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Abstract

Abstract

Supernova relic neutrinos are six types of neutrinos from all past core-collapse
supernovae since the beginning of the universe. However, supernova relic neutrinos have
never been observed yet. Based on supernova rates in the universe, neutrino emission
from supernova bursts and the red shift effect, many models have predicted both the
spectrum and flux of supernova relic neutrinos. Therefore, the detection of supernova
relic neutrinos is of crucial importance for studying the evolution of the universe, the

formation of stars, the mechanism of supernova bursts and the related neutrino physics.

This thesis provides experimental studies of supernova relic neutrinos using 50 ktons

of pure water in the Super-Kamiokande-1V detector. The studies are as follows:

1) We study the signature of both a prompt positron and a delayed neutron event
produced by the inverse-beta-decay reaction (v,+p — e +n). The reduction of spallation
background is better tuned with the optimization of signal-to-noise ratio (s/ Vb) and
can be applied to the energy region down to about 8 MeV. By using the Multivariate
Analysis method, the neutron tagging technique is improved with an enhancement of the
signal-to-noise ratio by a factor of about 2, which provides a sensitivity over the whole

golden energy window for the search of supernova relic neutrinos.

2) We study the cosmic-ray muon spallation induced radioactive isotopes, which
is the dominant background for search of the supernova relic neutrinos. The yields
of the major radioactive isotopes, '’B, >N, °Li, 8He/°C, 8Li/®B, '°N, ''Be and '°C,
are first measured from the distribution of time after a muon. We further improve the
measurement on the °Li yield to be (0.56+0.07+0.13) = 'g~'cm? by using a 500 us forced
trigger data. The measurement can help to understand the mechanism of the interaction
between energetic cosmic-ray muons and water, which will be important in designing

water Cherenkov detectors for search of supernova relic neutrinos in future.

3) We search supernova relic neutrinos within the golden energy window between
9.3 and 31.3 MeV with the data collected from 2008 to 2014. The number of 18 observed
candidates is consistent with that of (18.0+3.0) expected background events. No signal is
found. Therefore, upper limits on the differential flux are calculated, together with those

_28_1

on the integral flux, which are 25-31 cm at 90% C.L.. These limits are approaching

I



Abstract

to the flux predicted by the constant supernova rate model.

Key words: Supernova Relic Neutrinos; Water Cherenkov Detector; Neutron Tagging;

Cosmic Ray Induced Spallation Background; Upper Limit of Flux
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Chapter 1  Introduction

Chapter 1  Introduction

This chapter will review the general properties of neutrinos, the physics of supernova
relic neutrinos (SRN), the background sources for SRN search at Super-Kamiokande

(SK) and the present SRN search status.

1.1 Neutrinos

The neutrino was first proposed by Pauli for the requirement of energy and
momentum conservation in 3 decays in 19301, It was not until 1956, 26 years after the
idea proposed, v.’s from the reactor were first observed by Cowan and Reines through
the inverse-beta-decay (IBD) reaction (v, + p — e¢* + p) (2], The observation of neutrinos
has motivated great interests in neutrino community since then.

In the standard model (SM) of particle physics, the neutrinos are fundamental
particles with three flavors, v,, v, and v,, corresponding to their charged partners (e, , 7).
The neutrinos cannot interact electro-magnetically since they are electrically neutral.
Also, the neutrinos cannot undergo the strong force. Although the neutrinos could have
tiny mass, which is beyond the SM, however, the gravitational force can be negligible
compared with the weak force on matter. The only weak force involved in the neutrino
interactions makes the detection of neutrinos very difficult since neutrinos can pass
through matter as they don’t exist.

The known neutrino sources to date are from solar neutrinos, atmospheric neutrinos,
man-made reactor/accelerator neutrinos, geo-neutrinos from the earth and neutrinos from

SN1987A.

1.2 Supernova Burst Neutrinos

Core collapse supernovae are the massive stars with M > 8 M, ending their lives in
explosion by emitting copious of all kinds of neutrinos. In the released ~ 10 ergs energy
during the core collapse explosion, about 99% of which is carried by neutrino emission
with the remain 1% released kinetically. Detailed information about the supernova burst

and neutrino emission can be found in Ref.!3®. The emission of neutrinos from a core
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collapse supernova is outlined as follows:
1) At the beginning of collapse, the inner iron core is photodisintegrated. Electrons

are captured on nuclei in the meantime.
e +NZ,A) > NZ-1,A)+v, (1-1)

The mean free path of emitted v, is longer than the radius of the core. Thus, these
neutrinos can escape promptly from the core. The reduced degeneration pressure of
electrons accelerates the gravitational collapse.

2) During the collapse, the core density increases, leading to a shorter mean free
path of neutrinos. When the density of the inner core reaches 10'' —10'? g/cm?, neutrinos

begin trapped by the coherent scattering off nuclei:
v+ N(Z,A) - N(Z,A)+v (1-2)

Only neutrinos from the outer sphere can escape freely. The sphere containing the trapped
neutrinos is referred to as the neutrinosphere.

3) The inner core finishes the collapse when reaching the nuclear density ~ 10'4
g/cm?. The neutron degeneration pressure encounters a gravitational pressure, inducing
a rebounce shock wave. The shock wave propagates through the matter of the outer core,
dissociating the nuclei into free protons and neutrons with an energy loss of ~8 MeV per

nucleus. The neutronization process occurs with a duration of ~ 10 ms:
e +pon+v, (1-3)

The v,’s generated through the neutronization process are released promptly with the
release of the previously trapped v,’s. The peak luminosity is greater than 10> erg/s.
Due to the short duration of ~ 10 ms, the released energy is only 10°! erg.

4) All flavours neutrinos are produced in the post-bounce region through the

following reactions:

N+N —> N+N+v+v. (1-4)

eE+N — eE+N+v+y.
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v - v+

Y'+et — et +v+

where v represents the neutrinos for all the flavors and v represents the counter
anti-neutrinos, y* represents the plasmon.

5) The rebounce shock wave loses energy through the nuclei dissociation and the
neutrino emission, and thus comes to a stall. The shock wave could be recovered by a
neutrino heating mechanism which deposits the energy of neutrinos. The explosion is
delayed by a timescale of ~1 s. The duration of neutrino emission can last with an order
of ~10 s. Eventually, the neutron star or black hole is left behind after the supernova
explosion.

All flavours of neutrinos are believed to be emitted with approximately equal energy
through the pair production. The neutrinos emitted closer to the core have larger energy.
The v, only interact via the neutral current (NC) process. Therefore, the radius of v,
neutrinosphere is smaller, resulting in a larger energy. The v, is easier to be trapped than
the v, since the protoneutron star is enriched in neutrons. The ranking of the average

energy of neutrinos is as below:
(Ey,) <(Es,) <(Ey,) (1-5)

The average energy for each flavour estimated in Ref.!”3! is:

(E,) =~ 13MeV
(E;) =~ 16MeV (1-6)
(E,) =~ 23MeV

1.3 Supernova Relic Neutrinos

The SN1987A is the only core-collapse supernova explosion from which the
neutrino events were recorded®!?1. The SN1987A occurred in the Large Magellanic
Cloud, which is about 50 kpc away from the earth. Physical implications have been
widely extracted from the observed 11 events in Kamiokande 11! and 8 events in
IMB U9, Solid conclusions need more supernova neutrino events. However, a supernova
explosion is quite rare in galaxy, < 3 per century!!!?I. At the mean time of waiting for

the next supernova explosion in galaxy, we can still study supernova physics by detecting

3
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SRN. The cumulative neutrino fluxes from all past core-collapse supernova can form an
observable signal in large water Cherenkov detectors!!3~17!. Observation of SRN could
provide precious information on the evolution of the universe, the formation of stars, the
mechanism of supernova bursts and the related neutrino physics.

SRN are six types of neutrinos from all past core-collapse supernovae since the
beginning of the universe. SRN are also known as diffuse supernova neutrino background
(DSNB)!"8 The differential spectrum of SRN flux (;%(Ev)) is calculated with the

following formula!'® !

do © dyolE,(1 + 2)] ‘dt‘
E) = R l+7)—————|—|dz, 1-7
dEV( ) Cfo sn(@)(1 +2) dE, Z| % (1-7)
where c is the speed of light, Rgn(z) is the supernova rate, z is the red shift, W 18
the neutrino emission from a supernova and % is given below:
dz 3
— = ~Ho(1 + ) V(Qu(1 + 27 + Q) (1-8)

where Hy, Q,, and Q4 are cosmological parameters. The predicted flux and the spectrum
of SRN can be found in Ref.?%-3%1_ Fig. 1.1 shows the effective cross section of neutrino
interaction with water, in which the v,’s are detected via the IBD reaction within the
energy region of interest and the event rate is two orders of magnitude larger than that

(211 Therefore, we only focus on the study of #,’s. Fig. 1.2 shows the

of other channels
predicted v, fluxes as a function of the neutrino energy for various models:

e Large mixing angle (LMA) model/?®! by Ando et al., in which the neutrino
oscillation with LMA solution inside the supernova was taken into account to
calculate the spectrum of supernova neutrino emission.

e Constant SN rate model?! by Totani et al.’s, in which the supernova rate was
assumed as a constant in the whole universe.

e Cosmic gas infall model>3! by Malaney et al., in which the supernova rate obtained
from the density of cosmic gas as a function of red shift was used.

e Chemical evolution model>*! by Hartmann et al., in which the history of the
cosmic star formation (the star formation rate is proportional to the supernova rate)
obtained from the chemical evolution was used.

e Heavy metal model?*?! by Kaplinghat e al., in which the abundance of the heavy

elements are used to model the spectrum of supernova neutrino emission with a

Fermi-Dirac distribution.



Chapter 1  Introduction

e Population synthesis model/??! by Totani et al., in which the realistic supernova
rate obtained from the galaxy evolution using the population synthesis method was
used.

e HBD 6 MeV neutrino temperature model?”! by Horiuchi et al., in which the
neutrino spectrum with the effective temperature of 6 MeV was used.

e Star formation rate constraint model 28! by Kawasaki et al., in which the constraint
on star formation rate based on SK’s SRN search result*'l was discussed.

e Failed SN model®’ by Lunardini, in which hotter neutrino spectrum was used

by taking into account of the direct formation of black hole during a supernova

explosion.
Effective detection cross sections
105 : :
e
_ e
104k 70
o F with
c [ n capture
O 103}
I
@) I -_,-
\‘__/102: ,'/
E= P
o [
10 b i
Eo
1
i
i

Figure 1.1 The cross sections of neutrino interactions with water at SK 321,

1.4 Background Sources for SRN Search at SK

All the neutrino sources at SK site!!”! are shown in Fig. 1.3. At SK, perhaps the
most favored energy window to search for the SRN is from 10 to 30 MeV 3, which is
also called as the golden energy window. The energy region below will suffer potential
background from reactors and the energy region above will suffer background from
atmospheric neutrinos. Above 10 MeV, the 8B solar neutrinos are v,’s only, and thus

can be removed by both the solar angle cut and the identification of IBD events.
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% L T T T T T T T T T | T T T | T T T T I_
= — LMA
s —— Const SN
...'f Cosmic gas
NE — Chemical evolution
3. 107 Heavy metal
E —— Population synthesis
- HBD 6 MeV
107 3 Kaw(star formation)
- Failed SN
10° L -
10%e E
106 §_I 1 1 | 1 1 1 1 | 1 1 | 1 _VE‘
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Neutrino energy (MeV)

Figure 1.2 The predicted v, fluxes as a function of the neutrino energy.

In the energy region of 10-30 MeV, the search for SRN is greatly affected by the
cosmic-ray muon spallation induced radioactive isotopes since the muon rate is ~ 2 Hz.
Fig. 1.4 shows the energy spectrum of the spallation background at SK, together with the
predicted spectrum of SRN from LMA model. In the golden energy window of 10-30
MeV, the number of spallation background is ~7x10* /year/22.5 kton, while the expected
number of SRN events is ~ 5 events/year/22.5 kton from LMA model. Even though most
of the spallation backgrounds can be removed by the spallation cuts at SK, the long-live
radioactive isotopes could still survive. Most of the survival spallation background have
no associated neutrons. For those with the 8 n decay mode, only °Li can have a significant
contribution to the golden energy window through the beta energy tail. The branch ratio
(BR) of An modes from °Li decay is 50.8% and the mean life time of °Li is ~0.26 s.
Recently, a theoretical calculation** predicts the yield of Li to be 1.9x107 7y~ 'g~lem?.
An experimental measurement of °Li yield can help to understand the the interaction

between the energetic cosmic-ray muons and water, and is also of crucial importance for

the purpose of SRN search in SK, the future GADZOOKS!3*! and Hyper-K!'¥ projects.

6
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Figure 1.3 The expected neutrino sources at SK site!!*).
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Figure 1.4 The number of spallation background as a function of electron energy. The expected
SRN spectrum from LMA model is plotted in shadow.

1.5 The Present SRN Search Status

Even though there were many experimental efforts, SRN have never been observed

yet. Fig. 1.5 shows the ¥, flux upper limit at 90% C.L. from KamLAND!3>!, SK-I/II/IT1 ¢!

7
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and SK-IV results!"3!, respectively. The flux of SRN using the constant SN rate model
is also plotted for a purpose of comparison, since it gives the largest flux among all the

SRN models. The present experimental results cannot exclude any SRN models.

1.5.1 Search at KamLAND

KamLAND is an 1-kton liquid scintillator detector, served as a v, detector. The
high efficiency in detecting neutrons makes the detector more efficient to the IBD events.
Fig. 1.6 shows the positron energy spectrum of the final ¥, sample in KamLAND, which
can be found in Ref.*3. The NC atmospheric neutrino background dominated the whole
energy spectrum from 8.3 to 31.3 MeV, letting the observation of SRN signals very
difficult. The search didn’t find any obvious SRN signal, and thus set an upper limit
of flux. It is noted that KamLLAND gives the best upper limit of flux below 17.3 MeV due

to both the large exposure and the efficient v, detection.

|IIIIIIIII|III|III|III|III|III|I
——— KamLAND 2343 days
—&— SK-IV 960 days
#ﬁ-ﬂ- —i— SK-I/II/lll 2853 days

-
Qo
]
TTTTTH

L1 11117

T — Const SN model

10 |
- e ]

E ° 0y .

B -.__._ _.-\-.' -

-8

- _._ -
¢

v, flux upper limit (cm? s*' MeV™)

-

10°

Y

18 20 22 24 26 28 30
Neutrino energy (MeV)

(&)

10°

Figure 1.5 The ¥, flux upper limit from KamLANDD!, SK-I/II/IIT*% and SK-IV results ('3,
The flux of SRN using the constant SN rate model is plotted in shadow.

However, the flux upper limits depended on the estimation of background. For

°Li and reactor neutrino background, the estimations are rather robust since they can

8
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be directly obtained from data. However, the dominant NC background was given from

the spectrum fit in Fig. 1.6 since there was no reliable estimate.

—e— KamIL AND data
accidental

fast-nentron
atmospheric v CC
B atmospheric v NC
spallation
reactor vV,
=== BG + solar V,

(90% C.L. upper limit)

Events / MeV

10 15 20 25 30
E, (MeV)

Figure 1.6 The distribution of prompt positron energy for the final ¥, sample at KamLAND %!,

1.5.2 Search at SK-I/II/11

The SRN search result at SK-I/II/III can be found in Ref.*®). Fig. 1.7 shows the
positron energy spectrum of the final ¥, sample in SK-IIT as an example. SK-I and SK-II
are done in a similar fashion. The search analyzed the electron/positron spectrum without
detecting the delayed neutron. The v, energy threshold could only get down to 17.3
MeV because of the spallation background. In this search, the major backgrounds were
found to be v, CC, v, CC, u/m and NC events. Among all these backgrounds, the decay
electrons/positrons from the invisible muons produced by the v, CC are dominant. The
final spectrum of the data set were fitted with 5 components, and no significant SRN
signal was found. Due to the large exposure and high efficiency in electron/positrons

detection, SK-I/II/III put the best upper limits above 17.3 MeV.

