 135MeV/c®. The

selection criteria for the mass and the momentum of 7° were determined based on the Monte
Carlo study on this decay mode (p — v K+, K+ — 7 7Y). At first, events which have two
electron-like (e-like) rings and one decay electron were selected. The feconstructed mass
distribution of the events satisfying the above criteria is shown in Figure 9.3-(a). Based on
this, the signal region of the reconstructed mass is determined to be between 85MeV /c? and
185MeV/c*. Figure 9.3-(b) shows the reconstructed momentum distribution of 7°. From
this result, we set the signal region of momentum to be from 175MeV /c to 250MeV/c.
The detection efficiency for this mode is estimated to be 37%. Figures 9.4-(a) and (b)
show the background distributions of the reconstructed mass and the momentum of 7%
generated by atmospheric neutrino Monte Carlo events, respectively. Among the remaining
atmospheric neutrino Monte Carlo events, 9 out of 43 are induced by v, or 7,. From the
observation of atmospheric neutrino in Super-Kamiokande[64], measured fluxes of v, and
7, are known to be smaller than the theoretical expectation while v, and 7, are slightly

larger than expected. The actual values are obtained as:

ﬂuxmeasured(l/u + Du) ~ 0.74 X Huxempected(yu + l_/u)’ (97)

ﬁuxmeasured(l/e + I_/e) ~ 1.2x ﬂuxempected(ye + 17@)~ (98)

By using these values, the number of background is estimated to be 3.6 events/yr in Super-
Kamiokande. Figure 9.5 shows the same distribution for the real data. There remains no
candidate event. The numbers of events remaining after each reduction step are summa-

rized in Table 9.3. 90% C.L. upper limit for the number of proton decay candidates(w;m:)
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p— VKT Atmospheric Super-Kamiokande
Kt — atq® neutrino
Monte Carlo | M.C. (Normalized) | data (25.5kt-yr)
Generated
1171 — —
Fid.Vol. and 2 Rings
790 755 780
Both e-like
749 450 462
With 1 decay-e
508 93.5 81
Mass of 7°
(85MeV/c? ~ 185MeV/C?) 470 20.1 19
Momentum of 7°
(175MeV /¢ ~ 250MeV /c) 433 4.08 4

Table 9.3: Remaining number of events at each reduction step. The number of events for

atmospheric neutrino Monte Carlo are normalized to both measured flux and exposure.
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is calculated as follows:
Jotmit P(Nopsy Npga(a))dz
foco P(jvobsa Nbgd(;t))d;”()
Nbgcl(ia '1?) = ‘X'BG’ + z, (910)

= 0.90,, (9.9)

where P(N,z) is the probability function of the Poisson statistics, Ny 1s the number of
observed candidates, Xpg is the number of estimated background events, ¢B,, (i) is the
detection efficiency multiplied by the meson branching ratio. Using ;i and eqn.9.4, 90%
C.L. lower limit of the partial lifetime for this decay mode is obtained to be 1.4 x 103

years. But the systematic error reduces this number as described in section 9.4.

9.3 236MeV/c ut with prompt 6.3MeV y-ray search

By requiring the prompt y-ray from the oxygen in addition to a monochromatic 236MeV /c
1t signal, almost all the background events coming from atmospheric neutrino interactions
can be eliminated. The timing gap between the prompt 4-ray and the u* is less than a
few tens of ns, these two signals are contained in one event. Thus, the candidate events for
this analysis are selected by the same criteria for the monochromatic 236MeV/c pt-search
as described before. After that, we apply the prompt v-ray search program. This prompt

~-ray search 1s done by the following sequence:
e making the timing distributions of hit PMTs for one event [Figure 9.6], |
e search for the primary peak produced by u* in the timing histogram,
o search for the prompt peak produced by y-ray in the timing histogram.

Before applying the prompt peak-search, we reject proton induced events. These protons
are produced through neutral current interactions. There are one ring events where a ring
is induced by proton with large momentum enough to emit Cherenkov photons. ~-rays
can be emitted from the excited nucleus, whose effect is also included in the Monte Carlo.
Therefore, if the fitted vertex has been shifted from the real vertex, a fake prompt peak
will be observed due to the wrong TOF value calculated for each PMT. And there are not

so many proton induced events. Thus, in the MS-Fit, which is described in Chapter 6,
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the particle can be identified as i and the fitted vertex will be shifted from the real one
because proton is much heavier than muon. For the proton rejection, we use the timing
information of each PMT and the fitted vertex. The proton induced events are rejected by
requiring goodness of TDC-fit (G'r, defined in eqn.6.9) to be greater than 0.6 at the vertex
fitted by the MS-fit.

