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Abstract

Supernova relic neutrinos (SRN) are the di use supernova natrino back-
ground from all the past supernovae. No experiments have seeeded in detect-
ing SRN yet. This thesis describes a search for SRN using Sup&amiokande
(SK), which is a large water cherenkov detecter in Kamioka, &pan.

In 2003, SK published its rst result of SRN search using SK-Idata with
an energy threshold of 18 MeV. This analysis includes 1496 ga of SK-I data,
791 days of SK-1l data and 548 days of SK-1ll data. This is the rst result of
SRN search using SK-II and SK-IlI data.

We improved the analysis with a detailed investigation of background events
and improvement to the event reduction. These improvementsenable us to
lower the analysis energy threshold to 16 MeV. The combined alysis of the
three phase of data taking gives a ux upper limit between< 2.0 - 2.2 /cm?
/sec (E > 17.3 MeV) for nine SRN models.
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Chapter 1

Physics of Supernova
explosion and Supernova
Relic Neutrinos

On 23 February 1987, a supernova SN1987A appeared in the LaegvViagellanic
Cloud at a distance of 50 kpc was observed. This was the rst observation by
naked eye after Kepler's supernova (SN1604). At that time, reutrinos originat-
ing from the supernova were also observed at Kamiokande [1,]3which is the
predecessor of Super-Kamiokande, and at IMB[2, 4]. This wathe rst obser-
vation of a stellar object outside the solar system without qotical observation
method; it was an epoch-making event. Thereby this observdon is said to be
the birth of the neutrino astronomy.

But supernovae are very rare events which are expected to hagen once per
several tens of years per galaxy. In this thesis, we focus omé supernova relic
neutrinos which originated from all of the past supernovae gice the beginning
of the universe.

In this chapter, stellar evolution and general physics desgption of super-
novae are presented. Then physics and old experimental reks of supernova
relic neutrinos will be described.

1.1 Supernova explosion

Supernova explosions are the last stage of stellar evolutio of large stars.
Heavy elements (above helium) up to iron are generated in theniddle stage of
stellar evolution and emitted by supernova at the end of the &olution. There
are several processes of stellar evolution which depend oihd stellar mass as
follows.



Figure 1.1: Supernova 1987A happen in Feb. 1987.

1.1.1 Stellar evolution

1. Protostar formation

The origin of a star starts with the formation of the core by gravitational
contraction of interstellar gases. This core becomes largeas more sur-
rounding interstellar matter is absorbed. The kinetic energy of absorbed
matter is transformed into thermal energy and therefore the inner pres-
sure of the star starts to rise. If the surface temperature egeeds 2000
degrees, light emission spectrum is in the visible light reipn and the pro-
tostar starts shining. Hydrogen burning starts when the core temperature
is over 10'[K], but a star whose mass is less than ©8M cannot reach
this stage and such a star becomes a planet like Jupiter.

2. Main sequence stars

In stars larger than 0:08M , energy is supplied from hydrogen burning
which keeps the inner pressure in a state of thermodynamic eglibrium
with gravitation. Although there are several hydrogen burning process,
basically it is expressed by equation 1.1.

4p! *He+2e" +2 (1.2)

The Q value for this reaction is 26.73MeV, with the neutrinos carrying
2 263keV away from the stars, therefore leaving 26.20keV in 1@ thermal
energy*. Figure 1.2 shows the solar neutrino ux for each reaction male.

Temperature and pressure are balanced in the state of hydragn burning
if there is no degeneracy pressure. For example, if the tempature is

1This is the case of PP chain |. The energy carried away is dier ent for each reaction mode.



i

o pe" Bahcall-Serenelli 2005 1

] PPy 17 3
10 Nealrino Spectrum (#io) 3
109 | Tho=fs10.5% _;
E . be=—-- — F
Al = [ R 1
o ot LmeT L~ T 1
T E BT papespR E
: mr-:lin—"""" ﬂl ﬁ' ]
g T ;
L. - LN ]

& i ]
wep FF - Y e o

5 BT Bes
E 10t 210,05 ol

ik

|t E

11k et X1

i
Neutrinc Energy in Me¥

Figure 1.2: Flux of solar neutrino. X-axis is neutrino energy and Y-axis is
expected ux in Bahcall-Serenelli 2005 SSM.

changed, the radius of the star is also changed in order to k@edynamical
equilibrium, this is called the self stabilization e ect. M ost stars, including
the sun, are in this step, which we call the main sequence. Altough PP
chain interactions dominate other nuclear fusion processn the sun whose
core temperature is 1.5 107[K], other more massive, hotter stars can have
the CNO cycle as a dominant reaction mode. Light stars, whosenass is
less thanM < 0:46M , end their life by becoming white dwarves with
helium core because they cannot move onto the next step of nlear fusion.

3. He burning

Stars with mass greater than 0.46/ start to gravitationally contract
again once the hydrogen burning has ceased and core tempeuag then
begins to increase. If the core temperature exceeds 10° degrees, helium
burning is started. There are no stable nuclei in the case oftamic number
5 and 8, so the next step in the nuclear reaction is the processf making
12C from “He ( particle) through 8B nuclear. This process is called the
triple alpha process.

3F*He! 2C+ (1.2)
Q=7:27MeV (1.3)
Once helium burning has started, the pressure in the center focore

becomes very high. The whole star then expands and the tempature of
the stellar penumbra decreases until nally the star becomes a red giant



star. Stars as massive as the solar mass stop their growth, &sting o
their penumbra and leaving the core behind to become a white @arf.

In the case that this helium burning occurs under degeneratgressure,
the nuclear reaction burns up. Degenerate pressure does naepend on
temperature, so contraction cannot start even after the igntion of helium
burning. However, the core temperature will increase evenn that case,
thus causing the helium burning to proceed explosively. Thé temperature
increase continues until the star is no longer under degenate pressure.
This peculiar process is called helium ash.

4. Heavy ion burning

Helium burning in stars with masses between 81 and 8M proceeds
in the absence of degenerate pressure until the generated G-core starts
burning. Carbon de agration is caused due to the same pringdle as helium
ash. This is the mechanism of type la supernovae.

More massive stars, 1 > M > 8M , make Ne-Mg cores by carbon
burning under the degenerate pressure.

Stars with mass greater than 1M do not reach degenerate pressure, So
nally Mg burning produces an iron core. Iron, *®Fe, is the most stable
element; further burning is impossible.

5. End of the massive star

Core temperature and pressure increase only by gravitatioal contraction
because iron core does not supply energy. At the nal stage,he iron
core photodisintegration begins and this endoergic reactin accelerates the
gravitational contraction. The stars nally end their life with a supernova
explosion. Details of the supernova explosion are descrildein the next
subsection.

1.1.2 Type | Supernova

Type | supernovae are distinguished by the lack of hydrogen lasorption lines
in their spectrum. Type | supernovae can be classi ed into tiree di erent types
based on their spectrum. Type la include a large Si absorptio line. Type Ib
can be distinguished by the lack of both hydrogen and Si absation lines. Type
Ic spectra don't have any hydrogen, helium and silicon lines

Type la is caused by carbon de agration occurring in the condtion of de-
generate pressure. In the case that the white dwarf of a binar system receives
some mass from the other star of the binary system, core colfsse starts as
long as the white dwarf mass exceeds the Chandrasekhar mask4M ). It also
causes carbon de agration and eventually a big explosion. tlis by this pro-
cess which everything gets blown to pieces so that nothing caexist after the
explosion. Although type la supernovae appear in every typeof galaxy (e.g.,
elliptic galaxies, spiral galaxies, etc.), their rate of ocurrence is lower than type
Il supernovae, which are described in the next subsection.



Because the absolute light intensity of type | supernovae ag almost constant,
they are called "standard candle" and are used for measurenmt of the distance
to the galaxy including the type | supernova. They also enabé us to measure
the cosmological constant.

Type Ib and Ic are formed through a di erent process. They are basically
the same as a type Il supernova which is caused by core collapof massive
stars. But type | supernovae don't include the hydrogen absaoption lines, so the
explosion should happen with the outer layer absent of hydrgen. The details
of type Ib and Ic are not understood yet.

1.1.3 Type Il Supernova
General description of type Il Supernova

Type Il supernovae are caused by iron core collapse of massistars whose
masses are larger than Bl . This kind of star can form an iron core as well as
burning the siliconat T ' 3:4 10° K. If the mass of the iron core is greater than
the Chandrasekhar massil¢, ' 1:4M with Ye' 0:4 ;where Ye is the fraction
of the electrons per nucleon), gravitational core collaps@and photodisintegration
will happen within 10 sec, thus liberating a large amount of energy. Neutron
stars or black holes are left after this process.

In the case when a neutron star is left, the released energydm this type
Il supernova is calculated to be as follows:

2 2
E = M M- (1.4)
R GScore R NS
053 M 2 R 1
= 27 1 M Tokm [erg] (1.5)

Where GS and NS express giant star and neutron star and the rsterm is
almost negligible.

Meanwhile, the energy expended by photodisintegration is gtimated to
be less than 1.M 6 102 32MeV' 1 10 erg. The kinetic energy
for the ejecta mass of Mej=1(M is on the order of Ey, =1/2Mej v? ' 1

10°* erg, assuming v' 2000km/s. Optical energy and gravitational waves
also carry away energy smaller than this order. Most of the eargy, more than
99%, released by core collapse is carried away by neutrino éssion.

To calculate neutrino ux from type Il supernova, one may carry out
a hydrodynamic calculation with neutrino transport. The core density is >
10'3g=cn?, so the core is opaque to neutrino transport. The e ective tenpera-
ture of the core surface is estimated by the radiation law asdllows.

" E_ 1 #1:4
Tert = ~ 1.6
© 4R % (7=8)g (1.6)




where is Stefan-Boltzmann constant,g is the number of neutrino species
and R' severaltimes 10 km. is the cooling time of the core whose order is 5-10
sec. Then the e ective temperature is calculated 4MeV and average neutrino
energy = 3.15T¢s ' 10MeV. The total neutrino ux can be estimated as
follows.

_E

"2 10 (1.7)

Therefore, the neutrino ux of a supernova at the center of gdaxy is

= ——"' 16 10“%cm 2 =burst 1.8
4d? (1.8)
From this ux, we expect the event rate in a 1kt water detector for a galactic
supernova:

! €"'n :170events

e! o€ :8events 1.9

Time evolution of type Il Supernova

If the contraction proceeds, the core density will become leger until the Fermi
pressure of the electron increases. Large Fermi pressurecaterates the electron
capture by iron with a Q value of 3.695MeV. The density thresiold of electron
capture is = ¢ ' 0:53 10°g=cm®. The state just before core collapse is

core ' 10°  10%g=cm?3, Teore ' 0.7MeV and the radius of the sphere encircling
the Chandrasekhar mass is 3000 km.

Once core collapse starts, free protons are generated by ptoalisintegration

of iron as follows:

%Fe+ | 13*He+4n 1244MeV (1.10)
‘“He+ | 2p+2n 283MeV (1.12)

Because this process is an endoergic reaction, contractiaf the massive core
and electron capture proceed furthermore with free protongelectron capture on
free protons has a larger cross section than iron). The numlreof electrons per
nucleon (Ye) decrease by electron capture and it also redusg¢he Chandrasekhar
mass Mcn). The consumed proton is supplied through the photodisintegyration
process. This process produce a large number of neutrinos wke luminosity is
' 10°? erg/sec for about 10 msec.

If R> 10 , where R is the radius of the core and is the mean free path of
neutrinos, the core becomes opaque to neutrinos.

A region whose density is larger than 18'g=cm® forms a neutrino sphere
whose radius is'" 70km. This neutrino trapping increases the neutrino Fermi



gas pressure, thus electron capture is suppressed. The tingzale of this process
is about 25 ms.

These process described above cause the decrease of the insigpporting
pressure so that core collapse is promoted further and coreeshsity becomes
larger. Once the core density exceed the nuclear density of 3 10'*g=cm?, the
contraction is halted by the degenerated pressure of neutno. The outer core
free-falls onto inner core and bound on the surface of innerare and the shock
wave propagating outward is generated[6]. The time evolutn of stellar shell is
shown in Figl.3.
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Figure 1.3: Time evolution of stellar shell. 0.0sec is the bginning of free-
falling. [13]

Electron neutrinos remain trapped in the neutrino sphere uril the shock
wave reaches the sphere. Once it reaches, the matter tempdtae is heated
upto T 10 MeV thereby protons and neutrons are liberated. This proess
promotes the electron capture drastically, generating lage amount of electron
neutrinos. This is called the deleptonisation burst (or eletron neutrino burst)
generally. The time scale of the burst is order of 10 ms and itéiberating energy
is a few times 16 erg [7].

After this degenerate pressure, a shock wave heats the neumio sphere and
then an equal number of all species of neutrinos and anti-ndtinos are gener-
ated mainly from neutrino pair creation. Then a protoneutron star is formed,
consisting of dense core and mantle, and it cools by emittingneutrino black
body radiation in the neutrino di usion time scale of 10 sec.



After the deleptonisation burst, neutrino luminosity is al most same for all
the species of neutrino. The average energy of each neutrirgpecies is:

NE i<l i<h i (1.12)

where . include their anti particles. < (n;p)e has a lager opacity than
e (p;n) € because neutrons are more abundant than protons. Thereforaeu-
trino sphere of anti-electron is deeper and hotter than thatof electron neutrino.
Neutrino sphere of muons and tau neutrinos and their anti nedrinos is located
still deeper because their interaction is only by a neutral arrent interaction.
Generally the average energy for each species is given asldols:

FE ,i' 10 15MeV (1.13)
FE .i' 12 18MeV (1.14)
E i’ 20 25MeV (1.15)

These calculations depend on the authors[9, 10, 11]. Time elution of neu-
trino luminosity and their average energies are shown in Fid.4. The sharp peak
around 0.05sec is due to electron neutrino from deleptonigen burst. Time-
integrated energy spectrum for each species are also showm Fig1.5
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Figure 1.4: Time evolution of neutrino luminosities(upper) and their average
energies (lower) [13]

1.2 Supernova Relic Neutrino

Kamiokande detected neutrinos from supernova SN1987A. Tld enabled us to
investigate the mechanism of supernova explosion and alsdvswed that neutri-
nos can be an e ective tool for the space observation, espeddly for deep inside
the stars. But supernovae are quite rare events, said to hapgn once per several
tens of years per galaxy. In this thesis | focused Supernova &ic Neutrinos
(SRN), which are the di use neutrino background originatin g from all the past
supernova since the the beginning of universe. Measuremewff supernova relic
neutrinos enable us to know the history of supernova in the wble universe.
For example, ux and spectrum of supernova relic neutrinos ae related to the
history of galaxy evolution and mass distribution in the universe. So the mea-
surement of supernova relic neutrinos is very important forthe astrophysics.

In this section, | discuss the supernova relic neutrino its#, followed by a
discussion of the detection of SRN in Super-Kamiokande, anchally old exper-
imental results for SRN will be described.
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Figure 1.5: Time-integrated energy spectrum for each spees

1.2.1 Supernova relic neutrino ux and prediction models

Supernova relic neutrinos are the di use supernova neutrim background and
their origin is all the supernovae occurring between big bag and present day.
Thus their neutrino spectrum is a superposition of the neutiino emission of each
supernova explosion. Considering red shift caused by the avall expansion of
the universe, we can calculate the SRN spectrum as follows:

Z 0
dF Zmax dN E dZ
Rsn (2) 4 1+ 2)g (1.16)
m(1+ 2)3 +

a _ <
dE  Hp o

where c is the speed of lightHg is the Hubble constant, z is the red shift
parameter. ., and are the fraction of the cosmic energy density in matter
and dark energy, respectively.Rsy is the supernova rate depending on the red
shift parameters; at present it is Rsy (0)  O(10 “)Mpc 3yr 1. Observations
indicate this rate increases with the red shift, it meaning that supernovae oc-
curred more frequently in the earlier universe. The supernga rate depending
on the red shift is expressed usindgRsy (0) and the red shift parameter z.

Rsn(z)' Rsn(0)(1+ 2) (1.17)

The best t value for is 3.28 up to red shift z 1 [31] and the rate
becomes at at large z. Fig 1.6 is the evolution of star formaion rate density
with redshift.

There are several models predicting supernova relic neutnio ux in this
way. Even before SN1987A happened, SRN were predicted theatically [17] and

10
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Figure 1.6: Evolution of star formation rate density with red shift. Solid line s
are best tting parametric forms. See [31] for the detail discussion.

the ux was also calculated [18, 19]. The models of an early d& are calculated
without any experimental data assuming the constant supermova rate. The
models after SN1987A calculate the ux and spectrum precisly using advanced
theoretical assumptions [20, 21, 22, 23, 24, 25, 26, 27, 289,230]. The SRN
uxes predicted in these theories range from 0:3 4:6 .cm ?s ! above 17.3
MeV. The predicted spectra are shown in Fig 1.7.

Constant SN rate [20] (Totani et al. 1995)

An early paper on SRN was published in 1995 by Totani et al. in vhich
the Supernova rate is hypothesized to be constant across a#ipace and
time. This model used supernova simulation and considered @osmological
constant for the rst time. The absolute ux value was estimated using
the abundance of oxygen, because oxygen should be generaiadhe star
which can make the supernova explosion.

Population synthesis [21] (Totani et al. 1996)

The same author published another paper in 1996 using a popation
synthesis in the galaxy evolution. In this paper, the di erence of super-
nova rate between elliptic galaxies and spiral galaxies areliscussed and
then supernova rate was estimated for each kind of galaxy. Ahough sev-
eral cosmological parameters are used in this paper, we takihe case of
(h,, )=(0.8,0.2,0.8) in this thesis. Here h is the Hubble constam, is
the density parameter” and is the cosmological constant.

2Ratio of density and critical density

11



Cosmic gas infall [22] (Malaney et al. 1997)

This paper, published in 1997 by Malaney et al., considers th density
distribution of interstellar gas for the red shift parameter. Absorption
lines of a quasi-stellar objects, QSO, were used. Generalthe interstellar
gas gets together to make the star and is then returned to the gs through
an explosion. But according to this paper, it is only possibé for this
process to happen in the region z 2 so the ux becomes smaller than
other models.

Cosmic Chemical evolution [23] (Hertmann et al. 1997)

This model is calculated using chemical evolution of the unierse. Galac-
tic halo and chemical evolution information are obtained from the obser-
vation of Damped Ly system (DLA). They are used for the prediction
of the global star-formation history. In this paper, they compare several
models; for example, one considering time evolution of neuino energy
in the supernova explosion, one changing cosmological pareeters, one
changing the star formation rate and so on. In this thesis, weadopt the
one with = 1 and without time evolution of neutrino energy, ¢ alled
"standard model".

Heavy metal abundance [24, 25] (Strigari et al. 2004)

In 2000, Kaplinghat et al. present the paper that predict the theoretical
SRN ux upper limit using abundance of heavy elements. The ux pre-
diction is updated in 2004 including the new star formation history from
the Sloan digital sky survey. Supernova neutrino spectrum $ typically
modeled by a Fermi-Dirac spectrum with an e ective chemical potential
( =T ). Zero chemical potential and T _ are assumed in their pa-
per. Neutrino oscillation e ect inside a supernova is also onsidered with
normal hierarchy.

LMA neutrino oscillation [26] (Ando et al. 2002)

This model considered the neutrino oscillation inside the &ars in order
to calculate the ux and spectrum of the SRN. Oscillation parameter used
are those obtained from solar and atmospheric neutrino obsegation. Both
SMA and LMA solutions are discussed in this paper but solar natrino
observation has revealed that the LMA solution is correct.

If oscillation is considered, . whose energy is higher than that of ¢,
is mixed so the spectrum shifts to a higher region. The crossestion of
inverse beta decay interaction, discussed later, increaseith the square of
the energy. Therefore event rate in SK increase if the e ect © neutrino
oscillation is taken into account. The star formation rate used in this
paper was increased by factor 2.56 in 2005 [27].

Cosmic star formation history [28] (Horiuchi et al. 2008)
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In this paper, SRN prediction is started with the cosmic star formation
history of Hopkins and Beacom[31] and it's crosschecked byhe measure-
ment of core-collapse supernovae[32, 33, 34], the extragaltic background
light (which records the total stellar emission overall time [35]), and the
stellar mass density [36]. By crosschecking other measurants, the un-
certainty of SRN spectrum originating from astrophysical input is found
as 40%. As an uncertainty of neutrino emission per supernova, ec-
tive temperature of 4, 6, and 8 MeV are adopted. In our analyss, the case
of 6 MeV is used.

Star formation rate constraint [29] (Fukugita, Kawasaki 2003)

Star formation rate (SFR) is discussed with the old Super-Kaniokande
SRN search result[16] in the paper published by Fukugita andKawasaki.
Obtained SFR constraint (< 0.040M yr * Mpc 3) is about twice the

SFR estimated from radio observations, and ve times that edimated

from H . In this paper, reducing uncertainty in neutrino spectrum was
tried using the observation of 1987A neutrinos as a constrait for neu-

trino energy spectrum[4]. Although the minimum and maximum case are
considered from the 90% CL for the IMB events, we took the avemge of
minimum and maximum case.

Failed supernova [30] (Lunardini 2009)

This model considers supernova from core collapse with dic¢ black
hole formation (failed supernova). According to this paper, the average
neutrino energy of a failed supernova is hotter than that of anormal super-
nova which makes neutron star. Although the fraction of failed supernova
is considered as the uncertainty, our analysis adopted 22%ase which is
largest assumption.

These seven models were used in this thesis when we simulatéde spectrum

of SRN in SK as discussed later. The predicted SRN uxes are d$ited in table

1.2.2 Detection of Supernova relic neutrinos

Because Super-Kamiokande is a water Cherenkov detector, n&inos are de-
tected by their interaction with water molecules. Considering the cross section,
the following three interactions are possible. Figl.9 show the expected event
rate for each interaction mode.

1. Inverse beta decay

Inverse beta decay is the charged current quasi elastic intaction of
anti-electron neutrino on proton:

et p! n+e (1.18)
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Model Predicted ux

LMA neutrino oscillation 1.7 o =cm?=sec
Constant SN rate 4.6 .=cml=sec
Cosmic gas infall 0.3 .=cm’=sec

Heavy metal abundance | 0:4 1:8 e=cm?=sec
Cosmic Chemical evolution 0.5 .=cmf=sec

Population synthesis 0.54 .=cm?=sec

Cosmic SF history 1.1-1.9 .=cm?=sec
SFR constraint 0.4-1.1 =cm?=sec
Failed supernova 0.9-1.2 .=cm?=sec

Table 1.1: Predicted ux in each models (our analysis energythreshold of E >
17.3MeV).

