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Abstract

The 8B solar neutrino ux( Erecoil electron > 6.5MeV ) is measured by Super-Kamiokande
based on 306.3-day data from May 31, 1996 to June 23, 1997.The total number of recoil
electrons scattered by ®B solar neutrinos detected during the detector live days amounts to
43957114 (stat.) T 1e4 (syst.) events. The observed 8B neutrino flux is 2.44 +0.06(stat.) 7035 (syst.)
[x108e¢m~25~1], which should be compared with the standard solar model prediction(BP95)[9]
6.6219-93 (theo.)[x 105cm~2s~1], The ratio of the observed ®B solar neutrino flux to the expected
flux (BP95) is 0.368i8:858(stat.)fg:gg(syst.)fgjgg% (theo.) The measured ®B solar neutrino flux is
consistent with the KAMIOKANDE-II & III results within 1 o, and the deficit in the ®B solar
neutrino flux( solar neutrino puzzle ) is confirmed.

Neutrino oscillation is proposed as a plausible explanation for the solar neutrino puzzle and
possible MSW solutions are examined using the 306.3-day Super-Kamiokande data. A new
region is excluded from the currently allowed region on the (sin?20, Am?) plane. A future
prospect is discussed, too.
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Chapter 1

Introduction

The origin of the stellar evolution is, as well known, the nuclear fusion processes in the pp
chain and the CNO cycle which Fig.1.1 and 1.2 demonstrate. As shown in these figures, some
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L ]
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86% |
ppl 1 1
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p-p Il 88’ » 20
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Figure 1.1: Proton-proton chain

reactions emit an electron neutrino(v,). Hence, the experimental detection of neutrinos which
come from the Sun, the nearest main-sequence star, is a direct evidence for the nuclear fusion
processes occurring in the Sun.

Optical observations of the Sun have continuously provided a lot of information on its surface
and the theory of the Sun has been developed with the information. The theory is called
Standard Solar Model ( SSM ), and it was extensively developed in 1950s and 1960s as precise
optical measurements became available. However, SSM has been improved continuously over
past decades stimulated by solar neutrino measurements as well as by solar seismology.

In the late of 1960s, R.Davis and his collaborators started the first pioneering experiment of
the solar neutrino measurement in the Homestake Gold Mine, in Lead, South Dakota, U.S.A.
In this experiment, they employed an inverse $-decay reaction v, + 37Cl — 3"Ar + e~ of
which the energy threshold is 0.814 MeV, and counted the number of generated 3" Ar atoms.
Total solar neutrino flux in this experiment was predicted to be 7.5 SNU( Solar Neutrino Unit:
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10736 captures/target atom/sec )[2], but the observed rate during the first year of experiment
was below 3 SNUJ[3]. While the experiment proved that origin of the solar energy generation
was nuclear fusion processes, it reported an unexpected deficit in the solar neutrino flux in the
framework of SSM. The experiment has been continued over 20 years, and the deficit has been
unchanged. This deficit in the solar neutrino flux has been called “solar neutrino problem”.

Approximately 20 years later from commencement of the 37Cl experiment, the second solar
neutrino experiment called “Kamiokande-II” was started in Kamioka mine, Gifu prefecture,
Japan. The detector in its original form was constructed to search for nucleon decays. After
some improvements, the detection of solar neutrinos became possible. In this experiment, an
imaging water Cerenkov detector with 4,500t of pure water was used, and solar neutrinos above
7.5 MeV, almost all of which come from 8B 3 decays, were detected through a recoil electron
from neutrino elastic scattering off an orbital electron in water; v +e~ — v + e~. This was
the first experiment which had ability to measure direction and energy of the solar neutrinos in
real time. Therefore, results from Kamiokande-II are free from doubt of the neutrino sources.
The neutrino flux observed in Kamiokande-IT from 1987 to 1990 was only 2.7x10%cm=2s~1[4][5],
while the prediction 6.62x10%cm~2571[9] . Hence, the previous deficit in the solar neutrino was
confirmed.

In 1990s, two other experiments were started; GALLEX at the Gran Sasso Laboratory
in Italy, and SAGE at the Baksan Neutrino observatory in Russia. Both of these Gallium
radiochemical experiments used a neutrino absorption reaction of v, + "'Ga — "'Ge + e
to detect solar neutrinos. The advantage is its low reaction threshold energy of 0.2332 MeV
which made the two experiments sensitive to neutrinos from the pp fusion into deuterium(
Ejnaz=0.42MeV ). The observed neutrino fluxes are

+5

SAGE[16] 69 =+10(stat) _ (SNU)
+3.9
GALLEX[15] 69.7 +6.7(stat.) — ' (SNU)

(1.1)

The predicted rate for the "*Ga experiment is 13775 SNU[9]. The solar neutrino flux from the
pp and pep reaction is believed to be theoretically robust. Solar neutrino deficit in pp and pep
neutrinos is confirmed as well.

To solve the solar neutrino problem, various theoretical efforts have been made. These are
classified into two groups; to modify SSM and/or to introduce new neutrino properties to the
standard electroweak theory[25] of elementary particles. Especially, among them, the theory of
the neutrino flavor oscillations is the most attractive[7]. The extension of the theory to neutrino
flavor oscillations in matter advocated originally by L.Wolfenstein and later applied to the solar
neutrino problem by S.P.Mikheyev and A.Yu.Smirnov predicts the conspicuous neutrino energy
dependence of the deficit in the solar neutrino flux. This is called “MSW solution”. The next-
generation experiment “Super-Kamiokande” was started in April, 1996 to make it conclusive
whether the deficit is caused by neutrino oscillations.

In this thesis, the result on the ®B solar neutrino observation in Super-Kamiokande based on
300-day data is reported in detail. The current status of SSM and of solar neutrino experiments,
and possible solutions to the solar neutrino problem are described in Chapter 2.

In Chapter 3 and 4, details of the Super-Kamiokande detector and detector calibration
are described, respectively. The data analysis is then detailed in Chapter 5. The results and

O



discussions are summarized in Chapter 6 and 7, respectively, leading to the conclusion in Chapter
8. In addition, the event reconstruction methods are explained in Appendix.



Chapter 2

Solar Neutrinos

2.1 SSM(Standard Solar Models)

The Sun is the nearest star from the Earth, and it is a typical main-sequence star which
generates energies by nuclear fusion processes. The overall reaction is represented by

4p = a + 2et + 2v, +26.73MeV (2.1)

In other words, four protons are fused into one « particle, two positrons, and two electron-
neutrinos with a total released emergy of 26.73MeV. Actually, this reaction does not occur
directly but via several reaction chains. In a main-sequence star, there exist two types of reaction
chains; pp-chain and CNO cycle. This reaction schemes are already shown in Fig.1.1 and Fig.1.2,
respectively. The major reactions which generate almost all the energy(=luminosity) in a main-
sequence star such as the Sun is the pp-chain. Contribution from the CNO cycle to the total
solar luminosity is approximately 1.5% in SSM.

As seen in Fig.1.1, there are four processes which generate neutrinos in the pp-chain. Neutri-
nos from each of these four processes are called “pp”, “pep”, “’Be”, and “8B” neutrinos respec-
tively. In addition, there is another process named “hep” in the pp-chain, but it is omitted due
to its small contribution( 0.00002 %) in this thesis. The energy spectrum of pp and ®B neutrinos
obey a standard continuous S3-decay spectrum with an end point energy of 0.420MeV (pp) and
~16 MeV (®B), respectively. On the other hand, pep and "Be neutrinos have a monochromatic
energy spectrum of 1.42 MeV (pep) , 0.861 MeV (90% of "Be) or 0.383 MeV (10% of "Be). '

Basically, construction of SSM is based on measured solar parameters. They are measured by
optical methods and are summarized in Table.2.1. Standard solar models have been developed

Parameter value
Photon Luminosity(Le) | 3.844(1 & 0.004) x 10% erg- s !
Mass(Mg) 1.989 x 10% kg
Radius(Rg) 6.96 x 108 m
Oblateness <2x107°
Age (4.57 £ 0.02) x 10° year

Table 2.1: Measured solar parameters



by a number of theorists since 1960’s ( [8][9][12][13] ). In this thesis, when one refers to the
standard solar model, it is the one calculated by Bahcall and Pinsonneault in 1995[9] abbreviated
as “BP95”. It should be noted that the solar neutrino fluxes calculated by different solar models
are in good agreement within a difference of 2%[8] or better, when the same input parameters
are given.

For construction of SSM, nuclear reaction cross sections, chemical abundance, radiative opac-
ity and solar constants are the most significant input parameters. In calculation, the following
conditions are assumed; hydrostatic equilibrium between gravitational force and pressure gra-
dient, mass continuity, energy conservation, energy transportation by radiation or convective
motions, energy generation by nuclear reactions, and that variation of chemical abundance is
affected only by nuclear reactions. Under these conditions, differential equations of stellar evo-
lution models are numerically calculated by integration and iteration until a good numerical
agreement is obtained between the calculated result and the observation. Further, in BP95[9],
diffusion effects of not only helium but also other heavy elements are included.

Solar quantities such as mass fractions of hydrogen, helium, and other heavy elements,
density distribution, temperature, and neutrino fluxes are determined as a result of solving
the stellar evolution equations. In Fig.2.1, 2.2, 2.3, and 2.4, temperature, electron density,
and neutrino energy distribution and radial profiles of the neutrino fluxes are demonstrated
respectively. As seen in Fig.2.3, the energy of solar neutrinos is less than 20 MeV, and pp
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Figure 2.1: Temperature distribution in the Sun predicted by BP95[9] SSM.

neutrinos dominate among them. Almost all the neutrinos have energies less than 2MeV, and
the fraction is ~99.98%. Numerical values of the solar neutrino fluxes predicted by BP95[9] are
listed in Table.2.2.

As described before, the most significant input parameters in SSM are nuclear reaction
cross sections, chemical abundance, radiative opacity and solar constants. Therefore theoretical
uncertainties in the solar neutrino flux originate mainly from uncertainties in these parameters.
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Figure 2.2: Electron density profile in the Sun predicted by BP95[9]. n. and N, represent the
electron density and the Avogadro’s number, respectively.
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Figure 2.3: Energy spectrum of solar neutrinos predicted by BP95[9]
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Figure 2.4: Radial profiles of solar neutrino flux

Neutrino Source |  Flux(cm™'s™!)

pp 5.91(1.001791) x10%
pep 1.40(1.000:03) x 108
"Be 5.15(1.0070:9%) x 10°
8B 6.62(1.001017) x 106
hep 1.21x10%

18N 6.18(1.00+3-17)x 108
150 5.45(1.0010:39) x 108
17p 6.48(1.001915)x 10°

Table 2.2: Neutrino fluxes predicted by BP95[9]. Errors in this table is one o.



The dependence of the neutrino fluxes on the input parameters can be expressed in the power-law
relations as,

¢(pp) o 5?1145'33035'3;10‘06[/%73(Z/X) —0.08 (Age) —0.07 (2.2)
</§(7Be) x S1_10'97S3_30'43ngGL%%R%m(Z/X)O'58 (Age)l'?’ (2_3)
¢(8B) x Sﬁ2.65:%0.405g481 51170L6®8RO®48(Z/X) 1.3 (Age) 1.3 (24)

where L, is the total solar luminosity, Rg is the solar radius, (Z/X) is the initial chemical
abundance ratio of heavy elements to hydrogen which is equal to 0.0245 in BP95[9], Age is the
solar age, and S is astrophysical S-factors defined by

S = o(E)-E.e¥&) (2.5)
I YAVAL
nE) = =5 (2.6)

where o(FE) is the cross section for the reaction, n(E) is the Sommerfeld parameter, v is the
relative velocity of two particles in the initial state, Z; and Z; are their charges, and E is the
relative energy. The suffix 7 and j of S;; represent the atomic numbers which are involved in
the reaction, for instance, Si7 stands for the reaction "Be + p —® B ++. Then, the S-factors
used in BP95[9] are summarized in Table.2.3 As seen in Eq.2.2, 2.3, and 2.4, the pp neutrino

Reaction (S;;(0)) value( eV - b))
TH(p,etv)?H (S11) | 3.89(1£0.011)x10~*°
3He(®He, 2p)*He (S33) | 4.99(140.06)x10°
3He(*He,y)"Be (S34) | 5.23(1£0.032) x 102
"Be(p,v)®B (S17) 22.4(140.093)

Table 2.3: S-factors of nuclear reaction

flux is relatively insensitive to all of the input parameters but total solar luminosity. The total
solar luminosity has been measured by several satellites, and its uncertainty is estimated to be
+0.4%[9]. On the contrary, "Be and 8B solar neutrino fluxes are very sensitive to the input
parameters. Furthermore, the neutrino fluxes also depend on the temperature in the Sun and
the temperature dependence is described as

¢(pp) x T2, ¢("Be) x T, ¢(°B) o T'® (2.7)

where T is the temperature of the solar core. The 8B solar neutrino flux is very sensitive to it
compared with others. For example, if it is 4% lower, the 8B neutrino flux becomes half, while
pp and “Be neutrino fluxes become 5% higher and 30% lower, respectively.

2.2 Solar Neutrino Experiments

Since 1968, prior to Super-Kamiokande, there have been four solar neutrino experiments:
Homestake, Kamiokande-IT+III, GALLEX, SAGE. In this section, these 4 experiments are ex-
plained and recent results from these are summarized.



2.2.1 Homestake Experiment

The Homestake experiment is the first pioneering experiment to observe solar neutrinos and
it has been operated since 1968 by R.Daivis and his collaborators. This experiment. uses the
inverse (-decay reaction to detect solar neutrinos:

ve + 37Cl = e~ + 3"Ar. (2.8)

The threshold energy of this reaction is 0.814MeV. An 37 Ar atom decays into 37Cl via electron
capture and it releases a 2.82keV Auger electron at the decay. The half life of 37 Ar is 35days.
In this experiment, they use 3.8 x 10° liters ( corresponding to 615 metric tons ) of liquid
perchloroethylene ( C2Cly ) contained in a horizontal cylindrical-tank, which includes 2.16x 1030
37C1 target atoms( natural abundance = 24.23%) . The 37 Ar atoms produced in'the detector
are extracted by helium gas bubbling operated every 3 months. After bubbling, the number of
37TAr atoms is measured by counting the Auger electron with a proportional counter. In order
to eliminate cosmic-ray muons which cause the serious background, the detector is located at a
depth of 1480m underground( 4400m water equivalent ) in the Homestake Gold Mine at Lead,
South Dakota(U.S.A).

The expected rate is 9.3%]2 SNU( Solar Neutrino Unit: 10736 captures/target atom/sec)
from SSM of BP95[9]. The contribution to the 9.3 SNU from individual neutrino sources is
summarized in Table.2.4. The Homestake experiment is sensitive to "Be and ®B solar neutrinos.

Neutrino source Cl Ga
(SNU) (SNU)

PP 0.00 69.7

pep 0.22 3.0

"Be 1.24 37.7

B 7.36 16.1

13N 0.11 3.8

150 0.37 6.3
Total 9.371% 1377%

Table 2.4: Individual neutrino source contributions to the calculated event rates in 37Cl and
"1Ga experiments[9]. The error corresponds to 1 o.

The average flux measured at the Homestake experiment is
2.55 + 0.14(stat.) £ 0.14(syst.) SNU. (2.9)

This result is significantly smaller than SSM prediction( 9.3 SNU ). Namely, the ratio, Data/SSM
becomes
0.273 £+ 0.021. (2.10)

Subsequently, the Homestake experiment claimed possible time variation of the solar neutrino
flux as is shown in Fig.2.5. Several papers pointed out that there might exist possible anti-
correlation between sunspot numbers( solar cycle ) and the observed solar neutrino flux at the
Homestake experiment. In Fig.2.5, the time variation of the sunspot numbers is also overlayed
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Figure 2.5: The time variation of the solar neutrino flux at the Homestake experiment(data
points), together with the time variation of the sunspot numbers.

for comparison. If this anti-correlation actually existed, it would imply new intrinsic properties
of the neutrino, for example, a finite mass and/or a large magnetic moment, as the core region of
the Sun where the solar neutrinos are generated is thought to be stable. Yet, as seen in Fig.2.5,
this possible anti-correlation may not be recognized since 1989. The apparent time variation
was also studied by Kamiokande-IT+III, and there was no such evidence. This will be described

in Subsection.2.2.2.

2.2.2 Kamiokande II and III

The solar neutrino measurement by the Kamiokande-II detector was started in January
1987 and ended in April 1990 for the detector upgrade to Kamiokande-III. After upgrading
the detector, the measurement by Kamiokande-IIT started in December 1990 and finished in
February 1995. The Kamiokande detector is an imaging water Cerenkov counter with 4500 tons
of water located about 1000m underground( 2700m water equivalent ) in the Mozumi mine,
Kamioka town, Gifu prefecture, Japan.