The peak-search is done by counting the number of hit PMTs within 12ns window. The
timing gap between the prompt «y-ray peak and the p peak is required to be more than
12ns. Figures 9.7-(a) and (b) show the number of hit PMTs in the timing region of the
prompt peak candidates obtained by applying the prompt peak-search program to the
Monte Carlo events of K — v,u* with and without y-ray, respectively. In Figure 9.7-(b),
there are some events with prompt peak without 6.3MeV ~-ray. The prompt peak is caused
by v-rays emitted from the excited nuclei which collided with K. Based on these results,
the selection criterion of the prompt ~-ray peak is to require more than 7 hit PMTs in
the prompt peak. The detection efficiency for the prompt v-ray search is estimated to be
4.0% including the branching ratio of Kt — u*v, and the emission probability of 6.3MeV
~v-ray. Figure 9.8-(a) shows the corresponding figures to Figure 9.7 for the atmospheric
neutrino Monte Carlé events after the proton-rejection. From this figure, the background
contamination is estimated to be 0.25 events/yr.

Finally we apply the same cuts to the real data, and observe no events surviving as shown
in Figure 9.8-(b). The numbers of events in each reduction step are also summarized in
table 9.4.

The obtained lower limit of the partial lifetime for this mode is 1.5 x 103 yr at 90%
C.L.(eqn.9.4)

9.4 Systematic errors

Main sources of systematic errors are:
e uncertainty in the momentum reconstruction,

e uncertainty in the detection efficiency of the decay electron from the stopped muon,
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p— vKT p— K+ Atmospheric v Super-
Kt — uty, K* — uty, M.C. Kamiokande
with 6.3MeV v | without 6.3MeV v | (Normalized) | data (25.5kt-yr)
Generated
1173 2508 — —
Fid.Vol.
and 1 Ring 1061 2312 2387 2594
p-like
1034 2240 1134 1152
With 1 decay-e
871 1856 691 680
Momentum of u
(élSwZGOMeV/c) 804 1733 63 52
Proton rejection
782 1727 62 52
prompt v search
233 13 2.5 x 1071 0

Table 9.4: Remaining number of events at each reduction step. The number of events for

atmospheric neutrino Monte Carlo are normalized to both measured flux and exposure.
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e uncertainty in the neutrino fluxes and interaction cross sections used in the Monte

Carlo simulation.

As discussed in Chapter 7, the uncertainty of the momentum reconstruction is estimated
by using various sources. For the search of monochromatic 236MeV /c ut peak, the system-
atic error of the momentum reconstruction is less than 2.5%. This value is estimated by
comparing two independent methods in reconstructing the momentum. When the recon-
structed momentum is shifted by +2.5%, the maximum expected number of excess events
(90% C.L.) becomes 13 instead of 11 and the detection efficiency changes only by 1.0%.
In searching for monochromatic 236MeV/c u* peak, we have also calculated the expected
number of excess events by using the other size of binning to estimate the effect of binning.
We used 5MeV /c for each bin and fitted both with the y? method and with the maximum
likelihood method with Poisson distribution function. At the same time, the reconstructed
momentum is also shifted by +2.5%. Combining all these effects, the estimated number of
signal events is obtained to be less than 13 at 90% C.L.

For the search of K* — 77" mode, the number of events in the signal region is un-
changed even if the allowed region of both mass and momentum are widened by 2.5% and
the detection efficiency of pion changes only by 2.3% based on the proton decay Monte
Carlo simulation. Thus, the effect of systematic error of the momentum reconstruction is
negligible in this mode.

The systematic error for the detection efficiency of the decay electron from a muon is
estimated to be less than 2%[65]. This value was estimated by comparing the fraction of
cosmic-ray muon events associated with decay electron between the Monte Carlo simulation
and the real data. This uncertainty will directly reflect into the detection efficiency although
the Valué is small and thus the lower limit of the partial lifetime for each mode is unchanged.

The ambiguity of the number of background events comes from the uncertainty of the
neutrino flux and the interaction cross sections. This ambiguity can be estimated by
comparing the number of events of the atmospheric neutrino background and the real data
at each reduction step. The maximum difference between the number of events of the
Monte Carlo and the real data in the reduction step is less than 10%. For the K+ — #%*

search, we take this effect into account by reducing the number of estimated background
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events by 10%. And the lower limit of partial lifetime for this mode becomes 1.3 %1032
years with 90% C.L. However, for search of the 236MeV /c u* with prompt y-ray, the lower
limit of the partial lifetime does not change because there is no candidate event remaining.
In searching for the excess of 236MeV/c u*, we only use the shape of the momentum
distribution and the absolute normalization is left as free parameter in the fitting. Thus
the ambiguities of neutrino flux and the interaction cross-sections will not affect the lower
limit of the partial lifetime.