One water molecule has two free protons. An anti electron netino can
interact with these protons by inverse beta decay and the cres section
is largest of the interaction between neutrino and water [2(. In Super-
Kamiokande, almost all the detectable events are originatng inverse beta
decay. In this interaction, emitted positron does not keep he direction
information of original neutrino although cross section isvery large.

The cross section of inverse beta decay can be simply calctéal in rst
order approximation for E < 30MeV as follows.

PeEe

' . 44
952 10 “E

Ee = E

[cm?] (1.19)

Herepe is the momentum of positron andE. is the total energy of positron,
both in unit of MeV. is the mass di erence between neutron an d pro-
ton and it's about  1.3MeV. So the measurables® energy is strongly
correlated with the . energy.

Recently, a more precise calculation was also performed cexing the higher
energy region[57, 15]. We adopted the one which includes thdominant
low energy e ects in the calculation, as discussed in [15].

2. Neutral current interaction with oxygen / proton

«+tP®Ool L+ +X (1.20)

This is a neutral current interaction for all types of neutri nos with oxygen
nucleus or proton. In this interaction, the neutrino kicks out a nucleon
from the oxygen in water and generate’®O and °*N. Nucleus in an
excited state is generated and a gamma-ray of 5 - 10 MeV is entéd
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simultaneously. These gamma rays are below our analysis teshold so
that they cannot be used for SRN analysis.

3. Electron elastic scattering

+e ! +e (1.21)

This is the neutrino-electron elastic scattering interaction. Recoiled
electrons keep the direction information of the original neutrino, but it is
not e ective for the SRN search because SRN have no speci ¢ déction. In

addition, the cross section of this interaction is negligiby small comparing
with inverse beta decay.

According to the discussion above, the interaction modes dter than inverse
beta decay of . are negligible for SRN search. The predicted o spectra for
theoretical SRN models are shown in Figl.7. The energy regiobelow 15MeV
is not appropriate for SRN search because Solar neutrinos ardominant in this
region. Also atmospheric neutrinos are much higher than SRNabove several
tens of MeV. Thus the search window for SRN is 15 - several tens MeV.
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1.2.3 SRN search in SK-I and other experiments
Kamiokande

The Kamiokande collaboration published the result of SRN sarch in 1988 [42].
Kamiokande was a water Cherenkov detector for nucleon decagnd neutrino
detection. This detector was located at the Kamioka mine at 1000m depth.
It consists of a large steel water tank with 3000 tons of pure ater and 1000
20-inch PMTs. Its ducial volume was 680 tons.

Using 357 days of data, the upper limit on the SRN ux in the energy range
between 19 - 35 MeV is obtained as 226cm?=sec at 90% con dence level.
Additional SRN ux upper limit obtained from 1040 days of Kam iokande-1l data
was set on the total SRN ux (< 780 e=cm?=sec) [43]. This is corresponding
to 50 .=cm?=sec in the energy region above 19 MeV.

SNO

Sudbury Neutrino Observatory (SNO) is a neutrino detector using heavy water;
its rst motivation is solar neutrino measurement. The SNO detector consist
of an acrylic vessel lled with 1 kton heavy water surrounding 10,000 PMTSs.
Using heavy water, the SNO detector is sensitive to electromeutrinos through
the charged current interaction as follows.
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etD! P+P+e (1.22)

The SNO collaboration published its result for SRN search in2006 using
their rst phase data with an exposure of 0.65 kton years [44]. In their
analysis, no events are observed in the neutrino energy rargof 22.9 - 36.9
MeV, and consequently, the ux upper limit on the o component of SRN was
set to < 70=cm?=sec at the 90% con dence level.

Mont Blanc

The LSD liquid scintillation detector has been operating sihce 1985 in the Mont
Blanc Laboratory. The detector consists of 90 tons of liquidscintillator, con-
tained in 72 stainless-steel tanks and each counter is wated by three PMTs
with 15 cm diameter. Since the amount of luminescence of ligd scintillator is
large, LSD can detect the gamma-rays emitted by neutron capiire so that
event can be separated from other background such as solag.

Anti neutrino limit ux of < 8.2 10°=cm’=sec are obtained. with 90%
con dence level[45].

KamLAND

KamLAND is a 1 kton liquid scintillation detector located 10 00m depth un-
derground in Kamioka, Japan where is the same site as Superdmiokande.
Because this detector consists of liquid scintillator, thegamma-rays from a neu-
tron capture can be tagged and it enable us lower backgroundate and lower
energy threshold.

The KamLAND result was obtained by searching inverse beta deay event
originating from the sun and other sources. This ux limit can be applied for
the SRN. From the KamLAND result, SRN ux limit of 10? =cm?=sec are
obtained in the energy region of 8 - 14 MeV[46].

SRN search in SK-I

1496 days of SK-I data were analyzed in the rst SK analysis ad no clear
SRN signal was discovered [16]. Figl1.10 shows the energy spem for the real
data and expected backgrounds and they are consistent. In th result of that
analysis, most strict ux upper limit was obtained. In the en ergy region,E >
19.3MeV, SK-I SRN ux upper limit of < 1:2=cm’=sec was obtained for all
models and it's close to predicted SRN ux.

Note that this ux limit was obtained using the rst order app roximation
expressed by equation 1.20. This cross section is20% larger than latest
calculation[15].
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Chapter 2

Super-Kamiokande
Detector

Super-Kamiokande detector [51] is a 50,000 ton water cheréov detector for
neutrino observation (Kamioka Neutrino Detection Experiment) and nucleon
decay (Kamioka Nucleon Decay Experiment) which is located 000m depth
underground of lkenoyama, Japan as shown in Figure-2.1 in aer to reduce
cosmic ray muon background. It reduce the cosmic ray muons by orders of
magnitude. 50kton of water is lled in 39m diameter and 42m heght cylindrical
stainless steel water tank surrounded by more than 10,000 2ihch diameter
PMTs. In this chapter, the principle of detection, photomul tiplier, water tank,
pure water system and data acquisition system are described

2.1 Detection of neutrinos

2.1.1 Cherenkov light radiation

Super-Kamiokande detects relativistic charged particlesby Cherenkov light
which is emitted when the speed of a charged particle exceedke speed of
light.

When charged patrticle travels through a medium, charge polézation occurs.
The charged particle exchanges photons with surrounding elctric eld but if the
speed of the particle is faster than the speed of light in medim, photons cannot
catch up with former particle. Those photons are emitted with the opening
angle with the following equation. The basic concept of Cherenkovradiation
is shown in Figure-2.2.

1
n

cos = (2.1)
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Here isv=c The condition for Cherenkov light emission,v £, is obtained
from Equation-2.1 and 1 cos 1. The energy threshold of Cherenkov
light radiation ( Ey ) corresponds to a lower limit of the speed = = and itis
expressed using the mass of charged particla as follows:

Ew = Py 2.2)
n 1

In the case of water, Cherenkov photons are emitted with an opning angle
of 42 degrees because the refractive index is about 1.33. Tinehe Cherenkov
radiation threshold, E, , for electron, muon and charged pion are 0.767, 157.4
and 207.9 [MeV], respectively as shown in Table-2.1.

| particle | Threshold [MeV] |
e 0.767
157.4
207.9

Table 2.1: Cherenkov radiation threshold

The Cherenkov radiation spectrum per unit path length dL can be obtained
by following formula:

dszhoton _ 2 Z 2 1
qdL - 5 1 R (2.3)
where N is the number of emitted photons, is wavelength of Cherenkov
light and is the ne structure constant (' 1=137). Substituting cos = ni
for this formula, following equation is given:
z
dehoton 2 .2 2d
— Y = 2 7 i
a0 sin 2
. 1 1
= 22 %sin? = = (2.4)
1 2

Figure-2.3 shows the spectrum of Cherenkov radiation with he quantum
e ciency of 20-inch PMTs used in SK. It indicates that the most sensitive
region is between 300 600nm. ‘m”% ' 340 [photon/cm] are emitted within
this region with =42 1I"Z =1,

2.1.2 Detection method

In this section, how the Super-Kamiokande detector detectsCherenkov light
and gets the neutrino information is described.

Super-Kamiokande detects the particles which is emitted fom the interac-
tion between neutrinos and protons/*®0O nuclei in water. We get the Cherenkov
ring information with photo multiplier tubes (PMTs) placed uniformly sur-
rounding the water tank like Figure-2.4. The event vertex isreconstructed from
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Figure 2.2: Emitted direction of Cherenkov photons.

PMT hit timing information and the energy is reconstructed from the num-
ber of hit PMTs. The direction of charged particle is also remnstructed from
Cherenkov ring pattern. Details of the detector are descrited in next section.

2.2 Super-Kamiokande detector

The Super-Kamiokande detector is a large water Cherenkov dector consisting
of a cylindrical stainless water tank, 39m radius and 41.4m kight, lled with
50ktons of pure water, a puri cation system for water and air, photomultiplier
tubes, electronics and data acquisition system, etc. The dector is located at
coordinates of 36 25'N in latitude, 137 18'E in longitude and 1000m under-
ground, 2700 meters water equivalence. In order to reduce smic ray muons,
the detector is located deep underground; the muon rate in Sper-Kamiokande
is about 2 Hz which is reduced ve orders of magnitude compare with that of
on surface. Detector construction started from 1991 and completed in 1995. Af-
ter lling with pure water and test operation, neutrino obse rvation was started
from April, 1996.

2.2.1 Inner detector and outer detector

The Super-Kamiokande detector consists of an inner detecto(ID) and an outer

detector (OD). The ID and OD are separated by an array of steelframes called
super module (SM) like gure 2.5. In each SM, twelve 20-inch PMTs are set
inward on SM and two 8-inch PMTs are outward on SM. The purposeof the
OD is to reduce the -ray background from surrounding rocks and to distinguish
the cosmic ray muons from neutrino signal.
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Figure 2.4: Detection method of Cherenkov radiation

8-inch PMTs, Hamamatsu R1408, are used in the outer detectar A 60cm
60cm wavelength shifter plate is placed around the photocadtode of each PMT
in order to extend and increase the light collection e ciency. In addition, the
OD wall is covered with white tyvek sheet whose re ectance is 80%.

On the other hand, the ID wall is covered with black sheet to prevent a
mis reconstruction. 20-inch PMTs are mounted on the ID wall with about 40%
photo coverage. This is described in the next section.

2.2.2 20 inch photomultiplier tube

The 20-inch PMT (Figure-2.6) was originally developed by Hamamatsu pho-
tonics in cooperation with the Kamiokande collaboration[50]. For the Super-
Kamiokande experiment, this PMT was improved in order to achieve better
timing resolution and single photo-electron detection. The speci cations of the
20-inch PMT are summarized in Table 2.1. The photocathode ofthe PMT is
coated with Bialkali (Sb-K-Cs) so that the sensitive region is 300nm 600nm
and quantum e ciency is maximum ( 22%) at 390nm as shown in Figure-2.3.
The dynode structure was optimized to achieve high collecon e ciency
which results in a good 1 p.e. distribution and timing resoluion. Figure-2.8
shows the charge distribution for the single photo-electra (1p.e.) signal. 1p.e.
peak is clearly separated from dark current peak. The averag dark rate is
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about 3.5 kHz at the threshold of 0.3p.e. Timing resolution 5 about 2.2 nsec as
shown in Figure-2.9.

Product name R3600
Photocathode shape Hemispherical
Photocathode area 50cm diameter
Photocathode material Bialkali (Sb-K-Cs)
Dynode 11 stage Venetian bind type
Quantum e ciency 22% @390nm
Gain 10" at 2000 V
Dark rate 3:5kHz
Timing resolution 2.2ns RMS @1p.e.
Weight 13kg
Pressure tolerance 6kg/cm? water proof

Table 2.2: The speci cations of the 20 inch PMT

Figure 2.6: 20 inch PMT used in Super-Kamiokande

2.2.3 PMT case

The inside of the PMT is vacuum for preventing discharge and a&celerating
photo-electrons e ectively. Therefore, if the glass tube & broken, it causes a
strong shock wave. The accident which occurred in 2001 was uaed by chain
reaction started from one PMT breakage. In oder to avoid sucha cascade of
implosions of PMTs, all of the ID PMT are covered by acrylic covers and ber
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Figure 2.9: The single photo-electron timing distribution of 20 inch PMT

reinforced plastic cases (Figure-2.10) since the beginngnof SK-Il. Figure-2.11
shows the transparency of the acrylic case as a function of walength. It is
more than 96% at 350 nm of wavelength. The optical e ect of theacrylic cover
is con rmed to be small.

2.2.4 Comparison of SK-I, SK-II and SK-III

The main di erences of SK-1, SK-II and SK-III are the nhumber of PMTs and
PMT cases. In this section, di erences in detector con guréion are described.

SK-I was started from April, 1996 with 11146 20-inch PMTs ( 40% photo
coverage). After 5 year of observation, bad PMTs (high dark ate, discharge
etc.) were replaced in 2001. After the replacement the acceht happened when
the tank was being lled with pure water in Novenber, 2001. One of the bottom
PMT was broken at that time and 6777 PMTs in the ID and 1100 PMTs in the
OD were broken by the chain reaction.

After the accident, all of the PMTs were covered with PMT cases and re-
placed in the tank. The SK-II period was started from October, 2002 with 5182
ID PMTs which corresponds to photo coverage of 19%.

Full reconstruction took place from July, 2005 to June, 2006in order to
recover the initial photo coverage of PMTs. 11129 PMTs were guipped in the
ID tank during the SK-III period. Photo coverage was recoveed back to  40%
and detector performance, especially energy resolution, & also recovered to

29



Figure 2.10: PMT case used in SK-II and SK-III
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the level of the SK-I period. Table-2.2.4 shows the comparizn of SK-I, SK-II
and SK-III.

SK-I SK-II SK-lII
Start of data taking April, 1996 | October, 2002 | July, 2005
livetime! 1496 days 791 days 548 days
PMT case No Yes Yes
Number of ID PMT 11146 5182 11129
Number of OD PMT 1885 1885 1885
Photo coverage 40% 19% 40%
Energy resolution @10MeV 14% 21% 14%
Position resolution @10MeV 87cm 110cm 87cm
Angular resolution @10MeV 26 28 26
Energy threshold (solar analysis) 5MeV 7MeV 4.5MeV

Table 2.3: The features for each phase in Super-Kamiokande

2.3 Water puri cation system

The 50 ktons of pure water, used in Super-Kamiokande are take from under-
ground water in Kamioka mine. Small dust, ions, and bacteriaare included
in the original underground water. These impurities not only shorten the light
attenuation length, but also can be a background source fordw energy neu-
trino observation. Therefore, it is crucial to remove impurities from the water
as much as possible before lling the detector.

Figure-2.12 is an overview of the water puri cation system n Super-Kamiokande.
The tank water is constantly circulated through the water puri cation system
with a ow rate of about 30 60 tons per hour. The water circulation process
is as follows:

1. Water Filter

Removes large contaminants ( 1 m) such as dust. ?2Rn attached to
the dust is also removed.

2. Heat Exchanger

The water heated by the pumps of the water puri cation system cause
an increase of bacteria. Also, any temperature gradient in fhe tank may
cause strong convection which result in poor water transpagncy. Water
temperature is kept constant after the heat exchanger.

3. lon Exchanger

Removes metallic ions (F&" ,Ni?* etc.) using a resin which has ion-
exchange group with a 3 dimensional retiform structure.
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4. UV sterilizer
Kills bacteria by irradiating ultraviolet light.

5. Rn-free-air dissolving system
Dissolves radon free air into the water to improve the radon emoval ca-
pabilities of the vacuum degasi er.
6. Reverse Osmosis lter
Filter out dissolved gases and contaminants heavier than mss of 100
molecular weight using a high performance membrane.
7. Vacuum Degasi er system
Removes dissolved gases (96% removal e ciency for radon an@9% for
oxygen) from the water.
8. Cartridge lon Exchanger
Further high performance ion-exchange resins selectivelgemove ions with
99% elimination e ciency.
9. Ultra Filter
Removes contaminants down to several nanometers using thelter which
has a few nanometers hole.
10. Membrane Degasi er
Further removes dissolved radon and oxygen gases by membralegasi er.

This water puri cation system reduces the radon concentraton from 10*Bg=m?®
to 10 ®Bg=m®. The light attenuation length in this pure water is 80  90m.
It's longer than our detector size of 40m.

2.4 Data Acquisition system

There are central hut and 4 peripheral huts on the Super-Kambkande tank. The
trigger system and control electronics are placed in the cemal hut, and front-
end electronics and high voltage systems are placed in petigral huts. PMT
output signals come to the peripheral hut through a 70m long @ble. The analog
PMT signal is converted to digital signal by electronics. Two workstations are
placed in each hut, which collect data from electronics and end to the host
computer in the control room.

2.4.1 Inner detector data acquisition system

Figure-2.14 shows the schematic view of the ID data acquisibn system. Output
signals from the ID PMTs come into the front-end electronics called ATM
(Analog Timing Module), which were developed based on the TKO (Tristan
KEK Online) standard for Super-Kamiokande experiment [47, 48]. Integrated
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charge and the arrival time informations are recorded and djitized by the ATM
module with a 12-bit ADC (Analog to Digital Converter). One A TM board can
treat 12 PMT signals, thus 934 ATM boards are used in total.

The block diagram of the analog input part of the ATM is shown in Figure-
2.13. The input signal to ATM is ampli ed 100 times and divide d in the hybrid
IC (integrated circuit) as follows.

to PMTSUM
HITOUT W:200ns to HITSUM
DISCRI. ONE-SHOT .
™S W:300ns
o] - SELF GATE
o PMT INPUT )Z> E START/STOP
e
AL [y TAC-A
= T S TAC-A
% E ICLEAR
— GATE QAC-A
o QAC-A
Pyl
to ADC
START/STOR TAC-B
TAC-B
CLEAR
GATE QAC-B
QAC-B
THRESHOLD DELAY
GATE
TRIGGER

PED_START

Figure 2.13: The block diagram of the analog input part of the ATM

1. HITSUM

In the case that the signal from PMT is over the threshold of 03 photo-
electron, a HITSUM signal, 200 nsec width and -15 mV height, ad HIT
signal, 900 nsec width and -15 mV height, are output from the font panel
of the ATM board. A HITSUM signals are integrated to be used for the
global trigger which is the de nition of an 'event' in Super- Kamiokande.
HIT signals are sent to QAC and TAC through the self gate in order to
get charge and timing information of each PMT.

2. PMTSUM

PMTSUM signal is the sum of input signals for one ATM board. This
output signal goes into a Flash ADC that records the waveforminforma-
tion.

3. TAC/QAC

When the pulse height of the input signal exceeds the thresHd, QAC
(Charge to Analog Converter) starts integrating the charge for 400 nsec
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and TAC (Time to Analog Converter) also starts integrating t he charge
proportional to hit timing. If the global trigger signal is g enerated, the
TAC stops the charge integration and the integrated charge h QAC and
TAC are digitized by the ADC. If a global trigger is not generated within

1.3 sec, the information in QAC and TAC are cleared. Because it tkes
5.5 sec for ADC to process one channel, each channel of the ATM has
two switching pairs of QAC and TAC so that two close events, sich as the
muon and its decay electron, can be processed.

The digitized signal through the above process is read out bySCH (Super
Control Head) and sent to VME memory modules called SMP (Supe Memory
Partner). The data on SMPs are transferred to online host conputer via high
speed network.

2.4.2 Outer detector data acquisition system

Figure-2.15 shows a schematic view of the OD data acquisitio system [49].
The paddle cards distribute high voltage from the mainframeto the OD PMTSs.
A coaxial cable is used to supply the high voltage from the maiframe to the
OD PMTs. These paddle cards also can receive the PMT signal ttough a high
voltage capacitor.

The signals from the OD PMTs are sent to QTC (Charge to Time Corwverter)
modules which is consist of LeCroy MQT200 chips and comparatrs. The QTC
module converts the PMT signal to a rectangular pulse whose vdth is propor-
tional to the input charge. At the same time, a HITSUM signal i s also generated
by the QTC module and sent to the global trigger module. The threshold of
the QTC module is same as that of the ATM module. Once the globatrigger is
generated and received by OD electronics, the leading edgend the width of the
rectangular pulse are converted to timing and charge infornation respectively
by the LeCroy 1877 multi-hit TDC module. The TDC module can record 8
QTC signals and its resolution is 0.5 nsec. The digitized daa stored in the
TDC module are read by a slave computer through a VME memory malule,
called DPM (Dual Port Memory), and sent to the online host computer.

2.4.3 Trigger system

The HITSUM, 200 nsec width and -15mV height, signal from eachPMT is
collected at the central hut through a TKO crate, from each electronics hut. If
sum of HITSUMs exceeds the threshold, a global trigger is gearated. The width
of the HITSUM signal is 200 nsec because the event duration ithe in Super-
Kamiokande is up to 200 nsec (in the case of an event which godisrough the
tank diagonally). A deadtime is produced between 400 nsec ah900 nsec from
the HIT signal in order to remove the signal re ection noise (which comes 700
nsec later).

There are three types of global triggers depending on energythe high energy
trigger (HE), the low energy trigger (LE) and the super low energy trigger (SLE).
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Figure 2.14: Schematic view of ID data acquisition system
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Figure 2.15: The schematic view of OD data acquisition syste

At the end of SK-I period, HE, LE and SLE trigger required 34 mV (after 1/10
attenuation), 320 mV and 186 mV respectively. The SLE trigge threshold of
186 mV is equivalent to 4.6 MeV threshold in total electron erergy. Each trigger
condition in each period are summarized in Table-2.4.

Because of very low threshold, the SLE trigger rate is quite [gh due to the
gamma-ray background from surrounding rocks and PMTs. Theefore, in order
to reduce the huge number of SLE triggered events, a softwar&rigger which
removes events outside of the ducial volume, is also applie.

SK-I SK-I1 SK-I
SLE | 186mV | 110mV | 186mV
LE | 320mV | 152mV | 302mV
HE | 34mV | 18mV | 32mV

Table 2.4: Trigger threshold in each data taking period.
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Figure 2.16: The overview of the global trigger generation
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Chapter 3

Detector Calibration

Super-Kamiokande consists of 11000 PMTs and 50ktons of pureater for
detecting Cherenkov light from charged particle. The particle informations are
reconstructed from PMT output, so calibration is very important. Gain and
guantum e ciency calibration a ects the energy determinat ion and timing cal-
ibration a ects the vertex reconstruction. We performed a precise calibration
on the gain, quantum e ciency (QE), and timing for each PMT in dividually.
Also water transparency measurement is done. In this chapte details of Super-
Kamiokande detector calibration are described. Since cdiiration methods used
in SK-I, SK-II, SK-1lI are almost similar, in this chapter ca libration for SK-II
is mainly described.