The solar neutrino measurement by Kamiokande-II+1II is based on neutrino-electron elastic
scattering(ve + e — v, + e). The detector detects Cerenkov light photons radiated from the
recoil electron and is sensitive to only 8B solar neutrinos. As described in Section.2.4, one
big advantage of the detector is that the direction of the incident neutrino can be measured.
Kamiokande-II is the first experiment which established an evidence for the detection of neutrinos
coming from the Sun.

The total effective live time of Kamiokande-II+III is 2079 days. The threshold energy is
9.3MeV for the first 449 days, 7.5MeV for the next 594 days, and 7.0MeV for the last 1036 days.
The 8B solar neutrino flux is measured to be

2.80 = 0.19(stat.) £ 0.33(syst.) x 10° (cm™2sec™!)[6], (2.11)

11



which should be compared with the flux predicted by BP95[9];

+0.93

6 ~2¢ne—1)
6.62 113 % 10° (cm™“sec™ ). (2.12)
Thus, the ratio of DATA /SSM is
0.423 £ 0.029(stat.) £ 0.050(syst.). (2.13)

In Fig.2.6, the time variation of the observed solar neutrino flux is shown. From this figure,
no significant correlation between the neutrino flux and the sunspot numbers( already shown in
Fig.2.5 ) was seen within the error bars.
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Figure 2.6: The time variation of the solar neutrino flux ratio at the Kamiokande-II+III. The
dashed line is the average flux ratio for the entire time periods. The standard solar model
employed in the figure is BP92[8].

Further, as described in Section.2.4, the Kamiokande-II+III detectors can measure arrival
time of the incident neutrino and recoil electron energy. In Fig.2.7, and 2.8, the solar neutrino
flux during the daytime when the Sun is above the horizon and the nighttime and the energy
spectrum of recoil electrons are shown, respectively. Difference in flux between the daytime and
the nighttime as well as difference in energy spectrum between the data and SSM prediction are
very important to confirm neutrino oscillations caused by the MSW effect, which is described
in Section.2.3.2. Yet, in Kamiokande-IT+III, these possible differences were not observed.

2.2.3 GALLEX and SAGE

Both GALLEX and SAGE are radiochemical experiments similar to Homestake and use "*Ga
as target atoms to detect solar neutrinos, by means of the following reaction:

ve + MGa — e= + "Ge. (2.14)

Threshold energy of this reaction is 0.233MeV. Thus, the "' Ga experiments are currently the only
one which is sensitive to pp neutrinos having an end point energy of 0.42MeV. The theoretical
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dsun is defined in Fig.2.17. The standard solar model employed is BP92[8]. The dashed line is
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Figure 2.8: Observed flux ratio of 8B solar neutrinos as a function of recoil electron energy. The
hatched area shows the range of systematic uncertainty.
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calculation of the pp neutrino flux is believed to be robust. Its variation typically less than, or
of the order of 2% among recent solar models[8][9][10][11].

The radioactive "' Ge atom decays into "' Ga via electron capture, the inverse of the reaction
in Eq.2.14, with a half-life of 11.43 days. To count the number of "*Ge atoms, Auger electrons
and X-rays emitted in the " Ge electron capture are measured. The energies of the Auger
electrons are 10.367keV( 41.5 % ), or 1.17keV with 9.2keV X-ray( 5.3 % ), or 0.12keV with
10.26keV X-ray( 41.2 % ), in the K-electron capture mode, 1.2keV( 10.3 % ) in the L-electron
capture mode, and 0.12keV( 1.7 % ) in the M-electron capture mode, respectively.

The GALLEX experiment started in 1991 and finished in 1997. Its detector is located at the
Gran Sasso Underground Laboratory( 3300m water equivalent ) in Italy. In this experiment, the
"LGa target is used in the form of concentrated gallium chloride ( GaCl3-HCl ) solution with a
weight of 100 tons, which includes 30.3 tons of gallium. The "*Ge atom produced by an incident
solar neutrino forms the volatile molecule GeCly. A measured amount of inactive Ge carrier
atoms, which also form GeCly, is added at the beginning of a run to provide a sufficiently large
sample for extraction so that the efficiency can be determined experimentally after each run. At
the end of an exposure, the GeCly is swept out of the solution by bubbling air or nitrogen gas
through the tank. The gas stream is then passed through two gas scrubbers where the GeCly
is absorbed in water. The GeCly is then extracted into CCly, back-extracted into tritium-free
water, and finally reduced to ~0.1 to 1 cm3 of the gas germane, GeHy, by means of NaBH4. The
GeHy, together with xenon, is introduced into a small proportional counter, where the number of
"1Ge atoms is determined by observing their radioactive decay. The small proportional counter
is sensitive to both of K-peak and L-peak electrons.

The SAGE experiment started in 1990, and its detector is located 4715m water equivalent
underground at the Baksan Neutrino observatory in Russia. In this experiment, as the target,
30t( till July 1991) or 60t( after July 1991 ) of gallium metal is used. As Ga metal melts
at 29.8°C, permitting the liquid( which has a density of 6.0 g cm™3) to be mixed with dilute
hydrochloric acid. To remove germanium, hydrogen peroxide is added to the dilute acid and the
entire mass is mixed vigorously. Upon mixing, the metallic gallium is dispersed in the acid in
the form of small globules each coated with an oxide layer. The mass appears as a black mud. If
the concentration of HCI is chosen correctly, a few minutes of vigorous stirring causes the oxide
coating of the globules of metal to dissolve and a clean metallic layer to form with the acid on
top. The reaction is carried out in a Teflon vat provided with a mechanical mixer. In the full
scale experiment, 10 identical reactor vessels will contain the gallium. The dilute acid from the
10 units will be combined and, after the solution is concentrated by evaporation, concentrated
acid will be added. The germanium, which is in the concentrated acid, can be removed by
purging with gas and collected in a water scrubber using a procedure similar to that described
above for the GALLEX experiment. The germanium chloride collected is subsequently converted
to germane by reduction with sodium borohydride. Since very large volumes of hydrochloric
acid are used in this method, a procedure was developed to recover the hydrochloric acid and
reuse it. After extraction of "'Ge, amount of "'Ge is determined by counting. The proportional
counter used in the SAGE experiment can measure only the K-peak.

There are 3 main differences between these two "' Ga experiments; (1) form of gallium target(
GaCl3-HCl, or metal ), (2) mass of target, and (3) performance of the proportional counter. Ad-
vantages of metal target are (1)less sensitive to the background reaction caused by radioactive
impurities and (2) a smaller volume which reduces some other background because of its large
density, and provides a larger interaction rate in a laboratory calibration experiment ( for ex-
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ample, with 5! Cr). The main disadvantage of the metal target is that each time the germanium
is separated it is necessary to add fresh chemical reagents. One must therefore control strictly
the germanium impurities. The greater complexity of the initial extraction procedure makes it
more difficult to demonstrate that the chemical processing is free of unknown systematic effects.

The initial expected production rate in the gallium experiments is 137“_L§ SNU from SSM of
BP95[9]. The contribution from individual neutrino sources are summarized in Table.2.4. As
seen in this table, approximately 50 % are the pp neutrinos in the gallium experiment.

The measured solar neutrino flux by each experiment is

+3.9

GALLEX|[15] : 69.7 £+6.7(stat.) 45 (syst.) SNU, (2.15)
SAGE[16] : 69 +10(stat.) J_“;’ (syst.) SNU. (2.16)
The ratio of data to SSM prediction(BP95[9]) is
GALLEX : 0.509 + 0.049(stat.) fg:ggg (syst.) (2.17)
SAGE : 0.504 + 0.073(stat.) fg:ggf (syst.) (2.18)

Both results are significantly smaller than the expected value from SSM. The deficit in the solar
neutrino flux is also confirmed in pp neutrinos.

The time variation of the solar neutrino flux measured by GALLEX and SAGE is shown in
Fig.2.10 and 2.9. Both results have very large statistical errors. By the statistical analysis of
time variation, however, GALLEX came to a conclusion that there were observed no evidence
for any statistically significant time dependence of the observed "'Ge production rate[15].

2.3 Possible solutions to the solar neutrino problem

Possible solutions to the solar neutrino problem(solar neutrino deficit) are classified into 2
categories: One is an astrophysical solution and the other is related to the intrinsic properties of
neutrinos, especially neutrino oscillations. In this section, both of these solutions are explained
in detail.

2.3.1 Astrophysical solutions

One of the methods to solve the deficit in the observed solar neutrino flux is the modification
of SSM. As described in Section.2.1, the 8B solar neutrino flux is very sensitive to the input
parameters of SSM, the temperature of the solar core and S-factors. Especially, Sy7 is directly
proportional to the 8B solar neutrino flux. Changing this parameter, some other solar models
can be constructed, and the result is summarized in Table.2.5.

DS94[13] predicts the lowest 8B solar neutrino flux which is consistent with the result of
Kamiokande-IT+I11 result( 2.80 & 0.19 £0.33 (x10%)[cm~2sec™!]). It is, however, still inconsis-
tent with the Homestake result( 2.55 + 0.14 + 0.14 SNU)

Then, recently, N.Hata and P.Langacker[18] compared the results from the solar neutrino
experiments with several modified SSMs. The result of their comparison is shown in Fig.2.11. In
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Model [ S17(0) (eV -b) expected for *CI [SNU] ®B neutrino flux [cm~*s—1]

BP92[8] 22.4 8.0+3.0 5.69(1£0.43) x 10°
TL93[12] 24.3 6.44+1.4 (4.44+1.1)x 108
DS94[13] 17 4.240.5 (2.77+0.35) x 106
BP95[9] 22.4 9.35% (6.6277-73) x10°

Table 2.5: S-factors employed by different SSMs and the resultant solar neutrino fluxes
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Figure 2.11: The constraints from the combined Cl, Ga and Cerenkov experiments[18]. ‘The
hatched area corresponds to the allowed region at 90% C.L. and the allowed region contours
at 95% and 99% C.L. are also given by the dot-dashed and the dotted line, respectively. Also
shown are the Bahcall-Pinsonneault SSM( BP SSM ) region at 90% C.L.[9], the core temperature
power law ( T¢ power law ) and standard and nonstandard solar models[17]. A smaller S17 cross
section moves the solar model predictions to a smaller 8B solar neutrino flux as indicated by the
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this comparison, they allowed the "Be flux to be negative. The result implies that no n-
SSM is consistent with the experimental results. The experimental results suppress t
neutrino flux excessively. Therefore, it is difficult to explain the solar neutrino prob
uncertainties in SSM.

2.3.2 Neutrino Oscillations

In the simplest form of the standard electroweak model, neutrinos are assumed to be
massless particles, while there is no underlying physical reason for this assumption.
section, the flavor oscillations of massive neutrinos in matter as well as in vacuum are des
The details are described, for example in Ref.[1].

Vacuum Oscillations

In general, neutrino flavor eigenstates ve, v, and v; are not necessarily the same as t}
eigenstates, vi, o and v3. If they are different, the neutrino flavor eigenstates are de.
by superposition of different neutrino mass eigenstates. Here, to simplify the proble
discussion about the mixing is restricted to the two flavor mixing case.

The mixture of the mass eigenstates is expressed by

(Ve> (‘cosé' sin9>(y1>_ (I/l)
= . :U 3
Uy —sinf cosf V9 vy

where 0 is the mixing angle in vacuum, and v; and v are the mass eigenstates of the net

with a mass of m; and mo, respectively. The time evolution of v; and v obeys the Schr:

-equation:
; i V1 (t) o E, O V1 (t)
dt\ () )\ 0 E va(t) )’

where F; is the energy of v; (i = 1, 2). The solution of this equation is

vi(t) | _ [ etBrt 0 v1(0)
ve(t) | 0 et (0) /'

Hence, the flavor eigenstate is written as

ve(t) \ _ eTtBit 0 1 { ve(0)
() o ( 0" e J o (5)

The mass of each neutrino is assumed to be small compared with F;, and E; can be approx -

by
2

Bi= /P +m} =B+t (i=1,2)

where p is the neutrino momentum, and p = E. Then Eq.2.22 becomes

( Ve(t) ) _ < cos —All—’git-}-icos%sini—%z —i sin203inﬂ—%‘2 ) ( ve(0)

T o Am? Am? : s Am?
vu(t) i sin 20 sin S-¢ cos Sfi-t — i cos 20 sin -
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where Am? = mj — m?(when ma > my). If an electron neutrino is produced at ¢t = 0, the

probability of detecting this neutrino in the same flavor state at ¢ = ¢ can be written by

P(ve = ve) =1 — sin® 20 sin? Z—L (2.25)

v

where L is the neutrino propagation length at ¢ = ¢, L, is the oscillation length in vacuum

defined by
" 4nE E eV? :
L= 1m =248 (M—eV) (m) [m) ' (2.26)

A number of experiments to search for the neutrino oscillation have been carried out using
reactors and accelerators. An experiment usually aims at being sensitive to as small a Am? as
possible. Since Am? appears in the oscillation phase in a form of Am? . L/E, the best one can
do is to use lower energy neutrinos which travel a longer distance. A typical sensitivity to Am
attainable with artificial neutrino source is down to ~ 1072 eV?2.

As seen in Eq.2.26, neutrino oscillations can be probed by means of the solar neutrinos down
to Am? =~ 10710 ~ 107!1eV2, where the vacuum oscillation length is equivalent to the distance
between the Sun and the Earth( 1.5x10%km ).

Neutrino Oscillations in matter ( MSW effect )

When a neutrino propagates in matter, it generally feels potential energy caused by interac-
tion with matter. Especially when both electron and muon neutrinos are considered, only elec-
tron neutrinos undergo an additional potential by the charged current interaction with electrons
in matter ( see Fig.2.12 ). This effect was first proposed by S.P.Mikheyev and A.Yu.Smirnov

Ve e Vi V.

(a) charged current (b) neutral current

Figure 2.12: Feynman diagrams of the reaction v, +e~ — e~ + .. (a) charged current and (b)
neutral current. reaction (b) is forgiven for each flavor of neutrino, while reaction (a) is only
forgiven for electron neutrinos.

based on the theory advocated by L.Wolfenstein, abbreviated as the MSW effect[19][20].
In matter, time evolution of the flavor eigenstates is written as

d [ v\ E 0 \._ V, 0 ve(?)
z%(yﬂ(t))—[U<O E2>U1+<O O)MVN))’ (2.27)
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Electron Density Neres

Figure 2.13: The MSW effect( adiabatic change) in the Sun. While neutrino propagates in the
Sun, the electron density( N, ) decreases and the resonance condition is satisfied ( Ne=N¢ res
). Under this condition, the flavor conversion occurs. The vertical axis is the effective mass of
neutrinos in the Sun. The horizontal axis is the distance from the center of the Sun in unit of
the solar radius.

for electron neutrinos which are created at a density larger than that in the resonant region is
solved as

1 1
Plve = ve) = 3 + (5 — Pjump) cos 20,,, cos 20 (2.35)

The probability of the level jumping, Pjyump, is obtained by using an approximation developed
by L.D.Landau[22], and -C.Zener[23], in which the electron density varies linearly in the region
near the resonance. Under this condition, Pjymy is

—mAm? sin? 20 ( N,
|

4F cos 20 dN, /drl) :l s Ne > Nejres (2.36)
[

res

Pjymp = exp [
If the following condition is satisfied, the jump does not occur.

(2.37)

Am? sin? 29( N, )
cos 26 |dNe/dr|) o5

An example of the MSW effect in the Sun at sin?20 = 1.0 x 10~2 and &g = 6.0 x 10°
MeV /eV? is shown in Fig.2.14.

Furthermore, when solar neutrinos are detected at the Earth, the MSW effect in the Earth
must be considered. The electron density profile in the Earth[21] is shown in Fig.2.15. The
electron density profile in the Earth is not as smooth as that in the Sun. Hence, P(v, — v¢)
depends on neutrino path. In Fig.2.16, P(v, — v,) at Super-Kamiokande with matter oscillation
at sin?26 = 0.1 and with cos 65y, = 0.5, 1.0 or with no MSW effect in the Earth are shown.
Here, the definition of cos dsy, is shown in Fig.2.17. Hence, by investigating the difference in
the solar neutrino flux between the daytime and the nighttime, one can probe the MSW effect
independent of SSMs.
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Figure 2.14: P(ve — v) in the Sun at sin® 20 = 1.0 x 1073 and zZ3 = 6.0 x 10° MeV/eV2. The

horizontal axis is the solar radius ( R/Rsyn ), and the vertical axis is the survival probability of
electron neutrinos.
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Figure 2.15: The density profile in the Earth[21]
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9
log(E/Am?)(MeV/eV?)

Figure 2.16: P(v, — v,) at Super-Kamiokande with matter oscillation at sin®26 = 0.1 with
€08 65y, = 0.5(dashed), 1.0(dotted) and no MSW effect in the Earth effect(solid).