9
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Figure 1.7 The distribution of positron energy for the final 7, sample at SK-II113¢),

1.5.3 Search at SK-IV

The SRN search result in SK-IV can be found in Ref.!'3!. Fig. 1.8 shows the
positron energy spectrum of the final v, sample at SK-IV. This was the first time that
SK could use the delayed coincidence to identify the IBD events. The energy threshold
was lowered down to 13.3 MeV from 17.3 MeV because of the application of neutron
tagging. The SRN search was conducted in 13.3 MeV - 31.3 MeV and no SRN signal was
found. The major background was the spallation background, solar neutrinos, invisible
muon events and atmospheric v, events, among which the spallation background were
dominant. Model independent upper limits of flux were extracted for each MeV bin,
giving competitive values in the world below 17.3 MeV although the neutron tagging
efficiency is only ~20% at 1% accidental background level. The search could not go
down below 13.3 MeV due to the huge spallation background. Therefore, the neutron
tagging with a better signal-to-noise ratio is expected in order to cover the whole golden

energy window.
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Chapter 2 The Super-Kamiokande Detector

2.1 Detector Overview

Super-Kamiokande is a cylindrical water Cherenkov detector, which contains
50-kton pure water'3’l. The 1,000 m overburden of rock (2,700 m.w.e.) reduces the
cosmic ray muons by about 5 orders of magnitude. The detector can be optically
separated into two parts: an inner detector (ID) and an outer detector (OD). The ID is
viewed by 11,129 20-inch inward-pointing Photon Multiplier Tubes (PMTs), while the
OD is viewed by 1,885 8-inch outward-pointing PMTs to veto the cosmic ray muons.

Fig. 2.1 shows the schematic view of the detector.
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/ ’ , . electronics hut

control room
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Figure 2.1 Schematic view of the SK detector.

The detector has a diameter of 39.3 m and a height of 41.4 m. The coordinate the
SK detector uses is a Cartesian coordinate system in which the origin is at the center of
the ID; the +z axis is to the top, +x is to the column with the first PMT and +y follows
the right-hand rule. Due to the large number of low energy background, events within 2
m to the wall of ID are not used for physics analysis. The remaining volume in the ID is
referred to as the fiducial volume (FV) with 22.5 kton. Between the ID and the OD is the

12



Chapter 2 The Super-Kamiokande Detector

support structure with a thickness of ~ 55 cm. For each frame of the support structure, the
number of OD PMTs and the number of ID PMTs are installed with a ratio of 1:6. The
outside wall of the support structure is surrounded by a Tyvek sheet to improve the light
sensitivity of the OD. The inside wall of the support structure is surrounded by a black
sheet of the polyethylene terephthalate to reduce the reflection of the light. On the top
of the detector is the research dome, which houses four electronics huts and one central
control room.

SK has four phases from SK-I to SK-IV. The detector began operation in April, 1996
with a photon coverage of ~ 40%. In July, 2001, the detector was stopped for regular
maintenance. However, a PMT exploded when ~75% of the detector was refilled with
water after the maintenance. The shock wave produced by the PMT explosion destroyed
almost half of the PMTs. The period from April, 1996 to July, 2001 is referred to as
SK-I. After the accident, the PMTs were re-distributed with a photon coverage of ~
19%. Each PMT was protected with an acrylic cover and a fiberglass reinforced plastic
(FRP) case to prevent the similar accident in SK-I. The period from October, 2002 to
October, 2005 is referred to as SK-II. During SK-II operation period, new PMTs were
manufactured. The resumption of PMTs almost took one year. The detector resumed
operation with a coverage of ~ 40% after the full reconstruction. The period from June,
2006 to August, 2008 is referred to as SK-III. In August, 2008, both the electronics and
the data acquisition (DAQ) system were upgraded, data hereafter is referred to as SK-IV.

2.2 Detection Principle

When a charged particle travels faster than the speed of light in medium, it will
radiate Cherenkov light with a cone pattern along its path. The Cherenkov angle 6. is
defined as the angle between the direction of charged particle and the direction of the

Cherenkov light and can be calculated by:

cosf, = 2-1)

1
Bn()
where £ is the relative speed of the charged particle over the speed of light in vacuum,
and n(A) is the refractive index with a dependence on wavelength. In pure water, the
refractive index is about 1.33 at 589 nm. For ultra relativistic particles, the Cherenkov
angle 6. is 42°. Usually the electrons/positrons are the case, while heavier particles (u,

m) have lower Cherenkov angles in the energy range of interest. The energy threshold for
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charged particles to emit Cherenkov light can be determined by:

m
VIi—(/n2

where m is the rest mass of the charged particle. The number of the Cherenkov photons

Epe = (2-2)

per unit length per unit wavelength can be expressed by the following equation:

2 2 2
d°N _ 2nz oz( 1 ):Zﬂzasinzec (2-3)

= 1-
dddx ~ 22 B2n2(1) 2

where z is the particle charge in unit of e, « is the fine structure constant.

2.3 Photomultiplier Tubes

Fig. 2.2 shows an overview of 20-inch PMT (R3600)1*%!, which was developed by
Hamamatsu Photonics. The photo-cathode is made of bailkali (Sb-K-Cs) and is sensitive
to photons with wavelength in 300 ~ 600 nm. The maximum quantum efficiency is
~ 20% as shown in Fig. 2.3. The number of photo-electrons (p.e.) produced via the
photoelectric effect can be amplified with a gain ~ 107 by the 11 chain dynodes. The
dark noise in SK-I was ~ 3.5 kHz with a threshold of 0.25 p.e. and now increases due to

additional radioactivity from the acrylic cover and the FRP case.

There are 26 Helmholtz coils deployed surrounding the wall of the detector to reduce

the earth magnetic field from 450 mG to 50 mG.
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Figure 2.2 An overview of the Hamamatsu R3600 PMT.
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Figure 2.3 The quantum efficiency of the Hamamatsu R3600 PMT as a function of wavelength.

2.4 Water Systems

The water transparency of the detector should be as high as possible so that the

Cherenkov light will not be attenuated before arriving at the PMTs. The radioactivity in

water should also be as low as possible, especially for low energy analysis. To achieve the

goals described above, a water purification system was developed as shown in Fig. 2.4.
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Figure 2.4 A schematic

view of the water purification system at SK.

The water is filled from the bottom of the detector and drained from the top of the

detector. The 1 um filter is to filter large particles. The heat exchanger keeps the water

temperature at a constant (~ 13°) to reduce the convection, the grow of the bacteria and

PMT dark noise. The cartridge polisher is to remove heavy ions. The ultra-violet (UV)
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sterilizer kills the bacteria in the water. The reverse osmosis removes large particles with
more than 100 molecules in weight. The vacuum de-gasifier removes dissolved oxygen
and radon from the water. The ultra filter removes small particles with a size above 10
nm in diameter. The membrane de-gasifier further removes the dissolved radon and other
gases.

The water is circulated with a flow of about 60-ton per hour during the normal
operation of the detector. A schematic view of the recirculation system is shown in
Fig.2.5. The water temperature is monitored for both the ID and OD. Because of the
flow of water circulation, the water temperature is uniform below -11 m of z position and
it slowly goes up by only about 0.2°C from the bottom half to the top half of the tank as

shown in in Fig.2.6.

r | 12t/h

I 36un

1 t 60t/h 4 |

| | 12th

Figure 2.5 A schematic view of the water circulation system at SK.

2.5 Radon Free Air Systems

The air flow in the mine is contaminated by the radon leakage from the surrounding

rock. The radon concentration can produce low energy background. High radon level
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Figure 2.6 The z-dependence of the water temperature.

could also be harmful to the workers in the mine. The radon level is high in summer,
usually ~ 2000 Bg/m>. While in winter, the radon level gets down to ~ 200 Bg/m?.
Fig. 2.7 shows a schematic view of the air purification system. After the filtration, the

radon level is kept at ~40 Bg/m? in the experimental area throughout the year.

COMPRESSCR  BUFFER CARBON CARBON AIR FILTER
TANK COLUMM COLUMN (0.01um)
AIR FILTER AIR DRIER HEAT AR FILTER COOLED
(0.3um) EXCHANGER (0. 1um) CHARCOAL

(-0 75

SUPER-KAMIOKANDE AIR PURIFICATION SYSTEM

Figure 2.7 A schematic of the air purification system at SK.

2.6 Front-end Electronics and Data Acquisition System

The front-end electronis and DAQ system were both upgraded in August, 2008 for
the purpose of stable data-taking in next decades and larger data throughout. Each PMT
hit can be recorded without loss so that a software trigger can be conducted. Several
triggers are implemented. The time windows for the low energy (LE) trigger, the high

energy (HE) trigger and the super high energy (SHE) trigger are all 40 us, ranging from
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-5 ps to 35 us. The first 5 us data (-5 us ~ 0 us) can be used for the pre-activity gamma
study, while the later 35 us data can be used for the post-activity (mainly decay-e) study.
When a SHE trigger is fired with no OD trigger, an after trigger (AFT) is issued for
500 us data without threshold. The SHE + AFT scheme is primarily used to detect the
coincident prompt positron and delayed neutron from the IBD reaction. Implementation
of this trigger scheme has motivated many physics studies at SK. The threshold for the
LE, HE trigger is 47, 50 hits in 200 ns, respectively. The threshold for the SHE trigger
was 70 hits at the beginning of SK-IV, and was lowered down to 58 hits in the summer of
2011.

Fig. 2.8 shows a block diagram of the DAQ system at SK-IV. Signals from the PMTs
are fed into newly developed frond-end electronis: QTC (charge-to-time converter) Based
Electronis with Ethernet, which is called as QBEE. Each QBEE has 24 analog input
channels with a dynamic range of change from 0.2 to 2500 pC, which is about 5 times
longer than the previous one!**!. There are 8 QTC chips in one QBEE to integrate the
input charge and output a pulse with a width proportional to the amount of the change.
This pulse is then fed to a Time-to-Digital converter (TDC) to measure its width by
determining the leading and trailing edges of time. The digitalized width and timing

information from TDC is sent to a Field Programmable Gate Array (FPGA) for further

processing 41,
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Figure 2.8 A block diagram of the DAQ system at SK-TV [,
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Chapter 3  Detector Calibration

Detector calibration is to ensure high quality measurements. This chapter will
describe the energy calibration, water transparency measurement and PMT calibration.

Details about the detector calibration at SK can be found in Ref37:42],

3.1 Energy Calibration

The accuracy of energy measurement is very critical for the analysis of low-energy

events. In this section, the energy calibration is described.

3.1.1 LINAC Calibration

A small linear accelerator (LINAC) obtained from a hospital is used to give a fine
calibration of the energy. Fig.3.1 shows a schematic view of the LINAC system. The
positions marked from 1 to 6 are used to measure the energy with position dependence.
The energy of electrons from the LINAC is tunable, ranging from 5 to 18 MeV. Fig.3.2
shows the energy difference between the LINAC data and the MC simulation sample for 6
positions and 6 energy points (36 points in total). The energy scale variation is determined
to be less than 1%.

The energy resolution, vertex resolution and angular resolution can also be obtained
from the LINAC data. Details can be found in Ref!**!,

The major drawback of the LINAC is that the electrons produced by the LINAC are
only for downward going, so the angular dependence of energy cannot be calibrated. This

will be solved by the DT calibration described in the next subsection.

3.1.2 DT Calibration

As a cross check of the absolute energy scale, a deuterium-tritium (DT) neutron
generator is used**!. The reaction 2H + *H — “*He + n can produce isotropical neurons
with an energy of 14.2 MeV. These neutrons can interact with 'O to produce '°N, which
can decay to Sy modes or 8 modes with a branch ratio (BR) of 66% or 28%, respectively.

The DT calibration process is less time consuming and is performed every few

months. Unlike the LINAC, the DT produces electrons and y’s isotropically so that the
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Figure 3.1 A schematic view of the LINAC calibration system.
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Figure 3.2 The energy difference between the LINAC data and the MC simulation sample for 6
different positions and 6 different energy points (36 points in total). The energy scale variation is

determined to be less than 1%.
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direction dependence can also be studied. The energy scale obtained from the DT agrees

with that from the LINAC within 1%.

3.1.3 Decay Electrons

To check the time variation of the absolute energy scale, data from decay-e’s are
used. To select the decay-e events from stopping muons, several selection criteria are

applied as follows:

o the time difference (AT) between a decay-e and a stopping muon is required to be
3.0 < AT < 8.0 us (to keep the same selection criteria as SK-III);

o the distance between the decay-e and the stopping muon should be less than 250
cm;

e the number of PMT hits within a 50-ns time window should be greater than 50 ;

e the FV cut is also applied.
After these cuts, about 700 u-e decay events can be selected every day.

The effective PMT hits in the 50-ns time window are calculated from the u-e decay
sample. Fig.3.3 shows the time variation of the effective hits with a water transparency

correction. The variation of effective hits is within +0.5%.
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Figure 3.3 The time variation of the effective hits with a water transparency correction from the
decay-e data during SK-IV.
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3.2 PMT Calibration

SK uses PMTs to measure both charge and time. The total charge deposit by a
particle is used to measure the energy, while the arrival time of the Cherenkov photon is
used to reconstruct the vertex and the flight direction of the particle. This section will

introduce PMT calibration.

3.2.1 PMT Gain

The conversion factor of absolute gain is determined by a Ni-Cf source. Neutrons
from Cf can be captured by Ni and then emit y’s with energy ranging from 6 to 9 MeV.
Low energy y’s usually (~99%) cause each hit PMT with only one p.e.. The charge
distribution for single photo-electron is used to determine the conversion factor from its
peak position. This factor is then used to translate charge into p.e. for a given PMT. In
SK-IV, the mean of absolute gains is ~ 2.658 pC/p.e.

In addition to the absolute gain, the relative gains for all the PMTs are also calibrated
to make sure the uniform response of the detector. Two measurements are conducted
using a light source with a constant intensity. The first one uses a high intensity flasher.
The charge detected by the i-th PMT (Qgps (7)) is described below:

Qobs (1) o Ihigh X A1) x QE() x G(D), (3-D

where Iion (i) is an average of the high intensity, A(i) is the acceptance of the i-th PMT,
QE(i) is the quantum efficiency of the i-th PMT and G(i) is the relative gain. The second
one uses a low intensity flasher to ensure most of PMTs with a single photon hit. The

number of hits on the i-th PMT is described as follows:
Nhic(i) o Liow (i) X A(i) X QE(D). (3-2)

where Ny (i) is the number of hits on the i-th PMT, while I}, (i) is an average of the low
intensity. From Eqn. (3-1) and Eqn. (3-2), the relative gain for each PMT is obtained
ignoring the common and constant factor:
Qobs(i)
K *
Nhit(0)

Fig. 3.4 shows the distribution of relative gain scaled by the average value of all PMTs.

G(i)

(3-3)

The 1-0 spread is about 6%.
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Figure 3.4 The distribution of relative PMT gain. The 1-o spread is about 6%.
3.2.2 Time Walk Effect

Due to the ’time walk’ effect, the response of PMT could be different even for that
the true arrival times are exactly the same. A scatter plot of the PMT timing vs the charge
(known as "T-Q map”) is shown in Fig. 3.5?I. Larger timing values mean earlier hits.
At SK, the time walk effect is corrected for the time measurement according to the charge

value by applying the time offset from the T-Q map.

tgmap of cable # 00010
23458 7eew . 0w 1o
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Figure 3.5 A scatter plot of the PMT timing and charge, known as “TQ-map”. The horizontal
axis shows the PMT charge (Qbin) and the vertical axis shows the PMT timing “?!,
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3.3 Water Transparency Measurement

Two methods are developed in order to measure the water transparency. One is from

the N, laser measurement, and the other one is from the decay-e measurement.