3.1 PMT HV determination

The gain of PMTs must be uniform in order to achieve a uniform response over
the whole SK tank and small systematic error of energy recortsuction. We
determine the high voltage value (HV) to be supplied to each MT using Xe
lamp and scintillator ball located in the SK tank.

First of all, we de ne QE and gain. QE (quantum e ciency) is a p robability
of photo-electron emission when photon hit the PMT photo catode. In our def-
inition, CE (collection e ciency), a probability that an em itted photo-electron
reaches the PMT dynode, is also included in QE. \Gain" is de ned to be an
ampli cation factor in PMT dynodes simply.

We use the output charge of PMT (Qqbs) to determine the high voltage
(HV). Qops is de ned as follows:

Qobs(i) /' Nphoton (i)  QE(i) Gain (3.1)
i =1;:::; PMTsequentialnumber

where Nphoton i the number of photons which hit the photo cathode.
The gain of each PMT is given using HV as follows:
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Gain(i)= i HV(i) " (3.2)

where and is the parameter for each PMT. In our calibration in Super-
Kamiokande, we adjusted the HV to give sameQqps for the sameN pnoton -

The SK tank is 40m diameter cylindrical shape and light intensity has
20% non-uniformity for Z direction even if we make a perfecty uniform light
source. The number of photons that reach each PMT depends orhe position of
the PMT in the tank. This is a problem when we determine HV value because

Equation-3.1 include the number of photons.

To solve this problem we provided \standard PMTs" whose gainis adjusted
within a few %. These standard PMTs are located as in Figure-34 and the
PMTs which have the same geometrical relation to the light saurce, are grouped.
Each PMT gain are determined to the standard PMT gain in its group. In this
way, the e ect of the asymmetry described above and water scering can be
canceled.

3.1.1 Precise gain adjustment

A schematic view of our setup for the standard PMT calibration is shown in
Figure-3.1.

Figure 3.1: The schematic view of our setup for the precise PN gain measure-
ment. Xe ash lamp are placed inside a box and emitted light input optical
bers through a ber bundle. Fiber go into the box in which 20 i nch PMT is
set.

We made 420 standard PMTs using a Xe lamp as the light source. fie Xe
lamp (L4634-01) made by Hamamatsu photonics is an optimum fjht source
whose instability of output intensity is 5% at maximum and li fetime is 5 1C°
ash. Its time constant is 200nsec and light emitting rate is up to 100Hz. Light
output from Xe lamp goes through a UV lIter which passes only UV light and
is then divided into three optical bers. One goes to the scitillator ball placed
in the dark box. The other two ber go into APD modules, which m onitor the
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light intensity of the Xe lamp. The scintillator ball includ e 15ppm of POPOP
and 2000ppm of MgO to make the light emission uniform. The dak box which
the PMT and scintillator ball are put in is made of metal to reduce the e ect
of geomagnetism to less than 20mG.

Using this setup we adjusted the gain to 13 for 420 PMTs. To do this we
measured the output charge at four dierent HV values and determined the
parameter ; and ; given in Equation-3.2. The output charge is corrected by
monitor APD counts and the HV supplied to each PMT is set so that it returns
the same output charge within 1%.

As a result, the supplied HV for 420 PMTs are determined with Q4% RMS.
Figure-3.2 shows the ratio between the mean of output chargand target charge
of 10’ gain. To check the reproducibility of our measurement, we skected 50
PMTs randomly from the 420 PMTs and performed the same measwment
again. Figure-3.3 shows the result of second measurement. &\ton rmed good
reproducibility with an accuracy of 1.3% RMS.
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Entries 412 20 M 0.2200
-+ Mean -0.8252E-02 RMS 1.327

RMS 0.3910 X/ ndf 341 | 4
stant 1
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/
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-3 -2 -1 0 1 2 3 correct by APD2
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Figure 3.3: Result of the reproducibility
measurement in the gain determination.
Reproducibility are checked for 50PMTs
and con rmed with 1.3% level.

Figure 3.2: Gain dispersion after the
HV determination. Applied HV for 420
PMTs are determined within 1%.

3.1.2 HV determination in SK tank

Here HV determination in SK tank using standard PMTs whose gadn are ad-
justed within 1% is described.

Setup for HV determination in SK

The standard PMTs are mounted in SK tank as shown in Figure-34. The
scintillator ball, which is the light source of our calibration, is placed at the
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tank center. PMTs are grouped depending on their geometrichgroups with
the scintillator ball. All the 11129 PMTs are divided into 17 groups for barrel
PMTs and 8 groups for top and bottom PMTs, as shown in the Figure-3.5.
Each group includes 9 - 12 standard PMTs.

Figure 3.4: The standard PMT setup inside SK tank. The standad PMT setup
inside SK tank are shown. Red points are representing standd PMTs.

Figure-3.7 shows a schematic view of the HV determination ciébration sys-
tem. Light emitted from the Xe lamp goes into the scintillator ball at the SK
tank center through the UV pass lter. The scintillator ball di uses input light
uniformly and the observed photo-electrons in each PMT are esound 50p.e in
this system. Another optical ber goes to a monitor PMT and generates a
calibration trigger.

Result of HV determination

The measurement is performed several times, rotating the sutillator ball to
cancel the ball non-uniformity. Observed charge is corread by the distance
from the ball to PMT and acceptance as follows:

_ Qobs r?

Qeorr = (3.3)

faccept ( )
Mean of Q.o is calculated for all of the PMT and supplied HV is determined
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Figure 3.5: De nition of PMT group- Figure 3.6: De nition of PMT group-
ing method (Barrel). Barrel PMTs are INg method (Top, Bottom). Top (Bot-

grouped for three layer; there are 17 tom) PMTs are grouped by distance
from tank center; there are 8 groups for

groups.
each.

Figure 3.7: A schematic view of the setup for gain calibration using Xe lamp.
Same tools as standard PMT calibration are used in this setup
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to make Qcorr €qual to the Q¢orr Mean of the standard PMTs in each group
(target charge). After HV determination, output charge rel ative to the mean
of the standard PMT is measured for all PMTs. Figures-3.8 and3.9 shows the
ratio between Q¢ and its target charge.
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Figure 3.8: The dierence from tar-

get charge output before HV determi- Figure 3.9: The dierence from target

nation. The distribution has a width of  charge output before HV determination.

9% RMS. The distribution has a width of 1.3%
RMS.

As a result, the relative output charge can be adjusted to witin 2% in SK-
Il and SK-III, though it was 9% before HV determination. Since we don't
have precalibrated PMTs in SK-I, data were taken by changingthe light source
position to reduce the e ect of a di erence of acceptance foreach PMTs. Using
this method, the gain spread in SK-l was 7%.

3.2 QE measurement

The quantum e ciency (QE) is di erent for each PMTs. Especia lly the PMTs
used in SK-1l have an asymmetry between top and bottom due to nanufacturing
term. Especially for low energy analysis, since we use the mober of hit PMTs
for energy determination, this e ect is quite important. We need to measure the
QE value for individual PMTs and its di erence must be corrected to reduce
the systematic error due to top-bottom asymmetry.

Ni-Cf light source

For the light source of QE measurement, we used a radio isotap make from
Ni and 22Cf as a gamma-ray source. As shown in Figure-3.10, thé?Cf
source is put in the center of the vessel. This vessel has a aylirical shape
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with 20cm height and diameter and it is lled with Ni wire and w ater. 2°2Cf
causes decay (97% branching ratio) or spontaneous ssion with a lietime of
2.645 years. When a spontaneous ssion occurs, 3.8 neutrorae emitted on
the average. Emitted neutrons are captured by surrounding N wire after it is
thermalized by water in 200 sec and gamma-rays with 6 - 9MeV are emitted.
These gamma-rays give their energy to electrons in water by @mpton scattering
with a typical scattering length of 50 cm. The electron emits Cherenkov light
if its energy is above Cherenkov threshold. The light intengty at each PMT
is 0.004 p.e/PMT so that more than 99% of observed light is dueto a single
photo-electron origin. We used this light source for the QE nmeasurement and
absolute gain calibration.

Figure 3.10: A schematic view of Ni-Cf gamma ray source.

Result of QE measurement

The number of hits in each PMT is given by the following like Qqps given in
Equation-3.1:

Nhit (i) /' Nphoton (1) QE(i) (3:4)

We can measure the relative QE value by measuring the numberfahit for
each PMT and correcting for the geometrical e ect on number d photons. The
one dimensional distribution of measured QE is shown in Figre-3.11. Figure-
3.12 shows the position dependence of QE measurement. The QBElue has a

7% dispersion throughout the SK tank and there is a top-bottam asymmetry
due to their manufacturing term as described before.
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Figure 3.11: The distribution of measured QE for each PMTs

Figure 3.12: Position dependence of QE. Red is for the PMT uskin SK-II,
Green is the PMT newly added in SK-IIl and Black is for all
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3.3 Absolute gain measurement

PMT gain can be expressed as the product of global gain of the ks detector
(conversion factor from photo-electron to pC) and a relative gain of each PMTs
like in Equation-3.6. They were measured individually in Syper-Kamiokande.

Gain = global gain relative gain (i) (3.5)
i=1;::; # of PMT

Using the same Ni-Cf light source as for QE measurement, we nasured the
absolute gain in Super-Kamiokande. The mean of the 1p.e. chige distribution
was used to obtain an absolute gain. Figure-3.13 shows the ahge distribution
for SK-II and SK-IIl PMTs. As shown in this gure, SK-IIl PMT w hich were
newly mounted at the beginning of SK-111 (SK-IIl PMT) have lo wer gain than
PMTs that were used during SK-II period (SK-I1 PMT). This is ¢ aused by the
e ect of QE di erence between SK-II and SK-IIl PMT. It clearl y appears also
in the relative gain measurement as described later.

Figure 3.13: Measured charge distribution from Ni calibration. Horizontal axis
is number of photo-electrons. Black is SK-II PMT and Blue is K-l PMT.

From the mean of 1p.e. charge distribution, we obtained chage to photo-
electron transformation factor for all three phase of SK andthey are shown in
Table-3.1.
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SK phase | Absolute gain [pC/p.e.] |

SK-I 2.055
SK-II 2.297
SK-III 2.243

Table 3.1: Charge to count transformation factor obtained from absolute gain
measurement using Ni source in each SK data taking phase.

3.4 Relative gain measurement

From the 1p.e. measurement by Ni-Cf source, absolute gain vgaobtained but
it's not for individual PMT. So we measured the relative gain for all ID PMTs
and made the correction table. This value should have invers correlation with
QE according to Equation-3.1.

3.4.1 Method and setup for relative gain measurement

According to Equation-3.1 and Equation-3.4, we can get the elative gain by
taking a ratio between Qqps and Ny as follows.

SJ:;SE:; / gain(i) (3.6)

We took the data for this measurement using laser with two di erent light
intensity (Figure-3.19). Using exactly same setup exceptight intensity and
taking ratio, all the e ect, e.g. water transparency and magnetic eld, can be
canceled.

The result of relative gain measurement is shown in Figure-36. As seen in
this gure, RMS of relative gain is 5.9%. Position dependene of relative gain
is shown in Figure-3.15. Top SK-Il PMT have higher gain than bottom SK-II
PMT because of QE di erence.

3.5 Timing calibration

The relative timing calibration is essential for the vertex reconstruction of SRN
candidates. lIdeally timing response of each PMT are same &t subtracting
time-of- ight from the vertex position to each PMT. However there are dif-
ference of PMT response due to the length of the PMT signal cale and the
response time of electronics. The e ect of the electronics épend on a detected
charge because of the time-walk e ect of discriminators! as shown in Figure-
3.18.
A laser calibration system, shown in Figure-3.17, is used fothe timing

calibration in Super-Kamiokande. N, laser generate the high intensity light

1The PMT that are exposed to larger light intensity exceed the ir discriminator threshold
sooner. This is called \TQ-map"
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Figure 3.14: A schematic view of the laser calibration setupfor relative gain
measurement.

pc2pe
1.2
1.15 I +-SK2-PME D 10
L O} SK3PMT [Eptries 11111
11 i 10 .'J ;qw 1000
+ +, _i ,)M'q 0.5904E:01
+ | ]
1.05 . . . oF |-! '-|LL|
Foie bt o & 2
O P . 56%%% Ciod 10 | |
| o oooo © o o i© g@g Li
0.95 9} s}
09 1 10 L
0.85 I LIL
0 5 10 15 20 25 30 35 1 Iy = —L -
Group e i | il

0.6 0.8‘ ‘ ‘1‘ ‘ ‘1.2‘ ‘1.4‘ ‘ 1.6
pc2pe in SK3
Figure 3.15: An average of measured
relative pc2pe value in each group +: Figure 3.16: relative gain distribution.
SK-Il PMT I"{ : SK-lll PMT Red! Mean value of this distribution is one.
Barrel, Green!' Top, Blue!" Bottom

49



Figure 3.17: A schematic view of the timing calibration sysem using laser. The
di user ball is placed at the center of the tank.
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Figure 3.18: A typical TQ-map distribution are plotted as a two dimensional
plot of timing vs. charge distribution. Larger value in the vertical axis is
corresponding to earlier hits. Data is taken by a laser setupshown in Figure-
3.17.

within 3 nsec whose wavelength is 337 nm. Emitted light go into a dyeaker
module which convert the wavelength of 384 nm, similar to theCherenkov light.
The light intensity can be controlled using the variable attenuation Iter from
1 photo-electron level to several hundred of photo-electros. The light pass
through the lter is injected into a di user ball, set at the ¢ enter of the tank,
via an optical ber. In order to provide the uniform light emi ssion, injected
light is rst diused by a TiO ; and then further di used by the LUDOX, which
is a silica gel composed of 20 nm glass fragments in SK-I catétion system.The
acrylic di user ball containing MgO powder is used in SK-Il and SK-IlI system
for the purpose of better uniformity of the light.

3.6 Water transparency measurement

Water transparency in the SK tank a ect the number of photons arrive at the
PMT so that it can be an important parameter to characterize detector re-
sponse especially for energy determination. There are two athod of water
transparency measurement. The scattering and absorption grameter is mea-
sured by N, laser changing the dye of the laser. Furthermore the transpeency
is independently measured using decay electron from the spping muons.

3.6.1 Light scattering measurement by a laser

The light attenuation length in water can be described as folows.

1
L= (3.7)
( abs T Rayliegh T Mie )
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Where aps, Rayliegh @nd wie are the absorption, Rayliegh scattering and
Mie scattering coe cients, respectively. Rayliegh scattering occur if the light
wavelength is longer than scattering particle. This scatteing e ect dominate in
shorter wavelength region as shown in . Mie scattering is thecase that particle
is equivalent to the wavelength.

Each coe cient is separately measured by a N laser. Figure-3.19 shows the
setup of the water parameter measurement in Super-Kamiokatde. The laser
light is injected into this detector from top of the tank towa rd the bottom
direction. Each laser whose wavelength is 337, 371, 400 an@@ res every six
seconds during usual data taking period for the measurement
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Figure 3.19: A schematic view of the scattering and absorptin parameter mea-
surement using the laser.

The barrel part of the detector is separated into 5 groups aslsown in Figure-
3.19. the PMT hit timing distribution in each region for the c alibration data
are shown in Figure-3.20. There are PMT his in top and barrel die to the
scattering by water molecule or due to the re ection by the battom PMTs or
black sheets. The absorption and scattering coe cients aretuned to make the
hit timing distribution of MC simulation agree with the cali bration data.

The attenuation coe cients obtained by this method are shown in Figure-
3.21. The lines are showing the tuned parameter for each atteiation coe cient
determined by tting to the data.
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Figure 3.21: Attenuation coe cients as a function of wavelength. Star mark-
ers show the result obtained by the water scattering measumaents. Lines are
representing the expected one tuned by this measurement.
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3.6.2 The water transparency by decay electron from stop-
ping muons

The water transparency in SK is monitored continuously by usng the decay
electrons (positrons) from cosmic ray muon events stoppingnside the SK tank.
As mentioned in section 7.1, decay electron from muons has g@sctrum following
a Equation-7.3. Since this physics process is well known, day electron events
can be used for monitoring the water transparency.

At the depth of 1000m underground of SK site, approximately 800 muons
per day stop inside the SK tank and produce a decay electron.n order to select
the decay electron events, following selection criteria a& applied.

1. The time di erence between decay electron candidate and geceding stop-
ping muon is in the range of 2.0 sec - 8.0 sec

2. The reconstructed vertex of the candidate event is within22.5 kton ducial
volume

3. Number of hit PMT greater than 50

By applying these criteria, 1500 events are selected in one day and it's
enough statistics to measure the time variation of water transparency.

To remove the e ect of scattered and re ected photons, hit PMTs are se-
lected by following criteria.

1. Hit timing must be within 50 nsec time window after time-of - ight sub-
traction

2. PMTs must be within a come of opening angle 32 - 52 degreesthirespect
to the reconstructed direction

A plot of the number of hit PMT is made using the selected PMTs and is
tted with linear function. The inverse of the slope gives th e water transparency.
Figure-3.22 (top) shows the time variation of water transparency during SK-I
period.

The selected decay electron sample are also used for monitog the energy
scale stability. The average number of hit PMT in one week is potted as a
function of time in Figure-3.22. The energy scale variationwas within 0.5%
during SK-I period.

3.7 Energy scale calibration

For the supernova relic neutrino analysis, energy scale cidration is one of the
most important calibration because energy spectrum tting will be done at the
nal stage of our analysis. The e ective number of hit PMT ( Negt ) is used
to determine the energy of positron in our analysis. We measwed conversion
factor from Neis to energy within -~ 1% level using two calibration sources. In
this section these energy calibration systems are descride
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Figure 3.22: Time variation of the measured water transparacy (top) and
stability of the energy scale as a function of time(bottom). Both of them are
measured using decay electron events.

3.7.1 LINAC calibration

To better determine the energy, electron linear accelerato (LINAC) is used to
generate energetic electron for the energy scale calibrath in Super-Kamiokande[52].

Setup of LINAC system

The LINAC used in SK is a Mitsubishi ML-15MI11l LINAC which wa s origi-
nally made for medical purposes. The speci cations of our LNAC system are
summarized in Table-3.2.

Accelerator tube 1.69m length and 26mm diameter
Frequency of micro wave 2.856 [GHz]
Electron intensity MAX 200 A
Max beam intensity 10°=pulse @end of accelerator tube
Beam momentum 5-18 [MeVI/c]
Pulse width 1-2 [sec]
Pulse rate 10-66 [/sec]
Spread of the beam momentum < 0.3%

Table 3.2: The speci cations of LINAC

The LINAC accelerate electrons using microwave of 2.8656GHgenerated by
the klystron. The length of one pulse is about 2 sec and its rate is 10 - 66 Hz.
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The required electron beam intensity is one electron per on@ulse. To achieve
this, 10° electron in one pulse is required at the exit point of the acckeration
tube.

Figure 3.23: Setup of LINAC calibration system at Super-Kamokande.

The LINAC system produce some background noise such as X-ragnd
gamma-ray. The mainframe of LINAC is located far from the SK tank in or-
der to prevent those background from a ecting data. Electrons, accelerated
by LINAC, go into SK tank through the stainless beam pipe whos maximum
length is 60m. Inside of the beam pipe is surrounded by metal? for the purpose
of reducing the e ect from external magnetic eld. Also inside of the beam pipe
is vacuated down to 10 4 Torr so that electron beam can reach end of pipe
without any e ect from scattering by air.

The beam pipe is installed to the SK tank from calibration hole on the top
of the SK tank. The end of pipe is capped by the titanium cap with 100 m
thickness as shown in Figure-3.24. Set of scintillator and MIT is placed at the
end of beam pipe for making the LINAC trigger as well as scintilator and PMT
for making VETO.

There are 8 dipole and quadratic magnets along the beam lineat bend the
beam direction and to narrow the beam width. The quadratic magnets control
the beam width within ~ 6mm and 3mrad spread. See Figure-3.25 through 3.27
for a schematic view of magnet setting.

2 metal is a nickel-iron alloy that has very magnetic permeabi lity.
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Figure 3.24: The end-cap of the LINAC beam line. A scintillation counter is
located above titanium window, used for the trigger.
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Figure 3.25: The rst bending magnet (D1). This magnet determines the beam
momentum.
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Figure 3.26: The second bending magnet (D2).
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Figure 3.27: The quadratic magnets (Q1, Q2) and 90 bending magnet (D3).
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Germanium detector

It is very important to know the electron momentum accurately. The germa-
nium detector, negative type semiconductor detector, is usd for the electron
momentum measurement. Germanium in the detector is the cyldrical pure
crystal with a 57.5mm diameter and a 66.4mm length.

Because the ionization energy of germanium is very small (26ev), a lot
of carriers are generated so that germanium detector can prade a very good
energy resolution. Germanium detector not only has a good r&olution but also
has a good output linearity for input particle energy. This is also very important
because the calibration gamma sources for germanium detemt are up to 9MeV.

Figure-3.28 shows the output charge of the germanium detect as a function
of gamma-ray energy from calibration source with a tting result by a linear
function. The deviation from tting result at each pointis s hown in Figure-3.29.
Although deviation is larger in very low energy region, it is still less than 1% in
all points.
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Figure 3.29: Deviation of the output
of Germanium detector from the tted
line. X-axis is energy of gamma ray
source [MeV]. Y-axis is the deviation
of the data point from the tted line
[%].

Figure 3.28: The linearity of the Ger-
manium detector. X-axis is the output
from the Germanium detector [count]
and Y-axis is the energy of the calibra-
tion gamma ray source [MeV].

Result of LINAC calibration

LINAC data are taken at six position changing X (-12m, -4m) and Z (-12m,
Om, +12m); X and Z is the de ned axis in SK. For every position data was
taken with four momenta (5.1MeV, 8.8MeV, 13.6MeV, 18.9MeV). In SK-I and
SK-II, LINAC beam momentum is limited at 16MeV due to the power of the
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bending magnet. We replaced D3 magnet which bend the beam byQ@legrees
in order to obtain higher energy beam. By this improvement wesucceeded to
make the upper limit of LINAC beam up to 18.9MeV in SK-III.

Ness distribution of 8.8MeV and 18.9MeV electron at each six podiions are
shown in Figure-3.30 and Figure-3.31. Black is LINAC real d&a and red is
simulated N¢ss  using Monte Carlo method (MC). Their consistency seems very
good.