Z-axis e

Super-Kamiokande

- Figure 2.17: Definition of dsun. dsun is the relative angle between the direction to the Sun and
the z-axis of the detector.
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2.3.3 Allowed region of the MSW effect

Combining the available solar neutrino data from Homestake, Kamiokande-I1T+III, GALLEX,
and SAGE, the MSW effects has been studied[18]. As shown in Fig.2.18, there exist 2 allowed
regions on the (sin? 20, Am?) plane. The region which sits around Am? ~ 10~%eV? and sin? 260 ~

2| Combined 95%C.L.

.
===+ Homestake <
2| = Gacombined LN -~
10 ¥ Kamiokande \\ L
1
=== Kamiokande > N 1
5 day/night & Spectrum 1
10 = — = ~
10* 10° 10° 10" 0
sin’20

Figure 2.18: Allowed region at 95% C.L. on the (sin® 26, Am?) plane. The MSW effect is taken
into account. Combination of the current solar neutrino experiments leaves just two hatched
areas.

0.6 is called the large-angle solution where all the solar neutrinos are uniformly suppressed in
all the energy region. The region which sits around Am? ~ 10~5eV? and sin? 26 ~ 0.01 is called
the non-adiabatic solution where lower energy neutrinos are preferentially converted.

2.4 Solar neutrino interaction in water

The Super-Kamiokande detector detects Cerenkov photons emitted by a recoil electron scat-
tered with a ®B solar neutrino.

Therefore, the measurement of 8B solar neutrinos at Super-Kamiokande is based on the
elastic scattering of a neutrino with an orbital electron in water;

v+e—vte. ‘ (2.38)
The cross section of neutrino-electron elastic scattering is given by

meTe
E?2

do _ Gme
dT., 2«

T,
Ao+ Bo(1 — _e)z + Cy

& [24] (2.39)

where T, is the kinetic energy of the recoil electron, E, is the incident neutrino energy, G r(Fermi
coupling constant) = 1.16639 x 10~3GeV~2, and m, is the electron rest mass;m, = 0.511MeV/ 2
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Numerical value of the constant outside the square bracket in Eq.2.39 is

2
(_?g?g =431x107%  (cm%/MeV) (2.40)

Parameters Ay, By, and Cy are defined by

Ao = (9v+94)* Bo=(9v —94)*,Co = (¢5 — gv) (2.41)
. 1 1

gy = 2sin?0y + 5 94 = +§ for ve (2.42)
. 1 1

gy = 2sin?6y — 3 9A=—3 for vy, v [24] (2.43)

where Oy is the Weinberg angle = 0.2317[26]. Then, the total cross section is obtained by
integrating the differential cross section( see Eq.(2.39) ) from 0 to Tjpeq,

Ototal = /O 'deTe (244)
e
G%me By - E, Tinax 3 C'0 Me Tgmz
= 9 AOTmax + 3 {1 — (1 - _E';—) } + 7E_1/E—u ’ (245)

where T4 is the maximum value of the electron kinetic energy given by a kinematical limit as

follows,
E,

:—-1+2T’]/Eev

(2.46)

max

Subsequently, the radiative corrections are taken into account[26]. The Feynman diagrams for
the one-loop electroweak( see Fig.2.19 ), and QCD( see Fig.2.20 ) corrections, respectively. After

v €

Figure 2.19: Feynman diagrams of one-loop electroweak radiative corrections
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Figure 2.20: Feynman diagram of one-loop QCD radiative corrections

these radiative corrections, the v, +e~ — v, + €~ scattering cross section decreases by 2%. The
shape of the recoil electron spectrum produced by 8B solar neutrinos changes and is reduced by
approximately 4 % at the highest electron energies. In the case of v, + e~ — v}, + e~ scattering,
only the neutral-current radiative correction is taken into considerations. The resultant total
neutrino cross sections are shown in Fig.2.21.

10 cm?

10

10 v Lo b b by 0y

MeV

Figure 2.21: Total cross sections for v —e scatterings. The horizontal axis is the incident neutrino
energy in unit of MeV and the vertical axis is total cross section in unit of 107%6cm?. The solid
line corresponds to v, — e cross section, while the dashed line corresponds to v, — e cross section.

The energy of a recoil electron reflects the energy of its incident neutrino. Therefore, one can
measure indirectly the energy distribution of incident neutrinos by means of the recoil electron
energy spectrum. The energy spectrum of the recoil electrons is given by

Eu,maa:
F(T,)dT, = / o(B) Y ap, | ar, (2.47)
0 dTe
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shown in Fig.2.22, where ¢(E,) is the 8B solar neutrino spectrum and E, g, is the end point
energy of the neutrinos.

Arbitrary unit

1 L 1 1 I 1 1 1 1 1 1 I L 1 I i L n
) 8 10 12 14 16 18
MeV

Figure 2.22: Energy spectrum of the recoil electrons produced by B solar neutrinos with electron
energies greater than 5 MeV. The horizontal axis is the total energy of the recoil electron in unit
of MeV, and the vertical axis is an arbitrary unit.

The angle between the direction of the recoil electron and that of the incident neutrino is
given by

14 e
cost = ———% (2.48)
Me
V1i+ e
The kinematical limit of the scattering angle is :
2
92 < “he (E, — o) (2.49)

e

The angular resolution, however, is limited by multiple Coulomb scatterings of the recoil elec-

trons in water. By means of the strong correlation between the reconstructed direction of recoil

electron and the solar direction, one can separate electrons of solar v origin from background.
Then, the unique advantages of Super-Kamiokande are summarized as follow;

1. one can get exact arrival time information of the incident neutrino
2. the recoil electron preserves the direction of the incident neutrino

3. the energy distribution of the recoil electrons reflects the energy spectrum of the incident
neutrinos.

Hence, one can measure not only flux but also other important experimental information; the
energy spectrum and time dependence of the 8B solar neutrino flux.
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Chapter 3

Super-Kamiokande Detector

Super-Kamiokande detector is an imaging water Cerenkov detector, which detects Cerenckov
light photons emitted by a charged particle.

The detector consists of a cylindrical stainless steel tank, about 50,000t of pure water,
water and air purification systems, 11,146 20-inch(50.8-cm)-in-diameter PMTs! and 1,885 8-
inch(20.32-cm)-in-diameter PMTs, and electronics system. Schematic view of the detector is
shown in Fig.3.1.

o A
LINAC room T~ \
\ 20" PMTs to ENTRANCE
i control room —
: -
gl H to KAMIOKANDE
electronics hut SR H ,\}\\l "
1
|H

NIKKEN SEKKE!

SUPERKAMIOKANDE ' insnirute For GosMIG RAY RESEARGH UNIVERSITY OF TOKYO

Figure 3.1: Overview of Super-Kamiokande detector

The detector is located 36°25'N(25°8'N) in latitude, and 137°18'F in longitude, about .
1,000m underground (2,700m water equivalent) in Mt. Ikenoyama in Kamioka town, Gifu

!PhotoMultiplier Tube
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prefecture, Japan. The detector is constructed underground so as to reduce cosmic-ray muon

by a factor of 10°.
In this chapter, the detection principle of the Super-Kamiokande detector and the detector

components are described in detail.

3.1 Detection principle of solar neutrinos at Super-Kamiokande

The Super-Kamiokande detector detects Cerenkov light photons generated by a recoil elec-
tron scattered by a B solar neutrino.

When a charged particle traverses in a medium having index of refraction n, with a velocity
v larger than the light velocity in matter; ¢ = ¢/n, Cerenkov light is emitted. Cerenkov photons
are emitted in a cone of half opening angle # measured from the direction of the particle track,

where 1
cosl = —

; np’
In the relativistic limit, v = ¢, @ becomes 42° in water ( n = 1.334 at 546.1nm ).
The spectrum of Cerenkov light(see Fig.3.2) as a function of wavelength is calculated,

d?N 1 \1

where A is the wavelength, z is the distance of the electron traversed and « is the fine structure -
constant. Integrating this equation over the visible wavelength, an electron typically emits

approximately 340 photons/cm.

(ﬂ=%) (3.1)

mo[—

(%)

Relative Cerenkav Spectrum
_through Pure Water

Quantum Efficiency (%)
=
T

Relative Qerenkov Spetrum through Pure Water

Quantm
Elliciency

L " 1
300 400 500. . -660

Wavelenghth {nm)

Figure 3.2: Relative Cerenkov light spectrum and spectral dependence of quantum efficiency of
the inner-detector PMT. :
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3.2 Water Tank

The cylindrical water tank of Super-Kamiokande is filled with about 50,000t of pure water.
The size is 3,930cm in diameter and 4, 140cm in height. The tank is placed in a excavated cavity
in the rock and is separated from the rock layer by stainless steel plates, except for the top part
of the tank. On the top of the tank, there are 5 huts for the electronics system. (see Fig.3.3)

Figure 3.3: Electronics huts on the tank

The tank is divided into 3 parts; Inner detector( abbreviated as ID), Outer detector( ab-
breviated as OD ) and photo-insensitive volume(see Fig.3.4). The inner detector is 1,690cm in

Super-Kamiokande detector
Outer Detector(OD)

rock

/7] Photo-insensitive volume

Figure 3.4: Schematic view of Super-Kamiokande tank.

radius and 3,620cm in height. The inner detector is filled with 32,000t of water. Thickness of
the outer detector is 260cm in the barrel section and 275cm in the top and bottom sections.
Thickness of the photo-insensitive volume is 55cm in the barrel region, and 45cm in the top and
bottom regions. The inner detector and the photo-insensitive volume are optically isolated by
plastic black sheets. The outer detector is covered with reflective tyvek sheets, reflectivity of
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which is roughly 80%, to optically isolate from the other parts and to collect as many photons
as possible. The main reasons why the detector is divided are to identify events which are
caused by charged particles coming from outside of the detector(for example cosmic-ray muon
event), and to provide a passive shield against y-rays and neutrons from the rock surrounding
the detector. Therefore, the outer detector usually serves as a veto counter.

All of the PMTs are mounted in the photo-insensitive volume(see Fig.3.5) on stainless steel
frames. A stainless steel frame to support twelve inner-detector PMTs and two outer-detector

photo-insensitive
region

Inner detector Outer detector

PMT

o >v\Sinch—in—diameter

20-inch-in-diameter stainless steel frame
PMT [e— black sheet —»}

Figure 3.5: PMTs are mounting in the photo-insensitive volume on stainless steel frames.

PMTs constitute one Super-Module (see Fig.3.6). The Super-Modules are subsequently installed
on the detector wall. A total of 11,146 20-inch(50.8-cm)-in-diameter PMTs are mounted on the
inner detector: 7,650, 1,748 and 1,748 PMTs are allocated in the barrel, top and bottom
sections, respectively. Two PMTSs are arranged every 1 m?, and the resultant photosensitive
coverage amounts to 40% of the total surface of the inner detector. Also a total of 1,885 8-
inch(20.32-cm)-in-diameter PMTs are installed in the outer detector: 1,275, 302 and 308 PMTs
are allocated in the barrel, top and bottom sections, respectively. Around each outer PMT,
attached is a wavelength shifter plate to increase the photo-coverage(see Fig.3.7.)

3.3 Water system

3.3.1 Water purification system

In order to collect photons as efficiently as possible, the detector water must be kept as
transparent as possible. The vertex position dependence of energy in an event should be mini-
mize. Furthermore, radioactive elements dissolved in the water in the tank should be removed,
as they are serious background sources against the solar neutrino signal. Especially, § decays
of 214Bi from ???Rn in the water with an end point energy of 3.26MeV are troublesome, as the
finite energy resolution of the detector smears them up to the analysis threshold.

In the Kamioka mine, natural clean underground water is available for free. The natural
water is further purified before it is supplied into the tank. The water purification system
consists of the following 7 elements as shown in Fig.3.8
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Figure 3.6: Super-Module
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Figure 3.7: Outer-detector PMT and wavelength shifter
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Figure 3.8: Water purification system

1. 1pum Filter

2. Heat exchanger
The water temperature constantly rises because of the heat generated from the water
pumps and PMTs. To keep the water temperature less than 14°C that suppresses the
proliferation of bacteria, the heat exchanger is needed.

3. Ton exchanger

To remove various metal ions in the water.
4. Ultra-Violet sterilizer

5. Vacuum degasifier
To remove gases in the water. It can remove about 99% of oxygen gas and 96% of radon
gas contained in the fresh water.

6. Cartridge polisher

This is a high-performance ion exchanger.

7. sub-pm Ultra filter
To remove sub-micron dusts. After this filter, the ohmic resistance of the water is 18.20
M€Qcm which is comparable to its chemical limit of 18.24 MQcm.

Going through these elements, the water is returned to the tank. As shown in Fig.3.8, the water
is usually circulated through the purification system and the flow rate is about 50 tons/hour.
This system keeps the water transparency at about 70m.
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3.3.2 Radon free air

As radon gas is suspected to sneak into the water tank due to the incomplete airtightness of
the top part of the detector, we pump up radon free air in the empty space in the water tank to
pressurize it. Radon free air system is shown in Fig.3.9. The system is made up of the following
components:

Air filter Buffer Charcoal  heat Air filter Air filter
compressor (0.3um) Tank Air Drier column exchanger (0.lum) (0.0 xm)

— |

Super-Kamiokande Radon-free-air system

Figure 3.9: Radon free air system

1. Compressor

Fresh air is compressed to 7.0 ~ 8.5 atm.
2. 0.3pm air filter
3. Buffer tank
4. Air drier

To remove the water contained in the gas, as radon gas in the wet air is not removed
efficiently. This can remove COs in the gas, too.

5. Charcoal column

To remove radon gas.
6. 0.1ym and 0.01pm air filters

With this system, the radon concentration in the air is reduced by a factor of 10°.

The Rn concentration in the Super-Kamiokande water went down gradually since the start
of the experiment. After about 100 days, it became about 5mBq/m? which is at 1/1000 level in
Kamiokande-III, and now it is stable.

3.4 Inner Detector(ID)

3.4.1 PMT in the inner detector

As explained in Section.3.2, there are 11,146 20-inch(50.8-cm)-in-diameter PMTs mounted
on the surface of the inner detector. The PMT is an improved-version of the PMT employed
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Figure 3.10: Inner detector 20-inch-in-diameter PMT

in Kamiokande[27]. It is specially developed for Super-Kamiokande by Hamamatsu Photonics
Co. Ltd. The structure of the PMT is shown in Fig.3.10. The photo-cathode is made of
bialkali(Sb-K-Cs) metal. This material is sensitive to the wavelength spectrum of Cerenkov
light photons (see Fig.3.2). The quantum efficiency(Q.E.) is also shown in Fig.3.2 and reaches
22% at A=390nm which is a typical wavelength of Cerenkov light photons.

The PMT employs Venetian-blind dynodes, because they have the advantage of large photo-
sensitive area. However, this type has a smaller collection efficiency( 40 ~50% ) for secondary
electrons compared with other types, and this makes the energy and timing resolutions worse.
Therefore, the first 3 dynode stages on which the collection efficiency mainly depends are opti-
mized by means of simulation for electron trajectory, in which length and slant angle of blinds,
distance between each stage, relative position of blinds and voltage division are tuned parame-
ters. As a result of simulation, the number of stages is settled to 11 and the dividing ratio of
high voltage is settled to 8 : 3:3:1: ....... : 1 (see Fig.3.11). After the optimization, the average
collection efficiency for the new PMT exceeds 70%. Single photoelectron(p.e.) distribution of
the PMT is shown in Fig.3.12. One p.e. peak is clearly separated from the noise. Single p.e.
charge and timing resolutions are important for the solar neutrino analysis, as almost all the
PMTs count only one photoelectron in a low-energy (~10MeV) event.

Another important feature of the PMT is its water-proof structure, since the PMTs are
set deep in water and have to tolerate as much pressure as 5 atm. The water-proof structure
passed the testing under 6 atm. There has been no PMT broken due to water leakage in
Super-Kamiokande, indeed.

The average dark noise rate in the PMT is about 4 kHz at the beginning of the experiment
decreases to 3.1 kHz and stable now( see Fig.3.13 ).

In addition, since the large PMTs are sensitive to a small magnetic field, the geomagnetic
field( 450 mG ) should be reduced. In order to cancel out the geomagnetic field, we use Helmholtz
coils ( Fig.3.14 ) which reduce the geomagnetic field to less than 100 mG in every position of

the water tank.
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Figure 3.12: 1 photoelectron(p.e.) distribution of ID PMT.
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3.4.2 Electronics system for inner detector

The schematic view of the electronics system employed in the inner detector of Super-
Kamiokande is shown in Fig.3.15. The electronics system is composed of front-end electronics,

off-line
Data flow system

signal
PMT Front-end el i online host

| i

Trigger work station
for trigger

HV supply

HV i work station
for slow control

Figure 3.15: The electronics system of Inner detector

trigger system and high-voltage system. In this section, these components are explained one by
one.

Front-end electronics

The front-end electronics of the inner detector employs 2 types of standard: one is TKO?
and the other is VME. The schematic view of the front-end electronics is shown in Fig.3.16.