3.3.1 Laser Measurement

Light attenuation follows the exponential law and is a function of wavelength A:
I(/l) — IO(/D exp(—l/Lanen(/i)) (3_4)

where [ is the travel distance of light, /(1) is the intensity at distance [, Iy(A) is the
initial intensity, Lagen(4) is the attenuation length caused by both the absorption and
scattering in water and is referred to as the water transparency. For SRN analysis, the
water transparency obtained from the laser measurement is only used as a cross check of
the water transparency measurement from the decay-e data.

Latten(A) is defined in terms of the absorption (@) and scattering (ascar) parameters
in MC model with the following formula:

1

Lagten(2) = ’
atten(4) Qabs(A) + a’sym(/D + a’asym(/l)

(3-5)

where a@,ps(4) 1s the absorption co-efficiency, agym(A) is the scattering co-efficiency from
Rayleigh scattering together with the symmetric part of Mie scattering, while @,gym(4) is
the scattering co-efficiency from the asymmetric part of Mie scattering.

A series of wavelength 337 nm, 375 nm, 405 nm, 445 nm, 473 nm from the N, laser
are used to measure the absorption and scattering co-efficiency. Fig.3.6 shows the typical

water transparency as a function of wavelength, which is used in the MC simulation.

3.3.2 Decay Electrons

The decay-e sample is selected with the criteria given in Section 3.1.3. Using the
relationship between the light intensity of a hit PMT and the distance the light travelled as
shown in Fig. 3.7, the water transparency can be obtained from the inverse of the fit slope.
The first bins are not applied for this measurement since the strange effect induced by the
short distance the light travelled has never been completely understood. The contribution
of each hit PMT are corrected by both the occupancy and the geometry (See Section 4.2).
Fig. 3.8 shows the measured water transparency from the decay-e data during the SK-IV

period. The daily water transparency is used as the input for the energy reconstruction.
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Figure 3.6 The typical water transparency as a function of wavelength.

i P1 " 1424 ]
4r P2 -0.1140E-03

'-l"-..:+
g
-~

T [ T T T R

average log(intensity) seen by a PMT (p.e.)
)
T
"

]
[i=]
T

o
[==]

s | s | s | s | s | s
1000 1500 2000 2500 3000 3500
distance traveled by light (cm)
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Figure 3.8 The water transparency of SK-IV measured from the decay-e data sample.
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Chapter4 Event Reconstruction

Event reconstruction will give the vertex position, direction and energy, etc. Events
with lower than 1,000 PMT hits are used for low energy reconstruction while events with
greater than 1,000 PMT hits (OD & HE trigger are also required) are used for the muon

track reconstruction.

4.1 Vertex Reconstruction

Electrons/positrons with energy lower than 100 MeV are considered as point sources
since their travel distances are less than a few ten centimeters (~ 20 cm for a 50 MeV
electron). At SK, electrons and positrons cannot be differentiated and the same event
reconstruction is applied. Among all the vertex fitters, BONSAI (Branch Optimization
Navigating Successive Annealing Iterations)!*>! gives the best vertex resolution for low
energy events.

In BONSAI, the likelihood function for the residual time distribution is obtained
from the LINAC calibration data. The distribution of residual time for dark noise is
assumed as flat. The vertex is given when the likelihood function is maximized. The

vertex resolution is ~ 55 cm for a 10 MeV electron from the LINAC study.

4.2 Energy Reconstruction

The energy of a charged particle is proportional to the number of PMT hits in a
50 ns time window (N50). To reconstruct the energy, the effective N50 (N.g) is used as
described in the following expression:

Nso

Nall Rcover T
Negr = X; + €uil — €dark) X X X G;(t 4-1
T ; {( ail ~ & k) Nnorm S(gi» ¢1) exp( Latten) ( )} ( )
where X; is the occupancy defined below:
log ﬁ

f,ox <1
X;=4 ® > N 4-2)

3.0, Xi = 1

x; is the fraction of PMTs hits in a 3 x 3 patch. If all the PMTs in the patch are hit,

then X;=3. &g is corrected for the late time of PMT hits due to the multiple scattering.
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€dark 18 subtracted to remove the dark noise effect. Ny is the number of all the 11,129
PMTs in SK-IV. Nyorm 1s the number of properly operating PMTs. R qye: 1s the coverage
of PMTs, which is equal to 40.41%. Fig. 4.1 shows the definition of 6; and ¢,. S (6;, ¢;)
is a correction factor for the incident angle, which is shown in Fig.4.2. r; is the distance
from the vertex position of the particle to the position of the hit PMT and Ly, 1S the

water transparency. G;(t) is the relative gain.

A Cherenkov
Photon
__'_’_,.r‘" -

Figure 4.1 The definition of 6; and ¢;.

The energy resolution is ~ 14% for a 10 MeV electron. Note that all particles are
considered as electrons, so the reconstructed energies for other particles such as muons,
pions are inappropriate. However, only electrons/positrons are left in the final sample
using additional cuts. It is also noted that the energy used in this thesis is the total energy

of electrons/positrons.

4.3 Direction Reconstruction

An angular likelihood function is obtained from the MC simulation. The likelihood
function peaks around 42° of the Cherenkov angle and can expand a wide range due to

the multiple scattering. Various directions are scanned until the likelihood function is
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Figure 4.2 Incident angle correction S (6;, ¢;) used in the energy reconstruction.

maximized. The angular resolution is ~ 25° for a 10 MeV electron and becomes better

with the increase of energy.

4.4 Muon Reconstruction

Muon reconstruction plays an important role in the study of the spallation
background. Cosmic-ray muon spallation induced radioactive isotopes are the major
background for the low energy analysis above 6.5 MeV. This background can be removed
using the spatial and temporal relationship between the low energy events and the

preceding muon events. In this section, the muon fitters are described.

4.41 Muboy Fitter

Perhaps the most effective muon fitter at SK is Muboy as described in Refs#647],

Muboy categorizes muons into 4 classes: single through-going muons, stopping muons,
multiple muons and corner-clipping muons. Single through-going muons pass through
the detector with only one track and are usually vertical downward; Stopping muons
enter the detector and stop inside the detector; Multiple muons are the muon bundles with
parallel tracks; Corner-clipping muons clipper the corner of the detector and are believed
not to induce spallation background since no time correlation is found. At SK-1V, the

time length of HE trigger event is enlarged to 40 us, during the time of 0~35 us un-tagged
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muons may hide. In order to search for the un-tagged muons, a software trigger is applied
requiring HE & OD trigger pair. This can remedy the loss of a few hundreds un-tagged

muons per day.

4 .42 Brute Force Fitter

For ~1.5% single through-going muons reconstructed by Muboy, the reconstruction
may not be reliable since the return goodness is lower than 0.4. In such cases, muons are
refitted by Brute Force Fitter (BFF). BFF can remedy ~ 75% of the poorly fitted muons
reconstructed by Muboy. More details about BFF can be found in Ref.[43].

4.4.3 Energy Loss

The energy loss dE/dx for an energetic cosmic muon usually peaks around the
spallation point. To make the distribution of dE/dx, the number of p.e.s in each 50 cm bin

along the muon track are calculated.

4.5 Cherenkov Angle Reconstruction

The Cherenkov angle reconstruction is a key factor to remove non-e events such as
w/n’s and multiple y’s. Electrons/positrons are usually ultra-relativistic events to have a
Cherenkov angle of 42°, while p/m events can have a smaller Cherenkov angle since they
are less relativistic and multiple y events can have a larger Cherenkov angle due to the
isotropic pattern.

The Cherenkov angle is calculated from the distribution of the 3-PMT combinations.
Each 3-PMT combination can give three hit vectors (from the reconstructed position
to the hit PMT) and thus can determine a Cherenkov angle. The Cherenkov angle
distribution can be obtained from all 3-PMT combinations. The Cherenkov angle is
determined from the peak of the distribution instead of the mean value due to the multiple

scattering.
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Chapter 5 Event Simulation

5.1 Simulation Package

SKDETSIM %91 the official simulation package at SK, is based on Geant 3.21.
The tracking or particle and the response of the detector are well simulated and tested.
The neutrino interactions are simulated by NEUTP!Y and hadronic interactions are

simulated by a combination of SK codes and CARLO 523,

5.2 Spallation Products

The spectrum of decay products (8 and ) from the spallation induced radioactive
isotopes are simulated using the SKDETSIM. The decay information of the radioactive

isotopes can be found in Refs. >+,

In order to simulate the decay products, the
following procedures are applied:

1) Simulation in the ID: The MC events are simulated in the full volume of the ID
with both the position and the direction randomly distributed. For a 8 decay accompanied
by a de-excitation 7y, the positions of the S and y are assigned to be the same while the
directions of the 8 and the y are given randomly with no correlation. The events are
generated by taking into account the decay BRs of the radioactive isotopes.

2) Reconstruction: The events are reconstructed with the dedicated software tools
described in Chapter 4.

3) FV cut: After the reconstruction, events in the FV of 22.5 kton are selected. The

fraction of survival events after the FV cut is 22.5/32.5=0.69.

5.2.1 2B Decay

The '?B decays with a Q-value of ~ 13.4 MeV and a mean life time (1) of ~ 29.1
ms. Fig. 5.1 shows the decay channels of !B, which can go through a 8~ decay to '>C
on the ground state with a BR of ~ 97.2%. For a = decay with the accompany of the
de-excitation 7y, the 5~ and the y are simulated individually in one event. All the decays

of the radioactive isotopes are simulated in this fashion. Fig.5.2 shows the distribution of
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the reconstructed energy from the 8 decay of '>B. Due to the energy resolution effect, the
energy distribution can have a higher tail. Also notice that the reconstructed energy is the

sum of S (in total energy) + .

)
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Figure 5.1 The decay channels of 2B ¢!,
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Figure 5.2 The distribution of the reconstructed energy from the 3 decay of !’B.
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5.2.2 !°N Decay

The '?N decays with a Q-value of ~ 17.3 MeV and a 7 of ~ 15.9 ms. Fig. 5.3 shows
the decay channels of >N, which can go through a 8* decay to '2C on the ground state
with a BR of ~ 94.6%. Fig.5.4 shows the distribution of the reconstructed energy from
the 8 decay of '°N.

17.338 1*;1
2y
2mgc?

15.11 1*:1

12.71 i*

3.0 2+ 0 0+
S aar s 403 repare i AT

[-0.0918]  0*; 0 [7.3666] 0+; 0 16542 o=
4He + “He ®Be +a

4946

—
126 00

Figure 5.3 The decay channels of >N,

5.2.3 !N Decay

The '°N decays with a Q-value of ~ 10.4 MeV and a 7 of ~ 10.3 s. Fig. 5.5 shows
the decay channels of '®N. The decay of '®N are dominated by its 5~ decay to '°O on the
energy level of 6.1 MeV with a BR of ~ 66% 44, in which the endpoint energy of electron
is 4.3 MeV and the energy of y’s is 6.1 MeV. Another main decay channel of !N is the
B~ decay to '°0 on the ground state with a BR of ~ 28%, in which the endpoint energy
of electron is 10.4 MeV. Other minor decay channels shown in Ref*¥ are also simulated.

Fig.5.6 shows the distribution of the reconstructed energy from the 3 decay of '°N.

5.2.4 ''Be Decay

The 'Be decays with a Q-value of ~ 11.5 MeV and a 7 of ~ 19.9 s. Fig. 5.7 shows
the decay channels of !"Be. The decay of ''Be are dominated by its 8~ decay to ''B
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Figure 5.4 The distribution of the reconstructed energy from the 3 decay of >N.
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Figure 5.6 The distribution of the reconstructed energy from the 8 decay of 'SN.

on the ground state with a BR of ~ 54.7%, in which the endpoint energy is 11.5 MeV.
Another major channel of ''Be decays to !'B on the energy level of 2.1 MeV with a BR
of 31.4%. Fig.5.8 shows the distribution of the reconstructed energy from the 8 decay of
lBe,

5.2.5 °Li Decay

The °Li decays with a Q-value of ~ 13.6 MeV and a 7 of ~ 0.26 s. Fig. 5.9 shows the
decay channels of °Li, which decays to a final state of 5~n with a BR of 50.8%. Another
major channel of °Li decays to *Be on the ground state with a BR of ~ 49%. The left
panel and the right panel of Fig. 5.10 show the distribution of the reconstructed energy
from both the 8 and the Sn decays of °Li, respectively. The peak around 1.5 MeV in the
right panel of Fig. 5.10 is due to the fact that the 3% (1%) of °Li decays to *Be on the
energy level of 11.8 (11.3) MeV.

5.2.6 8He Decay

The ®He decays with a Q-value of ~ 10.7 MeV and a 7 of ~ 0.17 s. Fig. 5.11 shows
the decay channels of ®He. The major decay of ®He is to 8Li on energy level of 0.98
MeV with a BR of ~84% (8~ + y). 3He decays to a final state of 8~n with a BR of 16%.
Fig.5.12 shows the distribution of the reconstructed energy from both the 8 and the Sn
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Figure 5.7 The decay channels of ''Be[>®.
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Figure 5.9 The decay channels of °Li!™.
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Figure 5.10 Left panel: the distribution of the reconstructed energy from the 8 decay of °Li.
Right panel: the distribution of the reconstructed energy from the 3 n decay of °Li. The peak
around 1.5 MeV in the right panel is due to the fact that 3% (1%) of °Li decays to °B on the
energy level of 11.8 (11.3) MeV.
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decay of ®He, respectively.
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Figure 5.11 The decay channels of *He
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Figure 5.12 Left panel: the distribution of the reconstructed energy from the 8 decay of ®He.
Right panel: the distribution of the reconstructed energy from the 3 n decay of *He.

5.2.7 °C Decay

The °C decays with a Q-value of ~ 16.5 MeV and a 7 of ~ 0.18 s. Fig. 5.13 shows
the decay channels of °C, which mainly goes through a 8" decay to °B on the ground
state with a BR of 54%. Another major channel of °C decays to °B on the energy of 2.3
MeV with a BR of ~ 30%. Fig.5.14 shows the distribution of the reconstructed energy
from the 3 decay of °C.
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Figure 5.14 The distribution of the reconstructed energy from the 3 decay of °C.
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5.2.8 3Li Decay

The ®Li decays with a Q-value of ~ 16.0 MeV and a 7 of ~ 1.21 s. Fig. 5.15 shows
the decay channels of 8Li, which mainly goes through a 8~ decay to ®Be on the energy
level of 3.03 MeV . Fig.5.16 shows the distribution of the reconstructed energy from the
B decay of 3Li.
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Figure 5.15 The decay channels of 8Li®.

5.2.9 '5C Decay

The '°C decays with a Q-value of ~ 9.8 MeV and a 7 of ~ 3.53 s. Fig. 5.17 shows
the decay channels of '3C, which mainly goes through a 8~ decay to N on the energy
level of 5.3 MeV with a BR of ~ 68%. Another major channel of '>C decays to >N on
the ground state with a BR of ~ 32%. Fig.5.18 shows the distribution of the reconstructed
energy from the 3 decay of °C.

Table 5.1 lists the number fraction of events with energy above 8 (10) MeV for the
Bn decays from °Li and *He.
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Figure 5.16 The distribution of the reconstructed energy from the 8 decay of 3Li.
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Figure 5.18 The distribution of the reconstructed energy from the 8 decay of '3C.

Table 5.1 The expected number fraction of 5 events with energy above 8 (10) MeV from the Sn

decay mode of °Li and ®He. Notice that the energy here is the total energy.

Isotope fraction above 8 MeV fraction above 10 MeV

9Li (16.3+1.3)% (3.2+1.4)%
SHe <1.0% <0.1%

5.3 SRN

Fig.5.19 shows the positron energy spectrum using the LMA model. The cross
section of the IBD reaction in Refl®® is used to obtain this spectrum. The detailed
information about SRN simulation can be found in Refl®. The expected number of
SRN events in 10~30 MeV is ~ 5 events/year/22.5 kton. The energy of v, is calculated
by the following formula:

E;, ~ E, + 1.3 MeV (5-1)

5.4 Atmospheric Neutrino Background

The remaining background from atmospheric neutrinos for the SRN analysis is
estimated using NEUT. The major atmospheric neutrino background to the final SRN
sample are v, CC, v, CC and NC background. These backgrounds are described in
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Figure 5.19 The positron spectrum using the LMA model.