The cross section of the neutrino K production was measured in the accelerator exper-
iment and the number of events expected through this interaction was studied[66]. The
expected number of events is 0.1 event/kt-yr. From this number, we can calculate the num-
ber of events remaining after the rejection by using the detection efficiency estimated from

the proton decay Monte Carlo. The expected background from neutrino & production for

each mode are as follows:

1.15 event/25.5kt-yr  for K+ — uty,
1.28 x10~! event/25.5kt-yr  for K+ - ort,
1.15 x107! event/25.5kt-yr for K+ — pty, with prompt v-ray tag.
But the inclusion of this interactioﬁ only increases the lower limit and thus, to be conser-

vative, it is not included in the lifetime estimation.

9.5 The result

The lower limits of the partial lifetime for p — 7K™ are summarized in Table 9.5. |
The combined 90% C.L. upper limit for the number of proton decay candidates (zimi:)
is calculated by integrating the likelihood function to the 90% probability level as follows:
Jo'm i [ITizy P (Nobs (%), Npga(i, z))]de
Jo© [TTizy P(Nobs(2), Niga(2, ))]d
eBp(?) - T

Nbgd(i, :E) = ‘XBG(i) + ?:1[€Bm(i) ) T]CII, (912)

0.90, (9.11)

where n is the number of independent observations, P(N, z) is the probability function of

the Poisson statistics, Nop,(z) is the number of observed candidates, Xpg(¢) is the number
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of estimated background events , €B,,(7) is the detection efficiency multiplied by the meson
branching ratio and each suffix ¢ stands for the i-th observed mode. In this thesis two
decay modes of K* are analyzed: K* — p*y, mode and K+ — #%r% mode. At this
moment, the lifetime limit obtained by prompt ~-ray tagging method is shorter than that
by the 236MeV/c ut excess-search method. Thus the limit obtained by the prompt ~-ray
tagging method is not used in calculating the combined result. But the 236MeV/c p*
excess-search method is background limited aﬁd the prompt ~-ray tagging method will be
important when the detector exposure is increased.

Finally, the lower limit of the partial lifetime for p — 7K+ mode is obtained to be

7/B(p — K*p) > 3.3 x 10° yr (90% C.L.). (9.13)

100



Kl B 11 I |
0 50 100 150 200 250 300 350 400 450 500 ¢ 50 100 150 200 230 300 350 400 . 450 500

MeVie MeVic

Reconstructd Mass Reconstructed Momentum

(a) (b)

Figure 9.5: (a) Reconstructed mass distribution of 25.5kt-yr of Super-Kamiokande data.
(b) Reconstructed momentum distribution. In each figure, hatched area corresponds to the

defined signal region.
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Figure 9.7 Number of hit PMTs within 12ns for the prompt peak candidate for
p— Kt KT — pty, Monte Carlo (a) with 6.3MeV ~-ray and (b) without 6.3MeV ~-
ray. (Both datasets include y-rays generated by the interactions of K+ in H,0.)
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Figure 9.8: Number of hit PMTs within 12ns window for the prompt peak candidate for
(a) 225kt-yr equivalent atmospheric neutrino Monte Carlo events and (b) 25.5kt-yr data of

Super-Kamiokande



decay number of signal number of lower limit of
mode of K+ (or estimated excess) background partial lifetime
Kt — uty,
13 55.9 & 2.5 2.8 % 10%2 yr
Kt — ntg®
4 4.2 £0.55 1.3 x 10%% yr
Kt — uty, _
(with prompt y-ray tag) 0 (3.7 +1.4)x 107! 1.5 x 102 yT

Table 9.5: Obtained lower limit of the partial lifetime for p — Ko
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Chapter 10

Summary and conclusion

10.1 Summary and conclusion

We have studied p — 7K T with the Super-Kamiokande detector. This decay mode is the
major mode of minimal SUSY-SU(5) GUT prediction. The data were taken from May
1996 to October 1997 and the total detector exposure is 25.5 kt-yr. A total of 3468 fully
contained events which consists of 2374 of single ring events and 1094 of multi ring events
are observed.