The front-end analog electronics adopted in Super-Kamiokande is named ATM? which record
both charge and timing information of each hit PMT. A signal from a hit PMT is fed into an
ATM module which digitizes analog charge information and relative time between the photon
arrival time and the global trigger time generated by the trigger system.

Each ATM module has 12 inputs and 20 ATM modules are nominally arranged in each TKO
crate. In Super-Kamiokande, a total of 934 of ATM modules are used: they are distributed in
48 TKO crates. For readout, each TKO crate has one interface module “SCH*”, one trigger
signal distribution module “GONG®” and one summing circuit. Data received in a TKO crate
which corresponds to approximately 240 channels are sent via SCH to SMP® which is placed in
a VME crate. One SMP has 6 data buffers and data in SMP are read out by an online computer
via SBus-VME interface.

In the ATM, the signal from PMT is split into two. One is fed into an amplifier with a
gain of 100, then discriminated when it goes over a threshold value of about 0.32p.e. Each
output signal from a discriminator is summed by the module(12 channels). The signal after
the summation is then sent to the trigger electronics for a HITSUM input with a width of 200
nsec and a voltage of -15mV. And a rectangular pulse of which width is 900 nsec is generated
as a HIT signal, simultaneously. This HIT signal initiates charging of TAC” and the charging

*TRISTAN/KEK Online

3 Analog Timing Module by the TKO standard
“Super Control Header

5G0O/NoGo

5Super Memory Partner

"time to analog converter
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Figure 3.16: The block diagram of ID front-end electronics
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ends when the global trigger signal arrives. The other split signal from PMT is fed into QAC®
and the HIT signal initiates the charge integration of QAC with its gate width of 400nsec.
If the global trigger does not arrive, the TAC/QAC are reset 1.3usec after the discrminator’s
hit. If the global trigger arrives, ADC? start digitizing the voltages stored in the TAC/QAC
capacitors. The ADC outputs are stored in a 1023-word FIFO'? memory tagged with the event
ID!! number. In addition, each TAC/QAC has a double buffer. This makes the DAQ!? system
essentially dead-time free.

Pedestal change affects the energy scale of low-energy events, so pedestal must be measured
periodically in the data taking. In Super-Kamiokande, a pedestal run is taken every 30 minutes
and it takes one minute for each 11146 channel check. Furthermore, to reduce dead time for
possible supernova searches, the pedestal data is taken for a 1/8 part of all the ATMs at a time
which are controlled by 1 DAQ online machine( described in Section.3.6 ).

Trigger system

The HITSUM signal mentioned above is summed up by using a summing amplifier in each
TKO crate; after the summing, 1 hit signal is equivalent to about -10mV. Then, all the HITSUM
signals are summed again and forms a global trigger signal if the summed signal exceeds a
threshold value of -340mV corresponding to about 34 hits(5 ~ 6 MeV for an electron). In
Super-Kamiokande, the trigger rate is about 10 Hz( see Fig.3.17 ) among which 2.2Hz comes
from cosmic-ray muons.

The global trigger signal is fed into a “TRG!3” module. This module has a 16-bit event
counter and a 50MHz 48-bit clock. The relative time of an event is recorded with a 20 nsec
resolution. The event information is stored in a FIFO memory located in the TRG module.
The global trigger signal and the event counter signal is distributed to 48 GONG modules in
the TKO crates. The GONG modules then distribute the global trigger signal and the event
counter information to the ATM modules.

The trigger efficiency for an electron is described in Section.3.8.2.

High Voltage system

The high voltage(HV) power supply system is composed of HV modules( A933K ), intelligent
mainframes(SY527) and the VME interface modules(V288) which are made by CAEN Co. In
Super-Kamiokande, about 480 A933K modules, 48 SY527 mainframes, and 4 V288 modules are
used. One A933K has 24 HV output channels and 1 primary HV generator. The output voltage(
maximum HV drop of 900V from the primary HV) of each channel is set and monitored( 0.2 V
resolution) individually and the primary HV generator has a current monitor ( 1A resolution
). Therefore, one can set and monitor the output voltage of each channel and monitor output
current of each module. Typically 10 A933Ks are accommodated in a SY527 crate which is
controlled remotely via a V288 module( VME <> CAENet interface ).

8cha,rge to analog converter
9analog to digital converter
OFirst In/First Out
"1dentification

2Data AcQuisition
13TRiGger
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Figure 3.17: Time variation of trigger rate. The horizontal axis is elapsed days from April 1,
1996. The vertical axis is the trigger rate, and unit is Hz. Diamonds represents the low-energy
trigger( ~32 hits ) rate, while crosses stands for the high-energy trigger( ~34 hits ) rate.

Schematic view of the high voltage power supply system in Super-Kamiokande is shown in
Fig.3.18. The supplied high voltage of each PMT is monitored and checked every 10 minutes.

3.5 Outer Detector(OD)

3.5.1 Outer-Detector PMT

In the outer detector, 1,885 8-inch(20.8-cm)-in-diameter PMTs manufactured by Hamamatsu
Co. are two-dimensionally mounted. Each PMT is equipped with a 60 x 60 cm wavelength shifter
plate(see Fig.3.7 ). Photons in a wavelength range between 300 nm and 400 nm are absorbed by
the wavelength shifter and approximately 55% of the photons are isotropically re-emitted with
a longer wavelength . The PMT photo-coverage is consequently doubled due to the wavelength
shifter plate.

3.5.2 Electronics system for outer-detector

The outer-dector PMT signals are separated from the positive HV supplied to the PMT in
a HV pickoff cards. One HV pickoff card handles outputs from 12 PMTs. The PMT signals
are processed by “QTC” modules. One QTC handles signals from 48 PMTs. This modules
record both the arrival time and the total charge integrated over the 200nsec window, and the
threshold is 1/4 p.e.. The output of QTC consists of the short pulse making the time, and
following variable pulse proportional to the PMT charge. Both pulses in 80 QTC modules are
fed directly into a Lecroy 1877 TDC(Time to Digital Converter) channel to be digitized. After
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Figure 3.18: Schematic view of HV control system

digitization, if the global trigger arrives, the data is read out to a very large VME buffer with a
connection via FDDI' to an online host computer as described in the next section.

In addition, the output of QTC has the sum of the discriminatory outputs, or analog HIT-
SUM output, and it is used for an outer-detector trigger to detect the event which doesn’t enter
the inner detector. The outer-detector trigger threshold is set to coincidence of 16 PMTs hit in
a 200nsec window.

3.6 Online DAQ system

As explained in Section.3.4.2, charge signals and relative time information of each hit PMT
is digitized by ATMs, sent to SMPs, and read out by online computers via SBus-VME interface.

Super-Kamiokande uses 8 slave online computers for the inner-detector data acquisition, and
1 online computer for the outer-detector data acquisition, 1 computer for the trigger and 1 host
computer to integrate data collected by the online-computers. In each electronics hut, there
are 2 online computers( Sun SPARClassic S4/CL, named “sukon”) for the inner detector and
each online computer collects about 1440 PMTs’ data. These data are transferred to the host
computer( Sun SPARCstation 10 S4/10) via FDDI. The trigger computer placed in the central
hut controls the TRG module and receives the output signal from the TRG module. The trigger
information received by the trigger-computer are also sent to the host computer. The data from
the outer-detector PMTs are collected by the outer-detector online-computer(“sukant”) which
is placed in the central hut. The outer-detector’s data are transferred to the host-computer

high speed ring network with optical fiber cable
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via Ethernet and the host-computer integrates data from the inner-detector and outer-detector
PMTs and the trigger information.

Data which are integrated by the host-computer(“sukonh”) are sent to a monitor computer
and a data-reformatting computer. The monitor computer ( SPARCstation 20 ) placed in the
control room is used to check the data acquisition and the detector status. The reformatting
computer( UltraSPAC, named “sukrfm”) which is also placed in the control room is used to
change the online data format into an off-line data format ZEBRA1!?

3.7 Off-line Analysis System

After the reformatting process, the data are sent to the off-line host computer every 10
minutes: This file is about 70 MBytes in size. The off-line host computer( VPX210/10S, “skuop”
) is located in the computer room of the laboratory outside the mine. This host computer saves
all the data in a mass storage'® library( MTL ) and converts the integer data of ADCs and
TDCs to the number of photoelectrons and nano seconds, respectively. This conversion process
is called “T'Qreal”.

After TQreal, the data are distributed to off-line computers. Each off-line computer( Sun
SPARCstation 20, “sukeve” ) has 2 CPUs and is connected with the host and the others via
network named “UltraNet1000”. These off-line computers serve as event fitters. More worksta-
tions are available for analysis. A flowchart of the online DAQ and the off-line analysis is shown
in Fig.3.19.

3.8 MC simulation of Super-Kamiokande

Here, we consider behaviors of scattered electrons and Cerenkov photons in the Super
Kamiokande detector. Hence, using a Monte Carlo( MC ) simulation, we estimate the detector
response. The MC simulation is constituted by 4 components; 1) electron tracking, 2)Cerenkov
photon generation and propagation , 3)PMT and 4)trigger efficiency. Considering the behav-
iors of the components the MC was tuned with Ni calibration data which will be described in
Section.4.5. In this section, the first and the last components are described. The others are
described in the next Chapter. Some considerations for the solar neutrino analysis are explained
in Section.5.3.1.

3.8.1 Electron tracking

In this analysis, a simulator which is based on GEANT is used. GEANT is a tool for the de-
tector simulation developed in CERN'7. EGS® is used in GEANT to simulate electromagnetic
interactions. EGS supports an energy range from a few tens of keV to a few TeV for charged
particles and from 1keV to several thousand GeV for a photon. GEANT-EGS simulation sys-
tem take account of the following physical processes; Coulomb multiple scatterings, ionization
loss, d-ray production, bremsstrahlung, annihilation of positron, Mgller and Bhabha scatterings

15ZEBRA is the tool for data management which is developed in CERN.
161n Super-Kamiokande, the compact magnetic tape(CMT 3090) is used.
"Furopean laboratory for particle physics

¥ Blectron-Gamma Shower code
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Figure 3.19: Schematic view of data flow. SN represents a supernova monitoring process. Atmpd
represents an analyzing process for atmospheric neutrino events and nucleon-dec:.y search. LE

( represents an analyzing process for low-energy events and Mu represents an an:iyzing process
for cosmic-ray muon events.
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and generation of Cerenkov photons for an electron; pair production, Compton and Rayleigh
scatterings and photoelectric effect for a photon.

3.8.2 Trigger efficiency

Trigger efficiency is simulated and compared with real data. For this comparison, Ni calibra-
tion data are used. Figure 3.20 shows the trigger efficiency of MC simulation and Ni calibration
data as a function of visible energy Ngss.( For definition of Ness, see Appendix.F ) Our MC
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Figure 3.20: Trigger efficiency. Horizontal axis is N.;; defined in Appendix.F, and the ver-
tical axis is efficiency. Black dots correspond to simulated result, and cross correspond to Ni
calibration data. In this figure, 7MeV is about 47 N.¢f.

simulation reproduces data quite well in the energy region greater than TMeV(~47 Ncsr). But
in the lower energy region, the agreement becomes slightly worse. For example, at 6.5 MeV(~43
Neyf), the difference( Data-MC ) is +1.2% which is taken into considerations in the systematic
€rrors.
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Chapter 4

Calibration

4.1 Gain of PMTs

4.1.1 Relative Gain of PMTs

In order to keep uniformity of the detector, the high voltage of each PMT is adjusted to
make the relative gain of all the PMTs same.
Our system to measure the relative gain of each PMT is shown in Fig.4.1. Light from a

7
SK tank % Xe lamp
\ r >

filter filter

Scinti Ball

PMT

Electronics

Figure 4.1: PMT gain calibration system

Xe-lamp is passed through ultra-violet filters and injected into a scintillator ball via an optical
fiber. The scintillator ball is made of an acrylic resin in which BBOT and MgO powders are
uniformly mixed. The BBOT and MgO are used as a wavelength shifter and a light diffuser,
respectively. The intensity of the U.V. light is monitored by a separate scintillator monitor
which gives a trigger signal( see Fig.4.1 ).

With this system, the measurements are done at various positions in the Super-Kamiokande
detector. The high voltage value of each PMT are adjusted, after corrections including light
attenuation in the detector water, uniformity of the scintillator ball, acceptance and intensity of
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the Xe light. In Fig.4.2, the gain distributions of barrel PMTs are shown. From these figures,
the relative gain spread is estimated to be 7%(10).
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Figure 4.2: The left figure shows a relative gain distribution of PMTs labeled by their cable
number. Gain spread from the central value is shown in the right figure. In the right figure,
the horizontal axis is Q(charge) after correction for detector geometry and water transparency
in unit of pC-m?.

4.1.2 Single p.e. distribution

The relative gain was adjusted at a high charge(Q=~300~500 pC) region where the number of
photons is large. In this region, the output charge from a PMT is in proportion to the number
of photons. However, for a low-energy event such as produced by a B solar neutrino, most hit
PMTs detect single-photon signal. Therefore, understanding the gain of each PMT at a small
charge region is very important to analyze 8B solar neutrinos.

The electronics system measures only charge output of each PMT. A conversion coefficient
from the charge to the number of photoelectrons is needed. Nickel calibration data to be
described in Section.4.5.2 is used to obtain the coefficient. In Fig.4.3, the single p.e. charge
distribution of a typical PMT is shown in unit of pico coulomb. From this figure, we can get
the coefficient; 2.055 pC is equivalent to 1p.e.

Next, one check uniformity of “occupancy” which is defined to be a ratio G?Z;"n’;%’;f £ th;sents
for each PMT at one p.e. light level. Uniformity of “occupancy” is important in the low
energy region, to reduce the position and direction dependence of the energy scale. The data
taken in the Nickel calibration runs( described in Section.4.5.2 ) are also used to measure the
occupancy. In Fig.4.4, the distribution of the average occupancy of barrel PMTs is shown. Some
PMTs at the barrel have higher occupancy than the others. The difference comes from different
single photoelectron detection efficiency of the PMTs. The variation of efficiency depends on
the production time of PMTs. The PMTs with higher occupancy were made earlier than the
others. The difference is 20% on the average. The non-uniformity is considered in the energy
determination which is described in Appendix.F. Except for them, the occupancy near the upper
and lower layers looks higher than that at the central layers. This apparent difference comes from
the photon reflection at the surface of PMT, which is confirmed by a M.C. simulation. Uniformity
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Figure 4.3: Single charge distribution. The horizontal axis is charge in unit of pC, and the
vertical axis is an arbitrary unit. The slump in the lower charge region is due to threshold effect
of discriminator.
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Figure 4.4: Occupancy distribution for barrel PMTs. The vertical axis is the occupancy of barrel
PMTs, and the horizontal axis is the layer number of super-module( see Section.3.2 ). Circles
and squares correspond to new and old lot of PMTs, respectively
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of occupancy on the top and bottom PMTs is also checked. The occupancy distribution averaged
over PMTs along a concentric ring is shown in Fig.4.5 as a function of ring radius. The apparent

0.011

0.01

0.008

0.007 &

0.006

0.005

Figure 4.5: Occupancy for top/bottom PMTs. The horizontal axis is distance in unit of meter,
from the center of the top/bottom planes. Circles and triangles correspond to top and bottom
PMTs, respectively.

non-uniformity is also caused the photon reflection on the surface of PMT.

4.2 Relative Timing of PMTs

The resolution of reconstructed vertex point of a low-energy event depends on relative hit
time of each PMT. Because of slewing effect of a discriminator, the relative hit time becomes a
function of observed charge(pulse height). ‘

A system illustrated in Fig.4.6 is used to measure the correlation. Here, a N3 laser is used as
a light source. The pulse width of the light is typically 3 nsec. The wavelength of the Ny laser
light is 337 nm and is converted to 384 nm by a dye laser module, which is similar to Cerenkov
light spectrum. Also, a set of optical filters are used to change the light intensity in order to
measure the hit PMT time at various pulse heights. The light is split into two, one is guided
to a diffuser ball in the tank via optical fiber cable, and the other is used to monitor the light
intensity and to make a trigger signal.

In Fig.4.7, a typical correlation of hit time(T) versus charge(Q) is plotted. This distribution
is called “TQ-map”. The TQ-map is made for each PMT, and it is used for real data to correct
the slewing effect.

At the same time, dependence of the timing resolution on pulse height is measured and
is shown in Fig.4.8. The timing resolution is approximately 3nsec at single p.e. The timing
resolution is incorporated into our MC simulation.
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Figure 4.7: Typical TQ-map distribution. Dots represent measured data and circles represent
the mean value.
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Figure 4.8: Timing resolution of inner-detector PMTs as a function of charge( p.e. ).

4.3 Consideration of PMT response in Monte Carlo simula-
tion(MC)

When the PMT response is simulated, one considers the quantum efficiency and dynode
collection efficiency, noise, charge and timing resolution.