Ref.[*8] in details.
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Chapter 6 Neutron Tagging

Free neutrons from the IBD reaction can be thermalized quickly and then be captured
by water. A water molecule consists of two hydrogen atoms and one oxygen atom. The
cross section of neutron capture on hydrogen is ~ 0.33 bars, which is ~1,700 higher than
that of neutron capture on oxygen (~0.19 mbars). So in this analysis, neutron is assumed

to be ~ 100% captured by hydrogen with the reaction below:
n+p—-d+y(2.2MeV) (6-1)

The 2.2 MeV y emitted from a neutron capture on hydrogen can be used to tag the
neutron. The 2.2 MeV vy tagging method is also termed as neutron tagging. The neutron
tagging method was first introduced to SK in 2005 for the purpose of SRN search!®0],
The SRN search results in 13.3 ~ 31.3 MeV with the neutron tagging were published in
Ref!!3]. The neutron tagging efficiency is ~20% with the accidental background of ~1%
in Ref!13,

This chapter will describe the selection criteria of 2.2 MeV y’s, the effort on
improving the neutron tagging, the demonstration of neutron tagging method with an
Am/Be source, the application of neutron tagging for atmospheric neutrino and solar

neutrino events, respectively. At the end of the chapter, we will discuss the possible

improvement of neutron tagging method in future.

6.1 Discriminating Variables for 2.2 MeV y Events

The mean free path length of a thermal neutron is ~ 50 cm in water, while the vertex
resolution of a 10 MeV electron/positron is ~ 55 cm!®!. As an approximation, the vertex
of the primary electron/positron is applied as the vertex of the 2.2 MeV .

The MC simulated sample of 2.2 MeV y’s is obtained from the SKDETSIM (see
Section 5.1) , in which the dark noise is embedded using a random trigger data that is
periodically collected to monitor the dark noise level and the low energy radioactivities.
The background sample is obtained using the random trigger data. Several discriminating
variables are developed and used as inputs in Multivariate Analysis (TMVA)[%?! in
ROOT!% to differentiate the 2.2 MeV y from the noise background.
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6.1.1 Ny

A 2.2 MeV vy can fire ~ 8 PMT hits on average. About 90% of these PMT hits can
cluster in a 10 ns time window after the time-of-flight subtraction. While for noise hits,
the number of average PMT hits in the 10 ns time window is ~ 0.5. However, the number
of PMT hits in the 10 ns time window (/) for the background tends to have a large tail.
Njp 1s used to select the 2.2 MeV vy signal from the background as the first step.

Fig. 6.1 shows the distribution of Nj¢ for 2.2 MeV v signal and the background.
The background utilizes a data package with a time length of 500 us. With the increase
of time length, the number of timing peaks per event for the background increases

proportionately.
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Figure 6.1 Distributions of Njg for the 2.2 MeV vy signal (black) and the background (red).
Nip>=6 is applied.

Njp 1s required to be greater than 7 to remove majority of the background. After
Njo pre-selection, the remaining timing peaks for 2.2 MeV v signal are ~ 0.35 per event,

while the remaining timing peaks for background are ~ 1.6 per event.

Fig. 6.2 shows the distribution of N, after Ny( pre-selection, which can still be used
as the input in TMVA.
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Figure 6.2 Distributions of Ny, for the 2.2 MeV 7y signal (black) and the background (red) after

the Ny pre-selection. The distributions are scaled to unity.
6.1.2 Ncluster

Large amount of background (e.g., the radioactivities from the surrounding rock and
PMT FRP case etc.) originating from the neighbor of the detector wall can cluster both
in space and time. Thus, such kind of background can escape the Ny cut. An angle «
is defined as the angle between any two hit vectors (from the vertex of 2.2 MeV 1y to the
vertex of hit PMT). The number of PMT hits with the & lower than 14.1° is referred to as
Neiuster- Fig. 6.3 shows the distribution of Nyo-Nysser-

6.1.3 Npur

A Compton electron scattered by a 2.2 MeV y emits Cherenkov light in the forward
direction, while the noise hits tend to be uniformly distributed in the detector. An angle
B 1s defined as the angle between the hit vector and the sum of the all hit vectors in a 10
ns time window. The number of PMT hits with 8 > 90° is referred to as Np,. Fig. 6.4

shows the distribution of Nig-Npgck.

6.1.4 N,

For Cherenkov light emitted from a given vertex, PMTs closer to the vertex are

easier to be hit due to the attenuation of Cherenkov light in water. While for noise hits,
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Figure 6.3 Distributions of Njg — N, for the 2.2 MeV vy signal (black) and the background
(red) after the Ng pre-selection. The distributions are scaled to unity.
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Figure 6.4 Distributions of Nig — Npuer for the 2.2 MeV vy signal (black) and the background
(red) after the Ny pre-selection. The distributions are scaled to unity.
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the hit probability is independent with the given vertex. The hit probability P; of i-th
PMT is described with the following formula:

(COSO)eff _p
o Rzl ¢J. e Ri/Layen (6_2)
1

where (cos 6;).rr = 0.205 + 0.523 cos 6; + 0.389 cos? 6; — 0.131 cos® 6;, R; is the distance
from the vertex of the 2.2 MeV vy to the vertex of the i-th hit PMT and L., is attenuation
length of light in SK water.

The hit probability P; is calculated for all the 11,129 PMTs. These probabilities are
sorted with a decreasing order. The lower 20%~30% part PMTs are defined to be the
PMTs with low hit probability. The number of PMTs with low hit probability in the 10

ns time window is referred to as Ny,,. Fig. 6.5 shows the distribution of Nio-Ny,,.
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Figure 6.5 Distributions of Njg— Ny, for the 2.2 MeV 1y signal (black) and the background (red)

after the Ny pre-selection. The distributions are scaled to unity.

6.1.5 N3y

For some background, parts of PMT hits can cluster in a 10 ns time window, while
the remaining PMT hits are out of the time window. In order to remove this background,
the number of PMT hits = 150 ns (N3gp) around the timing peak of Nj( is calculated.
Fig. 6.6 shows the distribution of N3o-Njo.
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Figure 6.6 Distributions of N3gy — Ny for the 2.2 MeV v signal (black) and the background

(red) after the Ny pre-selection. The distributions are scaled to unity.

6.1.6 Thps

The distribution of PMT hit timings of the 2.2 MeV v is narrower than that of
the background events. The root mean square of PMT hit timings (7,,,) is calculated.

Fig. 6.7 shows the distribution of 7.

6.1.7 s

The distribution of azimuth angle difference between any two neighbor hit vectors
for the 2.2 MeV v signal tend to be narrower than the background events. The root mean

square of azimuth angle difference (¢,,,) is calculated. Fig. 6.8 shows the distribution of

¢rms-

6.1.8 emeana Hrms

Omean 1S the mean value of the angles between the hit vector and the sum of the
hit vectors. The 6,,.,, for Compton electron peaks around 42°, while noise hits cluster in
space and time tend to have smaller 6,,.,,. The left panel of Fig. 6.9 shows the distribution
Of Omean- Orms 1S the root mean square value of the angles between the hit vector and the

sum of the hit vectors. The right panel of Fig. 6.9 shows the distribution of 6yps.
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Figure 6.7 Distributions of 7', for the 2.2 MeV v signal (black) and the background (red) after

the Ny pre-selection. The distributions are scaled to unity.
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Figure 6.8 Distributions of ¢,,,, for the 2.2 MeV vy signal (black) and the background (red) after

the Ny pre-selection. The distributions are scaled to unity.
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Figure 6.9 Distributions of 6,,..,(left panel) and 6,,,(right panel) for the 2.2 MeV v signal
(black) and the background (red) after the Ny pre-selection. The distributions are scaled to unity.

6.1.9 NL()wTheta

The number of PMT hits with the angle between the hit vector and the sum of the

hit vectors lower than 20° is referred to as Ny, 7hera. Fig. 6.10 shows the distribution of

NlO'NLowTheta .
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Figure 6.10 Distributions of Njo-Npoywrnera for the 2.2 MeV vy signal (black) and the background

(red) after the Ny pre-selection. The distributions are scaled to unity.
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6'1 '10 Qmean: Qrms

QO mean 18 the mean value of number of p.e.s in a 10 ns time window. The left panel of
Fig. 6.11 shows the distribution of Q,;cqn. Orms 1S the root mean square value of number

of p.e.s in the 10 ns time window. The right panel of Fig. 6.11 shows the distribution of
Qrms-
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0.3- — BG oal —— BG
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Figure 6.11 Distributions of Q,..,(left panel) and Q,,,,(right panel) for the 2.2 MeV vy signal
(black) and the background (red) after the Ny pre-selection. The distributions are scaled to unity.

6.1.11  Niyeno

The number of PMT hits with more than 3. p.e.s in a 10 ns time window is referred

to as Npgnp- Fig. 6.12 shows the distribution of Nio-Nyigno.

6.2 TMVA Output

The 13 discriminating variables described above are used as the inputs of TMVA
using the Multiple-Layer-Perceptron (MLP) choice in ROOT. Fig. 6.13 shows the
distribution of the output of MLP.
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Figure 6.12 Distributions of Njg-Npigno for the 2.2 MeV v signal (black) and the background

(red) after the Ny pre-selection. The distributions are scaled to unity.
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Figure 6.13 Distributions of the output of MLP for the 2.2 MeV v signal (black) and the

background (red). The distributions are scaled to unity.
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6.3 Determination of Efficiency
6.3.1 Efficiency for the SRN Search E;, < 14.3 MeV

Since the spallation background increases rapidly below 14.3 MeV, a tighten cut of
neutron tagging is applied. The neutron tagging efficiency and the accidental background

level is defined with the formulas in Eqn. 6-3 and Eqn. 6-4, respectively:

) ) the number of remaining timing peaks
Neutron tagging efficiency = g gp

6-3
the number of total 2.2 MeV gamma events (6-3)

the number of remaining timing peaks in 500 us

Accidental background level = (6-4)

the number of total random trigger events

To set the MLP cut appropriately, the significance is defined with the following

formula:
significance = — (6-5)
Vb

where the s represents the 2.2 MeV v signal efficiency, and b represents the accidental
background level. The left panel of Fig. 6.14 shows the 2.2 MeV v signal efficiency as
a function of the accidental background level. The right panel of Fig. 6.14 shows the

significance as a function of 2.2 MeV gamma signal efficiency.
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Figure 6.14 Left panel: The 2.2 MeV v signal efficiency (vertical axis) as a function of the
accidental background level (horizontal axis); Right panel: The significance as a function of the
2.2 MeV vy signal efficiency.
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The significance is maximized when the signal efficiency is ~ 10%, while the
corresponding accidental background level is ~0.065%. In order to make the signal
efficiency and the accidental background level uniform in the tank, the MLP cut is applied
with a position dependence. The more closer to the tank wall, the more stringent cut is
applied since more low energy backgrounds are close to the wall of the tank. Fig. 6.15
shows the schematic view of the MLP cut. The tank is virtually divided into 10x11
cells in the R?> — z panel. The signal efficiency and the accidental background level is
calculated for each cell. Fig. 6.16 shows the variation of the signal efficiency and the

accidental background level in the tank.

MLP cut

|\°\\|III|III|III|IéI
2 ° :
=]
w

0.6

0.55

QO

20 40 60 80 100120140160 180200220 0.5

RZ (m?)

Figure 6.15 MLP cut with a position dependence.

Table 6.1 lists the 2.2 MeV v signal efficiency and the accidental background level
after each cut. Both the signal sample and the background sample are very large, thus, the
statistical uncertainty of signal efficiency (~ 0.2% relative) and the accidental background
level (~ 1.3% relative) are very small compared with the systematic uncertainties
described later. Fig. 6.17 shows the distribution of time for the noise background
mis-tagged as neutrons by the neutron tagging method. The distribution is flat, which
is used to model the time distribution of the accidental background.

Random trigger data have been taken since the beginning of SK-IV. Fig. 6.18 shows
the accidental background level with the time variation during the whole period of SK-IV.

The red solid line represents the mean value, while the upper dashed line and lower
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Figure 6.16 The variation of the signal efficiency (left) and the accidental background level

(right) in the tank.

Table 6.1 Summary of the 2.2 MeV v signal efficiency and the accidental background level after

each cut.

Cut Signal (MC)/event Background (500 us)/event

Nio > 7 35.0% 160.1%
MLP cut 10.2% 0.065%

dashed line represent the maximum value and the minimum value, respectively. The
relative systematic uncertainty of the accidental background level is estimated to be ~
23.1%. The accidental background level is (0.065 + 0.015)%. The study shows that the
decreasing accidental background level with the elapse time is due to both the slightly
increasing dark noise level and the PMT gain. Increasing the dark noise from 4.6 kHz to
5.0 kHz causes no change to Ny distribution. However, this can shift the distribution of
N300-Njo by +1.2, which can reduce the accidental background level (background events
tend to have a larger N3oo-Njo). Similarly, the increasing 2% PMT gain per year can have

a slightly decrease in the final accidental background level.

6.3.2 Efficiency for the SRN Search Ej;, > 14.3 MeV

The background suppression of ~ 0.065% is rather powerful with the loss of the
signal efficiency. In the SRN search above 14.3 MeV, the 0.065% accidental background
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Figure 6.17 The distribution of time for the noise background mis-tagged as neutrons by the

neutron tagging method.
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Figure 6.18 Time variation of the accidental background level in all the SK-IV periods. The

vacancy around the year 2011 is due to the earthquake in Japan.
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level is not necessary. The MLP cut is loosen to have a ~ 18% efficiency with a ~0.3%
accidental background level. Fig. 6.19 shows the MLP cut with a position dependence,
which is applied in the similar fashion as the subsection 6.3.1. Table 6.2 lists the 2.2 MeV
v signal efficiency and the accidental background level after each cut. Fig. 6.20 shows
the signal efficiency and the accidental background level with the position variation in
the tank. Fig. 6.21 shows the time variation of the accidental background level during the
SK-IV period.
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Figure 6.19 MLP cut with a position dependence for the loose cut.

Table 6.2 Summary of the 2.2 MeV v signal efficiency and the accidental background level after
each cut for the loose cut.

Cut Signal (MC)/event Background (500 us)/event

Nio > 7 35.0% 160.1%
MLP cut 18.1% 0.3%

6.3.3 Comparison with the Previous Neutron Tagging

The neutron tagging method is improved with a better signal-to-noise ratio compared

with the previous version in!>”!, Table 6.3 lists the efficiencies of neutron tagging
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Figure 6.20 The signal efficiency (left) and the accidental background level(right) with position

variation in the tank for the loose cut.
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applied in Ej5, lower and greater than 14.3 MeV, respectively, together with the previous
version. Using the similar neutron tagging efficiency (18.1% compared with 19.3%), the
accidental background level is reduced by a factor of ~3. Using the efficiency with the
loose cut, the accidental background level is reduced by a factor of ~16 with the neutron

tagging efficiency only reduced by a factor of ~2.

Table 6.3 Comparison of the efficiency with the previous version in".

neutron tagging version Signal (MC)/event Background (500 us)/event

E; < 14.3 MeV 10.2% 0.065%
E;, > 14.3 MeV 18.1% 0.3%
previous version 19.3% 1.0%

6.4 Study of Systematic Uncertainty on Neutron Tagging Efficiency

An Am/Be source was used in order to study the systematic uncertainty on the
neutron tagging efficiency. During the data taking with Am/Be source in SK-1V, the AFT
trigger was temporally enlarged to 800 us in order to cover a more complete neutron

lifetime in water.