The relation between total energy of electron accelerated Y LINAC and
Nesf IS shown in Figure-3.32. Total energy is measured by germanm detector
with accuracy of +/-20keV. Conversion function from N to energy is obtained
from this result. The di erence between data and MC are shownin bottom two
gures. As shown in this gure, position dependence of the erergy scale in SK
ducial volume is less than 0.5%. Resolution ofNes; is also compared with
MC and the result is shown in Figure-3.33. Dierence of resaltion of 2.5% is
obtained.

Figure 3.30: N distribution of 8.8MeV and 18.9MeV electron at each six
positions. Black is data and red is MC.

3.7.2 DT generator calibration

The Deuteron-Tritium Generator (DTG) [53] which is a device to generate neu-
trons, is used for the cross check of energy scale calibratidoy LINAC. LINAC
beam always move in a downward direction because beam pipe cde installed
only from top of the tank. DT generator provide uniform direction source using
the decay of 1N so that it can be used to check the directional dependence of
the energy scale.
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Figure 3.31: N distribution of 18.9MeV electron at each six positions. Black
is data and red is MC.

ro X =-1237cm,Z=.1197cl . L b
% M0 g R =IT537¢mIZE ~6¢m 5| § w ©
= FA X =-1237cm,Z= -1209cm k] r
B 1200 X=-388.9cm, Z=1197cm & 120
% :2 f-%éé 9§m, 4;3-((2:m x 2 F
= 100} =-388.9cm, Z —gl 09¢cm 100] B
80f 80|
60| L] 60 [ L]
400 400
:Q :$
% "6 8 10 12 14 16 18 20 % 6 8 10 12 14 1 18 2
é om: é 0.05:
< oonf < 004
003} 0.0Bf
oazf 0.0z}
0014 ! oonf -
L & | o
0r3 i £ ¥ 0o ¥ 3
S ompy 3~ S oo ft :
0@ | -002f
-0m8 | 003 F
om f 004
05, "6 8 10 12 14 16 18 20 05,6 8 10 12 4 16 18 2

expectedEnergy'in tank

Figure 3.32: The relation between total energy of electron ecelerated by LINAC
and Ner . Top two gures are Negr .VS. total energy and left top gure shows
data and right top gure shows MC. Bottom two gures are MC - da ta divided
by data. Left gure shows each point and right gure shows average of all
points.
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Figure 3.33: Resolution ofN¢ss compared the LINAC data with MC. Top two
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shows each point and right gure shows average of all points.
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Setup of DTG system

At rst DTG starts with a collision of deuterium and tritium i nside the generator
to create “He and neutron. 10° neutrons with the 14.2MeV are created at one
pulse of collisions. The neutrons interact with'®0 and generate!®N and proton,
10(n,p)'8N. N decays with the half-life of 7.13 seconds with a Q value of
10.4MeV. The decay products are mainly 6.13 MeV gamma rays ah4.29 MeV
beta particles (66.2% fraction) as well as 10.4 MeV beta (28%fraction).

Figure 3.34: A schematic view of the setup of DT generator

Overview of DTG data taking is shown in Figure-3.34. When we Bke data
at SK, the DTG is lowered to the position where data is to be taken. Next the
DTG is red creating neutrons and these neutrons generate'®N surrounding
the DTG. Once DTG is red, it is withdrawn 2 meters to remove th e generator
from the area of 1°N. After the re of DTG, it takes 10 seconds to withdraw
apparatus completely, and 60% of 6N has decayed.

While the crane is moving, we don't take the data to prevent ekctrical noise
from containing the data. Once the crane stop moving, data ae collected for
40 seconds.
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Result of DTG calibration

Data from the DTG calibration are reconstructed using the same analysis tools
as SRN analysis and then they are compared with MC simulation Figure-3.35
is the direction dependence of reconstructed energy of DTGwent. From this

gure, direction dependence of energy scale is almost leshian 0.5%.

Figure 3.35: The direction dependence of reconstructed engy from DT calibra-
tion data from a position-weighted average over all positims in ducial volume.
Horizontal axis is azimuthal angle [degrees] (top gure) ard coqzenithangle)
(bottom gure).

Next, position dependence of energy scale is checked using G calibration
data. Since DTG is relatively smaller than LINAC, data can be taken in many
positions and then it's better calibration tool for checking the position depen-
dence of energy scale. Figure-3.36 shows Z (R) dependenceesfergy scale.
Di erence between data and MC is very small in small X region (ear tank
center). Although it's become larger in outer region as show in Figure-3.36,
di erence is less than 2% at a maximum in the ducial volume. Even outside
of ducial volume (X=15m), energy scale di erence is 3% levd.

At last the DT generator data and the LINAC data are compared as shown
in Figure-3.37 and very good consistency can be seen. If welset downward
DTG events, energy scale di erences LINAC and DTG are less tlan 0.5% and
it's within statistical error. Even if we use all direction o f DTG events, energy
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Figure 3.36: Position dependence of the energy scale from Dgalibration data
from a position-weighted average over all positions in dugal volume. Horizon-
tal axis of the top gure is Z position of SK tank and that of bot tom gure is

horizontal distance from tank center.
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scale in DTG and LINAC are consistent within 1%. This result demonstrate
reliability of the LINAC energy scale calibration.

Figure 3.37: Comparison between DTG data and LINAC data. Enegy scale in
DTG and LINAC are consistent within 1%.

3.7.3 Summary of energy scale calibration

Since the energy scale calibration is quite important for the SRN search anal-
ysis, we carefully performed the energy scale calibrationFor example, LINAC
calibration can determine the conversion factor from the nunber of hit PMTs
to particle energy and also position dependence of energy ale is measured by
taking the LINAC data at the several positions. DTG is unifor m source in
contrast to LINAC so that it can be a good calibration source to measure the
directional dependence of energy scale.

The summary of these energy scale calibration is describedh ithis section.
Considering the e ect of
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Position dependence of energy scale

Time variation of energy scale

MC tuning accuracy

Electron beam determination in LINAC calibration

Directional dependence of energy scale

we estimate the energy scale uncertainty for SK-I, SK-II andSK-IlI. They
are listed in Table-3.7.3.

| Data taking phase | energy scale uncertainty |

SK-I 0.64%
SK-II 1.4%
SK-11 0.53%

Table 3.3: Energy scale uncertainty in SK-I, SK-Il and SK-II|.
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Chapter 4

Event reconstruction

The event reconstruction is performed to obtain information such as the vertex,
direction and energy from the taken data. In Super-Kamiokarde, the vertex of
the SRN candidate events are reconstructed using PMT hit timing information.
The reconstruction of the event direction is done using the MT hit pattern. Af-
ter that, Nefs , the e ective number of hit PMTSs, is calculated and is converted
into the corresponding energy using the conversion functio obtained from the
LINAC calibration. In this chapter, the methods of event reconstruction for
SRN candidate events are described.

4.1 \ertex reconstruction

For the reconstruction of the vertex position the hit timing of each ID PMT is
used. SRN candidate events are categorized as low energy et& whose total
charge is less than 2000 photo-electrons (corresponding 250MeV) in SK-1 and
SK-I1l, and less than 1000 photo-electrons in SK-II. Our vettex tter is applied
for these low energy events. Figure-4.1 shows an example offtical low energy
events. In this section, the method of vertex Reconstructia for SRN candidates
is described.

Particles emitting Cherenkov light are moving, but low energy events such
as SRN candidates can move only 10 cm in water due to scattering. This is
smaller than the vertex resolution of Super-Kamiokande, save are able to treat
the vertex as a point. For the event vertex reconstruction fa this SRN analysis
we performed a maximum likelihood t to a timing residual of t he Cherenkov
signals, as well as a dark noise background, for each vertexypothesis. The
hypothesis which gives a maximum likelihood is chosen as theeconstructed
vertex. The likelihood of the vertex tting is de ned as:

Nt
Likelihood = log(P(ti(>) tof to)) (4.1)
i=1

Where tj (%) is the timing of each hit PMT and tof is the time-of-ight
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Figure 4.1: An example of a typical low energy event. An examfe of a typical
low energy event as a development view of the SK tank. Each oife shows hit
PMTs and its diameter is corresponding to an output charge.
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from the vertex position to each hit PMT. tg is the timing for which that event
occurred, thusti(x) tof tgisideally zero for all PMTs. P is the probability
density function of tj(>) tof to which is obtained from the LINAC calibration
data.

Figure 4.2: Timing distribution of LINAC calibration data a fter time-of- ight
subtraction. The two peaks after the main peak are caused bye-incidence of
re ected electrons by the dynodes.

However, sometimes dark noise hits after the time-of- ight subtraction can
produce local maxima of the likelihood, at several positios far from the global
maximum. Because of the large size of SK, it is tricky and timeconsuming
to search for the global maximum. To reduce mis-reconstrudbn, as well as
improvement of the tting speed, the likelihood is maximized from a vertex
search by the combination of all four PMTs. Each of the four PMT combinations
can give a unique vertex so that any event whose number of hit MTs is four
or more can be reconstructed. Then grid vertex search is donfor each vertex
candidate to avoid selecting a local maximum point. It's iterated, tightening the
search range, until it nds a larger and more stable likelihood value, compared
to the surrounding grid points. Position resolution using this method for each
SK data taking term is obtained from LINAC calibration data a nd shown in
Table-2.2.4.

4.2 Direction reconstruction

Once the vertex position has been determined, the directiorof the particle is
reconstructed at the next step. Emitted Cherenkov light produces a cone, so
the PMT hit pattern should be a ring with an opening angle of 42 degrees.
Direction reconstruction uses the likelihood method follaving the Equation-4.2.
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NKHS
likelihood = log[f ( i(d))]
i=1
Where ;(d) is the angle betweend and the vector from vertex to the PMT
position. f () is the probability of photon emission as a function of direction
and estimated using MC simulation. d=( dy; dy; d;) is the set of test directions.
When we determine the direction, this test direction is charged and the value
which maximizes the likelihood of Equation-4.2 is chosen. Fgure-4.3 shows this
function. The Photon emission distribution shows a peak at £ degrees and a tail
due to scattering. ; is the acceptance of a PMT photo cathode and accept ( i)
is its acceptance function. The right side of Figure-4.3 is lhe distribution of this
function.

COS i 4.2)

faccept ( i)

Figure 4.3: The probability density function of photon emission for Cherenkov
light from an electron (left gure). PMT acceptance functio n (right gure).

The accuracy of direction determination is limited by multi ple scattering.
From LINAC calibration data, the angular resolution of this method is 26
degrees in SK-I.

4.3 Energy reconstruction

The energy of a charged particle is proportional to number ofemitted photons.
The number of photons can be estimated from number of hit PMTs (N4 ), for
low energy events. The reasons why we don't use the number ohpto-electrons,
but instead Ny , are listed following.

PMT charge resolution is not good enough at the 1 photo-elecbn level(
50%)

Most of the hits in low energy events are 1 photo-electron.
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Number of photo-electrons is easily e ected by electric nae.

At rst, PMTs to be used are selected to maximize the number of hit PMTs
within a 50 nsec time window (Nsg), in order to reduce the e ect of dark noise
hit. Next various corrections are applied to this Nsp, obtaining a Nes , which
is not dependent on the position in the SK tank as follows:

Nso N
N et (Xi dark Tt tail ) al
i=1

S(ii 1) exp(t)=QE() (4.3)

Nalive
The meaning of each term is:

Xi : Correction about multi photo-electron hit

If the event occurs near the tank wall, though it's still inside of ducial
volume, it can cause a hit whose number of photo-electrons imore than
one. We correct for this e ect using the following correction:

log[(1 xi) ']
Xi = ogxif (Xi 6 O)
25 (Xi = 0)

Xi = nj=N; (4.5)

(4.4)

Where N; is a number of PMTs surrounding hit PMT and n; is a number
of hit PMT in N;. The multi photo-electron hit e ect is corrected using a
ratio of these two numbers,x; = n;=N;.

dark . Correction for PMT dark hit

The dark noise hit rate is about 3kHz for each PMT, and there wee about
10,000 PMTs mounted in the SK detector during SK-I and SK-IIl, so 1
hit or less is expected within 50 nsec. This should be subtraed because
these hits are not originating from Cherenkov light. The following gark
is used for the correction of this e ect.

N aiive Rhoise 50nsec
Nso

dark (4.6)

In this equation, Najve is number of normal PMTs and Rgise is the dark
noise rate [hits/nsec] in each run.

w@il . E ect of the re ection

Cherenkov light re ected by a PMT or the black sheet has a posshility of
falling on a PMT photo cathode and emitting a photo-electron. But these
re ected photons are delayed and do not usually come within he 50 nano
sec timing window. To recover such delayed hits for the enengcalculation,
tail hits within 100 nano sec are used as the following corrdwn factor.
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Nioo Nsg

N 0 dark (4-7)

tail
Here N1gp is the number of hits within the 100 sec timing window. If
wil 1S negative, the e ect of re ection is not considered.

Nai =Naive : Dead PMT correction

There are more than 10,000 PMTs in SK, however, 100 PMTs were
dead during the SK-I period. Although the fraction of dead PMTs was
less than 1%, this fraction varied with time. In order to compensate for the
e ect of dead PMTs, the ratio of all PMTs and living PMTs is mul tiplied.

exp(™) : Correction of water transparency

The attenuation length of pure water in SK is about 100m, mearing the
emitted Cherenkov photons are attenuated byexp(™-) before reaching the
PMT from the vertex position. Here r; is the distance between a hit PMT
and the vertex position of a SRN candidate, is the attenuation length of
SK pure water. Attenuation length changes during data taking terms and
it's measured using decay electrons from stopping muons asedcribed in
the previous chapter.

S(; ): Correction of PMT-photon acceptance

Figure-4.4 shows the PMT-photon acceptance as a function ophoton-
incident angle. The correction function, S(; ), distributes like Figure-
4.5. The reason for the asymmetry is an e ect of shadowing of sur-
rounding PMTSs.

Figure 4.4: De nition of photon inci-  Figure 4.5: Correction function of pho-
dent angle to PMT ton incident angle obtained from MC
simulation : S(; )

73



QE(i) : Correction of quantum e ciency

As described in Chapter 3, each PMT has a di erent QE value whth is
corrected using each measured QE individually.

Reconstructed energy is determined fromNgss , with all the corrections
above. This conversion factor is obtained from LINAC calibration as described
in section 3.7. Energy resolution for 10 MeV electrons in SK-and SK-IIl was
14% using this method. In SK-II, it was 20% due to the smaller mmber of
PMTs.
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Chapter 5

Data reduction

The data taking term for the rst SK phase was from April 1996 t o Novem-
ber 2001. Additionally data was collected from October 20020 October 2005
in a second phase and from July 2006 to September 2008 in theitd phase.
The livetimes for each period were 1496days, 791days and 5d@ys respectively.
These data sets included many kinds of events, for example osmic-ray muons,
solar neutrinos, gamma-rays from the tank structure and so a. Such events can
be background for our SRN analysis. We applied several redtions in order to

remove these background events and select our SRN candidatvents. In this

chapter, we focus on the reductions we applied to the SK datad select the SRN
candidate events.

5.1 1st reduction

The 1st reduction which is applied removes cosmic ray muonsral bad quality
events which should not be SRN candidate events. The cuts apied in the 1st
reduction are explained in this section.

Total charge cut

Most of the events originating from cosmic ray muons or atmopheric neutri-
nos deposit energy usually higher than 1GeV, while the posibns from SRN
interactions deposit only up to several tens MeV. To remove ery high energy
events such as cosmic ray muons, a total charge and total nun@y of hits cuts
are applied. The cut criteria is 2,000 photo-electrons and 80 hits in SK-I and
SK-Ill, correspondingto  200MeV. The criteria in SK-1l is half of that in SK-I
and Il due to the half PMT coverage. The total charge distrib ution in typical
runs in SK-IIl is shown in Figure-3.1.

Time di erence cut

The events, whose timing di erence from preceding LE/HE trigger event is
less than 50 sec, are removed from data in order to remove decay electron
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Figure 5.2: Time dierence from
previous LE/HE event (dt). The
events whose dt is shorter than
50 sec are rejected to remove De-
cay electron and electronics noise
events.

Figure 5.1: Total charge distribu-
tion in SK-I. The second peak is
mainly caused by muons.

of stopping muon. This cut also can remove an electric noisevent, so called
'ringing', that occur after an event deposited large amount of light. Figure-5.2
shows a distribution of time di erence from preceding eve nt

Fiducial volume cut

The gamma-rays from the material of the ID wall and the surrounding rock can
be a background of SRNs. Since these background events ocauear the wall,
we can remove these events using a cut for distance from the Ivall. The events
whose reconstructed vertex are less than 200cm from the ID wWiaare removed.
By this cut, the ducial volume of the SRN analysis is 22.5 ktons.

Pedestal event cut

ATM pedestal data is taken every 30 minutes in our DAQ system. During
pedestal data taking, the ATM channels cannot record signaé from their con-
necting PMTs. Pedestal data is taken for 1/8th of the SK ID area, all at once,
so this data is lacking parts. Therefore, the events taken dting the pedestal
data taking period are rejected.

Calibration event cut

In order to check the detector stability(PMT Gain, Timing an d Water trans-
parency etc.), calibration sources are set in the SK tank ancare red automat-
ically. These events cannot be used for SRN analysis, so theyre removed from
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data by being tagged with a calibration trigger ag.

Outer Detector event cut

Cosmic rays originate outside of the detector and must depads energy in the
OD, so they can be tagged by an OD trigger. As described in seitin 2.4.2, the
OD trigger is activated when the number of OD PMT hits exceeds19 within a
200 nsec time window. OD triggered events are removed from owata sample
to remove cosmic ray muon backgrounds.

First electric noise event cut

PMT hits from electric noise generally tend to be small charg hits, so events
induced by electric noise are cut using a fraction of small carge hit PMTs. If
the fraction of PMTs having less than 0.5 photo-electrons(alled \noise ratio")
is more than 0.4, such events are removed. The noise ratio difbution in typical
runs is shown in Figure-5.3.
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Figure 5.3: Noise ratio distribution (left) and ATM ratio di stribution (right).

Second electric noise event cut

If some of the ATM board have some electric noise, most of the mnnels of
this board should have hits. In the case that the fraction of ht channels in one
board(ATM ratio) is more than 95%, such events are removed.

5.2 Spallation event cut

Approximately two cosmic ray muons are coming into the SK tark every one
second, even under 1000m of rock. These muons can cause sg@dn in the oxy-
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gen nucleus of the water molecule and other radioactive nuel will be generated
as follows.

+®01  +X (5.1)

We call these nuclei spallation products and these are one dlie most serious
backgrounds in this analysis. Possible spallation product and their character-
istics are listed in Table-5.1. Some of the spallation prodats, for example
11§; 2N , can be a background around 20 MeV due to the detector energy
resolution.

Isotope %(sec) decay mode| Kinetic Energy (MeV)
SHe 0.119 9.67 + 0.98( )
n 16%

8Li 0.838 13

B 0.77 * 13.9

oL 0.178 13.6 (50.5 %)

( 50%)
He 0.127 *n 3 15
3L 0.0085 16 20( 50 %)
n 16 ( 50%)
i1Be 13.8 1151 (54.7 %)
941+21()(314%)

iiBe 0.0236 11.71

B 0.0202 13.37

2N 0.0110 * 16.32

B 0.0174 13.44

$0 0.0086 * 13.2 16.7

B 0.0138 14.55+6.09 ()
»C 2.449 9.77 (36.8 %)

4.47+5.30 ()

sec 0.747 n 4

N 7.13 10.42 (28.0% )

4.29+6.13 () (66.2% )

Table 5.1: A list of spallation products and their decay modes.

We developed a new spallation cut with a likelihood based ondur variables
in order to increase the e ciency and lower the energy threstold.
5.2.1 Spallation cut in SK-1 and SK-III

A spallation cut for SRN analysis uses a likelihood method baed on four vari-
ables. The four variables include the time dierence betwea the preceding
muons and SRN candidate event ¢t), and the transverse distance from muon
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track to reconstructed relic candidate position (dlyans ). For the cut we also use
two other variables by making a histogram like Figure-5.4 fa every muon.

Figure 5.4: Charge distribution along a muon track. Each bincorresponding to
50 cm of muon track length. Number of photo-electrons on the ertical axis is
corrected by considering the e ect from water transparencyand PMT coverage.

The horizontal axis of Figure-5.4 corresponds to the lengthof the muon
track(0 is muon entering point into the inner detector). The vertical axis is
the charge produced from each segment along the muon trackg&racted from
the observed charge in every PMT and their geometrical relaibns to the muon
track). The e ect of PMT coverage and water transparency are also considered
when making this charge distribution. If we nd a strong peak, this indicates
where spallation occurs along the muon track. The third variable for our like-
lihood method is the longitudinal distance from the reconstucted position of
the relic candidate to the position where we expect the spadition event along
the muon track(dliong ). The fourth variable is the total charge which is emitted
within +/-5 m of the peak position on the muon track( Qpeax). Figure-5.5 shows
the relation between the muon track and these parameters as aonceptual view.

Each parameter is calculated for every muon beginning 100 sends before
the SRN candidate. In addition muons are categorized into for muon types as
follows.

Single through going muon ( 84%)

Most muons originating from cosmic rays, and coming from ouside the
detector, are categorized as a single through going muon. Ihas only one
track and goes through the entire ID.

Multiple muon ( 6%)

Multiple muon events have two or more muon tracks. The SK evenh
timing window is 1.3 sec and the muon rate is 2 Hz, so the probability
of chance coincidence is very small. However, sometimes ntiple muons
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Figure 5.5: An explanation of the variables used in the new sallation cut. The
cylinder in this gure represent SK inner detector.
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originating from the same cosmic ray come to the detector wihin the same
event timing window.

Stopping muon ( 7%)
Stopping muons stop in the detector and decay into electrongnd neutri-

nos. There is no exit point, but the vertex of its decay electon can tell
us the muon stopping position.

Corner clipping muon ( 3%)

These events just clip the ID tank corner. Their muon track lengths are
less than ve meters.

The distributions of the four variables for a single through going muon are
shown in Figure-5.6 and Figure-5.7.

Figure 5.6: dLyans (right) and dLong (left) distribution with single through go-
ing muons. Black histogram is for spallation like sample tha is made by real
data minus the random sample. Red histogram is for the randonsample. Clear
separation can be seen.

The likelihood distribution is made for each type of muon anda cut point is
tuned individually. In the case of multiple muon events, muon reconstruction
is more di cult and the cut criteria is more strict to remove a |l the spallation
background. For an example, the spallation likelihood distibution for a single
through going muon in SK-I is shown in Figure-5.8.