The quantum efficiency of the PMT is measured at Hamamatsu Photonics as shown in
Fig.3.2. In our MC simulation, this measured value is used.

The dynode collection efficiency is treated as a tunable parameter when one compares our
MC simulation with Nickel calibration data. It is set at 0.88.

There are two types of noise belonging to PMT; one is the dark current and the other is
after-pulse. The dark noise rate is about 3.1 kHz and stable. Our PMT have an the after-pulse
which typically arrives 100 nsec after a signal. In our MC simulation, the after-pulse is generated
with 2% probability distributed in a Gaussian shape with a width of 10 nsec.

The charge and timing resolutions of the PMT are calibrated using a method described in
Sections.4.1, and 4.2. Furthermore, heterogeneous occupancy is considered in our MC simulation
to simulate the PMT response. The measurement of occupancy is done with Ni calibration data.(
see Section.4.1.2 )

4.4 Water Transparency measurement

In Super-Kamiokande, Cerenkov photons are used to reconstruct an event. Since Cerenkov
photons travel a long distance( detector linear dimension ~ 30m ) before being detected by
PMTs mounted on the tank wall, attenuation of them in water is considered. Two methods
are employed to measure the transparency; 1)a laser and CCD camera system, and 2) electrons
from p decay. The first one does a direct measurement, and the other uses real data taken in
Super-Kamiokande. ‘
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With the laser system, one can measure the water transparency for various wavelength whieh
is used to tune up our Monte Carlo(MC) simulation.

As one can’t measure the transparency continuously, one also employs real data to monitor
water transparency in the detector and its long-term stability.

4.4.1 Direct Measurement with laser

The direct measurement is done with a system which consists of laser, diffuser ball, CCD
camera and control system. A schematic view is described in Fig.4.9. In this system, a Ny laser

Beam Spl\itter (50:50)

CCD cmera

/l DYE / N2 laser

D VIntegrating Sphere

<< laser box >>

2inch PMT

Optical Fiber (70m)

Figure 4.9: Schematic view of direct measurement of water transparency

and a dye module are used as the light source. As the Ny laser produces only monochromatic
light(337nm), it is converted to a diffuse light with a different wavelength by the dye module.

Passing through the dye module, the light is split into two by a half mirror. One is led
to 2-inch-in-diameter PMT for monitoring the light intensity, and the other is guided to an
acrylic diffuser ball via optical fiber cable. This diffuser ball is set up in the water tank and the
light from the ball is measured by a CCD camera. Measurements are done at several distances
between the ball and the camera. After correction with data taken by the monitoring PMT,
the water transparency is calculated. The measurement is carried out at various wavelengths
and the result is shown in Table.4.1 and Fig.4.14. This result is taken into account in our MC
tuning ( Sub-Section.4.4.3 ). ‘
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wavelength(nm) | water transparency(m) | error(%)
337 40.90 2.52
400 99.74 6.04
500 33.47 2.09
580 10.17 0.64

Table 4.1: Water transparency measured by laser system.

4.4.2 Measurement with y-decay electrons

In Super-Kamiokande, cosmic-ray muons hit the detector at a rate of 2.2 Hz, among which 3
~ 4% stop in the detector. The stopping muon decays in water and emits an electron. In Fig.4.10,
a typical stopping muon event is shown, together with an accompanied p-decay electron.

*ﬁﬁﬁer Kamiokan dig' *&ﬁher Kcmlokcndi;'
Y RUN 1974 RUN 1974
EVEN' 6124 6125
RN ~§. DATE 96-Jun-23 ~Jun-23
v IME  20:26:27 0:26:27
N L TOT PE: 29522.9 398.2
X : 178.4 10.9
NMHIT 6471 246
) ANT-PE 535.0 594.6
- ANT-MX: 45.4 45.4
NMHITA: 86 95
L RunMODE : NORMAL
011 D 0800201
E+06us 4 us
. ns .344E- gms
2295.0
.0 B 0.0
sked :  masked
1 i 171

Figure 4.10: A typical stopping muon(left) and an accompanied p-decay electron(right).

The water transparency measured by p-decay electrons represents an average value inte-
grated over the Cerenkov light spectrum at single-photoelectron light level. A u-decay electron
is tagged by a selection criterion that time difference between the preceding event and the elec-
tron candidate is 1.5~8.0usec. The range of p-decay electrons in water is less than the vertex
position resolution( 1 ¢ =~ 70cm at 10MeV). Therefore, their track length is short enough to
be approximated as a point. Reconstruction method of their vertex point and direction are
described in Appendix.A and Appendix.B, respectively.

Then, one selects hit PMTs in the electron event which satisfy the following conditions:

1) the detected photon lies within a 50-nsec time window from the expected arrival time as
calculated from the photon flight path.

2) The PMTs should lie in a cone with a half opening angle of 32-52 degrees measured from
the electron direction(Fig.4.11). After the selection, one considers a virtual sphere with a radius
of R and with its center at the vertex position of the event. The selected PMTs are projected
back onto this sphere. They should form a ring on the sphere. Then, they are divided into 36
azimuthal 10-degree bins as shown in Fig.4.11. On the sphere, the effective charge in the i-th
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Then,
A=r-log (@/m), (4.6)
where ¢(r) and AQ are the average of g(r) and AQ over 7 days, respectively.

The water transparency and its long-term stability measured by the u-decay electron data
is shown in Fig.4.12.
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Figure 4.12: Variation of the detector water transparency measured by u-decay electrons as a
function of elapsed time since January 1, 1996. One circle corresponds to 7-day data. The rapid
change after 250 days is caused by replacement of ULTRA FILTER in the water purification
system( Section.3.3.1).

4.4.3 Input parameters of our MC simulation

Cerenkov photon propagation

General conditions to generate Cerenkov photons and their spectrum have been already
described in Section.3.1. Hence, in this section, a method to propagate photons in the simulator
is described.

The PMTs detect not only direct photons but also reflected photons. Especially, the reflec-
tivity and its incident angle dependence is important.

Components of the Super-Kamiokande detector, relevant to the photon propagation, are
water in the tank, and reflection at black sheets on the wall of the water tank, and at the surface
of PMTs. To simulate the photon propagation in the Super-Kamiokande detector, scattering
and absorption at these components are separately considered .
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propagation in water

When a medium matter is dispersive as water, one should take into account the dispersion
relation of the refraction index for calculation of the velocity of the light propagation. This

velocity is not the phase velocity, but the group velocity which is approximated by:
- ° (4.7)

’Ug s
n()) — A2

where v, is the group velocity, A is wavelength of photons and n(\) is the refraction index
dependent on wavelength. n(\) is given by the following formula[28],

a
’n()\)z\/Fng+a2+a3-)\2+a4-)\4+a5~)\6 (4.8)

where ) is wavelength in unit of pm, A2 = 0.018085, a; = 5.743534 x 1073, ay = 1.769238,
ag = —2.797222 x 1072, a4 = 8.715348 x 1073, and a5 = —1.413942 x 1073. Its spectral
dependence in water is shown in Fig.4.13. :
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Figure 4.13: The refraction index of water dependent on wavelength. Dots represent the data
listed in [29] and solid line stands for Eq.4.8.

Next, one considers probability of scattering and absorption of Cerenkov light photons in
water.

For a short-wavelength region, Rayleigh scattering is dominant, because the size of particles
with which Cerenkov photon interacts is small enough compared with the wavelength. For a
long-wavelength region, the photons are scattered isotropically. The data are given by a reference
[30].

Then, one determines the ratio of scattering to absorption of photons in water. The ratio
is not a measurable value at the Super-Kamiokande experiment. Therefore, in our MC tuning,
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it is treated as a free parameter. After tuning, the spectral dependence of water transparency
employed in our MC simulation is shown in Fig.4.14.
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Figure 4.14: Water transparency. Attenuation coefficient is a reciprocal of attenuation length.
Dashed line represents a theoretical prediction. Solid line represents our tuning result. The
measurement is described in Section.4.4.1.

scattering and absorption at black sheets and surface of PMT

Reflectivity of black sheet was measured in the air and is converted to that in water( see
Fig.4.15 ). In this calculation, the refractive index of black sheet is assumed to be 1.6, and
polarization dependence of reflectivity is also considered[31]. In our MC simulation, reflectivity
averaged over S-wave and P-wave is used.

Reflection at the surface of PMT is calculated with the standard electro-magnetic law, where
the polarization of light is considered. The calculated reflectivity is shown in Fig.4.16 together
with measured values at 7 incident angles in water.

‘4.5 Absolute Energy Scale and Energy resolution Calibrations

In a low-energy(~10MeV) region, number of hit PMTs is used to calculate the energy of an
event. A recoil electron scattered by a 8B solar neutrino gives typically an energy deposit of
10MeV in the Super-Kamiokande detector. The hit PMTs ( 45 hits at 10MeV at the center of
detector) detects mostly a single photoelectron signal. Therefore, the energy is approximately
proportional to the number of hit PMTs. On the other hand, total number of photoelectrons is
not a good measure of energy around 10MeV, as it is affected by the fluctuation in the electron
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multiplication process in PMT[32],[33],[34],[35],(36]. Three calibration sources are employed to
calibrate the energy scale in the low-energy region; One is a radioactive source( y-rays from Ni
), the second is an electron linear accelerator(LINAC), and the third u-decay electrons. As data
can be quickly taken with the radioactive source at several points in the detector, the results
are used to pre-tune the energy scale and to calibrate the position dependence of the energy
scale. To fine-tune the absolute energy scale and to measure the energy resolution, the most
reliable LINAC data which has become available just recently are used. The energy spectrum
of p-decay electrons is also used to check the long-term stability of the energy scale.

4.5.1 Definition of Energy Scale

The simplest idea to determine the energy scale is to count the number of “on-time” PMT
hits. Ny is defined as the maximum number of PMT hits in 50ns time window after suit-
able photon TOF! subtraction, based on the reconstructed vertex position and direction ( see
Appendix.A, and B ) of an event. However, N5y depends on the vertex position, due to light
attenuation by the detector water transparency, solid-angel dependence of PMT photo coverage,
light reflection, and so on. Then, the effective number of PMT hits ( N¢ss ) is employed in the
calculation of the energy scale. N,y is a corrected N5o and its definition is described in Eq.F.1(
Appendix.F ).

4.5.2 Energy Scale Pre-tuning and its Position dependence by Radioactive
source

In Super-Kamiokande, gamma-rays emitted from a thermal neutron capture reaction in nickel
is used as a calibration source of low-energy events. 22Cf decays via o emission( 96.9% ) and
spontaneous fission ( 3.1% ) with a half life of 2.65 years. At a spontaneous fission, it emits 3.76
neutrons per 1 fission. Average energy of these is about 2MeV. The neutrons emitted by the
252Cf source are thermalized in the water between the source and the nickel target.

Natural nickel mainly contains *Ni, 9Ni, 62Ni, and %4 Ni. When they are irradiated by the
thermal neutrons from spontaneous fissions of 252Cf, they emit y-rays via the following reactions;
58 Ni(n,7)%"Ni*, 6ONi(n,y)'Ni*, 62Ni(n,y)53Ni*, and 54Ni(n,y)%5Ni*. Furthermore the Ni(n,y)Ni*
reactions have many transition schemes. In Fig.4.17, an example is illustrated. In Table 4.2,
the natural abundance of Ni isotopes and relevant radiative reactions are summarized. When

Reaction Natural abundance | energy | cross section | relative intensity
(%) (MeV) (barn) (%)
°8Ni(n,v)>"Ni* 67.88 9.000 4.4+40.3 65
60Ni(n,y)%!Ni* 26.23 7.820 2.6+0.2 15
62Ni(n,7)%3Ni* 3.66 6.838 154+0.3 12
64Ni(n,)95Ni* 1.08 6.098 1.5242 0.4

Table 4.2: Thermal neutron capture information

the fission neutrons from 232Cf are not captured by the nickel target, they are captured instead
by protons in water, and 2.2MeV (monochromatic) y-rays are emitted via the H(n,y)D reaction.

!Time Of Flight
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The v-rays from this reaction are a main background in this calibration scheme. The cross
section of this capture process is 0.332 barn, and the neutron mean life in the water is 205 usec.
The energy scale is calibrated by comparing the Ni y-ray data with our Monte Carlo simu-
lation incorporating the detector response. :
A schematic view of the whole calibration system is shown in Fig. 4.18. The Ni wire and

252,

Cf and

Polyethylen Fission counter

container

20cm

Ni-Cf container

—
~~

Super-Kamiokande detector

Figure 4.18: Schematic view of the calibration system with the radioactive Ni+252Cf source

252Cf source are packed in a cylindrical container( see Fig.4.18 ) which is made of polyethylene.
This container is 20cm in height and 20cm in diameter. The 2°2Cf source(1.7uCi) is located at
the center of the container on which an electrode is painted to be used as a part of a proportional
counter . The 252Cf source is surrounded by pure water and bundles of 0.lmm¢ Ni wires with
gross weight of 2.84 kg and pure water. This container is easily set up in the Super-Kamiokande
water tank through calibration holes on the detector top and data are taken at various positions.

When one take data for energy calibration with Ni(n,y)Ni* reactions, one use the preceding
252Cf fission as a trigger, which is called “fission trigger”. The proportional counter is located
inside of the container to detect 252Cf fission products. Its signal is used as the trigger. Data-
taking processes are active only within 500 usec after each fission trigger. The distribution of
time intervals(Ty;s) measured from the fission trigger is shown in Fig.4.19. In order to subtract
backgrounds in the energy spectrum, for example, 2.2 MeV ~-rays from the H(n,y)D reaction,
off-timing data( 300 < Ty < 500 ) are subtracted from on-timing data ( 10 < Tgrp < 210 ).
After the background subtraction, the resultant energy spectrum is shown in Fig.4.20 As is seen
in Fig.4.20, the width of the N,¢; distribution is not well reproduced by our MC simulation.
This difference will be treated as a systematic error. Then, Ni data have been taken at several
positions(Fig.4.21) in the detector. With the data, our Monte Carlo simulation is pre-tuned. The
position dependence of the energy scale is summarized in Table.4.3. The position dependence
is measured only in the Ni calibration run Averaging the results given in Table.4.3, the possible
difference in energy scale between the data and our MC simulation is estimated to be +0.3%
for ®B solar neutrinos in the fiducial volume(22.5kton).
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Figure 4.19: Event time distribution measured from the fission trigger. The time constant
T=8busec corresponds to the neutron thermalization time in water.
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Figure 4.21: Position dependence of energy scale as measured by Ni data. Vertical axis is Neyy.
Number inside of the graph indicate distance(Dwall) between the Ni position and the nearest
detector wall. An open circle represents a peak position in the Ny distribution obtained by a
Ni data, and a filled circle indicates an averaged value at corresponding Dwall. These averaged
values are summarized in Table.4.3

distance Neyy Neyy M.C. - data
from wall[m] of Ni data of M.C. Ni data
2.1 49.52 48.80 1.4%
4.9 49.37 48.85 -1.1%
6.1 49.07 49.01 -0.1%
16.2 49.33 49.96 +1.0%
Position(x,y,z)[m] || Ness(data) | Nesp(MC) | M.C. - data
(-12,0,+12) 49.49 49.49 +0.0%
(-12,0,-+0) 50.33 49.19 +2.3%

Table 4.3: Position dependence of the energy scale obtained by Ni calibration runs
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4.5.3 LINAC

In the calibration runs with vy-rays from the Ni(n,y)Ni* reactions, the main one is the
%8Ni(n,y)?"Ni* reaction. For example, the individual branching ratios of a fraction( 8.9% )
of v-rays from the reaction have not been measured. Therefore, it is difficult to deal with the
fraction 8.9% in our MC simulation. Moreover, there are uncertainties in the «-ray attenuation
by material effect of the Ni wire as well as uncertainties in the cross section and branching ratios
of Ni(n,y)Ni*. On the other hand, uncertainty in LINAC beam energy is only +0.3% as will be
explained in this section. Hence, we adopt LINAC calibration for the absolute energy scale and
energy resolution determination.

A schematic view of LINAC is shown in Fig.4.22 and the whole calibration system is illus-
trated in Fig.4.23 LINAC emits electrons with kinetic energies of 5MeV ~ 15MeV . Electrons

LINAC room

Super-Kamiokande top
15deg bending magnet klystron power supply

collimator lul
LINAC

steeling coil

concrete shield

Figure 4.22: Schematic view of LINAC

LINAC room magnet 1
magnet 2
/,

I:mu-’\l / magnet 3

rock

beam pipe

Super-Kamiokande detector

Figure 4.23: The whole LINAC calibration system
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from LINAC are fed into the Super-Kamiokande water tank via beam pipe through 4 collimators
and 3 bending magnets. After all the collimators, the intensity of the electron beam is reduced
to a level of 1 electron/bunch. A schematic view around the beam pipe end is shown in Fig.4.24.
Around the pipe end, there is a plastic scintillator with thickness of 1mm. By a signal detected

(]
'

23

N

light guide AL
— plastic scintillator Imm

Ti 100pm

Figure 4.24: Around the end point of the LINAC beam pipe

by the scintillator together with a micro-wave beam timing signal from LINAC, a trigger signal
is made. The end cap is a thin Ti window with thickness of 100um. It prevents water from
sneaking into the beam pipe.