6.4.1 Experimental Setup

The experimental setup can be found in Ref!®*. The Am/Be source was deployed at
the center of 8-piece bismuth germanate oxide (BGO), which was held together with an
acrylic case. Fig 6.22 shows a photo of the configuration of Am/Be source. The reaction

chain of neutron production are as follows:

a particles come from the decay of >*! Am

a+’Be — “C'+n
e 5 Boyy (prompt) (6-7)
n+p — d+vy (delayed).
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Figure 6.22 A photo of the configuration of Am/Be source.

The prompt 4.43 MeV v from the de-excitation of '>C* (~ 87 Hz) can issue a SHE trigger
with the light amplification of BGO, while the delayed 2.2 MeV v can be recorded by the
following AFT trigger. Notice that the ground state '>C also exists with ~ 76 Hz, where
no prompt 4.43 MeV 1y exists. In this case, the delayed neutrons are background since
there is no time correlation.

The Am/Be sources were deployed into the tank at 3 different locations to study the
position dependence of neutron tagging efficiency. Table 6.4 lists the detailed positions
of the sources. During the data taking with source A, a 10 Hz random trigger data was

also taken to evaluate both the source related and the accidental background levels.

Table 6.4 The position of Am/Be source A, B, C.

Am/Be source X position(cm) Y position(cm) Z position(cm)

A 35.3 -70.7 0.
B 35.3 -1201.9 0.
C 353 -70.7 1500.

6.4.2 Test on the neutron tagging cut for E;, <14.3 MeV

The Am/Be source data selection can be separated into two parts, the SHE trigger

events and AFT trigger events. The procedures of events selection are as follows:

1. 750 < total p.e. < 1,050 is required to select the prompt events for source A

850 < total p.e. < 1, 150 for source B and 900 < total p.e. < 1, 150 for source C.
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2. the time difference between any two neighbor events is required to be greater than
1.5 ms to avoid the events overlap.
3. the maximum PMT hits in 200 ns (N200M) is required to be lower than 50 to avoid
large events such as cosmic ray muons.
The upper panel of Fig. 6.23 shows the distribution of time for the observed neutron
candidates using the random trigger data. Although delayed neutrons with no prompt
signal exist, the exponential feature is smeared since there is no time correlation with the
SHE trigger events. The AT distribution is flat, which is fit by a constant term with a
Xx*/ndf=24.2/25. The bottom left panel of Fig. 6.23 shows the AT distribution for source
A, which is fit with an exponential form plus a fixed constant term. The bottom right panel
of Fig. 6.23 shows the AT distribution for source A, which is fit with an exponential term
plus a free constant term. Both fits show that the measured life times of neutron in water
are consistent with 204.8 us given in[%>!. The statistical uncertainty of life time from free
background fit is larger than that of the fixed one due to one more fit parameter. The

neutron tagging efficiency is calculated with the following formula:

the number of neutron events from fit 6.8)
€= -
the number of total prompt events

Both the neutron tagging efficiency and the life time of neutron from the MC and Am/Be

source A are listed in Table 6.5.

Table 6.5 Comparison between the MC and the Am/Be source A.

MC fit with BG fixed fit with BG free

signal efficiency (10.5 + 0.3)% (109 £0.2)% (10.9 £ 0.2)%
T ~200 us (202.0 £3.3)us  (202.8 = 4.8)us

For source B and C, no random trigger data is available. The left panel and the
right panel of Fig. 6.24 show the AT distribution from source B and C, respectively.
The statistical uncertainty of the fit life time is larger than that of source A due to the
lower statistics. Both the neutron tagging efficiency and the life time of neutron from
the MC and Am/Be source B, C are listed in Table 6.6 and Table 6.7, respectively.
The combined neutron tagging efficiency from source A, B and Cis (11.4 + 0.2)%. The

difference of signal efficiency between the MC and the Am/Be source is determined to
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Figure 6.23 Upper panel: AT distribution from the random trigger data; Bottom left panel: AT
distribution for source A which is fit with a fixed background level; Bottom right panel: AT
distribution for source A which is fit with a free background level. The red shadow represents the

expected background level.

Table 6.6 Comparison between the MC and the Am/Be source B.

MC fit with BG free

signal efficiency (10.5+0.3)% (129 +0.4)%
T ~200 us (201.3 = 8.0)us
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Figure 6.24 Left panel: AT distribution from source B which is fit with a free background level;
Right panel: AT distribution from source C which is fit with a free background level. The red

shadow represents the expected background level.

Table 6.7 Comparison between the MC and the Am/Be source C.

MC fit with BG free

signal efficiency (12.9+0.3)% (12.1 £+0.4)%
T ~200 us (203.4 + 8.8)us

be the systematic uncertainty of the neutron tagging efficiency, which is estimated to be

10% in relative terms.

6.4.3 Test on the neutron tagging cut for E;, >14.3 MeV

Fig. 6.25 shows the AT distribution from Am/Be source A. Both the tagging
efficiency and the life time of neutron from the MC and the Am/Be source A are listed in
Table 6.8. Fig. 6.26 shows the AT distribution from source B and C, respectively. Both
the neutron tagging efficiency and the life time of neutron from the MC and Am/Be source
B, C are listed Table 6.9 and Table 6.10, respectively. The combined neutron tagging
efficiency from source A, B and C is (18.5 + 0.2)%. The difference of signal efficiency
between the MC and the Am/Be source data is assigned as the systematic uncertainty for

the neutron tagging efficiency, giving 2.4% in relative terms.
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Table 6.8 Comparison between the MC and the Am/Be source A.

MC

fit with BG fixed fit with BG free

signal efficiency
T ~200 us

(18.2+£0.3)%

(17.5 £ 0.2)%
(202.0 + 2.4)us

(17.6 + 0.2)%
(204.2 + 3.8)us
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Figure 6.26 Left panel: AT distribution from source B which is fit with a free background level;
Right panel: AT distribution from source C which is fit with a free background level. The red

shadow represents the expected background level.

Table 6.9 Comparison between the MC and the Am/Be source B.

MC fit with BG free

signal efficiency (184 +0.4)% (20.5+£0.5)%
T ~200 us (201.1 + 8.3)us

Table 6.10 Comparison between the MC and the Am/Be source C.

MC fit with BG free

signal efficiency (20.7+0.4)% (20.8 £ 0.6)%
T ~200 us (208.8 = 7.7)us
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6.5 Application of the Neutron Tagging into Atmospheric Neutrino Data

Atmospheric neutrino data are also used to test the neutron tagging method.
Table 6.11 lists the number of events after each reduction for atmospheric neutrinos with
a live time of 1,667 days. For simplicity, only 1 ring and e-like events in FV are selected.
The neutron tagging with the ~10% efliciency is applied to the remaining sample. The left
panel and the right panel of Fig. 6.27 show the energy spectrum and the AT distribution,
respectively. An events excess is observed in the spectrum and an exponential distribution
of neutron life time is clearly seen, indicating that neutrons from atmospheric neutrinos

are observed by this neutron tagging method.

Table 6.11 The number of events after each reduction for atmospheric neutrinos.

cuts number of events
FV cut 13034
1 ring & e-like 4693
-é b +— Observed gsof T 210.3+17.5
“ —I— Accidental bkg g
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Figure 6.27 Left panel: The energy spectrum for the atmospheric neutrinos. The black points
represent the data and the red line represents the expected accidental background; Right panel:
AT distribution for the atmospheric neutrinos. The black points represent the data and the blue

line represents the fit result.
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6.6 Application of the Neutron Tagging to Solar Neutrino Events

For solar neutrinos with the SHE trigger, the related AFT trigger should have no
correlated neutron information. The left panel and the right panel of Fig. 6.28 show
the the distribution of cosfy,, and energy, respectively. 6y, is the angle between the
reconstructed direction of the electron and the direction from the position of the sun at
the event time to the position of the electron. The expected number of the solar events
after the neutron tagging is (2.5 £+ 0.6), while the observed number of solar events after
the neutron tagging is one. The Poisson probability to observe lower than or equal to one
event with a mean value of 2.5 P, s(n <= 1)=28.7%. So the expected number of the solar

neutrinos is consistent with the observed one event.
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Figure 6.28 Left panel: The solar angle distribution of solar neutrinos. Right panel: The energy
spectrum of solar neutrinos. The black line represent the data before neutron tagging and the red
point represents the data after the neutron tagging.

6.7 Discussions of the Neutron Tagging Method

The energy and the vertex reconstruction of the 2.2 MeV +’s could help to improve
the separation between the signal and background events!®®!. Fig. 6.29 shows the
reconstructed energy distribution for the MC simulated 2.2 MeV 7y events and the
background (random) events from the random trigger data. Njo>7 is applied. This lead
to the average energy higher than 2.2 MeV. In addition, the present energy reconstruction
tool is only effective down to 3 MeV. The left panel of Fig. 6.30 shows the distribution of

distance between the reconstructed and the true vertex of the MC simulated 2.2 MeV v.
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The right panel of Fig. 6.30 shows the distribution of distance between the reconstructed
vertex of a random event and the vertex of a primary electron.

If the distribution of the distance could be utilized when the IBD reaction is
simulated in SKDETSIM, an improvement will be expected for the signal-to-noise ratio

of the neutron tagging.
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Figure 6.29 The reconstructed energy distribution for the MC simulated 2.2 MeV vy events and
the background (random) events from random trigger data. Njo>7 is applied.
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Figure 6.30 Left panel: The distribution of distance between the reconstructed and the true

vertex of MC simulated 2.2 MeV v’s. Right panel: The distribution of distance between the

reconstructed vertex of a random event and the vertex of a primary electron.
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Chapter 7 Analysis of the Spallation Background

In the golden energy window of 10-30 MeV for the SRN search, the dominant
backgrounds are cosmic-ray muon spallation induced radioactive isotopes, among which
%Li is the most dangerous one. This is due to the fact that °Li can decay into 8~n with
a branch ratio of (50.8 + 0.9)%!>>!, and thus mimicking the IBD reaction. Although the
spallation cuts can be applied to remove these backgrounds, part of °Li events may survive
the cuts via the longer decay life time (see Table 7.1). Therefore, a precise measurement
on the yield of °Li is of crucial importance for the SRN study. Such kind of measurement
has never been conducted in water although a lot of studies have been carried on in

scintillator detectors[©7-681,

This chapter will describe the first measurement on the yields of the spallation
induced radioactive isotopes using the distribution of time after a muon. We will
further improve the measurement of °Li yield using the neutron tagging method. The
measurement can not only provide a useful information for the SRN search in water
Cherenkov detector such as SK, the future GADZOOKS! and Hyper-K projects, but also

can help to improve our knowledge on the MC simulations in Geant4 and FLUKA.

7.1 Measurement on Time Distribution

The yields of the major radioactive isotopes (listed in Table 7.2) induced by the
cosmic muon spallation are measured from the time distribution. The data were collected
from October, 2008 to October, 2014, corresponding to a total live time of 1,890 days.
The spallation products are dominant above 6.5 MeV, while below 6.5 MeV are the
radioactive events from the surrounding PMTs and FRP. The energy threshold for this

measurement is therefore set at 6.5 MeV.

7.1.1 First Reduction

The first reduction includes a series of procedures to remove typical non-physical
events. After the first reduction, the data sample is reduced significantly, providing an

easily manageable one for the analysis. The first reduction is very similar as the long
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Table 7.1 Possible radioactive isotopes induced by cosmic ray muons at SK5>71. The 5-th

column only lists the primary generation process of the isotopes >4,

Isotope Mean-life(s) Decay mode  Eyi, (MeV) primary process
1'Be 19.9 B 11.51 (n, a+2p)
By 9.4142.1(y)
1N 10.3 B 10.44 (n,p)
By 4.27+6.13(y)
oC 3.53 B 9.77 (n,2p)
By 4.51+5.30(y)
*Li 1.21 I'n ~13.0 (n,a+ *H+p+n)
‘B 1.11 Bt ~13.9 (n*, a +2p +2n)
e 1.08 B +n ~4 (7~ .n+p)
JLi 0.26 B 13.6 (n,a+2p+n)
B +n ~10
.C 0.18 Bt +p 3~15 (n, @ + 4n)
gHe 0.17 By 9.67+0.98(y) (=, H+4p +n)
B +n
1Be 0.034 B 11.71 (n,a+p+n)
B 0.029 B 13.37 (n, @+ p)
7B 0.025 B 13.44 (n~, 2p+n)
“B 0.02 By 14.55+6.09(y) (n, 3p)
N 0.016 Bt 16.38 (n*, 2p+2n)
70 0.013 B +p 8~14 (U™, L~ +p+2n+77)
ML 0.012 B 20.62 (nt, 5p+n’+nt)
B +n ~16
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established SRN analysis or solar analysis. This reduction is comprised of the following

cut criteria:

7.1.1.1 Bad Run Cut

The data are stored with the unit of a run. The normal run usually stores ~ 24 hours
data, and is used for physical analysis. While for bad runs, the data quality is not reliable.
The definition of bad runs are as follows:

e The run time is less than 5 min;
e The run time is within 15 mins after the high voltage (HV) recovery;
e Hardware or software problems happened in the runs;

e Calibration runs, test runs and the detector maintenance runs.

The bad runs are not used in physics analysis.

7.1.1.2 50 us Time Difference Cut

The energetic cosmic ray muons enter into the detector at ~ 2 Hz. The events within
50 us after the LE triggered events could be decay-e events and “ringing” noise events.
Such events are removed according to the SK requirement. In SK-IV, the un-tagged muon

events are also taken into account when we calculate the time difference.

7.1.1.3 Fiducial Volume Cut

Enormous radioactive events from the the surrounding rock and the detector wall
distribute very close to the wall of detector. In addition, the reconstruction softwares may
fail to reconstruct the event with boundary close to the wall of detector. Thus, events

outside the FV are removed.

7.1.1.4 Goodness Cut

Gy, the goodness value returned by BONSALI, represents the quality of vertex
reconstruction. Events with Gy lower than 0.4 are removed. DirKS, another goodness
value returned by BONSALI, represents the uniformity of azimuthal angle. A variable
called ovaQ (One dimensional variable of Vertex and Angular reconstruction Quality) is

defined as oan:G%, — DirKS?. The events with ovaQ lower than 0.25 are removed.
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7.1.1.5 Calibration Events Cut

Calibration events such as the laser and LED events were periodically taken during
the normal data taking. These events are tagged by special event flags and trigger IDs. In

this analysis, all calibration events are removed.

7.1.1.6 Noise Events Cut

Each PMT is fired with several thousand times per second. The p.e. value induced
by dark noise tends to be small. We define a variable ratio, which is the fraction of |Q)|

lower than 0.5 p.e.. The events with a ratio value greater than 0.55 are removed.

7.1.1.7 OD Cut

The OD triggered events indicate incoming cosmic ray muons. Events with the
OD trigger are removed. In addition, events with greater than 19 OD PMT hits are also

removed in case that the OD DAQ was in trouble.

7.1.2 Transverse Distance Cut

After the first reduction, physical events lower than 100 MeV are selected. Cosmic
ray muons are reconstructed within £30 s around the low energy events using the Muboy
fitter (see Sec. 4.4). The events with both OD & HE trigger pairs and the number of
PMT hits greater than 1000 are sent into the muon fitter. Muboy can classify muons
into 4 categories, the single through-going muons which account for (84.1+0.3)%, the
multiple muons which account for (6.9+0.2)%, the stopping muons which account for
(4.6+0.2)%, the corner-clipping muons which account for (4.1+0.1)%, and the remaining
is no-fit muons. Discriminating variables to select the spallation product are developed:

e 1) dt, the time difference between the low energy event and the preceding or
following muon event;

e 2) [t, the transverse distance between the low energy event and the preceding or
following muon track.