The ine ciency of the spallation cut was estimated using random sample
and, it was 18.5% in the 18 - 24 MeV and 23% in 16-18 MeV.

5.2.2 Spallation cut in SK-II

Energy resolution in SK-II is worse than that of SK-I and SK-I1l so that more
spallation events are expected to contaminate SRN search engy region. We
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Figure 5.7: dt(right) and Qpeax (left) distribution with single through going
muons. Black and red histograms are the same sample as Figufe6.

Figure 5.8: Spallation likelihood distribution for SK-1 da ta(black) and the ran-
dom sample(red) using single through going muons.

82



adopted the spallation cut developed for solar neutrino andysis in SK-1l [39]
because it is a tighter than spallation cut described in prevous section although
its ine ciency is larger. In SK-Il analysis, the spallation cut is applied in
two steps. First is a cut based on a three variable likelihoodmethod which
was developed and optimized for SK's solar analysis. Three variables are;
time di erence from the candidate event to preceding muon @t), the transverse
distance from the reconstructed position of candidate evento preceding muon
track (dlyans ) @and residual charge which is observed total charge minus gected
charge from muon track length (Qres )*. Thus likelihood is calculated as follows.

likelihood = $( T) $( L) $(Qres) (5.2)

The likelihood distribution for real data and random sample are shown in
Figure-5.9. We tuned the cut criteria to save 80% of random smple.

1750
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Real Events

2 2 6

2 4
Spollotion Likefihood for reconstructed muon

Reol Events
Rondom Somple

- ~4 =2 0 2 4
Spollation Likelihood for non—reconstructed muon

Figure 5.9: Likelihood distribution

for real data (Solid line) and ran-  Figure 5.10: Time dierence from
dom sample (dotted line). Top g- SRN candidate event to preceding
ure is for the reconstructed muon muons (dt). Even after likelihood
event and bottom gure is for the  cut, the is an excess in shortdt re-
failed reconstructed muon events. gion. We removed all the events
In failed case, it is impossible to ob- whosedt is shorter than 0.15 sec.
tain dlgans SO that only dt can be

used for likelihood calculation.

Since this cut is not tight enough, we need to apply additiond cut. A second
cut was applied using a time di erence from last muon @tjs: ). We know higher
energy spallation product has basically shorter half-life(see Table-5.1). Figure-
5.10 showdtp,s; distribution in SK-I and this cut rejects events whose time
di erence from the last muon is shorter than 0.15 sec.

1Expected charge from muon is 1000 photo-electron / meter
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By applying these two cuts, all the spallation events can be emoved above
20 MeV but several spallation like events exist in SK-II data even after this
tighter spallation cut. The combined ine ciency of these cuts is 36% below
34MeV.

5.3 Double timing peak cut

Event timing window in SKis 1.3 sec. Since the muon livetime is 2.2 sec, some
of the decay electrons and their parent muons can be in the saemevent. This
can happen if a low energy muon, but still higher than Cherenkv threshold,
stops in the detector and decays quickly, within same eventiting window. In
such cases, the ID hit PMT timing distribution has two peaks, as shown in
Figure-5.11.
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Figure 5.11: An example of timing, two peak events. Left gure is a development
view of the SK tank and the right top gure is the PMT hit timing  distribution.
The rst peak of the timing distribution is low energy muons and the second
peak is the decay electrons.

We removed the events whose timing histogram has multi peaksTo search
for timing peaks, we open a 15 nsec timing window, after timeaf- ight subtrac-
tion, and count the number of hit ID PMTs within that 15 nsec wi ndow. If the
number of hits in the rst and second peak are both more than 5,such an event
is removed from our data sample. The ine ciency of this cut is estimated using
a SRN MC simulation sample, and is less than 0.5%.

5.4 Cherenkov angle cut

The opening angle of the Cherenkov light(), is determined by the equation of
cos = ni In the case of water, the refractive index is 1.33, so that Chrenkov
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light is emitted with an opening angle of 42 degrees, if =1. Since the electron
mass is 0.511 MeV, electrons above the SK trigger threshold( 5 MeV) always
have =1, thatis to say an opening angle which is 42 degrees.

On the other hand, in the case of heavier particles, such as nans, cannot be
relativistic enough to approximate = 1 and so the Cherenkov opening angle
becomes less than 42 degrees. The expected Cherenkov opgnamgle for muons
as a function of energy is shown in Figure-5.12.
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Figure 5.12: Cherenkov opening angle of muons is plotted as fanction of the
muon momentum. Muons contaminating the SRN search have muomomentum
< 300 MeV which correspond to Cherenkov angle 38 degrees.

Figures-5.13 and 5.14 show an example of an electron-like ent and a muon-
like event, respectively. The solid line is the expected rig assuming 42 degrees
by the reconstructed vertex position and direction. The muan-like ring clearly
shows a smaller ring than the expected ring of 42 degrees, asrfthe electron-like
event. We have separated muon-like background using the dierence of opening
angle .

Also neutral interactions of atmospheric neutrinos on oxygn nuclei occa-
sionally occur and the excited nuclei's decays emit severagjamma rays. These
gamma rays have uniform direction and so this event generatean isotropic hit
pattern. This event clearly gives a larger opening angle tha 42 degrees, so we
can separate this from electron-like events. The example oduch a gamma ray
event is shown in Figure-5.15. There is no clear Cherenkovmg pattern unlike
for the electron-like and muon-like events.

Calculation method of the Cherenkov angle follows the stepdelow.

1. Search the hit timing peak, which includes the maximum hit PMTs(N1s)
within a 15 nsec timing window after TOF subtraction.

2. Choose any combination of three hit PMTs inN15 and get the unit vector
from the vertex position of the SRN candidate event to each PN (see
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Figure 5.13: The event display of typical electron like evet Lines represent
the expected Cherenkov opening angle, assuming 42 degrees.
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Figure 5.14: The event display of typical low energy muon like event. The
Cherenkov ring is smaller than 42 degrees.
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Figure 5.15: The event display of typical gamma like event. Ht PMTs are
uniformly distributed and no clear Cherenkov ring can be sea.

Figure-5.16).

3. The vertex position and unit vectors obtained above can fom a unique
circular cone. The opening angle of this cone is calculatedeach combina-
tion of three hit PMTs gives the opening angle from the vertex position.

4. Repeat step 2 and 3 for all the combination of three hit PMTqrepeat
N, Cs times). The results of this opening angle calculation for etctron-
like, muon-like and gamma-like events are shown in Figure-37.

5. Find the peak of the opening angle distribution from this histogram with
6 degree windows.

6. Remove the events whose obtained Cherenkov angle is snelithan 38 ( -
like) or larger than 50 ( -like).

Figure-5.18 shows the Cherenkov angle distribution of readata for SK-I.
The three peaks caused by muon, electron and gamma-ray eventare clearly
separated. We cut the events whose Cherenkov angle less th&8 degrees and
those whose angle is greater than 50 degrees, in order to sefleonly electron
like events. The ine ciency of this cutis  90%, estimated from the SRN MC
simulation events.
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Figure 5.16: Three unit vectors are obtained from each threenit PMTs. The
vertex and those three vectors give a unique solution of Ch@nkov opening
angle.

Figure 5.17: The opening angle distribution for e-like(lef), -like(middle) and
-like(right).
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Figure 5.18: An average of the Cherenkov opening angle distbution. The

shaded black histogram with error bars is SK-I data and the geen histogram is
the SRN MC simulation events. Clearly three peaks are shownn the real data
histogram. Only the e-like peak around 42 degrees is selede
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5.5 Pion like event cut

Sometimes atmospheric neutrinos create pions in the deteot. If a created pion
has a high enough energy to emit Cherenkov light, it can be resgnized as a
SRN candidate. We cut these pions using a di erence of the Chenkov ring
pattern between a pion and an electron.

Generally a pion created from an atmospheric neutrino inteaction emits
Cherenkov light and is soon captured by a nucleus in a water miecule. In this
case, the Cherenkov ring tends to be very clear, as shown in §ire-5.19. Most
of the hit PMTs are near the 42 degree line as expected from theeconstructed
vertex and direction. While an electron undergoes multiplescattering in water,
and thus the ring pattern looks more broad as shown in Figure5.19.
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Figure 5.20: Cherenkov opening an-
Figure 5.19: Event display of simulated gle distribution of the pion event
pion event. Ring edge is very clear and shown in Figure-5.19. The distribu-
most of the hit PMTs are around the 42 tion is very sharp.
degree line.

In order to evaluate the pion likelihood, we used the distritution of the
Cherenkov opening angle which is explained in the Cherenkosngle cut. A dis-
tribution width of the pion event is expected to be narrower than that of the elec-
tron event. The opening angle distribution of the pion-like event and electron-
like event(the event of Figure-5.19 and Figure-5.21) are sbwn in Figures-5.20
and 5.22, respectively. The pion-like event indicates a mut narrower distribu-
tion width.

Evaluating a pion-likelihood, we took the ratio of the number of entries
between +/-3 degrees and +/-10 degrees from the peak bin.

number of entry in 3degrees from peak

ilike = .
prike number of entry in 10 degrees from peak

(5.3)

The distribution of the pilike variable for the pion and electron are shown
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Figure 5.22: Cherenkov opening an-

gle distribution of the electron event
Figure 5.21: Event display of simulated shown in Figure-5.21. A wider dis-
electron event. Due to multiple scatter- tribution than the pion event can be
ing, the ring pattern becomes broader.  seen.

Figure 5.23: The distribution of the pilike value for pion and electron MC
simulations. The green one is for electron MC and the red onesifor pion MC.
They are separated and the cut criteria is determined as pike < 0.58.
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in Figure-5.23. The cut point was determined to be 0.58 and tle ine ciency of
this cut was  1%.

5.6 Solar direction cut

Figure-1.2 shows the solar neutrino spectrum as predictedypthe Standard Solar
Model(SSM). These neutrinos, mainly from 8B, exist up to 20 MeV and
can be a background of our SRN search, even though it's a smallix. Since
solar neutrinos are only electron neutrinos, the followingelectron scattering
interaction is dominant. Therefore recoil electrons shoull keep the original
direction of the neutrinos from the sun.

+e ! +e (5.4)

We use the angle between solar direction and the reconstruet event direction( sun )
to separate solar neutrino background events and SRN candate events. Figure-
5.27 shows a g, distribution for solar neutrino MC simulation events 2.

In the old SRN analysis, only g, was used for the solar neutrino cut. In
order to improve the cut e ciency, we developed a new method wsing a goodness
of the direction.

Electrons in the SRN search energy region experience multip scattering
during Cherenkov light emission. Due to the multiple scattering, the ring pat-
tern becomes broader and so the angular resolution of the sttared electron
becomes worse. So thegy, distribution of scattered events is also expected to
be broader. We measured multiple scattering using a hough ansformation(see
Figure-5.24 for the conceptual overview).

We can draw a circle around each hit PMT with the radius expectd from
the 42 degree opening angle. Such a circle is ideally passedrough the true
direction, as shown in Figure-5.24(left). Two circles givetwo solutions, true
and fake, as shown in Figure-5.24(right). However wrong saitions are excluded
because they don't t together well with all the other soluti ons.

Next, a unit vector is provided from each solution and these wit vectors
are connected like in Figure-5.25(top). The connected vear length becomes
shorter if this event is scattered a lot. This length is compaed with the length
of the case in which all the vectors are on the straight path. The ratio of these
two lengths is de ned as a goodness of direction. This goodrss distribution and
the relation between the average of s,n and the direction goodness, for solar
neutrino MC events, are shown in Figure-5.26. Events with wose goodness
clearly give worse direction reconstruction.

We tuned the cut criteria using the following signi cance function.

Where is the e ciency of the cut for the SRN signal and background
events other than solar neutrinos and is the e ectiveness of the cut for the

2Bahcall 1998 spectrum is used
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Figure 5.24: The basic idea of a hough transformation. The tue direction is
the cross point of each circle, which is centered at the hit PM's, although two
circle gives two solutions.

Figure 5.25: The Unit vector is obtained from each solution & two circles in
Figure-5.24 and are connected. The length of this connectedector is compared
with the length in the case that all unit vectors are lined straight. The ratio of
these two lengths is de ned as a goodness of direction.
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Figure 5.26: The goodness distribution of the solar neutrim MC(top) and av-
erage cosgn as a function of goodness(bottom). Events with worse good-
ness(that means more scattering) have worse angular resdlan.
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solar neutrino background events. S is the solar neutrino bekground event,
estimated from the solar neutrino MC simulation. is a background from
invisible decay electron background events. To estimate tls background we
obtained a spectrum shape from decay electrons of stopping wons which is
normalized by the number of SRN candidate events.

Figure-5.27(left) plots the ¢y, distribution of the solar MC events, for events
with di erent goodness values. The right gure shows the signi cance as a func-
tion of ¢n, for each events of a certain goodness(energy is 17-18Me\gien).

Figure 5.27: The cos g, distribution for the solar neutrino MC events are
plotted for di erent goodness events(left). The signi cances are also plotted as
a function of cos g (right). The Cut point was determined to maximize the
signi cance.

The cut criteria is determined for every 1 MeV, at the peak of the signi -
cance. The cut criteria is listed in Table-5.2.

Figure-5.28 shows the coss,, distribution before and after the solar neu-
trino cut. A clear excess exists in the solar direction distibution before the
solar cut. After the cut, this excess disappears, and the disibution becomes
at, similar to the distribution of the simulated SRN events (should be random
direction distribution). By this reduction 24 events were rejected and the re-
maining solar neutrino background events were estimated tde less than 0.35
event / 1496days.

The number of PMTs in the SK-1I detector were half of that of SK -1 and SK-
I11. Therefore the energy resolution was worse and also the @odness calculation
is more di cult to do. Thus we applied a more strict cut, witho ut a goodness
method for SK-1l data, in order to remove all the solar neutrino background.
In SK-II, the events whose energy is less than 25 MeV and cos,, less than
0.75, are removed. This cut criteria is strict enough and theexpected number

95



Table 5.2: The list of solar direction cut criteria in SK-1 an d SK-IIl . Cut criteria
is determined for each 1MeV up to 20 MeV. For the tuning, we usd a solar
neutrino MC simulation.
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Figure 5.28: The cos g distribution before the cut(top) and after the
cut(bottom) in SK-I. In both gures the black markers show th e distribution of
real data and the green line shows the distribution of simuléed SRN events.
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of solar neutrino backgrounds after this cut is less than 0.2event / 791 days,
although the ine ciency of the cut is worse than that of SK-I a nd SK-III.

5.7 Ewall cut

The event rate near the ID wall is higher than that of inside d ucial volume
due to gamma rays from the PMTs and ID structure. Also decay ekctrons from
low energy muons come from out of the detector and can remaimiour sample.
Such decay electrons have a vertex near the wall.

In order to remove such backgrounds, we apply the cut using arexpected
travel distance from the ID wall(e wall). The schematic vie w of the e wall
de nition is shown in Figure-5.29.

Figure 5.29: The de nition of e wall. The schematic view of t he de nition of
the e ective wall distance(e wall). E wall is de ned as the distance from the
reconstructed vertex of the SRN candidate event to the ID wal reversely along
the reconstructed direction.

Figure-5.30 is the e wall versus the energy distribution of relic candidate
events. We determined the cut criteria to remove the excess fothe e wall
distribution of the data. In SK-1 we adopted an energy dependent cut criteria
as shown in Figure-5.30. Meanwhile in SK-II, since the verte resolution was
poorer, we applied a more strict cut(e wall > 450 cm in all energy region). The
right gure in Figure-5.30 shows the SK-IIl case and an e wall > 450 cm cut
is needed for the energy 22 MeV region as well as e wall> 300 cm above 22
MeV.
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Figure 5.30: The e wall versus energy distribution for the relic candidate events

in SK-I(right) and SK-IlI(left). The lines represent the cu t criteria in each phase
and the red dot is removed by this cut. In the SK-IIl gure, the re are no events
below e wall < 300 cm because we removed such events at a very Early stage
of reduction in order to reduce the process time of the spallgon cut.

After this cut, the e wall distribution of the data becomes ¢ onsistent with
that of the MC simulated SRN events(see Figure-5.31).

5.8 OD correlated event cut

The OD triggered events are removed from the data sample at te 1st stage
of reduction. However the OD PMT coverage is much less than te ID and
sometimes low energy cosmic ray muons can enter the detectavithout any
OD trigger and can generate decay electrons. Those decay eteons can be a
background for our analysis. However even in these cases,ahOD PMTs still
have been hit, although the number of hit PMTs is small. For an example of
this event, see Figure-5.32.

We removed the events which have OD PMT hits having timing corelation
with ID PMT hit timings and position correlations with the re constructed ver-
tex. To select correlated PMTs e ciently, we also used the distance from the
vertex position to each PMT position(dL).

The number of OD PMT hits is obtained using PMT hit timing info rmation
and dL as follows.

Search for a peak in the ID PMT hit timing histogram after TOF s ub-
traction and within a 50 nsec sliding timing window.

Count the number of PMTs in the OD timing histogram within +/- 150
nsec from the ID peak and dL< 500 cm. This number is de ned as N1.

Search for a peak in the OD PMT hit timing histogram within a 10 0 nsec
sliding timing window.
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Figure 5.31: E wall distribution in SK-I(after 2m ducial v olume cut). The
marker histogram is the data and the green histogram is the MCsimulated
SRN events, which should be randomly distributed.

Figure 5.32: An example of a typical OD correlated event. Theleft top gure
is the OD development view. There is a cluster hits on the top ® OD.
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Count the number of PMTs within this 100 nsec timing window and dL
< 500 cm (de ned as N2).

For a conceptual view of the peak search see Figure-5.33. IfIN> 1 hit or
N2 > 2 hits, the event is removed as an OD correlated event. This ducriteria
is tuned using the control sample of two years of SK-I real daa. The N1 and
N2 distributions of SK-I data are shown in Figure-5.34.

Figure 5.33: OD peak search method. Top gure shows ID hit timing after TOF
subtraction. Bottom gure shows OD PMT hit timing. The ID pea k search is
done using a 50 nsec timing window. +/- 150 nsec from this ID pek is the rst
OD timing window for the OD hit PMT counting (N1). The Second O D peak is
searched using 100 nsec timing window in the OD PMT hit timing distribution.
The counted number of PMTs in the 2nd window is de ned as N2.

The ine ciency of this cut is estimated using a random OD PMT h it sample.
The cosmic-ray-muons randomly come to the detector with a rée of about 2
Hz. Using hit PMTs in these events(before muon peak), we made random
OD timing distribution of random events, and estimated the ine ciency of the
cuts. Figure-5.35 shows the N1 and N2 distributions of the radom events, the
ine ciency is less than 1%.

5.9 Multi ring event cut

If an atmospheric neutrino creates a pion and muon simultaneusly, and the
energy of both resultant particles is higher than the Chererkov threshold, two
Cherenkov rings can occur with the same timing, causing doule timing peaks,
events which cuts cannot remove. Figure-5.36 shows a typi¢anulti ring event
with one timing peak.

To count the number of rings in each event we used \the ring couting
method", based on the Hough transformation [55] which was deeloped for
atmospheric neutrino analysis. Details of this method are @scribed in [54].
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Figure 5.34: N1 and N2 distributions for SK-I data. The blue line shows the
OD correlated event cut criteria. The events of N1> 1 and N2> 2 are rejected.

Figure 5.35: N1 and N2 distributions for the random event sanple made by
muon events. The ine ciency of this cut is estimated from thi s sample and is
< 1%.
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Figure 5.36: Example of a multi ring event. The left gure is the event display,
two rings can clearly be seen. The right top gure is the PMT hit timing
distribution of this event after time-of- ight subtractio n. There is only one
peak.

This ring counting method gives us the number of rings and thedirection
of each ring. However, for low energy electrons the ring pattirns become broad
due to multiple scattering causing such rings to be recognizd as multi rings. In
such cases, the reconstructed two ring direction is very clee to the same. To
save these fake two ring events, the angle between the rst ash second rings is
required to be larger than 60 degrees. The distribution of ths angle is shown
in Figure-5.37.

If the reconstructed number of rings is more than two, and theangle between
two of the ring's directions is more than 60 degrees, the everis removed from
our data sample.

5.10 Sub-event cut

Sometimes an atmospheric neutrino interacts with an oxygemuclei and acti-
vates it. In such cases, there will be a gamma ray event severanicro seconds
before the decay electron event. Tagging this pre activity dows us to remove
this invisible mu-e decay background.

Also if a SRN candidate is a low energy muon, the decay electroevent must
exist just after the candidate event. So we also tag the post etivity to remove
such background events. See Figure-5.38 for an example ofishevent.

Additionally this cut removes the decay electron events whae parent muon
only registers an SLE trigger. If other muons come to the detetor within the
timing window of some low energy event, which triggers only a SLE trigger,
the decay electron cannot be rejected by the 50 micro secondutin the 1st
reduction because this cut uses the timing di erence from tte previous LE/HE
trigger event. Typical events of this background are shownm Figure-5.39.
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Figure 5.37: The distribution of the angle between the rst and second rings.
The upper gure is for SK-I real data and the lower gure is for a SRN MC
simulation. If this value is larger than 60 degrees, the evehis removed.

Figure 5.38: An example of an event which has a sub-event aftatself. The left
gure shows a SRN candidate event. The right gure is its sub-event, which
occur after 1.44 sec from the SRN candidate event.
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Figure 5.39: An example of a SLE triggered muon case. The lefgure shows a
muon which triggers only the SLE. Its decay electron is showrin right gure.

We apply a sub-event cut mainly to remove these three types obackground
events described above. The cut criteria is determined as flows.

1. Remove events which have pre/post activity within +/- 50 sec from a
SRN candidate if the vertex of the SRN candidate event and sukevent
are closer than 500cm.

2. Remove events which have SLE events within 50 sec before the candidate
event and the total charge of sub-event is larger than 1000 pbto-electron.

Figure-5.40 is the vertex di erence between SRN candidate wents and sub-
events within 50 sec.

5.11 Summary of data reduction

In this section we summarize the data reduction process for &1, SK-1l and SK-
[1l. We applied various cuts to remove background events whth are not true
SRN signal events. The number of events at each reduction sgein SK-I, SK-II
and SK-III are listed in Table-5.11, 5.11 and 5.11 respectigly. These numbers
are counted within the ducial volume(2m from ID wall) which an energy region
between 16-90 MeV in SK-I and SK-IIl, and 18-82 MeV in SK-II. The energy
spectrum of the data in each reduction steps is also shown inigure-5.41, 5.42,
and 5.43.
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Figure 5.40: The distribution of the distance between SRN cadidates and sub-
events. The red histogram is within the 500 cm cut criteria.