A Ge detector is used to calibrate the absolute energy scale of the LINAC beam momentum.
A schematic view of this Ge calibration system is shown in Fig.4.25. Using this system, the
beam momentum was measured in May and June, 1997. The deviation of the measured(by Ge)
beam momentum from the expectation by the magnetic field of analyzing magnet(dl) is less
than £0.3% at various energies. The result is summarized in Table.4.4 and in Fig.4.26.

May June

d1[A] | Blgauss] | Pyeam[MeV/c] || Blgauss] ] Pream[MeV /c] O
1.8 -371 5.120 -371 5.123 ‘
2.15 -437 6.054 -437 6.048

2.5 -504 6.964 -505 6.969

3.2 -637 8.811 -637 8.852

4.0 -789 10.949 -790 10.979

5.0 -980 13.630 -979 13.667

6.0 -1168 16.283 -1169 16.299

Table 4.4: LINAC electron Momentum vs Magnetic field

LINAC data have been taken at 2 positions; (x,y,z)=(-1237,70.7,1228)[cm] and (x,y,z)=(-
1237,70.7,27)[cm] position (see Fig.4.23). Energy distributions of the real data and Ni-tuned
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Figure 4.25: Schematic view of the Ge calibration system for the LINAC beam momentum
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Figure 4.26: Deviation of the LINAC beam momentum from the momentum measured by the
Ge calibration system.

66



MC at each position are shown in Fig.4.27. Comparisons are summarized in Fig.4.28. The

energy distribution for each linac energy z=27 energy distribution for each linac energy z=1228
600
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Figure 4.27: Energy distributions of LINAC data at Z=0m and 12m. Left(right) figures are
energy distributions of LINAC data at (x,y,z)=(-1237,70.7,1228)[cm] ( (-1237,70.7,27)[cm] ) to-
gether with Ni-tuned MC distribution.

average differences between the data and Ni-tuned MC in the absolute energy scale are +2.6%
at (x,y,2)=(-1237,70.7,1228)[cm] and +4.2% at (x,y,2)=(-1237,70.7,27)[cm], respectively. On the
other hand, the average differences of energy resolution between the LINAC data and Ni-tuned
MC are 4.7% at (x,y,2)=(-1237,70.7,27)[cm], and 2.6% at (-1237,70.7,1228)[cm], respectively.

4.5.4 Comparison between Ni and LINAC

Absolute energy scale

Our MC simulation has already been pre-tuned with Ni calibration data. Therefore, a
correction has to be made to our MC simulation, based on the LINAC energy scale calibration.

In this comparison, Ni data taken at the same position as LINAC data are used. The peak
positions of the Ny distributions of real data and MC are summarized in the lower two rows
of Table.4.3. The differences between Ni data and Ni-tuned MC at the LINAC position are
written in the third column, in the lower two rows of Table.4.3. Now, LINAC data are directly
compared with Ni data at the same position. The result is

(data - MC’) B (data — MC) ] +26%+05% (at Z =+12m) (4.9)
MC LINAC MC Ni o +1.9%:|:0.5% (at Z :()m) ’
The average difference is +2.3% which should be a correction factor to Ni-tuned MC.

Position dependence

As is described in Section.4.5.2, the position dependence of energy scale is estimated to be
+0.3% which should be included in Ni-tuned MC.
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Figure 4.28: Comparison between LINAC data and Ni-tuned MC. (Data — Ni-tuned MC)/Data
is plotted, as a function of LINAC beam energy calibrated by the Ge energy calibration system.
Upper figures for the energy scale, and lower ones for the energy resolution. Left figures are for
data at (x,y,2)=(-1237,70.7,27)[cm], and right ones are for data at (x,y,z)=(-1237,70.7,1228)[cm].
The energy scale in LINAC data is calibrated by the Ge measurement.( Ni scale )
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Summary

In summary, total systematic shift energy scale in Ni-tuned MC is estimated to be +2.6%(
= +2.3%(Ni/LINAC difference) + 0.3%(position dependence)). After this energy scale shift,
the energy spectra obtained by LINAC data are shown in Fig.4.29. The deviation from MC is

energy distribution for each linac energy z=27

energy distribution for each linac energy z=1228

600 [

600

400

200

Figure 4.29: Energy distribution of LINAC at Z=0m and 12m. Left(right) figures are energy
distributions of LINAC data at (x,y,z)=(-1237,70.7,1228)[cm] ( (-1237,70.7,27)[cm] ) together

beam energy = 8.867 MeV

with LINAC-tuned MC distribution.

demonstrated in Fig.4.30. From now on, MC indicates the LINAC tuned MC if not specified.
The systematic errors in absolute energy scale are summarized in Table.4.5. As described in

Table 4.5: Possible sources of systematic errors in absolute energy scale. The total error is

Error source Error(%)
LINAC beam energy determination 0.3
variation of LINAC data 1.3
Position average 0.5
Ni vs LINAC comparison 0.3
total 1.5

estimated by individual errors added in quadrature.

Table.4.5, the total systematic error is +£1.5%. However, LINAC data have been taken only at
two positions, so far while Ni data are taken at several positions. Hence, in this analysis, the
systematic error in absolute energy scale is conservatively enlarged to cover the energy scale
shift( +2.6% ) from Ni-tuned MC the Ni data. Finally, the systematic error in energy scale

becomes

+4.1%
—1.

+9.9%

0
5% (energy scale) = 319
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Figure 4.30: Comparison between LINAC data and MC after correcting the energy scale shift.
(Data - MC)/Data is plotted, as a function of LINAC beam energy calibrated by the Ge energy -
calibration system. Upper figures for the energy scale, and lower ones for the energy resolution.
Left figures are for data at (x,y,z)=(-1237,70.7,27)[cm] and right ones are for data at (x,y,z)=(-
1237,70.7,1228)[cm]. The energy scale in LINAC data is calibrated by the Ge measurement.
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The maximum deviation of energy resolution is 4.7%. It is conservatively employed in the
systematic error. It should be noted this deviation is not corrected in our MC.
4.5.5 Long-term stability in energy scale measured by p-decay electrons

The maximum energy of u-decay electrons is about 53 MeV and the shape of the energy
spectrum(Michel spectrum) is given by

dN G? 4F, m
T = To3 e (3 - me) , (Ee < ~2ﬁ) (4.10)
e (7

In water, however approximately 20% of p~s are captured by 160 nucleus. Hence, the visible
mean life time of stopping p~ decreases to 1.8 usec[37]. Observed mean life time of muon in
Super-Kamiokande is 2.02 psec. Hence, the ut/u~ ratio becomes 1.1 in Super-Kamiokande.
Furthermore, the energy spectrum of u~ decay electrons bound by 160 is distorted [38]. With
this effect taken into considerations, data of u-decay electrons and MC events are compared.
In Fig.4.31, the N5y distributions for data and MC are shown. The two spectra are con-

L D 50
Entries 536424
25000 L ' ean 262.9
- RMS 88.08
i + DFLW 0.
i VFLW 2.000
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20000 J:lff
15000
10000 k
5000 1
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Figure 4.31: N,y distributions of y-decay electrons for data( crosses ) and MC( solid histogram
). The horizontal axis is Nefs and the vertical axis is number of events.

sistent with each other, excepting at a low-energy region. This difference is caused by ~-rays
emitted from radioactive nuclei such as 6N generated by p~ capture by 'O in water. The
difference in peak position between the two spectra is

Data — MC

0 = +1.5% £ 0.2% ( 22.5kton fiducial volume )
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The comparison is in good agreement with the LINAC calibration result within errors.
The long-term stability of energy scale is shown in Fig.4.32. Each point corresponds to
30-day data. The stability in energy scale is estimated to be ~ +0.5%.
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Figure 4.32: Long-term stability of energy scale. Each point corresponds to 30-day data.

4.5.6 Summary

The methods to calibrate the absolute energy scale and the energy resolution are summarized
in Table.4.6. Then, the total systematic error is summarized as

Parameter calibration source
Absolute energy scale LINAC
Energy resolution LINAC
Position variation average of Ni
Time variation decay electron

Table 4.6: Summary of the energy scale calibration methods

energy scale = f;légz ‘ (4.11)
energy resolution = +é;;% (4.12)
—VU/0
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Chapter 5

Data Reduction and Analysis

5.1 Data Set

Super-Kamiokande started taking data on the 1st of April in 1996. It took a while before
the operating conditions have stabilized . In this thesis, the data taken from May 31, 1996 to

Jun 23, 1997 are analyzed.
Prior to event reduction, bad-quality data sets are thrown away. For example, a PMT was

continuously flashing, some data included noisy runs, and so on.
After good run selection, the detector live time in this analysis amounts to 306.3 days during
which a total of 3 x 108 events are recorded.

5.2 Event Reduction

5.2.1 First reduction

After good run selection, the following selection criteria are applied to the data to reject
background events, for example, cosmic-ray muons.

1. ID(Inner Detector) Total charge < 1000 p.e. — selected
:This is to reject high-energy events such as cosmic-ray muons.

2. ID Time difference from the preceding event > 20 usec — selected
:This is to reject electrons from p-decay.

3. Event status cut
:This is to reject bad events due to bad hard-ware behavior like broken online system.

4. OD(Outer Detector) triggered event cut
:This is to reject events triggered by particles which come from outside of the detector.

5. OD hit < 20 hits — selected
:This is same as( but tighter than ) 4

6. Noise event cut 1
:This is to reject noise events caused by PMT or electronics troubles.
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7. Flasher PMT event cut
:This is to reject events caused by self-flashing PMTs.

Criterion 1 is to reject high-energy events. In Super-Kamiokande, almost all the high-energy
events are cosmic-ray muons and they come into the inner detector at a rate of 2.2 Hz. As these
events emit many Cerenkov photons, these events can be easily rejected ( Fig.5.1 ). In this

6000 |- L~ cur

4000 —

3000

2000

1000 [~ )}J
P EPTIN R N R A

o 1 2 3 4 5 6
109(Qyoy,[P-€-])

Figure 5.1: Total ID charge( in unit of photoelectrons )distribution of a typical raw data. The
events of which ID charge are rejected.

analysis, threshold of total ID charge in an event is set to 1000 p.e. which is equivalent to about
200 MeV for electron events. Therefore this cut affects real 8B solar neutrino events negligibly.

Criterion 2 is to reject electrons from p-decay. This cut introduces a dead time of about
1.6 x 1074%. ,

Criterion 3 is to reject pedestal events and ones which lacks in some DAQ information.
The pedestal event was explained in Section.3.4.2. These events are rejected in this analysis.
The dead time is calculated in an off-line conversion process “T'Qreal” (see Section.3.7) and it is
subtracted in calculation of the detector live time.

Criteria 4 and 5 are to reject events caused by cosmic-ray invisible muons which come from
outside of the detector, but leave a very small amount of energy deposit in the inner detector.
Criterion 6 is to reject noise events. In this cut, a parameter NS-ratio defined by Eq.5.1 is
introduced and the event which satisfies NS-ratio > 0.4 is rejected.

NPMT(—0.49 < QPMT&’-&] < 0.49)

NSratio =
Nhit—pmr

(5.1)

Criterion 7 is to reject events caused by flasher PMTs. If there exist many hit PMTs
around the largest-charged(hottest) PMT in an event, the event is cut as flasher PMT event.
After these 7 criteria, the total number of events is reduced to 1.648 x 103( reduction factor is
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1.648x108/3x10%=55% ). On the other hand, the detection efficiency for 8B solar neutrino is
95%.

5.2.2 Second reduction

After the first reduction, vertex position and energy of each event is reconstructed. The
method of vertex position reconstruction and of energy determination are described in Appendix.A
and Appendix.F, respectively. If number of PMTs that are used in the vertex position recon-
struction is too few, the result is not reliable. Therefore, in this analysis, one requires the
following conditions;

8. Number of PMT used in the vertex position reconstruction > 10 ( ~2MeV ) - selected

9. Goodness > 0.4 — selected

where the goodness is an estimator of the vertex position reconstruction. It is basically similar
to x2 which is modified and bound from 0 to 1 as Eq.A.7 in Appendix.A. A typical goodness
distribution is shown in Fig.5.2.

x102f

7000

6000

5000

4000

3000

2000

1000

Figure 5.2: goodness distribution for raw data. The holizontal axis is goodness, and the vertical
axis is the number of event in each bin.

After the 2 cuts above reduction, we apply pre-fiducial volume cut and pre-energy cut:

10. Distance between the vertex position and the nearest detector surface(Dwall) of ID > 150
cm & Nggp > 36.46 hits( ~5.3MeV ) - selected

where N;; is a number of hit PMTs after corrections which are detailed in Appendix.F. The
water transparency is fixed to 70m in this calculation. To the events satisfying the criterion 10,
one applies:

11. Noise cut 2
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This selection criterion uses 2 methods to reject noise events. One is to reject events with misfit
vertex position. The other is to reject events with misfit direction. These methods are explained
in Appendix.C.1 and C.2.

5.3 Final Sample

5.3.1 Spallation and ~-ray cuts
Spallation cut

After the 2nd reduction, “spallation cut” is applied. In Super-Kamiokande, cosmic-ray muons
hit the detector at a rate of 2.2Hz. Some of them which are energetic enough to spall oxygen
nuclei in water of the inner detector(ID), and occasionally generate radioactive isotopes. The
events originating from their decays are called “spallation” event. The energy range of spallation
events is up to 16MeV as listed in Table.5.1.

Isotope T% (sec) | Decay mode | Kinetic energy(MeV)
SHe || 0.122 i 10.66-+0.99(7)
B~n (11%)
8Li 0.84 8- 12.5~13
5B 0.77 g+ 13.73
ILi 0.178 8- 13.5(75%)
11.04+2.5(7)(25%)
B n ~10(35%)
9C 0.127 Btp 3~13
Ui | 0.0085 5~ 20.77(31%)
B~ n ~16(61%)
11Be 13.8 8- 11.48(61%)
9.3242.1(7)(29%)
Be | 0.0114 B~ 11.66
25 || 0.0203 i 13.37
N || 0.0110 Bt 16.38
15 || 0.0173 8- 13.42
Bo | 0.0090 8tp 8~14
HB 0.0161 B~ 14.074+6.09(~)
$C 2.449 B~ 9.82(32%)
4.514+5.30(7) (68%)
16c | 0.7478 Bn ~d
BN 7.134 B~ 10.44(26%)
4.27+6.13(7)(68%)

Table 5.1: List of radioactive isotopes which decay accompanied with 8 and/or y-rays of with
energies greater than 6.5MeV

A spallation event has a strong spatial and time correlation with the parent muon. Therefore,
a likelihood function is introduced as a product of 3 probability functions: 1) time difference
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between muon and low-energy event, 2) distance between muon track and low-energy event and
3) extra charge! of muon. The method to determine these probability functions is described in
Appendix.E. '

The cut value in the likelihood function is determined by comparing the low-energy events
before the spallation cut with very low energy events( ~5MeV ) sample which are supposed to
be B-rays from 214Bi decay uncorrelated with cosmic-ray muons. Then, the dead time due to
the spallation cut for 8B solar neutrinos is estimated to be 20%. The reduction factor of this
cut is 743517/1.298 x106=76%. The detail of the spallation cut is described in Appendix.E.

Fiducial volume and energy cut

After the spallation cut, then one applies fiducial volume cut and energy cut. The require-
ment for fiducial volume cut:

Distance between the vertex position and the nearest detector surface( Dwall ) > 200 cm -
selected

The final fiducial volume is about 22.5kton. The requirement for energy cut is :
“6.5 < Eerecoit < 20 MeV™.

The events satisfying the criteria above are selected. The lower energy threshold of 6.5MeV is
employed, because the number of events rapidly increases below 6.5MeV. And the trigger effi-
ciency curve( Fig.3.20 ) is well reproduced between data and our MC simulation above 6.5MeV.
Therefore, the events with energies > 6.5MeV are analyzed. The higher energy bound depends
on the end point energy of 8B solar neutrinos ( ~16MeV ) and the finite detector energy resolu-
tion( 13% at 16MeV ). Therefore, some margin from 16MeV being taken into account, it is set
at 20 MeV.

y-ray cut

Finally, “y-ray cut” is applied. A characteristic of y-ray events is their direction. As their
source is supposed to be detector materials(the PMTSs) and/or the rock surrounding the detector,
their direction has a tendency to point inward in the detector( as shown in Fig.5.3, the z-direction
distribution is distorted. ) Hence, in order to cut them, “effective distance” from the inner
surface of the detector(D.s) is introduced. The definition of “effective distance” is shown in
Fig.5.4, where the method to reconstruct event direction is described in Appendix.B. The D,y
distributions for the events before y-ray cut and 8B solar neutrino MC events are shown in
Fig.5.5. Then, in this analysis, events with “effective distance” < 4.5 m are rejected. After
this rejection, the vertex and direction distribution become flat in the detector coordinates as
shown in Fig.5.6.