We have analyzed the proton decay mode of p — 7Kt by using the décay products of

K*. The major decay modes of KT are

Kt — utv,(63.5%),

Kt — «t7%(21.2%),

and both modes are analyzed in this thesis.

The momentum distribution of single ring u-like events is consistent with the atmospheric
neutrino background and has no excess around 236MeV /c. Thus, there are no statistically
significant evidence for p — vK*, K™ — v,u* mode. The momentum distribution of #°
events with one decay electron from u* shows that there are no candidate remaining for
p— vKt, K+ — %% mode. To reduce the background, we also applied the prompt
6.3MeV ~v-ray tagging method for Kt — p¥v, mode analysis. In the earlier experiments,

the detection efficiency of such low energy «y-rays is not sufficient and this is the first time to
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do the prompt v-ray tagging analysis. But again, there are no candidate events observed.
As a result, no statistically significant evidence for the nucleon decay has been found

and 90% C.L. lower limits of partial lifetime for p — v AT mode have been obtained as:

2.8x10%  yrfor KT —v,u*, (10.1)
1.3x10% yrfor K* — 7%, (10.2)
1.5x10°*  yrfor K* — v,uwith prompt y-ray-tag. (10.3)

The combined 90% C.L. lower limit of partial lifetime for p — KT is obtained to be
7/B(p — 7KT) > 3.3 x 10°%yr (90% C.L.). _ (10.4)

The predicted lifetime of p — ¥ K+ by the minimal SUSY-SU(5) GUT is 10%=* yr. The
obtained lower limit of partial lifetime for p — vK* does not completely rule out but gives

a strong constraint to the minimal SUSY-SU(5) GUT in combination with the recent result

from LEP.

Comparison with the other experiments

‘The lower limit of the partial lifetime for this decay mode has been measured by other
experiments and those results are summarized in table 10.1.

The limit obtained by Super-Kamiokande is 3 times longer than the previous result from
Kamiokande[8], which now appears in the particle data book[67], and much longer than
that by the other experiments[13][68]. But the lower limit obtained by IMB3 experiment|5]
is 4.6 x 10%?yr, which is longer than the limit obtained in this thesis. This result was
obtained through a different method. The detection efficiency for this mode in IMB3 is
41% which is almost the same as in Super-Kamiokande (44%). The exposure is v7.6kt-yr and
this is 3.4 times smaller. The observed numbers of events are 15 in IMB and 52 in Super-
Kamiokande, respectively. The numbers of events estimated from atmospheric neutrino
background are 29 in IMB3 and 55 in Super-Kamiokande, respectively as summarized
in table 10.2. Of course, we cannot compare these numbers of events directly but if we
compare the normalized event rate of signal and background, normalized event-rate of

signal is almost comparable but the background is apparently larger. This is the reason
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why the limit obtained by IMB3 is higher. If we apply our calculation method to their
result through the equation 9.11, the number is 2.5 x 1032yt for IMB3 and becomes slightly

shorter than the result from Super-Kamiokande.

10.2 Future prospect

The Super-Kamiokande is currently running very well. The total exposure of the detector
will be up to 100kt-yr within 5 yr and we can search for p — 7K™ to the lifetime limit of is
order of 10% yr. We will also analyze data to search for neutron decays such as n — vK°
and n — [* KT, where [* is charged lepton. By combining all these results with the results
from LEP, we can give a strong restriction to or rule out the minimal SUSY-SU(5) GUT

and other models.
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Experiment exposure (kt-yr) | lower limit of partial lifetime (yr)
Super-Kamiokande |

25.5 3.3 x 10
Kamiokande

3.76 1.0 x 1032
IMB (1+2) 3.3 1.5 x 10%

(3) 7.6 (4.6 x 103%)()
Soudan 2
0.5 4.5 x 10%
Frejus
1.3 1.5 x 103

Table 10.1: Comparison of the lower limit of partial lifetime for p — K+7 mode with the

other experiments. ) See text for a detailed description.

Experiment exposure | detection | number of | number of Normalized Normalized
- (decay mode) (kt- yr) | efficiency | observed | estimated event-rate event-rate
(%) events | background of signal of backgrounc
(events/kt-yr) | (events/kt-yr)
Super-Kamiokande
(K+ = ptuy) 25.5 44 52 55.9 4.6 5.0
IMB3
7.6 41 15 29 4.8 9.3

Table 10.2: Comparison of results from Super-Kamiokande and IMB3. The Normalized

event rates are calculated by dividing the number of events by the exposure and the detec-

tion efficiency.
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