The applied reduction process was the same for SK-I and SK-llbut not
for SK-II. Although we improved the data reduction method to increase the
e ciency for the SRN signal, it does not work for SK-II due to p oor detec-
tor performance. Because the number of PMTs in SK-IlI was onlyhalf that of
SK-I and SK-IIl, vertex, energy and direction resolution was worse and more
backgrounds contaminated the data sample in SK-II. Therefoe we applied inef-
cient, but strict cuts for the SK-1l data. Even after these s trict cuts, the SK-II
data has an excess in the low energy region. This remaining lokground is due
to spallation products and will be described in the next chager.

The number of events after all reductions is 236 events(SK)| 115 events(SK-
[1) and 102 events(SK-III). These correspond to event rateof 0.16 0.01 events
/ day(SK-1), 0.15  0.01 events / day(SK-Il) and 0.18 0.02 events / day(SK-
[11). These are consistent, within statistical error.
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Reduction step Number of event | cut e ciency |

1st reduction 3970 99%
Double peak cut 3580 99%
Spallation cut 1032 85% @20MeV

Cherenkov angle cut 341 94%
e wal cut 336 97.5%
Solar cut 314 95%

OD correlated cut 312 99%
Pion like event cut 290 99%
2ring cut 283 99%
Sub-event cut cut 236 99%

Table 5.3: Number of events after each reduction step in SK-1(16-90MeV)
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Figure 5.41: Energy spectrum for SK-I data in each reductiorstep. (16-80MeV)
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Reduction step

| Number of event cut e ciency

1st + spallation cut 569 80% below 34 MeV
Cherenkov angle cut 241 83%
Solar direction cut 228 90%
Timing spallation cut 213 64% including normal spacut
Sub-event cut 123 99%
E wall cut 115 93%

Table 5.4: Number of events after each reduction step in SKil (18-82MeV)
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Figure 5.42: Energy spectrum for SK-Il data in each reduction step.
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| Reduction step | Number of event | cut e ciency |

1st reduction 1840 99%
Double peak cut 1592 99%
Spallation cut 393 80% @20MeV
Solar cut 348 95%
Cherenkov angle cut 153 93%
e wal cut 146 93%
OD correlated cut 145 99%
2ring cut 127 99%
Sub-event cut 102 99%

Table 5.5: Number of events after each reduction step in SKil. (16-90MeV)
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Figure 5.43: Energy spectrum for SK-1lIl data in each reducton step. (16-
80MeV)
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Chapter 6

Event simulation

In order to obtain the shape of the energy spectrum of SRN evds and evaluate
the e ciency of the reduction process, we simulated inversebeta decay, caused
by SRN's anti-electrons, using the Monte Carlo method. Simiarly, background

events, mainly coming from atmospheric neutrinos, were als simulated using
the Monte Carlo simulation. Both simulated SRN and background events were
passed through the detector simulation followed, by the sare analysis chain as
the real data.

6.1 Detector simulation

We simulated the propagation of the particles produced in the detector by the
SRN and the atmospheric neutrino events. This simulation isdescribed later.
Our detector simulation program consists of the following three steps.

Particle tracking through the water
Propagation of emitted Cherenkov photons through water

Detection of Cherenkov photons by PMTs and electronics

Particle tracking

GEANT 3.21 [59] was used for the particle tracking. It was dewloped at CERN
and is able to simulate the electro-magnetic processes in éhenergy range from
10keV to 10TeV.

Figure-6.1 shows tracks of 10MeV electrons in water, as sintated by GEANT.
The interactions we considered in our simulation were not oty Cherenkov radia-
tion but also Multiple scattering, lonization, -ray production, bremsstrahlung
and € annihilation for electrons. For -ray, €" e pair creation, Compton
scattering and the photo-electron e ect were considered.

The direction of photon emission is calculated using equatin 2.1. The refrac-
tive index is dependent on the photon wavelength as shown in igure-6.2(left).
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Figure 6.1: The tracks of 20 electron events with 10 MeV/c as snulated by
GEANT. The generated vertex is (0,0,0) and the direction is (1,0,0).

Figure 6.2: The solid line of the left gure shows the refracive index as a func-
tion of wavelength. The dashed line shows \e ective index". The right gure
shows the number of generated Cherenkov photons as a functioof generated
electron energy in the MC simulation. The solid line shows aihear t to the
points.
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The wavelength of the emitted photon is calculated from equéion 2.3. Figure-
6.2 (right) shows the total number of Cherenkov photons emited from an elec-
tron in water as a function of electron kinetic energy. The nunber of Cherenkov
photons is approximately proportional to the electron enegy.

Cherenkov photon tracking

The speed of light in water is dependent on the wavelength oftie photons. The
group velocity, vy, is de ned as

Vg = (6.1)

d
n( ) f:j()

Where c is the speed of light in vacuum, is the wavelength of the photon and
n( ) is the so called e ective refractive index, which depends o wavelength(see
gure 6.2(left)).

The emitted photons propagate with this group velocity and are scattered
and absorbed by water molecules. We considered Rayleigh dtering, Mie scat-
tering and absorption. Since the wavelengths of the Cherenv photons are
shorter than the radius of the water molecules, Rayleigh sctering is domi-
nant, with a 1= # dependence in the shorter wavelength region. However, we
also considered Mie scattering. While the e ect of absorpton becomes larger
for longer wavelengths, its wavelength dependence is stugd in [63] separately.
The wavelength dependences of the water parameter coe ciets are tuned by
the LINAC calibration and plotted in Figure-6.3.

In addition, the water quality has changed as a function of time as shown
in Figure-3.22. This change of water attenuation length is nainly coming from
the absorption parameter, so we take into account the changef the absorption
coe cient.

The re ection of the PMT glass and black sheet depend on phota incident
angle and are also included in our simulation.

Photon detection by PMT and electronics

Once a photon comes to a PMT surface, the responses of the PMTnal the elec-
tronics are simulated. First, the quantum e ciencies of the PMTs(see Figure-
2.3) are considered and whether a photon-electron can be ettéd or not is

determined. Next, the output charge is simulated, the charg distribution of a

single photo-electron is shown in Figure-2.8. The PMT hit timing is determined
considering the timing resolution of the PMTs by a Gaussian andom variable
with a 1 width, as shown in Figure-2.9. The dark noise is simulated byran-

domly distributing hits throughout the detector according to the measured of
the dark noise rate.
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Figure 6.3: Wavelength dependence of the water parameter @cients in SK-
I. Absorption(solid line), Rayleigh scattering(dashed line) and Mie scatter-
ing(dotted line) are shown. The absorption coe cient is also a function of
water transparency. The lled region shows the range of the @rameters as
water transparency is changed.

6.2 SRN event simulation

To perform the SRN event extraction, we need to know the energ spectrum
shape of SRN events. For this purpose, SRN events are simukad by Monte
Carlo simulation using nine di erent theoretical SRN models which predict spec-
trum shape and absolute ux. There is a strong model dependece in the ux
prediction, but a weak dependence in the spectrum shape. Theredicted SRN
ux of anti-electron neutrinos by [27] and cross section of his interaction are
shown in Figure-6.4(Top).

As discussed in chapter 1, most of the events we can detect inuper-
Kamiokande are anti-electron neutrinos which undergo invese beta decay.

et p! € +n (6.2)

The inverse beta decay cross section we used is the result dfe latest calcu-
lation by A.Strumia and F.Vissani [15]. Figure-6.4(Bottom) shows the expected
event rate in Super-Kamiokande for 1496 days.

The positron total energy is approximated by:

Ee=E (6.3)

Where is the mass di erence between the neutron and the proton(1.3
MeV). This approximation is correct, as long as the neutrinoenergy is smallerg 1/10)
than the neutron mass. Because most of the input quantitiesjncluding the form
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Figure 6.4: Anti-electron neutrino ux from SRN theoretica | models(Top).
Cross section as calculated by A.Strumia and F.Vissani [1§Middle). Event rate
of SRN events in Super-Kamiokande(Bottom). Red is the LMA madel[27], green
is the constant SN rate model[20] and blue is the cosmic gasfall model[22].
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factors, have been measured precisely, the cross section tinis calculation has
only 0.4% uncertainty in the low energy region.

Since supernovae have happened all over the universe, SRNeats do not
have a specic direction. So direction of the simulated SRN &ents are ran-
domly distributed. Similarly, the vertex position of the SR N events are also
given randomly inside the 32 kton full volume of the Super-Kaniokande inner
detector.

Although an energy range of 16-80MeV is used for this SRN angsis, we
generated positrons with energy above 5MeV. This is becausthe energy res-
olution of the detector can cause some of the SRN events witholv energy to
be reconstructed above our threshold. Events below 5MeV carot contaminate
above 16MeV, even considering energy resolution. Time infeation is given
to the simulated events for considering the time variation d the water trans-
parency. The generated number of events are; 96965 events9®33 events and
68495 events in SK-1, SK-II and SK-I11I respectively.

Response of the detector was simulated using the method dedeed in the
previous section. Then output of the detector simulation was treated like real
data by applying the same reconstruction and reduction toos. The spectrum
shape was obtained as above, but using the assumption that aF8N was detected
every 10 minutes. So normalization is needed for each modelabed on the
expected number of events as follows.

z 1

Nexp =( Np) ey (E) (E)dE (6.4)

Where is the livetime of each data taking term, 1496 days in SK-I, 74
days in SK-Il and 548 days in SK-Ill. Np is the number of protons in the
Super-Kamiokande inner detector(= 217 10°® protons / 32kton), which are
the target for the inverse beta decay interaction. is the cross section of inverse
beta decay fm?] and is the predicted SRN ux [=cnm?=seq.

Performing this calculation, we obtained Ney, = 49.4 events /1496days
/32kt (E > 5MeV) for the LMA model. The normalized energy spectrum
expected in Super-Kamiokande for the LMA model, the Constah SN model
and the Cosmic gas infall model are shown in Figure-6.5.

Eventually the number of expected events above 16MeV after lhreductions
iS Nexp = 10.4 events /1496days /22.5kt (E. >16MeV) for the LMA model.
The numbers of expected events for other models are listed ifmable-6.1.

6.3 Atmospheric neutrino event simulation

As described later, atmospheric neutrino events are one ot irreducible back-
grounds for SRN searches in Super-Kamiokande. To understahthese back-
ground we used atmospheric MC simulation events which are gerated by the
Super-Kamiokande group(see [64] for the detail discussign

There are several detailed calculations of the atmospherineutrino ux at the
Super-Kamiokande site, however, we adopted the ux calculion by M.Honda
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Figure 6.5: Reconstructed energy spectrum of simulated SRMvents after all
reductions. Red is the LMA model, green is the constant SN ra¢ model and
blue is the cosmic gas infall model.
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SRN model SK- SK-II SK-III
LMA neutrino oscillation 9.9 events | 3.4 events| 3.5 events
Constant SN rate 26.6 events| 9.1 events| 9.4 events
Cosmic gas infall 1.4 events | 0.5 events| 0.5 events
Cosmic Chemical evolution| 3.5 events | 1.2 events| 1.2 events
Heavy metal abundance | 9.6 events | 3.2 events| 3.4 events

Population synthesis 3.0 events | 1.0 events| 1.1 events
Cosmic SF history 11.4 events| 3.9 events| 4.0 events
SFR constraint 3.9 events | 1.3 events| 1.4 events
Failed supernovae 4.3 events | 1.5 events| 1.6 events

Table 6.1: Expected number of SRN events for each SRN model t&fr all re-
ductions. The energy region is 16-80MeV in SK-I and SK-IIl, aad 18-82MeV
in SK-II. The ducial volume is 22.5 ktons for all phases and the livetimes are
1496 days, 791 days and 548 days in SK-I, SK-Il and SK-III.

et al.(Honda ux [60]) for our simulation. Figure-6.6 shows the predicted atmo-
spheric neutrino ux. The solid line is the Honda ux we used and the other
two lines are the neutrino uxes from G.Battistoni et al.(FI uka ux [61]) and
G.Barr et al.(Bartol ux [62]).

There are two large uncertainties for the atmospheric neutmo ux. The
First is the uncertainty of the primary cosmic ray ux and is a bout 30% in the
low energy region. The Second is the uncertainty of the crossection of hadronic
interactions, which produce atmospheric neutrinos. This eect is about 20% and
is discussed in [70].

The e ect of solar activity and the geomagnetic eld is about 10%, and is
taken into account in the calculation. The geomagnetic eld works as a shield so
that cosmic rays which have relatively lower momentum canna continue down
to earth's surface. This e ect is especially important for low energy region
and the di erence between solar maximum and solar minimum alout 10% for
neutrino ux.

The systematic uncertainty for the atmospheric neutrino u x described above
e ects the absolute ux, but does not e ect the spectrum shape much. So only
the spectrum shape was obtained from this MC simulation.

Atmospheric neutrinos interact with nucleons and electrors in the water, in
the Super-Kamiokande detector. The neutrino interactions are simulated by
NEUT [65], in our Monte Carlo simulation. NEUT was developed to study at-
mospheric neutrinos as a background for the nucleon decay atysis rst done
in the Kamiokande experiment, and was inherited to the SuperKamiokande ex-
periment with various modi cations. In the NEUT code, the fo llowing charged
current(CC) and neutral current(NC) interactions are considered.

CC/NC (quasi-)elastic scattering +N! |+N°

CC/NC single meson production +N! |+ N% meson
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CC/NC deep inelastic interaction + N ! |+ N% hadrons

CC/NC coherent pion production + 1501 1+ %0+

Where N and N © are nucleons(proton or neutron) andl is a lepton.

Since the cross-section of neutrino-electron elastic sc@tring is about 10°
times smaller than that of the neutrino-nucleon interactions at a neutrino energy
of 1GeV, itis neglected in our simulation.

Figure 6.6: Predicted atmospheric neutrino ux(left) and the + and

¢ ratio(right). The solid line shows the Honda ux which was used in our
simulation. The dashed line is the calculation by G.Battistoni et al. [61] and
the dotted line is G.Barr et al. [62].
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Chapter 7

Remaining background

Even after applying all reduction steps, more events than epected remain as
SRN candidates in the data. Figure-7.1 shows the energy spgam of the nal
data sample in SK-I and SK-II. It is important to understand t hese irreducible
backgrounds for our analysis. In this chapter, we discuss tbse remaining back-
ground events.

Figure 7.1: The reconstructed energy spectrum of nal data ample after all of
the reduction. The left gure is SK-1 and the right gure is SK -Il. The SK-IlI
spectrum is similar to SK-I.

Possible backgrounds in the the analysis energy region 1608leV are:
Cosmic ray muons
Solar neutrinos

e components of atmospheric neutrinos
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Decay electrons from muons (cosmic ray muon or atmospheric origin)
Spallation products

Cosmic ray muons which are not rejected by the OD trigger evenhcut during
the 1st reduction are rejected by the sub-event cut, making he cosmic ray muon
background negligibly small. Solar neutrino events are regcted by the solar
neutrino event cut based on the events's directional corredtion with the solar
direction. As described in Chapter 5, the remaining solar natrino background is
expected to be less than 0.3 events in SK-1. Spallation backgunds are basically
all removed in SK-I and SK-IIl, however due to the poor energyresolution in
SK-Il, some of spallation products remain in the nal data sample. The number
of remaining spallation backgrounds are estimated in this bapter.

The irreducible backgrounds in this energy region both comefrom atmo-
spheric neutrinos. The origin of atmospheric neutrinos is he decay of secondary
cosmic rays(e.g. pion), which are produced by the interactins of primary cos-
mic rays(e.g. proton) with atmospheric nuclei such as nitrqyen and oxygen. For
example, a  decays through the following steps.

+ I + +
& €+ o+~ (7.1)
! +~
& e + ¢+ (7.2)

That is to say, one  can produces two and one ¢ by this process.

Atmospheric ;  induce a muon via charged current (CC) interaction and
it decays into an electron (decay-e). This is one of the irredcible backgrounds
and most dominant background for SRN search in this energy rgion. Electrons
originating from atmospheric ¢; . are also an irreducible background source.

In this chapter, we will discuss these backgrounds and estiate their energy
spectra.

7.1 Decay electron from invisible muon

As described above, one of the irreducible backgrounds corsdrom decay elec-
trons produced by invisible muons from atmospheric neutriro interactions. We
evaluated the decay electron spectrum by collecting a decaglectron sample us-
ing real cosmic ray stopping muons. Since these events aresal decay electrons,
they follow the Michel spectrum, which is expressed by the flowing equation:

dN G2

- 2E2
gE. - 123 M Ee 3

Ee< — (7.3)

4E. m
m 2

The positron from the * decay follows this function, however, in the case
of , the energy spectrum is distorted because almost all of the oons are
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trapped by oxygen atoms in K-shell orbits. The decay electrm is in uenced
both by the orbital motion of the parent muon and by the electric potential of
the oxygen nucleus. Figure-7.2 shows the calculated energpectra of the decay
electrons and positrons.

ao000 | . 3
35000 |

30000 |

number of events

25000 [
20000 |-
15000 [
10000 |-

5000 |-

oL el e ]
0 10 20 30 40 50 60 70

total energy (MeV)

Figure 7.2: The calculated energy spectra for decay electroevents in water.
The solid line represents the positron spectrum and the daséd line represents
the electron spectrum.

The */  ratios from atmospheric neutrinos and cosmic rays are di eent.
The primary particles of cosmic rays are mainly free protonswvhich have positive
charge. Therefore the fraction of * is larger than that of in the cosmic ray
stopping muon case. While in the atmospheric neutrino's cas, the  interaction
is larger than , due to the almost twice as large cross section[69]. Figuré:3
shows the calculated cross section of the charged current gsi-elastic interaction
for and . from the  interaction is greater than * in the atmospheric
origin case.

Althoughthe */ ratio for the atmospheric neutrino origin and the cosmic
ray origin are dierent its e ect is not signi cant when dete rmining the ux
limit. Because the electric potential of the oxygen nucleusis 0.2 MeV, the
di erence in mean value of the energy spectrum for * and decays is small.
The di erence in energy spectrum shape mainly come from Loretz boost of

Considering the dierence of the */ * ratio, the decay electron energy
spectra for both cases are obtained by MC simulation and theyare plotted in
Figure-7.4.

The red line shows the energy spectrum using the */ ratio of atmo-

121



Figure 7.3: The calculated charged current interaction cr@s section for ()
on a nucleon.

Figure 7.4: Red line shows the energy spectrum using*/ ratio of atmo-
spheric neutrino case (*/ = 0.3/0.7) and green is that of the stopping
muon case(*/ = 0.7/0.3)
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spheric neutrino case (*/ = 0.3/0.7) and green is that of the stopping
muon case( */ = 0.7/0.3). The dierence of mean value is less than 0.5%
and they are consitent in the low energy signal region. So thalecay electron
spectrum obtained from the stopping muon sample can be usedsaa background
spectrum.

We collected the decay electron sample from stopping muons it the fol-
lowing selection criteria:

Time di erence from stopping muon is between 3-8 sec

Distance from muon stopping point to vertex is closer than 5@cm.

The energy spectrum after this reduction is shown in Figure7.5 comparing
with decay electron MC. The consistency was checked by caltating 2 us-
ing statistical error of data and MC. Calculated 2 is 20.1 / 13 d.o.f ( 10%
probability).
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Figure 7.5: The energy spectrum for the decay electron samplobtained from
stopping muon real data and decay electron MC. Calculated 2 is 20.1/ 13 d.o.f
( 10% probability).

Since this sample is real data, systematic error due to eneygscale calibration
is negligible. It does not include any gamma rays produced bYNC interactions
of atmospheric neutrinos. These low energy gamma rays havarge uncertainty
so they are considered as a systematic error and are describ@ section 8.3.
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7.2 Atmospheric ¢ ¢

Atmospheric electron-neutrinos and anti-electron-neutiinos are an irreducible
background in this energy region. Atmospheric anti-electon-neutrinos interact
with a proton in the water via inverse beta decay as do SRN antielectron
neutrinos. However atmospheric electron-neutrinos inteact with a neutron in
the 0 nucleus via the following interaction:

et N! e +p; +p! € +n (7.4)

Neither can be separated from the SRN events and are dominariackground
sources.

Using the Honda ux and NEUT, described in section 6.3, 50 yeas of atmo-
spheric neutrino MC were generated and passed through the dector simulation
described in section 6.1.

The reconstructed energy spectrum of the atmospheric neutno MC, after
reductions is shown in Figure-7.6(right) for ¢; . The original neutrino energy
for those events are also shown in Figure-7.6(left).

Figure 7.6: Charged current interactions are selected. Theoriginal neutrino
energy for the events is shown in left gure. The reconstruced energy spectrum
of atmospheric . and . events after the reductions(right).

7.3 Spallation background

The backgrounds in SK-I and SK-IIl are understood to be due toan atmospheric
neutrino origin as described in the previous section. But there is still a remaining
unknown background in the low energy bin in the SK-1l data as sown in Figure-
7.1. There is a possibility that this excess is due to spallabn backgrounds which
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are reconstructed above the 18 MeV energy threshold due to # worse SK-II
energy resolution, even though we adopted a tighter spallabn cut in SK-II as

used for the solar neutrino analysis, as described in sectio5.2.2. We estimated
how many spallation background events are still remaining h our nal data

sample after all reductions.

The spallation cut was applied in two steps for SK-II as follows.

The cut based on the likelihood method using three variables

The cut using time di erence from the last muon ( Tjast > 0.15sec)

The rst step of this spallation cut uses the spallation likelihood expressed
by the following equation.

likelihood = $( T) $( L) $(Qres) (7.5)

As described in section 5.2.1, the three variables are; T which is the time
di erence between the preceding muon and the SRN candidatevent, L which
is the transverse distance from the muon track to the reconstcted relic can-
didate position, and Qes Which is the residual charge that is de ned as the
observed total charge minus the expected charge from the mumtrack length.

If the likelihood value is greater than 3.9, the event is rejeted by this cut.
Figure-7.7 shows the energy spectrum before and after thekélihood spallation
cut. 616 events(corresponding to 85%) are rejected by thisut in the 18-22MeV
region. This means a lot of spallation events are included Kere the cut, in this
bin, but are now rejected. Most of the rejected 616 events aréspallation like"
events.