Subsequently, the reduction factor is estimated for the data as well as for 8B solar neutrino
MC events, as summarized in Table.5.2. From this result, it turns out that the S/N in the data
is improved, while the signal loss caused by the «-ray cut is small.

!standard ionization loss subtracted
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Figure 5.3: Zenith angle distribution of the events before v-ray cut

reconstructed flitection
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Figure 5.4: Definition of effective distance

Energy region | Real data | °B v MC
65-70MeV | 56% | 922 %
6.5 - 20.0 MeV 70% 922 %

Table 5.2: Reduction factor of vy-ray cut
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Figure 5.5: D.yy distributions for the events before y-ray ctu( solid histograms ) and for 8B
solar neutrino MC events( crosses ).

Final sample

Finally, a data set of 59953 events which survive after the y-ray cut will be hereafter called the
final sample.

5.3.2 Summary

The whole event reduction steps are summarized in Fig.5.7. In order to estimate the re-
duction factors for 8B solar neutrino events, the same event reduction programs are applied to
MC-generated ®B solar neutrino events. In Fig.5.7, remaining number of events is shown at
each reduction step for both data and MC in parenthesis. In our MC simulation, neutrinos are
generated, assuming the 8B B-decay energy spectrum(Fig.2.3)[9]. To reduce time-dependent
systematic uncertainties( such as change in water transparency ), events are generated in the
same conditions that the real data are taken. Finally, 59953 events remain in the final sample,
and study of 8B solar neutrinos is done with this final sample.

The detection efficiency for ®B solar neutrino events above 6.5MeV in the fiducial vol-
ume(22.5kton) is estimated to be 70% by our MC simulation.

5.4 Remaining Background

In Fig.5.8, the energy spectrum at each reduction step , together with a theoretical prediction
by the SSM(BP95[9])is shown. As shown in this figure, there are many background events in
the final sample. The remaining backgrounds are estimated to be; the radioactivities in the
detector water, remaining spallation events, and remaining y-rays from the PMTs and the rock
surrounding the detector. The method to extract the 8B solar neutrino signal will be explained
in Section.6.1

In Fig.5.8, the number of events increases rapidly below 6.5MeV. This is caused by a low-
energy background source. The radioactivities in the water dominate below 6.5MeV. In Super-
Kamiokande, the dominant radioactivities are caused by B-decay of 2*Bi ( end point energy
= 3.26MeV ) originating from ???Rn which somehow sneaks into the detector water. The end
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Figure 5.6: Vertex and direction distribution of the events before and after y-ray cut. Solid
figures represent the distributions before y-ray cut and hatched ones represent the distributions
after y-ray cut. Upper figures are vertex distributions for R*R=x2+y? and for z measured in
the detector coordinates. Lower figure is a zenith angle distribution before and after y-ray cut.



Data: May 31, 1996\ June 23, 1997

| Bad run subtraction |

+ Number of events (8B v MC)

[Raw Data (Live time 3063 day] 3 x10°  (651310)

total charge < 1000p.e 2.131 x16° (651310)
Time to prev. event >2(us 1.861 x 16°
Event status cut 1.827 x 16°
OD cut 1.661 x 16°
Noise event cut 1 1.655 x 100 (651271)
Y Flash PMT event cut 1648 x10°  (645770)
| Vertex reconsturuction |
very low-energy event cut  1.036 x 1° (645770)
goodness of fitting cut 1.025 x 16° (645769)
pre. fiducial and energy cut 2.383 x 10° (645769)
Noise event cut 2 1.298 x 106 (617487)
Spallation cut 743517  (20% dead time)
Fiducial volume cut
(2m, 22.5 kt) 437580
Energy cut
(6.5-20 MeV ) 85998
59953 (7.8% dead time)
| Final data sample | 59953  (70.0% remain)

Figure 5.7: Summary of event reduction. The numbers in the parenthesis are for MC ®B solar
neutrino events( ~ 5year ) which have survived after fiducial volume and energy cuts.
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Figure 5.8: Energy Spectrum at each reduction step. The solid line represents the expected
from the SSM(BP95[9]) x0.4.

point energy is actually lower than the energy threshold, however, it is smeared due to the finite
detector energy resolution.
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Chapter 6

Results

6.1 Extraction of Solar Neutrino Signal

After data reduction which is explained in Chapter.5, there still remain many background
events. The next step is to extract a solar neutrino signal from the final data sample.

In Super-Kamiokande, recoil electrons from ve—wve elastic scattering is detected as described
in Section2.4. The direction of the recoil electron has a strong directional correlation with
incident direction of the parent B solar neutrino. Th angle between the solar direction and the
scattered electron direction is defined as “fy,,,” ( Fig.6.1 ), and the expected cos 8y, distribution
of B solar neutrino events is shown in Fig.6.2.

the SUN

Super-Kamiokande detector

Figure 6.1: Definition of 6,

As the background events in the final sample come from radioactivities in the detector water,
radioactive spallation products, and y-rays from the rock surrounding the detector, their cos 85y,
distribution are expected to be isotropic in the first approximation. .

In order to extract 8B solar neutrino events from the final data sample, this difference in a
cos Oy, distribution is used. Figure 6.3 shows a cos sy, distribution of the final data sample. A
clear peak is observed in the direction of the Sun ( cos 8y, = 1 ), while the background events
distribute uniformly. Thus, one can obtain number of 8B solar neutrino events by fitting the
data, assuming signal( Fig.6.2 ) plus background.

In this fitting, a maximum likelihood method is used. The probability function for the likeli-
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Figure 6.2: Expected cos gy, distribution ( Ps 4 (Ee,cosfsyy) ) of recoil electron. The solid,
dashed, and doted lines represent 14, 10 and 7 MeV electrons, respectively. Each function is
normalized to one when integrated over -1< cos s,y <1 .
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Figure 6.3: cosfsyy, distribution of the final data(dots) sample with the best fit solid
histgrams(6.5< E. < 20 MeV). The dashed line indicates the background level.
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hood consists of both signal and background parts, which are functions of recoil electron energy
E, and cos f,,,. The probability function for the signal part shown in Fig.6.2, P 4 (Ee, cos O5un),
is derived from our MC simulation based on the standard solar model(SSM) of Bahcall and
Pinsonneault(BP95)[9]. The MC simulator also includes detector response as well as propaga-
tion of the recoil electron in the water and of the resultant Cerenkov photons.

Probability function for the background part, Py g (Ee,cosfsu,) depends on the shape of
background distribution. If the distribution of the background is perfectly isotropic, the cos Oy
distribution for the background part should be flat. Yet, there might be possible anisotropy
in the background shape. Hence, one adopts a more conservative approach. The background
shape is fit in the off-signal region with a 4*»-degree polynomial in 3 different energy regions
separately : 6 to 7 MeV, 7 to 10 MeV and 10 to 20 MeV. Systematic errors originating from the
non-flat background estimation are summarized in Table.6.1.

In order to obtain the number of 8B solar neutrino events, the final sample is fit with a
combination of these probability functions;

P(E,¢, c080syn, ) = a X Py g (Ee, 08 Osun) + (1 — &) X Py g.(Ee, cos Osun) (6.1)

where o is the fraction of 8 B solar neutrino events in the final data sample which is to be derived
by the maximum likelihood method.

It should be noted that the parameter a depends on E., because the ratio of signal to
background(S/N ratio) is a function of E.. Hence, the probability function is calculated for
the 16 E, regions, where the bin size is 0.5MeV in the 6.5~14MeV region and 6MeV in the
14~20MeV region. Then, the definition of the probability function in Eq.6.1 is modified as

P;(co8 Osyn, @) = a; X Py g i(c08Ogun) + (1 — ;) X Py g.i(cos Ogun) (6.2)

Data MC
Noit” * i (6.3)

Data MC
N N, all

where N; is the number of events in the i-th E, bin, Ny is the total number of events( =
ZZNG"*" N; ), Nene(=16 in this analysis) is the number of E, bins, and superscript Data and MC
represent the final sample and ®B solar neutrino Monte Carlo events, respectively.

The likelihood function is defined by

Nene

L(a) = H HPN (cos Osyn, @) (6.4)

Figure 6.4 shows the L(«a) distribution of the final sample. A value @yq; Which maximizes L(c)
is calculated. Then, the number of B solar neutrino events(N$g*) is:

NES® = (0 x NDMO = 4395 (6.5)

6.2 Solar Neutrino Flux

Based on the method detailed in Section.6.1, the ®B solar neutrino signal is extracted as
shown in Fig.6.3. During 306.3 detector live days, the number(/Vg D“t“) of observed electrons(
6.5<E. <20MeV ) scattered by 8B solar neutrinos in the 22.5kton fiducial volume is:

+114 +444

Nt — 4395 " 1og (stat) T o, (syst) (6.6)
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Figure 6.4: The likelihood distribution of final sample. Horizontal axis represents «, and vertical
axis represents likelihood.

where stat. stands for a statistical error and syst. for a total systematic error. Individual
systematic errors will be discussed later in Section.6.5.
This number corresponds to 8B solar neutrino ﬂux(¢spgﬁ“ of

+0.06 +0.25

Data _ .
b5, = 2.44 (stat.) —0.09

2. 006 (syst.) [x108 em™2571] - (6.7)

which should be compared with the theoretical flux ( (1553,1/”” % ) by SSM]9]

SSM. +0.93
$opy o0 =662 _ "o (theo.) (6.8)
Then, the ratio of the observed flux to SSM prediction[9] is
pigte +0.010 +0.037 +0.062
W =0.368 _ ) \109 (stat.) 0013 (syst.) —0.052 (theo.) (6.9)

If one sets a higher analysis threshold energy, e.g, 7MeV, the results above will change to

NDate _ 3696 +19072 (stat.) fﬁg (syst.) (6.10)
Data __ +007 +0.25 6 -2 _1 :
g, =245 006 (stat.) 0,09 (syst.) x 10° em (6.11)
ol +0.010 +0.037 +0.062
=0.371 —0.010 (stat.) —0.014 (syst.) —0.052 (theo.) (6.12)

"~ SSMgppes
d’ 5 BP95

They are consistent with those for 6.5 ~ 20.0MeV. The deficit in the 8B solar neutrino flux is
confirmed. It should be stressed that the measured 8B solar neutrino flux is consistent with the
Kamiokande-II+11I result(E, >7MeV) of 2.80 + 0.19(stat.) £ 0.33(syst.)[x10%cm~2571] within
lo.
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6.3 Day-Night Variation of Solar Neutrino Flux

As described in Section.2.3.2, one of advantages of the Super-Kamiokande detector is real-
time measurement of the 8B solar neutrino signal. Hence, one can investigate time variation
of the neutrino flux. When the MSW effect( see Section.2.3.2 ) is considered, the neutrino
oscillation probability of 8B solar neutrinos depends on path length and electron density profile
of the medium which the neutrinos go through. Therefore, regeneration of 8B solar neutrinos
by the MSW effect in the Earth is predicted( see Fig.6.5 ).

i Day
o Horizon

Super-Kamiokande
detector

45M(osci)/o3M(No osci)
H
T

05 —
—
waf Doy N1 N2 N3 N4 N5

Figure 6.5: Expected day/night 8B solar neutrino flux variation, assuming sin? 20=0.631,
Am?=1.0 x 1075, respectively. The right figure depicts the definition of Day and N;-Njs in
the left figure. The definition of d4y, is described in Fig.2.17.

A possible day-night variation in the 8B solar neutrino flux would be free of various systematic
errors, e.g., solar model dependence, energy scale ambiguity, long-term gain stability of the
detector, ete.

In this analysis, the data are divided into daytime(149.8 days) and nighttime(156.5 days)
samples. The daytime or nighttime samples are taken while the Sun is above or below the
horizon. In Fig.6.6, cos @y, distributions (6.5< E.<20MeV) for the daytime and nighttime
samples are shown. After the background subtraction (see Section.6.1), the daytime flux (

be By Data y and the nighttime flux ( ¢s 2™ P** ) are measured to be;
Day Dat +0.24 6 -9 1
Psgo "t = 2.40£0.09(stat.) 008 (sys.) [x10° em™ s 7] (6.13)
Night Data +0.25 6 _9 _1
Pspo = 2.48 £ 0.09(stat.) —0.09 (sys.) [x10° em™“s™ "] (6.14)
The difference between them is:
Day — Night
———— = —0.017 £ 0.026(stat.) £ 0.01 . 6.15
Day + Night 0 (stat.) 017(sys.) (6.15)
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Figure 6.6: cos 0y, distribution of daytime data(left) and nighttime data(right) which corre-
spond to 149.8 and 156.5 days, respectively. 6.5<E.<20MeV and the fiducial volume is 22.5kton.

The quoted systematic error in Eq.6.15 specific to the dayh/night flux ratio will be discussed in
Section.6.5. This result indicates that there has been no significant Day/Night difference in the
8B solar neutrino flux so far.

Furthermore, the nighttime sample is divided into 5 sub-samples ( Ni-Nj, see Fig.6.5 for
definition ). The cos 05, distributions of N;-Nj5 sub-sample are shown in Fig.6.7. Then the flux
of each sub-sample is shown in Fig.6.8. There is no evidence for a possible day-night variation
in the 8B solar neutrino flux. The implication in Fig.6.8, as regards the MSW effect, will be
discussed in the next chapter.

6.4 Energy Spectrum of Solar Neutrinos

Another advantage of Super-Kamiokande is that the energies(E.) of recoil electrons scattered
by 8B solar neutrinos can be measured, as is described in Section.2.4. Since the MSW effect is
dependent on neutrino energies, a possible distortion might be observed in the energy spectrum
of recoil electrons scattered by them. A study of energy spectrum shape of recoil electrons
provides a good test for the MSW effect independent of solar models. For example, in Fig.6.9,
a distorted as well as reduced energy spectrum by the MSW effect is shown.

In this analysis, the final data sample is divided into 16 subsamples in the E. distribution.
The bin size is 0.5 MeV in the 6.5 ~ 14.0 MeV region, and 6 MeV in the 14.0 ~ 20.0 MeV
region, respectively. Then, the 8B solar neutrino is extracted bin by bin and, the measured
energy spectrum of recoil electrons is shown in Fig.6.10. The error bars include both statistical
and systematic ones, and the black thick bar represents correlated systematic error which comes
from uncertainties in absolute energy scale and energy resolution(see Table.6.1). The statistical
and systematic errors are still too large to draw any definite conclusion from the figure. The
implication of the observed energy spectrum to the MSW effect will be discussed in the next
chapter.

88



N3

£ H
5 g
§ %
2 2

‘g Eoos

03

+
bt T T tyt
1T|++1|+'ﬁf++f TT
01 01 01
0 o o
1 05 ] 05 1 -1 06 o 05 1 1 05 0 05 1
oot cost,, cost,,
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data. The error bars include both statistical and systematic ones. 6.5<E,<20MeV and the
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Figure 6.9: Expected energy spectrum distortion of recoil electrons as a function of E.(MeV),
assuming SSMppes[9] and (sin? §2,Am?) = ( 6.31times1073, 6.31x107% ). The vertical axis is
normalized by the recoil electron spectrum assuming the null neutrino oscillation case.
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Figure 6.10: Measured energy spectrum of recoil electrons. The horizontal axis is recoil electron
energy(MeV), and the vertical axis is the ratio of Data/SSMppgs. The thick line in the error
bar represents a correlated error originating from uncertainties in energy scale and resolution.
The null oscillation neutrino oscillation case is expected to be a constant line.

6.5 Systematic errors

As possible sources of systematic errors, the following 10 sources are considered for the
estimation of the systematic errors.

Energy scale and resolution Systematic uncertainties in energy scale and resolution have
been already described in Section.4.5. Errors coming from the uncertainties are estimated
by putting artificially the uncertainties in the 8B solar neutrino MC.

Trigger efficiency The trigger efficiency is estimated by Ni calibration data and the un-
certainties are estimated by comparing it with our Ni MC simulation, as described in
Subsection.3.8.2. The discrepancy is +1.2% for E.=6.5~7.0MeV and +0% for E.>7MeV.

Noise cut “Noise cut” stands for the event reduction criteria described in Appendix.C.1 and
C.2. The uncertainty in the reduction criteria is also described in Appendix.C.2. The
maximum deviation of the reduction factor between our 8B solar neutrino MC simulation
and the data( typical “spallation” events ) which is estimated in Appendix.C.2 and is de-
scribed in Fig.C.9, is +0.7% above 6.5MeV. It is conservatively employed in the systematic
€error.