The sample obtained using the preceding muons in 30 s advance is called the data sample,

while the sample obtained using the following muons in 30 s afterwards is called the

random sample. The spallation sample is obtained from the data sample subtracted by

the random sample. Fig. 7.1 shows the /¢ distribution for the spallation sample and the
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random sample using the single through-going muons. For other muon categories, the It
distribution could be obtained with similar fashion. The It < 200 cm is applied to select
the spallation product for all the muon categories while no It cut is applied for no-fit and
badly fit muons(goodness<0.4). The fraction of events with a /¢t lower than 200 cm from
the spallation sample using single through-going muons is ~95%. However, this fraction
becomes lower for other muon categories (~80% for stopping muons, ~65% for multiple
muons with only one track, and ~ 40% for multiple muons with more than one track).
The efficiency of this /f cut is evaluated from a data sample with dt < 10 ms, 100 ms, 200
ms, 1 s,5s, 10s, 20 s and 30 s to be (78.8 + 3.8)%. It is noted that all the spallation

backgrounds are assumed to have the same /f cut efficiency.

°
S 0.8 ,
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o7 4+ random sample
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ﬁ 0.6 random pdf
©
£
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Figure 7.1 The distribution of transverse distance for the spallation sample and the random

sample using the single through-going muons.

7.1.3 Life Time Analysis

It is very necessary to use a different and well-separated dt range to decouple the
isotopes. First, the yields of the isotopes with a shortest life time ('>B and '’N) are

measured. The fit df range is 0-0.1 s. This df range is long enough to contain the isotopes
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of 12B and '?N. Second, the yields of the isotopes with a longest life time ("N and ''Be)
are measured. The fit df range is 6-30 s. Third, the yields of the isotopes, °Li, 8Li/®B,
8He/°C, are measured using the df range of 0.1~0.8 s. Notice that the life time of ®He
and °C is very close (0.17 s for ®He and 0.18 s for °C), so the yields of 3He and °C are
grouped together. The case is similar for ®Li and B (1.21 s for ®Li and 1.11 s for ®B). In
the fit range of 0.1-0.8 s, the yield of §6N can not be neglected due to its large yield. At
last, the yields of the isotopes, ;°C and J°N, are measured using the dt range of 0.8-6.0
s. After all the yields of the isotopes are obtained from the different and well-separated
dt range, these values are used as the initial inputs to fit the entire df range of 0-30 s with
the minimization of y?. No limits are imposed on to the fit parameters.

The number of the i-th isotope events (;) is obtained from a y? fit with the following
pdf function:

N - e
F@) = Z S dilTi y const (7-1)

AR
where ¢; is the total selection efficiency for the i-th radioactive isotope, 7; is the mean
lifetime of the i-th radioactive isotope and const is the expected number of accidental
background events, which is assumed to give a flat time distribution.

The yield of the i-th isotopes (Y;) in the whole energy spectrum can be deduced from
N; using the following formula:

N;
~ R.TpL,

(7-2)

i

where R, is the measured muon rate, T is the livetime of the data set, p is the density of
water, and L, is the measured path length of the muon track.
The production rate of the i-th isotopes (R;) in the whole energy spectrum can be

deduced from N; using the following formula:

Ri= —— (7-3)

Where FV is the fiducial volume.

Fig. 7.2 shows the global fit result in 0~30 s. The y*/ndf is 5167.7/4991. The large
x* is due to the fact that only statistical uncertainty is used in the calculation. The p-value
is 4.0%. To further show the fit quality, the fit residual (data-fit) is also shown and the

result is uniformly distributed around zero. It is noted that the relative fraction between
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8B and ®Li can affect the fit. However, the yields of ®B and 3Li can not be decoupled
due to the similar life times and similar endpoint energies (~13 MeV for ®Li and ~14
MeV for 8B). In the global fit, the fractions of 8B and ®Li are assumed to be half and half,
respectively. By changing the fraction of 8Li from 0 to 100%, the differences in the yields
are assigned as the systematic uncertainties.

Table 7.2 lists the production rates (R;) in the whole energy spectrum for the
spallation backgrounds from the global fit.

Table 7.2 The production rates (R;) in the whole energy spectrum for the spallation backgrounds
from the global fit. The second column lists the total selection efficiency (g;) for the i-th
radioactive isotope. The first and second error in R; represent the statistical and systematic
uncertainties, respectively. The systematic uncertainty is obtained by changing the relative

fraction of ®Li from O to 1, together with the uncertainties from the data reduction.

radioactive isotopes € production rate (R;) in /kton/day
B 45.5% 19.8+£0.1+1.0
N 56.2% 2.8+0.1+0.1
N 45.0% 39.7+3.3+2.8
i'Be 38.1% 5.3+5.8+4.0
SLi 39.2% 0.9+0.3+0.3
SHe/oC 22.2%, 50.2% 0.4+0.5+0.3
SLi/sB 42.8%, 51.3% 8.3+0.3+0.3
5C 31.8% 3.6+1.1£1.5

6

7.2 Further Study on °Li Yield with the Neutron Tagging Method

We further improve the measurement on the °Li yield by tagging neutrons in the 500
us forced trigger data. First reduction is applied as described in Sec 7.1. In order to select
the 5~ events, the following selection criteria are applied:

1) Time difference cut: The distributions of the time difference (dr) for both the
spallation sample and the random sample are shown in Fig 7.3. In order to suppress
the contribution from both '?B (mean-life 0.029 s) and >N (mean-life 0.016 s) , the
lower end of dt set at 0.05 s. In the time range of 0.05~0.5 s, the fraction of °Li is
~ 68.1%.
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Figure 7.2 The global fit to the time difference distribution from 0 to 30 s. The y?/ndf is
5167.7/4991. The fit residual (data-fit) is also shown and the result is uniformly distributed around

zero. For the purpose of display, bins are combined.
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Figure 7.3 The distributions of the time difference for the spallation sample and the random

sample using the single through-going muons.

2) Transverse distance cut: The /7 is required to be shorter than 200 cm to select the
spallation background for all the muon categories while no /¢ cut is applied for
no-fit and badly-fit(goodness<0.4) muons.

3) 1 ms muons cut: The study shows that the preceding muons within 1 ms before the
low energy events are very likely to produce multiple neutrons events. While for the
Bn decay from °Li, only 1 neutron can be produced. Therefore, no other preceding
muons in within 1 ms is required.

The Q-value of °Li is ~13.6 MeV. For the Sn decay of °Li, the endpoint energy
of the B’s is smaller. However, the °Li events can sneak into the region up to 15 MeV
through the energy resolution effect. Fig. 7.4 shows the distributions for the true and the
reconstructed energy from the Bn decay mode of °Li, respectively. Events with the energy
above the SHE trigger threshold and lower than 15 MeV are used for this analysis.

The SHE trigger threshold was 10 MeV at the beginning of SK-IV and was lowered
down to 8 MeV in the summer of 2011. Above the SHE energy threshold, the trigger
efficiency is greater than 99%. The live time is 998 days for the 8 MeV trigger data and
892 days for the 10 MeV trigger data, respectively.
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Figure 7.4 The distributions of the true (MC) and reconstructed energy from the Sn decay mode
of °Li, respectively.

After the above cuts, the neutron tagging is applied to the remaining events. The
left panel of Fig. 7.5 shows the energy distribution of the electron candidates. Events
excess compared with the background-only scenario (black points over the black line) is
observed. The right panel of Fig. 7.5 shows the distribution of lifetime for the observed
neutron candidates. An unbinned maximum likelithood method with an exponential form
plus a constant term is used to fit the AT distribution. The measured neutron lifetime is
(256 + 57) us, which is consistent with the expected 204.8 us in!®1. The events excess
in both the energy spectrum and the exponential AT distribution indicate that Sn pairs are

observed.

Fig. 7.6 shows the distribution of time difference between the electron candidates
and the preceding muon events. The total expected accidental backgrounds are 29 events
of 1°B, 17 events of 3Li/®B, 7 events of 'N. A y? fit with four exponentials is applied.
The y?/ndf=11.2/13. The measured lifetime of °Li is (0.25 + 0.07)s, which is in good
agreement with the expected 0.26 s.

There are 151 Bn pairs observed, in which (49.6+11.5) accidental background events
are expected. No multiple neutrons is observed. The production rate of °Li is calculated

with the following formula:

N=R-FV-BR-€(T1-¢+T2-¢) (7-4)
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where N = 101.4 + 12.3 is the number of the °Li events, R is the production rate of oLi
in the whole energy spectrum, F'V is the fiducial volume, BR is the branch ratio, € is the
selection efficiency, 7'1 is the live time for the 8 MeV trigger data, € is the fraction of
electrons above 8 MeV in 3 spectrum from Sn decay mode of °Li, T2 is the live time for
the 10 MeV trigger data, € is the fraction of electrons above 10 MeV in S spectrum from
Bn decay mode of °Li. The value of the variables in Eq. 7-4 can be found in Table 7.3.

Therefore, the production rate of °Li is measured to be:

Table 7.3 The values of the variables in Eq.7-4.

N FV BR € T1/T2(days) € &

1014 +£123 225 50.8% 4.9% 998/892 (16.3£1.3)% (3.2+1.4)%

R = (0.95 + 0.12,.) kton~'day ™! (7-5)

The systematic uncertainty of °Li yield is listed in Table 7.4. The dominant
systematic uncertainties come from the neutron tagging efficiency, the background
estimation, the simulated energy spectrum of of °Li and the multiple muons. Other
systematic uncertainties are from the live time calculation, the first reduction, BR, If cut.
The total systematic uncertainty is 23.4%, which is added in quadrature. The production
rate of °Li is (0.95 + 0.124. + 0.22,.) /kton/day.

The yield of °Li (Y) is calculated with the following formula:

N
Y =
BR-e(Tl-+T2-6) R, -p-L,

(7-6)

Y15 (0.56£0.07 . £0.134y.) X 1077y ! g‘lcmz. We compare this measurement with

the theoretical prediction in Ref!3¥

. Table 7.5 lists a comparison of the isotope yields
between the measurement and the prediction. For most of the isotopes, the measurements
agree within the errors of the theoretical prediction. Although the measured yields of
9Li and 8Li/®B are observed to deviate from the theoretical value, they are still consistent

given a factor of two theoretical uncertainties.
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Table 7.4 The systematic uncertainty of °Li yield.

systematic source systematic uncertainty

neutron tagging efficiency 10.0%
background estimation 11.0%
efl/ef2 15.4%

multiple muons 7.9%

live time 0.1%

First reduction 1.0%

BR 1.8%

It reduction 4.8%
total 23.4%

Table 7.5 Comparison of the yields (Y;) in the whole energy spectrum for the radioactive

isotopes between the measurement and the theory®*. Note that the theoretical prediction could

have a factor of 2 uncertainty. The unitis 10~y 'g~'cm?.

radioactive isotopes  Y; in measurement  Y; in Ref. 34!

B 11.7+0.1+0.6 12
N 1.6+0.1+0.1 1.3
1N 23.4+1.9+1.7 18
J'Be 3.1+3.4+24 0.81
5Li w/o ntag 0.5+0.2+0.2 1.9
JLi w/ ntag 0.56£0.07+0.13 1.9
SHe/oC 0.2+0.3+0.2 1.1
*Li/*B 4.9+0.2+0.2 18.8
ocC 2.1+0.6+0.9 0.82
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We also compare the measurement results from the global fit with the results in Table
IV in Ref®1. All are consistent within the uncertainties.
We now discuss the distribution of residual charges (Qyes) for muons. Qs is defined

using the follow formula:

Ores = Qobs — Qunit X L,u (7-7)

where Qs 1 the observed charge for a muon, Q,;; is the expected average charge per cm.
A Qs much greater than zero indicates that muon showers are generated and spallation
backgrounds may be produced. Fig. 7.7 shows the residual charge distribution for muons
that are selected in the °Li analysis with neutron tagging method, together with that for
muon data sample and random sample with both d# <10 ms and /r <200 cm using the
low energy data above 6.5 MeV, without the neutron tagging applied. The number of
muons decreases as the Q.. increases. As a result, we will not expect the Li background
induced by muons with large Qs > 2 X 10° p.e is significant, and can thus ignore. The
peak around 2.5x10° p.e. of Q. for the muon data sample is due to the PMT saturations.
The spallation backgrounds induced by muons with large Qs > 2 x 10° p.e. is not
significant.

For further concerns about very energetic muon track which could be not well-fitted
but can produce spallation backgrounds, we state that

e The It cut efficiency is directly evaluated from data, any such effect are efficiency
corrected.

e The measured yields of >N and '°N are already larger than that of the prediction,
while for '?B, the yields are comparable.

The measurement of °Li yield is of importance for the present and future low-energy
astrophysical neutrino experiments using the water Cherenkov technique, such as SK,
future GADZOOKS! and Hyper-Kamiokande projects, since the IBD-like spallation
background can affect the SRN search. GADZOOKS! has proposed to add 0.2% solution
of gadolinium into SK water, which could greatly improve the signal-to-noise ratio for the
SRN search. Assuming 99.5% rejection for °Li background after the spallation cuts, the
expected number of °Li background is 2.3 + 0.3 + 0.5 events/22.5kton/year above E;,=10
MeV. The measurement can also help to improve the simulations based on FLUKA and

GEANT4.
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Fig. 7.7 The residual charge distribution for muons that were selected in the °Li analysis with

neutron tagging (points, ntag is short for neutron tagging), together with that for muon data sample

(solid) and random sample (dashed) with df <10 ms and It <200 cm using the low energy data

above 6.5 MeV, but without the neutron tagging applied).
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Chapter 8 Data Reduction for SRN Search

The search for the SRN in 13.3 MeV - 31.3 MeV at SK was conducted in Ref!!3.
Below 13.3 MeV, the spallation backgrounds were found to increase rapidly, limiting
the search down to 10 MeV. Using the improved neutron tagging method with the better
signla-to-noise ratio, we first get down to 9.3 MeV for the SRN search at SK. In order to
search for the SRN 7, signal, a prompt ¢* and a delayed neutron signals are required. In
this analysis, the data reduction is divided into two parts: the first one selects a e* sample

and the second one further selects the e* with a delayed neutron sample.

8.1 First Reduction

The first reduction is exactly same as that described in Sec 7.1. No need to repeat in

this section.

8.2 Spallation Cuts

The spallation cuts used in Ref®”! is same as the cuts in SK-III1*%!, which is based
on the distributions of four variables (described in this section) above 16 MeV. In order
to let the SRN search down to 9.3 MeV, the spallation cuts are re-tuned according to the
s/ Vb. Although the neutron tagging can significantly suppress the spallation background
with no associated neutron, the spallation cuts are still needed to remove the IBD-like

spallation background.

Theoretically, the end point kinetic energy of the spallation induced radioactive
isotopes cannot be greater than 20.6 MeV (see Table 7.1). However, the reconstructed
energy can still extend up to 24 MeV due to the resolution effect. Therefore, the spallation

cuts are only applied below 24 MeV.

A spallation likelihood is constructed using four discriminating variables!*®!

described below:

e Dz, the time difference between the low energy event and the muon;

e [z, the transverse distance between the low energy event and the muon track;
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e [n, the longitude distance between the low energy event and the spallation point
(position of the dE/dx peak) along the muon track;
® Qpeak, the peak value of the dE/dx in the distribution of the deposited Cherenkov
photons per 50 cm bin along the muon track.
It is noted that the distributions of the four variables change for different muon
categories. The values of the four variables are calculated for the muons within £30 s
around the low energy event. The definition of the data sample, the random sample and

the spallation sample are already described in Sec 7.1.

8.2.1 Determination of Spallation background

Fig. 8.1 shows the distributions of dt, It, In and Q. using the single through muon

as an example.
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Figure 8.1 Distributions of the dr, Iz, In and Qe using the single through muon.
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A spallation likelihood Lgpajiation 1 calculated as:

PDF'

spallation

spallatlon = Z g ———— PDFl P (8'1)

random

where i runs over dt, It, In and Q,eq. Fig. 8.2 shows the distribution of the spallation
likelihood for both the data sample and the random sample, respectively. The spallation
cut position on the likelihood function is determined by the significance (s/ Vb) curve

shown in Fig. 8.3. The cuts for the other muon categories are treated in a similar fashion.

—
o
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Figure 8.2 Distributions of the spallation likelihood using the single through-going muons.