Using these \spallation-like" events, the time di erence from preceding muons(dt)
distribution is made and is shown in Figure-7.8. The red lineshows the distri-
bution for \spallation-like" events and the green line shows \random" events,
which has random timing and vertex information. For the \ran dom" event sam-
ple, we selected very low energy events near the ID wall, andemerated their
vertex randomly instead of the reconstructed vertex. Most d these events are
gamma ray events originating at the PMTs or tank structures so that they
have no correlation with the muon. The black line shows the dstribution of
\spallation-like-random", which is called the \true spall ation".

The obtained T distribution for the \true spallation" has events above 0.15
seconds. These events pass the second spallation cut using’, and remain in
the nal sample if the likelihood spallation cut cannot reje ct them. We estimated
how many \true spallation" events were remaining after both spallation cuts.

To do this, we need to know the likelihood distribution for \t rue spallation”
events. We estimated this likelihood distribution by generating a spallation MC
based onthe T, L and Qes distribution of \true spallation.

We started from making the L and Qs distribution using a \Spallation-
like" sample with all the preceding muons occurring within 100 seconds. The
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Figure 7.7: The energy spectrum of the SK-II data, before andafter spallation
cut.

Figure 7.8: The distribution of time di erence from the last muon (dtjast ).
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distribution is made in two categories, one is \on-time"(0:1sec > T > 0:0se¢
and the other is \o -time\(100 :Osec > T > 90:0seq. Figure-7.9 shows the

L and Qes distribution, the green line is \on-time", the red line is\o -time",
and the black line is the \true spallation" which was made by the \on-time -
o -time" after normalization by time as follows.

0:1[sed

L (truespallation )= L(on time) L (off time) 10.0[seq (7.6)
Qres (truespallation ) = Qres (0N time)  Qres (Off  time) %(7.7)

Figure 7.9: L, Qs distribution. Green is \on-time", red is \o -time" and
black is \true spallation" de ned by \on-time - o -time".

By the method described above, we obtained all of the distrilitions needed
for the simulation of the spallation likelihood distributi on. The random vari-
ables of T, L and Q.s were generated following the distribution of \true
spallation". This calculation was done for every 0.6 secondbin of the T distri-
bution. The center value of each bin is used as T for the spallation likelihood
calculation. The results of the likelihood simulation, in the case of T = 0.375
seconds and 0.9 seconds, are shown in Figure-7.10. The cutipbin both is
likelihood < 3:9, so that 9.7% and 10.2% of the simulated events can pass the
likelohood spallation cut, respectively. The results in oher T bins are listed
in Table-7.3. Integrating the number of events passing thraigh the spallation
cut, for T > 0.15 second, gives a total of 9.2 events which can remain in ¢
data sample after the spallation cut in the 18-22MeV region.

Because this number of events is just after the spallation ctj we multiplied
the eciency( 67%) of the other cuts to evaluate the number of spallation
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background events in the nal data sample. This analysis wasalso done using
622 days of SK-Il data, although the SK-Il data was collectedfor 791 days
overall. Considering the cut e ciency and livetime normali zation, the expected
number of spallation background events in the nal data samge in each energy
bin was calculated and is listed in Table-7.3. In the 18-22M¥ region, 7.8
spallation events are expected to exist in our nal data sampe for SK-II.

Figure 7.10: The simulated likelihood distribution for \tr ue spallation" events.
The left gure is the case of T = 0.37 seconds and the right gureis T =
0.9 seconds. The shaded region is rejected by the spallaticzut.

Remaining spallation in SK-I and SK-IlI

Most of the spallation backgrounds must be rejected by the spllation cut in
SK-I and SK-III. Looking at the dt and dL4ans distributions, there is no strong
evidence for any remaining spallation events. If spallatiol is long lived and the
t is poor, it can be missed. Even considering that case, remaning spallation
events are less than one or two both in SK-I and SK-II. In our aralysis, the
remaining backgrounds are assumed as signals. So even if theare remaining
spallation events, the obtained ux upper limit should be a conservative result.
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T | # of \true spallation” | pass rate [%]| remaining events |

0.0-0.15 517.3 0.0 0.0
0.15-0.6 26.1 9.7 2.5
06-12 12.3 10.2 1.3
12-18 8.09 11.9 1.0
1.8-24 6.65 12.7 0.8
2.4-3.0 5.76 13.4 0.8

Total 593.5 1.6% 9.2

Table 7.1: Expected number of remaining events in the nal daa sample for
each time bin. The energy range is between 18MeV and 22MeV. Téevents in
0.0 - 0.15 second hin are rejected by the second spallation tusing the timing
di erence from the muon.

| Energy [MeV] | Number of remaining events |

18-22 7.8
22-26 0.5
26-30 0.2
> 30 0

Table 7.2: Number of expected events in the nal data sample dér each energy
bin. These values are estimated by integrating the number ofemaining events
in each timing bin and multiplying the e ciency of the other ¢ uts. The expected
livetime is 791 days of all SK-II period.
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Chapter 8

Systematic error estimation

Since the data statistics are not large, the e ect of most sysematic errors is
not signi cant. But in order to extract SRN signal more corre ctly, we con-
sidered three non-negligible source of uncertainty in thisanalysis. The rst is
the uncertainty on the signal e ciency estimation originat ing from the dier-
ence between data and MC. The second is the energy scale untanty. This
is important because the SRN spectrum is \soft" meaning that the number of
expected events can be strongly a ected by the energy scalezinally the third
is the background shape error on the decay electron spectrunSince this spec-
trum is made from a pure decay electron sample, we need to coider events
originating from atmospheric neutrino interactions (e.g. gamma rays from NC
interaction).

8.1 The uncertainty for signal e ciency

The uncertainty on the SRN signal e ciency is evaluated as described below.
The cross section of inverse beta decay is important becausea ects the
detection e ciency directly. As described in [15], most input quantities have
been measured precisely. The cross section uncertainty igpproximated by 1%
(E =40MeV)?2. The SRN spectrum decreases with increasing energy and most
part of the SRN ux is bellow 40 MeV so the systematic error originating from
cross section uncertainty is less than 1%.

The uncertainty from each reduction step are estimated by ajplying the same
reduction to LINAC data and LINAC MC and comparing the di ere nce of their
e ciency. The uncertainty of solar neutrino event cut are negligible, because

sun distribution must be at for SRN signal even if the angular re solution

is dierent for data and MC. The spallation cut uncertainty i s estimated by
calculating the e ciency in the several di erent period. Ot her cuts, for example
OD correlated event cut, double T peak cut, sub-event cut andso on, have small
ine ciencies for SRN signal ( 1% or less). Therefore, we took the quadratic
sum of these errors as a single error source on the ine ciencyThe estimated

uncertainties for each reduction step are listed in Table-81.

130



reduction SK-I SK-I1 SK-I1I1

Cherenkov angle cut 0.4% 3.0% 0.3%
E wall cut 0.5% 1.0% 0.3%
Spallation cut 3.0% 0.4% 1.0%
Pion-like event cut 0.2% - 0.5%
Other cuts 2.0% 1.3% 1.7%

Table 8.1: The systematic uncertainty from each reduction $ep in this analysis.

The uncertainties on the ducial volume and detector livetime calculation
are quoted from the solar neutrino analysis in Super-Kamioknde[38, 39, 40],
because the data set and vertex reconstruction program areasne as that of
solar neutrino analysis although applied cut is di erent.

In total, the uncertainty on the SRN signal e ciencies are  3.9% in SK-
I, 4.6% in SK-Il and 2.5% in SK-Ill. The uncertainty described above are
summarized in Table-8.1.

| [ SK-I SK-ll SK-lll |

Cross section of inverse decay 1.0% 1.0% 1.0%
Reduction e ciency 3.6% 4.3% 2.1%
Fiducial volume 1.3% 1.1% 1.0%
Livetime calculation 0.1% 0.1% 0.1%

| Total | 39% 46%  25% |

Table 8.2: The summary table of systematic uncertainty in ou analysis.

8.2 Energy scale uncertainty

The energy scale uncertainty is obtained from energy scaleatibration as de-
scribed in section 3.7. The systematic uncertainty for enegy scale is calculated
considering the e ect of position dependence of energy saal time variation of
energy scale, MC tuning accuracy, electron beam determinabn in LINAC cal-
ibration and directional dependence of energy scale. As sha in table 3.3,
obtained uncertainty is 0.64% in SK-I, 1.4% in SK-Il and 0.53% in SK-III re-
spectively. To be conservative, we applied a larger uncertaty, 1% in SK-I and
SK-IIl and 1.5% in SK-II.

8.3 Background shape error

As described in section 7.1, the decay electron spectrum isbtained from decay
electron real data from cosmic ray stopping muon data. This ample does not
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include other atmospheric neutrino interactions. These lav energy neutral cur-
rent interactions have large uncertainties so we considecethem as a systematic
error on the background shape.

In order to investigate the in uence of atmospheric neutrino interactions,
atmospheric neutrino MC events were classi ed into four graips, based on the
original neutrino avor. Each group is further classi ed in to six groups based on
the interaction mode. The energy spectrum obtained for eactyroup is shown in
Figure-8.1, 8.2( ¢, ¢), Figure-8.3,8.4( , ). The interaction mode is de ned
in Table-8.3(for ¢ and ¢) and 8.4(for and ).

| id | electron neutrino interaction | id | anti-electron neutrino interaction |
10 etn! e +p 20 et p! € +n
11 etp! e +p+ * 21 etpl e +n+ °
etn! e +p+ O et p! e +p+
etn! e +n+ * et n! e +n+
e_|_160! e +1GO+ + e+160! et +1GO+
12| ¢+ p(n)! e + p(n)+ mult 22| o+ p(n)! e + p(n)+ multi
etn! e +p+ O et p! € +n+ O
e+tn! e + + K7 e+tn! e+ + K
et p(n)! e + p(n)+ mesons et p(n)! € + p(n)+ mesons
13 etn! c+n+ O 23 e+tn! o+n+ O
et p! etpt © etp! ot+tp+ ©
et n! et pt et n! et pt
et p! e+n+ et p! e+n+ 7
e+160! e+160+ 0 e+160! e+160+ 0
14| ¢+n(p)! e+ n(p)+ mult 24| ¢+ n(p)! e+ n(p)+ multi
etn! o+n+ O e+ n! o+n+ O
etp! etp+t ° etp! et+tpt ©
etn!l o+ + KO etn! o+ + KO
et p! o+ + K? et p! o+ + K?
et n(p)! ¢+ n(p)+ mesons et n(p)! ¢+ n(p)+ mesons
15 etp! etp 25 etpl etp
etn! o+n etn! o+n

Table 8.3: The de nition of the id number in each interaction mode for electron
and anti-electron neutrinos.
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Figure 8.1: The energy spectrum of atmospheric electron ndtinos for each
interaction mode using 50years of MC. The horizontal axis ishe reconstructed
energy. The de nition of the id number of interaction modes are described in

Table-8.3.
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Figure 8.2: The energy spectrum of atmospheric anti-elecwn neutrinos for each
interaction mode using 50years of MC. The horizontal axis ighe reconstructed
energy. The de nition of the id number of interaction modes are described in

Table-8.3.
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Figure 8.3: The energy spectrum of atmospheric muon neutrins for each in-
teraction mode using 50years of MC. The horizontal axis is tle reconstructed
energy. The de nition of the id number of interaction modes are described in
Table-8.4.
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Figure 8.4: The energy spectrum of atmospheric anti-muon netrinos for each
interaction mode using 50years of MC. The horizontal axis ighe reconstructed
energy. The de nition of the id number of interaction modes are described in

Table-8.4.
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lid | muon neutrino interaction | id | anti-muon neutrino interaction
30 +n! +p 40 +p! *+n
31 +p! +p+ * 41 +pl f+n+ O
+n! +p+ O +p! T +p+
+n! +n+ * +n! 4+ n+
+1GO! +1GO+ + +1GO! ++1GO+
32 + p(n) ! + p(n) + multi 42 +pn) !+ p(n)+ multi
+n! +p+ 0 +p! *4+n+ O
+n! + + K7 +n! *+ + K
+ p(n) ! + p(n) + mesons +p(n)! * + p(n)+ mesons
33 +n! +n+ O 43 +n! +n+ ©
+p! +p+ O +p! +p+ O
+nl! tpt +n! +p+
+p! +n+ * +p! +n+
+160! +160+ 0 +160! +160+ 0
34 + n(p) ! + n(p) + multi 44 + n(p) ! + n(p) + multi
+n! +n+ © +n! +n+ ©
+p! +p+ O +p! +p+ O
+n! + + KO +n! + + KO
+p! + + KT +p! + + KT
+ n(p) ! + n(p) + mesons + n(p) ! + n(p) + mesons
35 +p! +p 45 +p! +p
+n! +n +n! +n

Table 8.4: The de nition of id number in each interaction mode for muon and

anti-muon neutrinos.
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Charged current interactions (CC) create leptons that can be source of back-
ground. In the case of and , decay electron from invisible muon is main
background source. Pion is produced in the CC pion productia interaction as
well as lepton, but some fraction of pion cannot go out of oxygn nuclei due to a
pion absorption. Neutral current interactions (NC) emit gamma rays and they
can be a background in the SRN search (nuclear).

Additionally, deexcitation gamma rays from the interactions of nal state
nucleons in surrounding medium are another source of backgund(secondary-
interaction ). If charged particle is not produced at prompt interaction, those
can be detected as prompt signal. Though CC interaction als@an emit gamma
rays, such event should have two timing peaks or sub-event . gamma ray
and decay electron). So most CC events, including gamma raysriginating from
neutrino interaction, are already removed by the data redudion.

To evaluate the e ects of atmospheric neutrino interactions other than de-
cay electrons from invisible muons, we compared decay elecn MC and atmo-
spheric neutrino MC including all interaction in Figure-8. 5.

Figure 8.5: Energy spectra are compared between atmospherineutrino MC
and decay electron MC. The red histogram is the atmospheric autrino MC
including all interactions and the blue histogram includes only CC interaction
events. Decay electron MC spectrum is normalized by number foentries in the
blue histogram.

The decay electron MC (black) is generated as an electron (pgtron) whose
energy follows the Michel spectrum. The red histogram is atnespheric neutrino
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MC including all interactions and the blue includes only CC interactions. The
di erence between red and blue is due to gamma rays mainly caged by nuclear
. The small di erence between blue and black comes from secadiary although
most CC secondary events are rejected by data reduction. The decay electron
MC spectrum is normalized by the number of entries in the bluehistogram. The
systematic error of background shape is estimated from the icerence between
all interaction modes of atmospheric MC (red) and decay eletton MC (black).

This di erence is assumed to be 1 level systematic uncertainty.
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Chapter 9

Results

After all reductions, the nal data sample was obtained, and still remaining
backgrounds were understood as atmospheric neutrino origias stated in the
previous chapter. Because the individual SRN events cannobe identi ed, a
statistical method was used to extract the SRN signal. In this chapter, a tting

method using the energy spectra and its results are descrilde

9.1 Spectrum tting

Although nine SRN models predict slightly di erent spectral shape, those shapes

all basically decrease exponentially with increasing en@y, as shown in Figure-

6.4. In contrast, the spectral shape of the expected backgumd, i.e. invisible
-e decay, atmospheric ¢, , rise with energy increase. See Figure-7.5 and 7.6.

Since their spectra are di erent from the SRN spectrum, spetrum tting can

be used to discriminate those components.

9.1.1 The spectrum tting by Gaussian method

The expected signal and background spectra obtained in the qgvious chapter
were normalized by the livetime and used to t the nal data sp ectrum. The
energy spectra of our nal data samples for SK-I and SK-II areshown in Figure-
7.1. The lower threshold of this analysis is 16 MeV (SK-I, SKHI) and 18 MeV
(SK-I1), which is limited by the spallation backgrounds. Al though the decay
electron spectrum is up to 65 MeV, even considering detector resolution, the
upper threshold of this analysis was extended to 80 MeV, in ater to evaluate
the contribution from the atmospheric ¢, &.

For the tting, the data was divided into sixteen bins, with 4 MeV width,
and the following 2 function was used.

2 — R (NData (') NSpec(i))

. (9.1)

i=1
Nispec(i) = Nsry (i)+  Nam ())+  Nam (i) + Nspa (i) (9.2)
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Where:

Npata @ The spectrum of the nal data sample
Nsrn @ The spectrum of the SRN MC

Nam . : The spectrum of the atmospheric ¢, ¢ MC

N atm . The spectrum of the decay electron from stopping muon real
data

Nspa  : The expected number of remaining spallation events (only dr
SK-II)

, and are the normalizing factors for SRN, atmospheric ¢,  and
invisible -e decay respectively.

is the statistical error of the Gaussian standard deviationand systematic
error, added quadrature, represented as follows.

2_ 2 2 2
- data+ MC + sys (9-3)

Since the MC statistics are much larger than the data statisics, . is
negligible in all energy regions. The systematic error, desibed in section 7.3, is
always< 5% and is also much smaller than the data statistical error. Mnimizing
the 2 function(Equation-9.1), the ; and parameters were determined. To
avoid the best t SRN ux being in the unphysical region, the  parameter was
required to be non-negative.

By the spectrum tting method described above, we obtained the param-
eter, which indicates the expected number of SRN events in aqudata sample.
We obtained the best value and its 1 error, which were 0.2 0.9 in SK-I, <
1.5(1 ) in SK-lIl and 0.8 1.8 in SK-III'1. All of them are consistent with zero,
within a 1 error. This means there is no clear evidence of SRN events inksl,
SK-1I and SK-IIl. The minimum 2 value is 11.9, for 13 degree of freedom, in
SK-I which corresponds to 54% probability. For SK-1l and SK-III, the 2 val-
ues are 10.6 and 8.8, both for 13 degree of freedom, and compesd to 64% and
79% probabilities. These 2 values demonstrate the validity of our background
hypothesis.

As we discuss later, the Gaussian method was used in the old SKanalysis
[16], which gave the current ux upper limit of < 1.2 =cm?=secf{ 18 MeV).

9.1.2 Spectrum tting by Poissonian method

In the previous section, the tting method by the Gaussian method was de-
scribed. But even in the SK-I data, which has the largest statstics in the three
phases, the number of entries in each bin is not large enoughotapproximate
the statistical errors by a Gaussian standard deviation. Inthe case of SK-II

Isince the best t s in the unphysical region in SK-II, only the upper 1 side is shown
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and SK-lll, statistics are even poorer than SK-I. So we devadped a new ux
extraction method, based on the Poissonian distribution.
The 2 is de ned in equation 9.6, and can be transformed as follows.

2 _ (Nobs Nspec)2 G(Nobs; Nspec)
2

- = 2log ——r——=~ 9.4
9 G(Nobs; Nobs) (9.4)
ex N N 2:2 2
G(Nobs; Nspec) = p( ( Obﬁ 2_ SPEC) )
Nspec(i) = Nsrn (i) + Nam (i) + Nam (i) + Nspa (i) (9.5)

Where G(Nobs; Nspec) is @ Gaussian distribution and Ngpec is signal + BG
spectrum expected from; and . Then by replacing the Gaussian distribution
by a Poisson distribution, we obtained the 2 of the Poissonian method:

P (Nobs; Nspec)
P (Nobs; Nobs)

N obs

exp(Nobs  Nspec)

2 = 2log

= 2log Nspec

obs

N
= 21log Nobs Nspec+ Nopslog NspeC (9.6)
obs

where

(N spec)NobS eXp( Nspec)
Nobs!
In the Poissonian tting method, this 2 was used instead of the Gaussian?,
de ned by Equation-9.1. Since this 2 de nition does not include , systematic
errors were considered as follows.

P (Nobs; Nspec) = (9.7)

z 2_n 2
exp =2 2) exp(
2= (5 .g— P

=2 %) exp( %=2)
2 2 "

——ddd 9.8
5 (9.8)

where is the energy scale error and its uncertainty ( ) was obtained from
the LINAC and DTG calibration (section 3.7). is the systematic error of the
expected number of SRN events(e.g. due to reduction e cieng, ducial volume,
livetime etc). The estimated error was summarized in Table8.1. By changing
and manually, SRN spectrum is regenerated (see Equation-9.9)ral 2 is
calculated for each and . and is changed from -3 to +3 and 2 is
summed up with the weight of Gaussian distribution.

(+ ) Nsrv(E (1+ ) (9.9)

is the background shape uncertainty for decay electron spémm. Real
background shape include not only decay electron but also sne gamma rays
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originating from atmospheric neutrino interaction. This error changes the decay
electron spectrum as follows:

(i) +

We estimated this error ( Nam
in section 8.3.
is changed only for positive side from 0 to +3 , because additional nuclear
and secondary rays distort the spectrum only to positive direction.

()

(i)) using atmospheric MC as described

(9.10)

N atm N atm

Fitting result

The tting was performed using the Poissonian 2, de ned by Equation-9.6, for
all of the SRN models and the best t parameters were obtainedby minimizing
the 2 value.

The Poissonian distribution is asymmetric and the error bar is larger for
the upper direction. So the best t parameters are likely to be larger values
than those for the Gaussian case. Between the 30 and 60 MeV riem, where
the decay electron background is dominant, the number of enies is more than
ten, so the error bar can be approximated by the Gaussian distbution. So the

parameter, which is the normalizing factor of the decay eletton spectrum,
does not changed. Since the signal energy region, below 30 Mealso has small
statistics, this increases the limit of . Thus the limit on the number of events,
and the ux, should be worse in the Poissonian method.

The best t parameters are listed in Table-9.1. The best t spectra are
shown in Figure-9.1(SK-I), 9.2(SK-II) and 9.3(SK-IIl), re spectively. The data
points with error bars represent the data spectrum, the red Ine is the spectrum
of atmospheric ¢, ¢ MC, the green line is the spectrum of decay electrons from
stopping muon real data. The black line shows the sum of the ré and green
spectra.

best tvalue | best tvalue | best tvalue
parameter SK-I SK-II SK-I11
0.12 0.8 0.0 0.66 1.8
1.26 0.94 1.51
1.39 0.47 1.16
2 14.1/13d.of| 85/13d.o.f | 9.1/ 13 d.o.f

Table 9.1: The best t parameters from the 2 spectrum tting in SK-I, SK-II
and SK-IIl, by the Poissonian method, are listed. The LMA model was used for
getting thisresult. , and are the normalizing factors for SRN, atmospheric

e, e and invisible -e decay, respectively.
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SK1 spectrum fitting
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Figure 9.1: The result of the 2 tting for the distribution of the SK-I nal
data sample, by Poissonian method, are shown. The LMA model as used for
getting this result. The data points are SK-1 data and the red and green dashed
histograms represent the tted backgrounds from atmospheic  (and ) and
invisible -e decay. The black solid line shows the sum of both backgrows.