The random sample is used to evaluate the inefficiency of the spallation cuts, which
is then calculated in the R? — z panel with a position dependence. The overall inefficiency
is calculated with the position distribution of SRN MC (LMA model) simulated events.
The SRN efficiency for the spallation cuts are listed in Table 8.1. The efficiencies above

14 MeV are similar between SK-IV and SK-III since the similar cuts are used.
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Figure 8.3 Distributions of the significance as a function of the spallation likelihood for events
around 10 MeV.

Table 8.1 SRN efliciency for the spallation cuts.

Energy range Efficiency in SK-IV  Efficiency in SK-I/III

18-24 MeV 89.8% 89.7%
14-18 MeV 80.5% 80.3%
12-14 MeV 72.1% -
11-12 MeV 61.2% -
8-11 MeV 51.3% -

89



Chapter 8§ Data Reduction for SRN Search

8.3 Incoming Events Cut

The physics events originating outside the detector can travel further into the FV.
The effwall is the distance between the reconstructed vertex and the position on the wall
of detector by opposite projecting along the reconstructed direction. Fig. 8.4 shows the
distributions of the effwall for both the data and the SRN signal, respectively. All events
with an effwall shorter than 300 cm are removed; Events with an effwall shorter than 450
cm are also removed if the reconstructed energy is lower than 22 MeV. Events with an

effwall shorter than 600 cm are removed if the reconstructed energy is lower than 12 MeV.
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Figure 8.4 Distributions of the effiwall for the data (black line) and the SRN signal (red line).

8.4 Solar Events Cut

The electron scattered by a solar neutrino event via v + e~ — v + ¢~ carries the
direction information of solar neutrino. The angle between the direction of a solar
neutrino event (from the position of the sun at the event time to the reconstructed vertex)
and the reconstructed direction of the electron is referred to as the 6y,,. Fig. 8.5 shows the
distribution of the cos y,,. A sharp peak of cos 6,, is seen around 1. Events with both
the cos 0y, greater than 0.9 and the energy lower than 16 MeV are rejected. The residuals
of the solar neutrinos with energy greater than 16 MeV are expected to be removed by

the neutron tagging cut.
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Figure 8.5 The distribution of the cos 6g,,. The peak at one is for the solar neutrinos.

8.5 Cherenkov Angle Cut

Above the SHE trigger threshold, the ¢*’s are relativistic. The Cherenkov angle
for a relativistic charged particle is ~ 42°. For muons with momentum around 100-500
MeYV, the reconstructed energy can be within 10-90 MeV. These muons are produced by
the atmospheric v,/v, events and have a lower Cherenkov angle than 42°. Multiple y
events tend to have a larger Cherenkov angle since they have an isotropic light pattern.
Events with an electron and a y from the spallation induced radioactive isotopes also
have the similar pattern. Fig. 8.6 shows the distribution of Cherenkov angle. Events with

a Cherenkov angle lower than 38° or greater than 50° are removed.

8.6 Pre/post Activity Cut

The events with more than one peak on the distribution of the residual time are
removed since the expected prompt signal can only have one peak. The time length
of the SHE trigger is 40 us, ranging from -5 us to 35 us. A muon with energy lower
than the Cherenkov threshold cannot be observed and thus is called the invisible muon.
The decay-e’s from these invisible muons are irreducible background since the preceding
muon can not be tagged. These decay-e’s can be removed if a prompt gamma is produced

in the interaction between the incident atmospheric neutrino and the oxygen. The number
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Figure 8.6 Distributions of the Cherenkov angles for the data (solid histogram) and the SRN
signal (dashed histogram).

of maximum PMT hits in a 15 ns time window (Ns) is calculated. Fig. 8.7 shows the
distribution of the maximum N;s using the 5 us random trigger data. Events with a
maximum Nis in the 5 us data greater than 11 (referred to as the pre-activity events) are
removed. For the events with energy lower 12 MeV, the maximum N5 is required to be
lower than 8. In most cases, the u-e decay events can have two peaks on the time profile.
Although the Cherenkov angle cut removes most of these u-e decay events, some may
survive the cut. The later 35 us can cover the decay-e event with 100% since the lifetime
of the muons is 2.2 us. The right panel of Fig. 8.7 shows the distribution of the maximum
Nis using the 35 us random trigger data with a 2.2 MeV y. The events with the maximum
Njis in later 35 us data greater than 19 (referred to as the post-activity events) are removed.
For the event with energy lower 12 MeV, the maximum N5 is required to be lower than

18. The inefficiency for this cutis 1.7%.

Fig. 8.8 and Fig. 8.9 shows the event display of a typical pre-activity and

post-activity event, respectively.
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Figure 8.7 Left panel: The distribution of the maximum N5 using the 5 us random trigger data.
Right panel: The distribution of the maximum N5 using the 35 us random trigger data with a 2.2
MeV vy.
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Figure 8.8 Event display for a pre-activity event. A small pre-activity is observed at 850 ns in

the time distribution.
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Figure 8.9 Event display for a post-activity event. A post-activity is observed at 1200 ns in the

time distribution.

8.7 Pion Cut

Pion events with higher momentum cannot be rejected by the Cherenkov angle
cut. Such pion events tend to have a sharper Cherenkov angle distribution. While for
electrons, the distribution of the Cherenkov angle tend to be wider due to the multiple
scattering. Based on this logic, a variable called 7y, 1s constructed with the definition of
number of entries within +£3° around the peak of the Cherenkov angle distribution over

that of within +£10°. Events with ;. greater than 0.58 are removed.

8.8 Multi-ring Cut

Atmospheric neutrino events can produce multiple charged particles by the
interaction with water. As the multiple charged particles may share the same timing peak,
such events can not be removed by the pre/post activity cut. These multiple charged
events can have multiple Cherenkov rings. We use a ring counting tool described in
Ref!”" to remove this background. The number of rings for a single electron event can
have more than one ring due to the fuzziness of Cherenkov ring pattern. To reduce the
inefficiency, we define 6, as the angle between any two rings. Events with €, > 60°

are removed.
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8.9 u/n Cut

There are about 2 u/m events/year that can survive all the cuts described above. In
order to remove the remaining /7 background, a variable on Q50/N50 is constructed
in SK-IVP®! Fig. 8.10 shows the distribution of Q50/N50 as a function of the
reconstructed energy for e, y and =, respectively. Events with a Q50/N50 greater than

(2.0+0.0025%energy) are removed.

QS50/N50 (p.e. per hit)
[=2]
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Figure 8.10 The distribution of Q50/N50 as a function of the reconstructed energy for e, 4 and

n, respectively. The atmospheric neutrino MC simulated events are used for this calculation.

8.10 Neutron Tagging

We use the improved neutron tagging method (see Sec. 6.3.3) with the better
signal-to-noise ratio to tag the delayed neutron signal. For E5, > 14.3 MeV, the neutron
tagging with the loose cut (~18% signal efficiency and ~0.3% accidental background
level) is applied. For E;, < 14.3 MeV, the neutron tagging with the tighten cut (~10%
signal efficiency and ~0.065% accidental background level) is applied.
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8.11  Summary of Reduction Efficiency

For most the cuts, the signal efficiencies are evaluated by the MC simulation. Various
SRN models have slightly different efficiencies. Here, the LMA model is used for
estimating the efficiencies. For the spallation cuts, the inefficiency is calculated with
both an inefficiency map in the R? — z panel and the position distribution of the simulated
SRN sample. The pre/post-activity inefficiency is estimated using the random trigger

data. Table 8.2 lists the summary of the reduction efficiencies.

Table 8.2 Summary of the reduction efficiencies for both data sets with different trigger
thresholds.

Reduction step Efficiency in 8-30 MeV  Efficiency in 10-30 MeV

First reduction >99% >99%
Spallation cut 77.1% 80.9%
Incoming event cut 92.8% 93.5%
Solar cut 97.2% 97.5%
Cherenkov angle cut 88.6% 90.2%
Pre/post activity cut 98.3% 98.3%
Tlike CUL 99.2% 99.2%
Multi-ring cut 99.5% 99.4%
p/mcut 99.8% 99.4%
neutron tagging 14.9% 15.4%
Total efficiency 8.8% 9.9%
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Chapter 9 SRN Analysis and Results

The final ¥,’s sample is obtained from the events with both a prompt e* signal and a
delayed neutron signal. Since the sample used in the analysis consists of both data sets for
11.3 MeV and 9.3 MeV neutrino energy thresholds, we refer these two data sets as data
I and data II, which correspond to the live time of 892 days and 998 days, respectively.
This chapter will describe the features of SRN candidates, the evaluation of background,
the systematics on both the efficiency and the background estimation. In the end, the
upper limit of SRN flux will be calculated and compared with the theoretical models as

well.

9.1 The SRN Candidates

The data collected from year 2008 to 2014 are used to search for the SRN signal
at SK. After applying all the cuts, there are 18 (7 in data [ and 11 in data II) candidate
events leftover. Fig. 9.1 shows the energy spectrum for these candidates. It is observed
that the background still dominates the region with energy less than 15 MeV. Most of
the background originate from the accidental ones with a prompt ¢* associated with a
noise mis-tagged as a neutron. Table 9.1 lists the numbers of the observed data and the
expected background, the latter will be explained in Sec.9.2. Fig. 9.2 also shows the
distribution of the life time for the observed neutron candidates. Using an exponential
plus a constant function to fit the life time distribution gives a result of (197.7+284.4)us
with y?/ndf=19.5/20, while using a constant term to fit gives a result of ¥*/ndf=17.3/20,
indicating that most of events are not IBD events. Therefore, we can conclude that no

obvious SRN signal is observed.

9.2 Background Estimation
9.2.1  Atmospheric v,/v,s

Atmospheric v, /v, can interact with water via the CC process: v, +n — u~ + p
or % + p — u* + n. In the first process, no direct neutron is produced, and the

secondary neutron production is negligible in low energy case. While in the second
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Table 9.1 The number of both the observed and the expected events in each MeV bin.

Positron/electron energy (MeV) observed events expected events

8-9 6 6.2
9-10 2 32
10-11 2 2.2
11-12 2 1.2
12-13 2 0.7
13-14 0 1.0
14-15 1 0.5
15-16 0 0.3
16-17 0 0.2
17-18 0 0.1
18-19 1 0.1
19-20 0 0.2
20-21 0 0.2
21-22 0 0.2
22-23 0 0.2
23-24 0 0.2
24-25 0 0.3
25-26 0 0.2
26-27 1 0.2
27-28 1 0.3
28-29 0 0.3
29-30 0 0.2
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Figure 9.1 Positron/electron energy spectrum for the final SRN candidates.

process, daughter muons and direct neutron are produced. However, the daughter muons
can have energy below the Cherenkov threshold, these invisible muons decay to positrons
which fake the primary signal, forming the irreducible background at SK¢!. Because of
the tagging of the delayed neutrons, only the atmospheric ¥, CC events can contribute to
the final sample. The number of atmospheric v, CC background is estimated by using a
MC sample of simulated atmospheric neutrino events!’!!, which corresponds to a live time
of 100 years. Fig. 9.3 shows the energy spectrum of decay-e from the invisible muons.
The distribution follows Michel electron spectrum. In this MC sample, all the primary
cuts are applied except for the spallation cuts and the solar cut, since the efficiencies
for these two categories of cuts can be well estimated from the data. The number of ¥,
background events in the SRN candidates is finally estimated to be (2.0+0.4) (0.9+0.2 in
data I and 1.1+0.2 in data II), taking into account of the effect of oscillation, the efficiency

of neutron tagging and the efficiency of both the spallation and solar cuts.
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Figure 9.2 The distribution of the neutron life time for the observed SRN candidates.
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Figure 9.3  The positron/electron energy spectrum for the MC simulated atmospheric ¥, /v, CC

events. The sample corresponds to a live time of 100 year.
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9.2.2 Atmospheric v,’s

The atmospheric ¥, CC background has exactly the same signature as the SRN signal
and are therefore irreducible in this analysis, while the atmospheric v, background has no
neutron and can thus be ignored. The number of atmospheric v, background in the SRN
candidates is estimated to be (0.5+0.1) (0.23+0.05 in data I and 0.27+0.05 in data II) from
a MC simulated sample of atmospheric neutrino events for a live time of 100 years. This
background evaluation also takes into account of the effect of oscillation, the efficiency
of neutron tagging and the efficiency of both the spallation and solar cuts. Fig. 9.5 shows

the positron/electron energy spectrum.
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Figure 9.4 The positron/electron energy spectrum for the MC simulated atmospheric ¥, CC

events. The sample corresponds to a live time of 100 year.

9.2.3 Neutral Current (NC) Events

The detailed information of NC background can be found in Ref™¥!. The dominant
NC process is the NC elastic scattering: v + n — v + n. The outgoing neutron can
produce primary gamma rays and secondary neutrons from the interactions with water,
in which the primary events have an isotropic light feature. Most of the NC events are
removed by the Cherenkov angle cut. Since SK cannot distinguish between gammas and
positrons/electrons, the survival NC events become the background. Fig. 9.5 shows the
energy spectrum for the NC background, which shows a trend of enhancement in the

low energy region according the model*®!. The estimated NC background is (0.6+0.6)
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(0.2+0.2 in data I and 0.4+0.4 in data II). The NC component is quite complicated in low

energy region of interest, we assign a 100% uncertainty to this background estimation.
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Figure 9.5 The positron/electron energy spectrum for the MC simulated atmospheric NC events.

The sample corresponds to a live time of 100 year.

9.2.4 Reactor Neutrinos

The neutrinos from reactors are v,’s and cannot be distinguished from the SRN v,
either. Although the nuclear power plants in Japan were shut down after the Fukushima
accident in 2011, there are still some reactor neutrino background from South Korea. The
energy of reactor neutrinos is known to be below 10 MeV, however, the reactor events can
still sneak into the energy region beyond 10 MeV through the resolution effect. According
to the daily measured reactor neutrino flux by KamLAND in Kamioka site, we estimate
(1.1£0.2) (0.10£0.02 in data I and 1.0+0.2 in data II) events for the reactor neutrinos
background.

9.2.5 °Li Events

Most of the spallation induced °Li events are removed by the spallation cuts. The
distributions of the four discriminating variables to calculate the spallation likelihood
(see Sec 8.2) are given by a toy MC for the °Li events and the random events. Fig. 9.6
and Fig. 9.7 show the distributions of four discriminating variables for the simulated *Li
sample and the random data sample, separately. Fig. 9.8 shows the distributions of the

spallation likelihoods for both the random sample and the °Li samples. With the present
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cuts, the remaining °Li events in the final sample is estimated to be (1.6+0.4) (0.12+0.02

in data I and 1.48+0.35 in data II) from the MC simulation.
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Figure 9.6 The distributions of four discriminating variables for the *Li events.

9.2.6 Accidental Background

The number of expected accidental background events is estimated to be (12.2+2.8)
(2.5+0.6 in data I and 9.7+2.2 in data II), which is model-independent and directly from
the random trigger data during the data collection period. The accidental background
consists of two parts: one is from the remaining solar neutrinos, the other one is from
the spallation induced radioactive isotopes. To estimate the number of remaining solar
neutrinos, the cos §,,, distribution is used. The number of events with the cos 8,,, in
-1~0 is assumed to be the background for solar neutrinos. The number of solar events
is obtained using the number of events with a cos 6y, in 0~0.9 subtracting the scaled
background for the solar neutrinos. The remaining number of solar neutrino events is
~1.4 out of the total 12.2 accidental background events with an efficiency correction
for the neutron tagging. The evaluation of the remaining number of spallation induced
radioactive isotopes is performed in the similar fashion as that for the °Li background
estimation. The radioactive isotopes '>B and '’N are all removed by the spallation cuts

due to the short life time. The remaining radioactive isotopes are N, 8Li/*B.
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Figure 9.7 The distributions of four discriminating variables for the random events.
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Figure 9.8 The spallation likelihoods for the random events and the °Li sample, respectively.
The SRN signal is required to be lower than 0.7 (1.4) below 11 (12) MeV.
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The summaries of the expected number of background are listed in Table 9.2,

Table 9.3 and Table 9.4, respectively.

Table 9.2 Summary of the expected numbers for all kinds of the background in the observed

SRN sample for data I.

Background

Expected number of events

Atmospheric v, /v,
Atmospheric ¥,

NC

Reactor neutrinos

°Li

Accidental background
Total

0.9+0.2
0.23+0.05
0.2+£0.2
0.10+0.02
0.12+0.02
2.5+0.6
4.1+0.7

Table 9.3 Summary of the expected numbers for all kinds of the background in the observed

SRN sample for data II.

Background

Expected number of events

Atmospheric v, /v,
Atmospheric 7,

NC

Reactor neutrinos

°Li

Accidental background
Total

1.1+£0.2
0.27+0.05
0.4+0.4
1.0+0.2
1.48+0.35
9.7£2.2
13.9+2.3

9.3 Systematics on Both the
Estimations

Efficiencies and the Background

The systematic uncertainty on the efficiencies includes the effects from both the e*

selection and neutron tagging . The systematic uncertainty of e* selection efficiency

[36]

consists of the IBD cross section (1.0%) and the data reduction (3.1%). A 10% of

systematic uncertainty is assigned to the neutron tagging efliciency (see Sec. 6.4).
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Table 9.4 Summary of the expected numbers for all kinds of the background in the observed
SRN sample (data I + data II).

Background Expected number of events
Atmospheric v, /v, 2.0+0.4
Atmospheric 7, 0.5+0.1

NC 0.6+0.6

Reactor neutrinos 1.1+£0.2

°Li 1.6+0.4
Accidental background 12.2+2.8

Total 18.0+3.0

The total systematic uncertainty on the signal efficiency is 10.5%, which is added in

quadrature.

The flux on the atmospheric neutrinos has a 10.0% uncertainty in the model used
by the MC simulation!”?!. To be conservative, the estimation on atmospheric neutrinos
events is assigned to have a 20% systematic uncertainty. The NC is very complicated
and a 100% systematic uncertainty is assigned. The systematic uncertainty on the
reactor neutrinos is estimated to be 20%. The systematic uncertainty on the °Li events
is estimated to be 23.4% (see Sec 7.2). The systematic uncertainty on the accidental

background is estimated to be 23.0% (see Sec 6.1).

9.4 Limit Extraction
9.4.1 The Upper Limit of the Differential Flux

Since the number of the observed 18 events agrees with the expected (18.0+3.0)
background events, no obvious signal is seen from this measurement. The estimation of
accidental background events, 9Li events and reactor neutrino events are rather robust
since they are directly evaluated from the data. Although the estimated atmospheric
neutrino events are obtained from the MC simulation, they are not the dominant
background. Upper limits on the v, flux in 9.3-31.3 MeV are calculated at 90% C.L.
for each MeV bin using Poisson method!”3!, Feldman-Cousins (FC) method ¥ and Rolk

method 7, respectively. In Poisson method, the upper limit is calculated by the following
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formula:
N = N*(no background) — N,, 9-1)

where N*° and N*°(no background) are the numbers with and without background at 90%
C.L. respectively, N, is the expected number of background events. In FC method, an
ordering principle is used to determine the confidence interval with the correct coverage.
However, the systematic uncertainty on both the efficiency and the background estimation
cannot be included in FC method. Rolk method computes the confidence intervals
using the known profile likelihood method, which can include the additional background
parameters with the uncertainties. Both FC method and Rolk method are available in

ROOT%%. The upper limit of 7, flux is calculated by the following formula:

N90 -2 1
¢ - m s 9'2
0T N,-0-€ ¢ ° ©-2)

where ¢og is the upper limit of v, flux, T is the live time, N, = 1.5 X 1033 is the number
of free protons, & is the IBD cross section at the center of energy bin and € is the IBD
detection efficiency. Notice that E;, = E,+ + 1.3 MeV. Also notice that in 8-10 MeV, the
live time of data set is 998 days while above 10 MeV, the live time of the data set is 1890
days. Table 9.5 lists the ¢ values calculated by Poisson method, FC method and Rolk
method, respectively. The limits are also plotted in Fig. 9.9. All the limits are found to
be consistent within ~30%. The ¢y calculated by Poisson method is lower than that of
FC method since Poisson method generates the upper limits with the direct subtraction of
the expected background events while FC method has the positive limitation to the true
value of the interested parameter. The ¢y calculated by Rolk method is lower than that
of FC method due to the effect of multi-dimensional parameters.

The limits calculated by Rolk method are used in this study in order to take
into account of the systematic uncertainties on both the efficiency and the background
estimation. Fig. 9.10 shows the upper limits of v, flux in 9.3-31.3 MeV using Rolk
method as well as KamLAND results'®!, SK-IV previous results!'3l and SK-I/II/III

results 30!

, respectively. The expected SRN spectrum using the constant SN rate model is
also plotted for the purpose of comparison.

Compared with the previous SK-IV results, the upper limits of ¥, flux above 14.3
MeV is more sensitive than the previous SK-1V results due to the increased (~2 times)

live time. The previous SK-IV results cannot get down to the energy region below 13.3
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Table 9.5 The ¢9g values calculated by Poisson method, FC method and Rolk method,
respectively. The unit is cm™2s7!. E;, = E,+ + 1.3 MeV.

Energy range Poisson method FC method Rolk method

9.3-10.3 133.0 162.0 171.9
10.3-11.3 64.2 88.0 85.1
11.3-12.3 91.7 109.4 101.4
12.3-13.3 100.1 114.5 107.7
13.3-14.3 88.4 99.6 92.6
14.3-15.3 13.9 17.1 10.6
15.3-16.3 31.3 35.7 294
16.3-17.3 19.3 20.6 16.4
17.3-18.3 19.0 20.2 16.2
18.3-19.3 19.0 20.2 16.3
19.3-20.3 29.9 33.6 28.1
20.3-21.3 16.3 17.4 14.0
21.3-22.3 16.8 17.9 14.4
22.3-23.3 16.5 17.6 14.1
23.3-24.3 15.6 16.6 13.3
24.3-25.3 15.9 16.9 13.5
25.3-26.3 13.5 14.4 11.4
26.3-27.3 14.5 15.5 12.4
27.3-28.3 24.1 27.2 22.6
28.3-29.3 235 26.5 22.0
29.3-30.3 13.4 14.3 11.4
30.3-31.3 13.6 14.5 11.6
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Figure 9.9 The ¢qy values calculated by Poisson method, FC method and Rolk method.

MeV due to the limitation of spallation background. With the improved background
suppression, the neutrino energy threshold is first lowered to 9.3 MeV at SK, covering

the entire golden energy window of 10-30 MeV for the SRN search.

The upper limits of ¥, flux are more sensitive than the KamLAND results above 13.3
MeV while the limits are weaker below 13.3 MeV. KamLAND estimated the dominate
NC events from a spectral fit instead of estimation from data (see Sec 1.5). The worse

limit of the KamLAND result is due to the unknown event excess.

The upper limits of ¥, flux given by SK-I/II/III are still the most sensitive ones above
17.3 MeV due to the long live time and the higher efficiency in the detection of prompt
e*. Since the SK-I/II/III search for the SRN only studied the prompt e* signal, the search
could not be done for the real IBD events and also could not get down to the energy region

below 17.3 MeV due to the huge spallation background.

Finally, the measurements are compared with the constant SN rate model which has

the largest flux among all the SRN models.
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Figure 9.10 The 90% C.L. upper limits on ¥, flux from SK-IV (red line with solid point) in
9.3-31.3 MeV. The limits from SK-I/II/III (blue line with solid triangle) above 17.3 MeV, the
previous SK-IV results (green line with open star) in 13.3-31.3 MeV and the KamLLAND results
(black line with open rectangle) in 8.3-18.3 MeV are also shown for comparisons. The shaded

area represents the predicted spectrum of SRN using the constant SN rate model.
9.4.2 The Upper Limit for the Integral Flux

Using Rolk method, the upper limit of integral number at 90% C.L. is Ngo=100.4
(85.5, i.e. 34.9 events/22.5kton/year for data I and 50.6, i.e. 18.5 events/22.5kton/year
for data II) events by using the number of observed 18 (7 for data I and 11 for data II)
events and the number of expected (18.0+3.0) (4.1+0.7 for data I and 13.9+2.3 for data
IT) background events. The upper limit of 90% C.L. integral flux Fqy can be calculated
by the following formula:

where Np is the predicted number of the SRN events and F), is the predicted flux at a
certain energy threshold for each model. Np; is the predicted number of SRN events
in 22.5 kton-year with a neutrino energy range of 11.3~31.3 MeV, Np; is the predicted
number of SRN events in 22.5 kton-year with a neutrino energy range of 9.3~31.3 MeV.

Npr is the total predicted number of SRN events, which is calculated by the following

110



Chapter 9  SRN Analysis and Results

formula:
Npr = Npy XT1+ Npy, XT2 (9'4)

where 7'1 is the live time of data I in the unit of year and T2 is the live time of data II in
the unit of year. Table 9.6, Table 9.7 and Table 9.8 list the results for data I, data II and the
combined data, respectively. Fig. 9.11 shows the Np; for each SRN model as well as the

Table 9.6 The flux for each SRN model in neutrino energy of 11.3-31.3 MeV(Fy), the
predicted number of the SRN events in 22.5 kton-year with a neutrino energy range of 11.3~31.3
MeV (Np; ), upper limit of v, flux at 90% C.L. (F90) (cm™? s7') in 11.3-31.3 MeV. The upper
limit of integral number at 90% C.L. is Ngg=34.9 events/22.5kton/year 11.3-31.3 MeV for data I.

SRN model Fyi Npy  Fgoin 11.3-31.3 MeV
LMA [26] 57 52 38.3
Constant SN rate ] 127 126 352
Cosmic gas!?*! 1.0 09 38.8
Chemical evolution® 2.0 1.9 36.7
Heavy metal [20-23] 6.3 5.7 38.6
Population synthesis??) 1.7 1.6 37.1
HBD 6 MeV 2] 53 53 34.9
Star formation rate?8! 26 23 39.5
Failed SN2 22 21 36.6

Ny for data 1. Fig. 9.12 shows the Np, for each SRN model as well as the Ny, for data II.
Fig. 9.13 shows the Npy for each SRN model as well as the Ny, for all data. None of the
SRN models can be excluded by this study. In order to test the SRN models, for example,

the constant SN rate model, we need to improve at least a factor of 2 signal-to-noise ratio.
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Table 9.7 The flux for each SRN model in neutrino energy of 9.3-31.3 MeV(F2), the predicted
number of the SRN events in 22.5 kton-year with a neutrino energy range of 9.3~31.3 MeV (Np;
), upper limit of ¥, flux at 90% C.L. (F90) (cm~2 s~!) in 9.3-31.3 MeV. The upper limit of integral
number at 90% C.L. is Ngg=18.5 events/22.5kton/year 9.3-31.3 MeV for data II.

SRN model Fuy>s Npy  Fgpin 9.3-31.3 MeV
LMA26] 83 6.1 25.2
Constant SN rate2!] 17.8 143 23.0
Cosmic gas!?* 1.5 1.0 27.8
Chemical evolution®¥ 29 22 24 4
Heavy metal 202! 93 6.8 253
Population synthesis??! 2.6 1.9 25.3
HBD 6 MeV 1?7 76 6.0 23.4
Star formation rate!?8! 40 27 27.4
Failed SN?”! 33 25 24.4

Table 9.8 The flux for each SRN model in neutrino energy of 9.3-31.3 MeV (F),), the total
predicted number of the SRN events (Npr), the total predicted number of the SRN events after
efficiency correction (Tpr) and the combined upper limit of ¥, flux at 90% C.L. (F90) (cm™>
s71) in 9.3-31.3 MeV. The upper limit of integral number at 90% C.L. is Nog=100.4 events for

combined data.

SRN model Fy>» Npr Tpr Fy9in9.3-31.3 MeV
LMA [26] 83 294 27 28.3
Constant SN rate?!! 17.8 70.1 6.5 25.5
Cosmic gas!?*! 1.5 49 05 30.7
Chemical evolution®! 29 105 1.0 27.7
Heavy metal [20:2] 93 326 3.0 28.6
Population synthesis?? 2.6 9.1 0.8 28.7
HBD 6 MeV 2] 7.6 293 27 26.0
Star formation rate 8! 40 130 1.2 30.9
Failed SN?! 33 119 1.1 27.8
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Figure 9.11

The Np; events/22.5kton/year for each SRN model as well as the Ngy observed

events for data I.
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The Np, events/22.5kton/year for each SRN model as well as the Ny observed

events for data II.
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Chapter 10 Summary and Outlook

10.1  Summary

The detection of SRN is of crucial importance for studying the evolution of the
universe, the formation of stars, the mechanism of supernova bursts and the related
neutrino physics. However, SRN have never been observed yet. In the so-called
golden neutrino energy window of 10-30 MeV for the SRN search at SK, the dominant
background is the cosmic-ray muon spallation induced radioactive isotopes. To remove
this background, we better tune the spallation cuts around 8 MeV electron energy
according to optimization of the signal-to-noise ratio. Furthermore, we enhance the
neutron tagging method with the efficiency of (10.3+1.0)% and the accidental background
level of (0.065+0.015)%/500 us. This neutron tagging has been applied to the SRN search
for E;, < 14.3 MeV where there are huge spallation background. While for E; > 14.3
MeV, the neutron tagging efficiency of (18.1+0.4)% with the accidental background level
of (0.32+0.03)%/500 us is applied due to the less spallation background in this energy
region. Compared with the previous neutron tagging (~20% efliciency with the ~1%/500
us accidental background level), the signal-ro-noise ratio of the improved one is increased
by a factor of ~2.

The yields of the major radioactive isotopes induced by cosmic-ray muon spallation
are first measured on distribution of time after a muon using the low energy data above
6.5 MeV. The results are listed in Table 7.5. The results from theoretical prediction**! are
also listed in Table 7.5 for comparison. Furthermore, we improve the measurement on °Li
yield to be (0.56+0.07+0.13) u~'g~'cm? by tagging delayed neutrons using 500 us forced
trigger data (See Table 7.5). The measurement is of crucial importance for the present
and future low-energy astrophysical neutrino experiments using the water Cherenkov
technique, such as SK, the future GADZOOKS! and Hyper-Kamiokande projects. The
measurement could also help to improve simulations based on FLUKA and GEANT4.

By using the improved neutron tagging method, we search for the SRN in the
neutrino energy between 9.3 and 31.3 MeV at SK. This is the first time we cover the

whole golden energy window for the SRN search. The number of 18 observed candidates
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is consistent with that of (18.0+£3.0) expected background events. No signal is found.
Therefore, the upper limits of differential flux are calculated, together with those on the
integral fluxes which are summarized in Table 9.8. All the integral fluxes are in the range
of 25-31 cm™2s~! at 90% C.L.. These limits are approaching to the flux predicted by the
constant supernova rate model, however, they are still an order of magnitude larger than

those for the other models.

10.2 Outlook

In future, increasing statistics and having a better signal-to-noise ratio of neutron
tagging are expected to improve the upper limit of flux to the level that can test the
constant SN rate model and even other models.

The spallation background in this analysis can still be suppressed if the neutron
tagging can use the vertex information for both the prompt positron and the delayed
neutron as already demonstrated in Ref.[%%]. This needs to reconstruct the vertex of 2.2
MeV y which only fires 8 PMTs on average. A dedicated software is needed for this
purpose.

On the other hand, SRN physics could be significantly enhanced if neutron tagging
can be applied in a more efficient way in GADZOOKS!!*!. By adding a 0.2% gadolinium
solution into water, the neutron tagging efficiency could be increased up to 66.7% (could
be even higher) for a background level down to 2x107#!%41 This is very tantalizing
for future SRN searches. However, there are still some technical issues that need to
be solved. Now the addition of gadolinium into water is being tested in a prototype to
decide whether to go or not on the experiment. Future fulfillment of SRN discovery is

expected in GADZOOKS!.
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