9.2 ux upper limit extraction

In the previous section, we discussed the spectrum tting reults. From these
results we could not nd a signi cant SRN signal in any of the t hree data taking
phases, so we extracted the ux upper limit from the tting re sult, as described
below.

1. Getthe 2 distribution as a function of , by changing , with minimizing
2 with two free parameters( and ). The 2 values thus obtained at
each aredenedas 2.the 2 distribution in SK-I for the LMA model
is shown in Figure-9.4(top).

2. The probability is calculated for each 2, de ned by Equation-9.11. Figure-
9.4(middle) shows the probability distribution as a function of 2.

2

P robability = K exp - (9.11)

Where K is the normalizing factor, determined to make the integrated
value equal to 1 as follows.
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SK2 spectrum fitting
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Figure 9.2: The result of the 2 tting for the distribution of the SK-Il nal
data sample, by Poissonian, method are shown. The LMA model as used for
getting this result. The data points are SK-1l data and the red and green dashed
histograms represent the tted backgrounds from atmospheic  (and ) and
invisible -e decay. The black solid line shows the sum of both backgrows.

Zl 2

K exp — d =1 (9.12)
=0 2

3. The probability is integrated upto  =40. The value whose sum of the
probability exceeds 0.9 corresponds to the 90% con dence Vel upper
limit and is dened as g¢9. The sum of the probability as a function
of is shown in Figure-9.4(bottom) and the dotted line shows the90%
con dence level limit.

4. Multiplying the expected number of events shown in Table6.1 by the
obtained oo, the 90% con dence level limit of the SRN eventsNjimit ) is
obtained. Similarly, multiplying the expected ux value by oo gives us
the 90% con dence level ux upper limit( Fjmit ).

Nimt (> 16MeV)= N(16 1 MeV) o (9.13)
Fimt (> 16MeV)= F(16 1 MeV) oo (9.14)
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SK3 spectrum fitting
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Figure 9.3: The result of the 2 tting for the distribution of the SK-1II nal
data sample, by Poissonian method, are shown. The LMA model as used
for getting this result. The data points are SK-Ill real data and the red and
green dashed histograms represent the tted backgrounds &im atmospheric
(and ¢) and invisible -e decay. The black solid line shows the sum of both
backgrounds.

However, N(F) is the predicted number of events( ux) for each model and
is integrated for the region in parenthesis. Table-9.2 show the number
of events and the ux upper limits at the 90% con dence level for nine
SRN theoretical models, for the analysis energy region (16&V electron
energy corresdonds to 17.3MeV neutrino energy). The ux upgr limits
were obtained for SK-1, SK-11 and SK-IIl and for each SRN modd. For
LMA model, 90% con dence level ux upper limits were < 2:6=cm?=sec
(SK-I), < 5:0=cm?=sec (SK-II) and < 5:9=cm?=sec (SK-IlI), respectively.
The ux upper limits are summarized in Table-9.3.

Combined ux upper limit

The ux upper limit was obtained for SK-I, SK-Il and SK-III in dividually. In

this section, a combined analysis using these three phaseguts is described.

The 2 distributions for all three phases are summed up to obtain tre combined
2 (= 2, distribution as follows.
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Figure 9.4: The chi-squared, probability and sum of the prolability distributions
are plotted as a function of alpha. The red dotted line shows lhe 90% con dence
lebel.
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2 _ 2 2 2
comb = sk 1t sk 0t sk o (9.15)

The 2,..(and 2 in each phase) distribution, as a function of is shown in
Figure-9.5. 9o was obtained fromthe 2, distribution and is converted to the
90% con dence level ux upper limit. The 90% ux upper limits , corresponding

to E >17.3 MeV, obtained by this combined method are listed in Tabk-9.4.

il

'
= [Ty

2 3 4 5

Figure 9.5: The chi-squared(top) and sum of the probability(bottom) distribu-
tions, for the LMA model, are plotted as a function of alpha. Red is SK-I, green
is SK-II, and blue is SK-1II respectively. The black line shows the combined 2
distribution.
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SK-I SK-II SK-I

Theoretical model (16-80 MeV) | (18-82 MeV) | (16-80 MeV)
LMA neutrino oscillation < 15.6 < 14.2 <12.1
Constant SN rate < 15.2 < 13.3 < 12.0
Cosmic gas infall < 13.0 < 11.2 < 10.1
Cosmic Chemical evolution < 14.4 < 12.8 < 11.3
Heavy metal abundance < 134 < 12.8 < 10.8
Population synthesis < 14.7 < 131 < 11.6
Cosmic SF history < 16.1 < 14.2 < 12.7
SFR constraint < 17.4 < 14.0 < 123
Failed supernova < 12.7 <111 < 10.0

Table 9.2: The limit on the number of events for each model, byPoissonian
method, are listed for all three data taking phase. The ducial volume was 22.5
kton for all three phases. The livetimes are 1496 days in SK;I791 days in SK-II

and 548 days in SK-III.

SK-I SK-II SK-I

Theoretical model E >17.3MeV | E > 19.3MeV | E > 17.3MeV
LMA neutrino oscillation < 2.6 < 5.0 < 5.9
Constant SN rate < 2.7 < 4.9 < 5.9
Cosmic gas infall <25 < 4.2 <55
Cosmic Chemical evolution < 26 < 4.8 <59
Heavy metal abundance <25 < 48 <57
Population synthesis < 26 < 4.8 <59
Cosmic SF history <27 <49 < 6.0
SFR constraint < 26 < 4.9 <59
Failed supernova < 2.8 <53 < 6.1

Table 9.3: The upper limit on the anti-electron neutrino ux for each model,
by Poissonian method, are listed. All three data taking phags are listed. The

ux units are [ =cm?=sec].
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Theoretical model

Flux limit ( E >17.3 MeV) |

LMA neutrino oscillation

< 2.1 . =cn? =sec

Constant SN rate

< 2.1 .=cmé=sec

Cosmic gas infall

< 2.0 . =cnm¥ =sec

Heavy metal abundance

2.0 . =cn? =sec

Cosmic Chemical evolution

2.1 . =cn? =sec

Population synthesis

2.1 . =cn? =sec

Cosmic SF history

2.1 . =cn? =sec

SFR constraint

2.1 . =cn? =sec

Failed supernova

NN N[NAN|N|A

2.2 - =cn? =sec

Table 9.4: The combined 90% C.L. upper limit on the SRN ux, for each model,
by poissonian method. The second column is the ux limit forE >17.3MeV.
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Chapter 10

Discussion

The SRN ux upper limit of < 2.0-2.2=cm?=sec € > 17:3MeV) was obtained
in the previous chapter. This obtained upper limit is compared with the SRN
theoretical models and other experimental results in this bapter.

10.1 Comparison with theoretical models

In this thesis, nine theoretical models were used to evalua the SRN spectrum
shape. The ux upper limit was obtained for each model, all within the range
of 2.0 -2.2=cm?=sec. They are compared with the predicted ux from each
model and are discussed in this section.

The \LMA oscillation model" includes neutrino oscillation e ects inside stars
and was calculated by Ando et al[26, 27]. Due to the oscillatn e ects, the ¢
spectrum becomes relatively harder and the predicted ux ishigher among the
models we used in this analysis. The predicted ux for the netrino region with
energy above 17.3 MeV(corresponding to 16 MeV of electron engy) is 1.7
=cm?=sec. The 90% ux upper limit obtained from the combined analysis was
< 2.1=cm?=secE > 17.3 MeV). Our ux limit is higher than the prediction by

20%. Figure-10.2(top) shows the predicted ux and the obtaned ux limit
for this model. The black line shows the SRN spectrum. The uppr region of
the red line is excluded by our 90% con dence level ux limit. Since we used
the spectrum tting method, the ux limit curve is parallel w ith the model
spectrum. The main search region in our analysis is e ectivly up to 30
MeV. This is because the invisible muon background dominate above 30 MeV,
although spectrum tting has been done up to 80 MeV.

The \Constant SN rate model" [21] predicts the largest ux by assuming a
constant rate of core collapse supernovae, since the begiimg of the universe
till now. The predicted ux in this model is 4.6 =cm?=sec for neutrino energy
above 19.3 MeV. The obtained ux limit was 2.1 =cm?=sec and is already strict
enough to exclude this model prediction. Figure-10.2(midée) is the comparison
between the model prediction and our limit. The \Constant SN rate model" was
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excluded in our analysis, in the energy region oE > 17.3MeV/(corresponding
to 16 MeV electron energy).

The \Cosmic gas infall model" [22] is predicts the smallest reutrino ux
among the nine models used in this analysis. The spectrum sip@ of this model
most sharply decreases with increasing energy. The spectnu shape is most
di erent from the other background spectrum, so the lowest ux upper limit( <
2.0=cm?=sec for above 17.3 MeV) was obtained. However, this upper liihis still
larger than the predicted ux(0.3 =cm?=sec) by almost one order of magnitude.
The predicted spectrum and our limit is plotted in Figure-10.3(bottom).

According to the calculation of the \Cosmic chemical evolution model" [23],
the ux should be about 0.6 =cm?=sec. Our limit of < 2.1 =cm?=sec is still
higher than the predicted ux by more than a factor of three. A comparison
between our limit and the predicted spectrum is shown in Figue-10.3.

The predicted ux of the \Heavy metal abundance model" [24] is between
0.4 and 1.8=cm?=sec. Comparing with our ux limit( < 2.0 =cm?=sec), the pre-
dictionis  10% smaller in the maximum case of ux prediction. This indicates
our sensitivity is now close to the SRN detectable region fothis model. Figure-
10.3(top) shows the predicted ux both in the maximum and the minimum case,
as well as our ux limit.

The \Population synthesis model" [21] predicts a large ux when integrated
over all energy regions. However, the predicted ux above 1B MeV is the
second smallest in all the models. This is because this modekes a supernova
rate which drops sharply as a function of the red shift parameer, and the
neutrino energy is strongly redshifted below our energy theshold before reaching
the earth. The predicted ux is 0.5 =cm?=sec, and the limit from this analysis
is 2.1 =cm?=sec. Our limit is larger than that prediction by a factor of 4.
To dramatically increase the sensitivity for this model, we need to lower the
analysis energy threshold down to at least 10 MeV.

The \Cosmic SF history model" [28] predicts the second highet SRN ux
for above 17.3 MeV neutrino energy. This model predicts the BN spectrum
using three di erent e ective temperature of neutrinos(4, 6 and 8 MeV). In the
case of 6 MeV, which was used in our analysis, the predicted n&ino ux is
1.1 - 1.9=cm?=sec, above 17.3 MeV. This is not so far from our ux limit of
< 2.1 =cm?=sec. As shown in Figure-10.4(top), the case of 8 MeV e ective
temperature is excluded by our 90% con dence level ux upperlimit.

The \SFR constraint model" [29] gives a ux prediction of 0.7 =cm?=sec,
above 17.3 MeV. This is the average of the maximum case and theinimum
case. Both cases are plotted in Figure-10.4(middle). Our fit of < 2.1=cm?=sec
is almost a factor of two larger than the maximum case of 1.1 =cm?=sec.
Comparing with the minimum case of 0.4 =cm?=sec, the di erence from our
limit is a factor ve.

The predicted ux from the calculation of the \Failed SN mode I" [30] predicts
a hard spectrum due to higher energy neutrino emission fromdiled supernova
explosions. This ux is between 0.9 and 1.2=cm?=sec ¢ 17.3 MeV), depending
on a fraction of failed supernovae(9-22%) and other parametrs. The spectra
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in the maximum and minimum cases are shown in Figure-10.4(btbom). In the

case of the largest fraction of failed supernovae, the speetm becomes hardest
and then the predicted ux above our energy threshold becomse higher. Since
we used the case of maximum failed supernovae fraction, thepectrum shape is
hard, so that our ux limit for this model( < 2.2 =cm?=sec) is larger than the
other models. Comparing with the limit, the model prediction is smaller than

our limit by a factor of 2.

Figure 10.1: The ux upper limit and the predicted ux for eac h model above
19.3 MeV are shown. The uncertainty of the model prediction & represented by

yellow arrows.
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Figure 10.2: The ux limit vs the predicted SRN spectra are shown in this
gure. The red line shows our 90% ux limit, obtained in the pr evious chapter.
Since we used the spectrum shape of each model, the obtainedx limit has the
same shape as each model. The black dashed line is the pre&idtSRN ux.
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Figure 10.3: The ux limit vs the predicted SRN spectra are shown in this
gure. The red line shows our 90% ux limit, obtained in the pr evious chapter.
In the top gure, the dashed line is the minimum case of the praliction and the
dotted line is the maximum case.
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Figure 10.4: The ux limit vs the predicted SRN spectra are shown in this

gure. The red line shows our 90% ux limit, obtained in the pr evious chapter.
In the middle and bottom gures, the dashed line is the minimum case of the
prediction and the dotted line is the maximum case. In the top gure, the

di erent colors show the prediction with di erent e ective temperatures.
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Predicted ux Flux limit

Theoretical model (E >17.3MeV) (E >17.3MeV)
LMA neutrino oscillation 1.7 . =cm=sec | < 2.1 . =cnmP=sec
Constant SN rate 4.6 .=cm’=sec < 2.1  =cnP=sec
Cosmic gas infall 0.3 . =cmP=sec | < 2.0 . =cnP=sec
Heavy metal abundance | 0.4-1.8 . =cn=sec| < 2.0 . =cnP=sec
Cosmic Chemical evolution| 0.5 o =cnf=sec | < 2.1 . =cné=sec
Population synthesis 0.4 . =cmP=sec | < 2.1 . =cmP=sec
Cosmic SF history 1.1-1.9 . =cnP=sec| < 2.1 . =cnmP=sec
SFR constraint 0.4-1.1 . =cmé=sec| < 2.1 . =cmP=sec
Failed supernova 0.9-1.2 . =cmé=sec| < 2.2 . =cmP=sec

Table 10.1: The combined 90% C.L. upper limit on the SRN ux for each model,
by Poissonian method. The second column is the ux limit for the energy region
above 16 MeV and the third column is for that above 18 MeV.

10.2 Comparison with other experiments

Our experimental result was compared with other experimens, e.g. Kamiokande,
SNO, KamLAND etc, in this section. The 90% con dence level ux upper limits
in this thesis were< 2.0 - 2.2 =cm?=sec, depending on the spectrum shape of
the used SRN model. Using the LMA model, the ux limit was < 2.1 =cm?=sec,
which is better than other experimental result by an order of magnitude. Figure-
10.5 shows our ux limit(red line) and other experimental result in the unit of
neutrino ux( =cm?=secMeV), as a function of neutrino energy.

The green line shows the \KamLAND" result of < 10°=cm?=seG, in the
energy range of 8 - 14 MeV. Although the search region is di eent from our
analysis, their limit is larger than the prediction from the LMA model by an
order of magnitude or more.

The \Mont Blanc" result is shown as a light blue line. This lim it is given for
the same energy region as our analysis, however, our limit ibetter than their
result by more than three orders of magnitude.

The \SNO" experiment searched for electron neutrinos in theenergy region
of 22.9 - 36.9 MeV. Their result showed the electron neutrinoux, for 22.9 - 36.9
MeV, is smaller than 70=cm?=sec. The ux of electron neutrinos, emitted from
core collapse supernovae, is smaller than that of anti-eléimn neutrinos, above
the 20 MeV region as shown in Figure-1.5. So our ux limit is much closer to
the predicted SRN ux than the SNO result.

Previously, the \Kamiokande" result was the most strict lim it, which was
obtained using the \Constant SN rate model". The result from Kamiokande is
shown as a pink line, which has a slope that is the same as the \@hstant SN
rate model" spectrum. Even when comparing with this result, our ux limit is
better by at least an order of magnitude.
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Figure 10.5: The ux upper limit of our result and other exper imental results are
plotted. The horizontal axis is neutrino energy and the vertical axis is neutrino
ux in units of =cm?=secMeV. For the SRN spectrum, the LMA model was
used.

158



Experiment | Channel | Energy window | Flux upper limit

KamLAND e 8-14 107
Mont Blanc e 20 - 50 8.2 10°
SNO e 22.9-36.9 70
Kamiokande e > 19 50
Super-Kamiokande e > 17.3 20-22

Table 10.2: The ux upper limit for each experiment. The thir d column is
themgearch window of neutrino energy. The units of the ux upper limit are
=cnr=sec

As we discussed in this chapter, the ux upper limits obtained in this
analysis(< 2.0 - 2.2=cm?=sec) are already close to the model predicting SRN
ux(0.3 - 4.6 =cm?=sec). The di erence between our limit and the prediction is
less than one order of magnitude, even in the model which pract the smallest
SRN ux. Furthermore, some of the optimistic cases of SRN prelictions were
excluded by this result. Comparing with other experimental results, our result
is much better by orders of magnitude.
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Chapter 11

Conclusion

The di use supernova neutrino background from all the past supernova, known
to be Supernova relic neutrino (SRN), were searched for in Suer-Kamiokande,
which is a large water Cherenkov detector located at 1000m utherground in
the Kamioka mine. Three data taking phases were used in this @alysis and
each phase has a livetime of 1496 days (SK-I), 791 days (SKjland 548 days
(SK-IM1). This is the rst search for supernova relic neutri nos using SK-II and
SK-1Il data.

From the old SK-I analysis, we developed a new statistical ménod based on
the Poisson distribution which is more suitable for small statistics. We improved
the reduction method from SK-I old analysis in order to increase the e ciency
and to lower the energy threshold. This enabled us to lower tle analysis energy
threshold down to 16 MeV from 18 MeV with better signal e cien cy.

No evidence for supernova relic neutrino signals were foundh this search.
The 90% con dence level upper limit on the SRN ux was obtained by the
Poissonian method and improved reduction method. The ux upper limits on
SRN . were obtained for nine theoretical models which predict thespectrum
and absolute ux of supernova relic neutrinos. The obtained ux limits by
combined analysis of SK-I, SK-Il and SK-Ill range from 2.0 =cm?=sec to 2.2
=cm?=sec € > 17.3 MeV) depending on the spectrum shape of the SRN model
considered. Our results are now close to the predicted SRN ¥ ranging from
0.4 - 4.6=cm’=sec € > 17.3 MeV).

The new result presented in this thesis supersedes the predis Super-Kamiokande
limit [16] based on the improved analysis method and the inceased statistics.
The updated limit is an order of magnitude better than the values obtained
by other experiments.!! Some of the optimistic predictions for the SRN are
excluded by this result.
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Appendix A

Comparison with previous
result in SK

In this appendix, we compare the results with the previous SKI result of < 1.2
=cm?=sec (& 18 MeV). This previous result was obtained using almost the ame
reduction process as for our SK-1I analysis, except for the h-event cut. In
addition, the inverse beta decay cross section used in the prious analysis was
overestimated, especially in the higher energy region(sesection 1.2.2). This
changed the result by 20% overall. After applying the sub-event cut and
using the most recent cross section calculation, the ux upgr limit becomes
< l:4=cm?=sec using the Gaussian method an& 1.7 =cm?=sec using the Pois-
sonian method, both using the LMA model[27]. Since the data stistics is not
high enough, the Poissonian method should be used to extraghe ux upper
limit, even in SK-1. So the result of < 1.7 =cm?=sec should be compared with
our new result.

Considering only the SK-I result of the new analysis, the ux upper limit is
1.9 =cm2=sec, for the LMA model. The new result is worse, meaning it is fgher,
than the previous analysis. In order to understand this di erence, the old and
new results are compared step by step. In this analysis, we iproved the data
reduction to increase the e ciency of the SRN signal. By this improvement, the
analysis energy threshold was lowered from 18 MeV down to 16 BV. Due to
the lower energy threshold, the binning used in the energy spctrum tting was
also changed from 18 - 82 MeV, to 16 - 80 MeV, although bin widthis exactly
the same(4 MeV/bin).

Table-A.1 shows the change of the ux upper limit, step by step.

We started from the SK-I old result of < 1.7 =cm?=sec, by the Poissonian
method. After changing the cut criteria, but still using the same binning and
energy threshold of 18 MeV, the 90% con dence level ux limit becomes< 2.3
=cm?=sec.

Although our new reduction method achieved a better e ciency, the data
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Table A.1: The change of the ux upper limit in SK-I from the pr evious result
is summarized. Starting from the old SK-I result, a new cut ciiteria is applied
at the second line. The binning is changed from 16-80MeV to 1-82MeV(energy
threshold is still 18MeV) at the third line. At last, the ener gy threshold is
lowered to 16MeV. The best t value is also listed in the right column. The
number shown in parentheses is the unphysical best t value.

increased more than expected due to the e ciency increase. e expected SRN
spectrum for the LMA model in SK-I, by old reduction method(G reen line),
and new reduction method(Red line), are compared. Figure-A2 shows the
increasing rate of data and MC as a function of energy. The da points show
the ratio of the number of events between the old and new redu@n processes
of the SK-I data. The green line shows the new/old ratio of MC events, which
means the increase of reduction e ciency. Above 34 MeV, the gnal e ciency
become slightly worse due to the pion-like event cut and the malti-ring event
cut, which were newly added. However, these cuts can also resvwe background
events, making the S/N ratio better than in the old reduction method. As
shown in this gure, the e ciency was increased, mainly in th e region below 34
MeV. Unfortunately, the increase of data is larger than the eciency increase,
even though the change is within statistical uncertainty. The best t value is
listed in the right column of Table-A.1. In the old result, th e best t  value
was shifted to negative region by the statistical uctuation. That is the reason
why old ux upper limit was smaller than our new limit.

Next, the binning of the tting spectrum was changed from 18-82 MeV to
16-80 MeV, both with 4 MeV bin widths. The third line shows thi s binning
change, although the energy threshold remained at 18 MeV. Byhis change,
the ux upper limit for energies above 18 MeV becomes> 1.8 =cm?=sec.

At last, the energy threshold was lowered from 18 MeV to 16 Me\(see bot-
tom line in Table-A.1). After lowering the energy threshold, a ux limit of 1.9
=cm?=sec was obtained. This e ect can be understood by noticing that there
is an excess of data below 18 MeV. In our method, the ux upperimit was
obtained assuming that all the events, other than invisible -e decay and atmo-
spheric ¢ (and ), were SRN signals. This method gives a conservative upper
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Figure A.1: The expected energy spec-
trum of SRN events in SK-I with the
new/old reduction are compared using
the LMA model. The red is the new
reduction and the green is the old re-
duction. Events are increased mainly
below 34 MeV, due to the spallation
cut di erence.
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Figure A.2: The increase in number of
events from the old analysis method
are plotted. The e ciency increase ex-
pected from the MC is shown as the
green line. The data increase is larger
than expected, although it's within
statistical error.



limit.
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