Direction The systematic errors caused by the uncertainty in the direction reconstruction of
low-energy event are estimated by comparing our original 8B solar neutrino MC simulation
with 8B solar neutrino MC simulation artificially distorted with respect to the directional
resolution data. '
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Reduction The uncertainty in reduction efficiency is caused by the flash tube event reduction
criteria. The uncertainty is estimated by the difference between Ni calibration data and
MC( ®B solar neutrinos and Ni calibration ).

Non-flat B.G. Background shape is considered non-flat, i.e. approximated by a 4*'-degree
polynomial function in the 8B solar neutrino signal extraction. The uncertainty caused by
the background shape is estimated by the difference in signal assuming non-flat and flat
background shapes.

Dead time( spallation cut ) The systematic error caused by the spallation cut for Day/Night
variation study is estimated using “random-timing sample” ( see Appendix.E ).

Cross section The uncertainty of the neutrino-electron scattering cross section comes-from the
uncertainties of the Weinberg angle and the radiative-correction.

Live time As described in Subsection.5.2.1, the detector live time is calculated by an off-line
process( TQreal ). Another way to calculate it is to use the cosmic-ray muon or low-energy
event triggered time. The uncertainty is estimated by the difference between the two live
days.

Then systematic errors related to various analysis are summarized in Table.6.1.

| Flux Day/Night Energy Spectrum
Energy Scale +9.9 +1.2 See Fig.6.10
& resolution -3.1 -1.1
Trigger efficiency +0.2 - 6.5~7.0MeV: +1.2
other: 0
Noise cut +0.7 - +0.7
Direction +1.7 - +0.7
Reduction +0.2 - +0.2
Non-flat B.G. +0.5 All,Day-all,Night-all: +£1.0  6.5~7.0MeV: £3.0
Day 1-4, Night 1-4: £1.0 other: 0
, D5, N5: 1.6
Dead time(spallation cut) | <0.1 +0.6 -
Vertex Shift -1.3 - +1.0
Cross section +0.5 - +0.5
Live time +0.1 +0.1 +0.1
Total +10.1 D1-4,N1-4,All,Dall,Nall: +1.6 See Fig.6.10
-3.5 D5,N5: +2.1, -2.0

Table 6.1: Summary of systematic errors. The correlated errors that come from energy scale
and resolution uncertainties in the analysis of the recoil electron energy spectrum is shown in
Fig.6.10.
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Chapter 7

Discussions

As seen in Chapter.6, the deficit in the ®B solar neutrino flux is confirmed by 300-day Super-
Kamiokande data. In this chapter, the experimental status of solar neutrino experiments is
summarized first. Then, some key-points, like how MSW effect is incorporated into our MC
simulation are briefly described. Subsequently, a possible MSW effect will be studied based on
the Super-Kamiokande results described in Chapter.6 including;

the day-night variation in the neutrino flux, the energy spectrum shape, and the combination
of the two plus the absolute value of the neutrino flux. This thesis will not deal with possible
long-term time variation in the neutrino flux and vacuum neutrino oscillation scenarios which
will be later studied by other collaborators.

7.1 Interpretation of Results from Solar Neutrino Experiments

The measured solar neutrino fluxes by current solar neutrino experiments are listed in
Table.7.1.

Experiment Observed flux SSMppy; prediction | Data/SSMppgs
Homestake 2.55 & 0.14 + 0.14° 9.3 7¢ 0.273 £ 0.021
Kamiokande-TT+11T || 2.80 & 0.19 + 0.33° 6.627775° 0.423 + 0.058
SAGE 69 + 10724 0.504 & 0.089
GALLEX 69.7 +6.7732¢ 13715 ¢ 0.509 =+ 0.059
Combined 69.5 + 6.7 0.507 & 0.049
| Super-Kamiokande || 2.44 +0.067055° | 6.621775 | 0.368700% |

% Tn unit of SNU
b In unit of 10%cm2sec™?!

Table 7.1: Observed solar neutrino fluxes by current solar neutrino experiments

The 8B solar neutrino flux obtained by Super-Kamiokande is consistent with that by Kamiokande-

II+III within 1 0. The deficit in the solar neutrino flux observed by the five experiments is
unaccountable in the framework of the standard solar model(SSM). An alternative solution is
the MSW effect. If neutrinos have small finite masses and finite mixing angles, they undergo
oscillations from one flavor to another. In such a case, it is well-known that neutrino oscillation
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in matter(the MSW effect) seems to be one of natural solutions by which the data of the five
experiments can be explained. Several physists have already studied the MSW effect using the
results from the solar neutrino experiments other than the 300-day Super-Kamiokande data. A
recent work by Hata et.al[18] has been already shown in Fig.2.18. In this thesis, a possible MSW
effect will be tested based on the 300-day Super-Kamiokande data.

7.2 How to incorporate MSW effect

One numerically calculates the two flavor oscillation of neutrinos from the center of the Sun
to the Super-Kamiokande detector for different neutrino oscillation parameters(sin? 26,Am?).
The parameter region of 107% < sin220 < 1 and 103 < E/Am < 109 js divided into 51x71
points. In order to deal with resonance near the core of the Sun, different 80 points in the core
region( R/Rg < 0.31 ) are used as the production points of v, in the case of the parameters of
10~* < sin?20 < 1 and 10*® < E/Am? < 10%!. The distribution of the production points of
neutrinos in the Sun is taken from Ref.[9]. The propagation of neutrinos in the Sun is obtained
from numerical integration of Eq.2.29 considering the electron density distribution in the Sun.
The electron density profile( Fig.2.2 ) in the Sun is take from Ref.[9].

Upon exiting the surface of the Sun, neutrino oscillations in vacuum are calculated. Here ,
the electron density is regarded as zero, and the propagation of the neutrino wave functions are
given by

ve(Ro+L) \ [ cos % + 4 cos 26 sin % —isin 20 sin 77% ve(Rg) (7.1)
vy(Ro +L) | —1 8in 26 sin % cos % — i cos 20 sin % vu(Ro) '

where R, is the solar radius = 6.96x10'%cm, L is neutrino travel distance from the solar surface,
and L, is vacuum oscillation length( see Eq.2.26 ). To take account of seasonal variation in the
neutrino flux due to the orbital eccentricity of the Earth, which contributes to randomization
of the phase, the wave functions of neutrinos are calculated at L. = 0.10Lv, 0.20,Lv, 0.30Lv,...,
1.0Lv (10 points). The neutrino oscillation probability in the Earth is also numerically calculated
using Eq.2.29 at each L( 10 points ). The oscillation probability in the Earth is calculated at
cos dsyn, = 0.00, 0.05, 0.10,...., 1.00 ( 21 points ), and then averaged according to the detector
live time for each cos dsy,. And then, the average of the oscillation probabilities of v, at Super-
Kamiokande is taken. It should be noted that the oscillation probabilities for the analysis of the
day /night effect are not averaged over cos dsyp-

7.2.1 Day/Night effect

To make a quantitative comparison between the data and an expected signal from possible
Day-Night variation in 8B solar neutrino flux assuming the MSW solution , the following 2
is calculated at each (sin?26, Am?) using the 8B solar neutrino flux observed in the daytime
sample and 5 nighttime sub-samples shown in Fig.6.8.

Ny 2
2 (R; — RMSW,' X«
= Y, (BT xa) &
i—1 Odni

where Ny, is the number of the day/night bins( equal to 6 ), R; is the measured flux ratio in
the i-th day/night bin, Rysw; is the expected flux ratio in the i-th day/night bin for a set of
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(sin? 20,Am?), Odn,; is the quadratic sum of the statistical error of R; and the systematic error,
and « is a normalization factor. The parameter « is determined so as to give the minimum X<21n-
The x? values obtained from Eq.7.2 obey the normal x? distribution with two free parameters.
Hence, the regions in the oscillation parameter plane with x? > x2,;, + 2.28,4.61, and 5.99 are
excluded at 68%, 90% and 95% C.L., respectively. Figure 7.1 shows a contour of the 95% C.L.
excluded region(Day/Night) obtained by the 306.3-day Super-Kamiokande data. The minimum

-3

4r Hata et.al allowed(95%C.L.)

Day/Night Excluded(95%C.L.

log(Am2 (eV2))

T4 35 3 2.5 2 -L5 -1 0.5 0
log(sin?20)

Figure 7.1: Excluded region at 95% C.L.( inside of the contour ) on (sin?26, Am?) plane
obtained by the day/night effect analysis in Super-Kamiokande. Also shown is the allowed
region presented by Hata et.al[18].

X2, value is equal to 1.84 at (sin?26, Am?) = (3.55 x 1072, 1.51 x 1075) for the 306.3-day

Super-Kamiokande data.
As seen in this figure, approximately a half of the large mixing angle solution( the filled
allowed region in the right ) presented by Hata et.al[18] is newly excluded by the analysis.

7.2.2 Spectral shape

Using the energy spectrum of the observed recoil electrons shown in Fig.6.10, another quan-
titative estimation of the MSW solution is examined. In this case, the x2 is defined by

Nene 2 2 2
RZ el R ) Ty L8 T s
= ¥ (BB xex el (27 (2)

i=1 Oene,i Or Os

where Nepe is the number of the energy bins( equal to 16 ), R; is the measured flux ratio in the i-
th energy bin, Rassw, is the expected flux ratio in the i-th energy bin for a set of (sin? 26,Am?),
Oene,i 18 the quadratic sum of the statistical error of R; and the systematic error except for
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that from the energy scale and resolution, « is a free normalization parameter, €, and €; are
uncertainties in energy resolution and scale which are assumed to obey Gaussian distributions
with o, :i'g:gf;‘; and o, =f‘fé;‘:, respectively, and f (e, €5) is a response function for the bin-to-
bin correlated error from uncertainties in energy resolution(e,) and scale(es). In calculation, €,
and €, are varied by +3 standard deviations to obtain the minimum x?,,. The result is shown

in Fig.7.2. The minimum x2,, = 7.500 occurs at (sin?26, Am?) =(0.166, 6.03 x 107%). The

.3_

N Hata et.al allowed(95%C.L.)
r —
5 . /
6 F Spectrum Excluded(95%C.L.) e

log(Am2 (e V2))

-8:....l....l.,..|....|....|..,.|....|..J
-4 -3.5 -3 =25 2 -1.5 -1 -0.5 0

log(sin22 0)

Figure 7.2: Excluded region at 95%(inside of the contour) on (sin?20, Am?) plane obtained
by the energy spectrum shape measurement in Super-Kamiokande. Also shown is the allowed
region presented by Hata et.al[18]

regions in the oscillation parameter plane with x2,, > xgne,min+2.28, 4.61, and 5.99 are excluded
at 68%, 90%, and 95% C.L., respectively. No new constraint is obtained by the analysis of the
spectral shape only.

7.2.3 Combined result

Combining the observed Day-Night variation and spectral shape in the 8B solar neutrino
flux with a constraint of the absolute flux normalization, the MSW solution is also examined.
In this case, the x? is defined by

Ndn Nene 2 2 2 2
Xoomp = D D ( i — CIMEWhg 2 O 2 f(e“es)) + (6—") + (6—s> + ( a) (7.4)
i 2

GiyJ Or O

where Nepe is the number of energy bins( equal to 16 ), Ny, is the number of the daytime
and nighttime samples( equal to 2 ), R;; is the measured flux ratio in the i-th energy bin in
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daytime( j=1 ) or in nighttime( j=2 ), Rmsw,; ; is the expected flux ratio for a set of (sin? 26,
Am?), 0, is the quadratic sum of the statistical error of R; ; and the systematic error except for
that from the energy scale and resolution, and «, €,, €; are uncertainties in flux normalization,
energy resolution, energy scale respectively which are assumed to obey Gaussian distributions
with o, =fi$§;, Oy =f§:g;‘j, , Os :4_"11:;;‘; and f(er,€5) is a response function for the bin-to-bin
correlated error from uncertainties in energy resolution(e,) and scale(e;). In calculating the
minimum X2, « is varied from 0 to 5, and €, and €, are varied by +3 standard deviations.
The minimum X2, , = 34.03 occurs at (sin? 20, Am?) = (0.646, 1.38 x 10~7). The regions in
the oscillation parameter plane with Xgomb < X?:omb,min +2.28,4.61, and 5.99 are allowed at 68%,
90% and 95% C.L., respectively. The allowed region is shown in Fig.7.3. Looking into Fig.7.3,

_3-

Spectrum + Day/Night + Flux alloweded (95%C.L.)

Hata et.al allowed(95%C.L.)

log(Am2 (eV2))
N
1

R 3 A N BT SNSRI ST ErUESrEN BT B
-4 -35 -3 2.5 -2 -1.5 -1 -0.5 0

log(sin?20)

Figure 7.3: Allowed region at 95% C.L.( inside of contour ) on the (sin? 26, Am?) plane by Super-
Kamiokande. The contour is obtained by combining the observed Day-Night time variation and
spectral shape in the 8B solar neutrino flux ,with an absolute normalization constraint to the
8B solar neutrino flux. Also shown is the allowed region presented by Hata et.al[18].

a small region in the non-adiabatic solution( sin?20 ~ 0.01 ) is further excluded in addition to
approximately a half of the large angle solution( around sin? 26 ~ 0.6 ).

7.3 Future Prospect

Some of the allowed region by the four solar neutrino experiments other than Super-Kamiokande

is newly excluded by this analysis. However, the problem of the solar neutrino deficit has been
still unsolved. In this section, a future prospect is presented.

In this thesis, the Super-Kamiokande sensitivity to possible neutrino oscillations has been
limited due to large statistical error and also a large systematic error coming mainly from energy
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determination uncertainties. Therefore, it will be re-examined in terms of the energy spectrum
shape and the day/night effect assuming a null experimental systematic error and 4-year detector

operation of Super-Kamiokande.

The expected excluded region on the (sin?20, Am?) plane is shown in Fig.7.4 on the as-
sumption that the parent function in the x? obeys the null neutrino oscillation case.

_3_

_5:

log(Am2 (eV2))
(=)}

:_ Spectrum Excluded(95%C.L.)

Day/Night Excluded(95%C.L.)

Hata et.al allowed(95%C.L.)

-2.5

-2 -1.5 -1 -0.5 0

log(sin220)

Figure 7.4: Expected excluded region on the (sin®26 ,Am?) plane assuming 4-year detector
operation of Super-Kamiokande and null experimental systematic error.

Either of the currently allowed region presented by Hata et.al[18] can be excluded at more
than 95%C.L., in other words, be explorable. Therefore, further efforts to reduce the experimen-
tal systematic errors, especially one from the energy scale uncertainties, will lead us to a critical
result to unequivocally conclude the existence or the non-existence of the neutrino oscillation.

Another promising experiment is Sudbury Neutrino Observatory(SNO)[39][40] which is under
construction and will start its observation in 1998. In the SNO detector, 1000 tons of pure D3O
and 7300 tons of pure HoO are used, and the solar neutrinos are detected by the following

reactions:

Ve +d
vy +d
g +d
.U +d

1414

p+pt+e
Ve +p+n
Uy +€
n+n+e
(7.5)

where v, means v, v,, and v,. The most interesting part of the SNO detector is that the
detector can measure the total flux of solar neutrinos using the neutral current(NC) reaction(2),
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even if the electron neutrinos produced at the solar core transform into neutrinos of another
flavor. This NC reaction rate can be used to normalize the charged current(CC) reaction(1)
rate independent of the solar models, and the CC/NC ratio is used to examine the neutrino
oscillation. Another unique capability of the SNO detector is its ability to measure the energy
spectrum of the electron neutrino precisely in the reaction(1).
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Chapter 8

Conclusions

The 8B solar neutrino flux( Ejecoil electron > 6.5MeV ) is measured by Super-Kamiokande
based on 306.3-day data from May 31, 1996 to June 23, 1997.
The total number of recoil electrons scattered by ®B solar neutrinos detected during the

detector live days amounts to :
43951148 (stat.) Tias (syst.) events. (8.1)
The observed B neutrino flux is :
2.44 £ 0.06(stat.) 1325 (syst.)[x 108em™2s71], (8.2)
which should be compared with the standard solar model prediction(BP95)[9]:
6.6210-93 (theo.)[x105ecm™2571), (8.3)
The ratio of the observed ®B solar neutrino flux to the expected flux (BP95) is :
03680009 (stat.) T0.075 (syst.) £(.083 (theo.) (8.4)

The measured 8B solar neutrino flux is consistent with the Kamiokande-IT+III results(2.80 +
0.19(stat.) £0.33(syst.)[x10%cm~2s71]) within 1 o, and the deficit in the 8B solar neutrino flux(
solar neutrino puzzle ) is confirmed.

The data sample is divided into the daytime and nighttime sub-samples, and the difference
is examined. No significant difference has been observed. Based on the difference, the neutrino
oscillation hypothesis incorporating the MSW effect is tested and some new region is excluded
from the currently allowed region on the (sin? 26, Am?) plane presented by Hata et al.[18].A
more precise recoil-electron energy spectrum than in Kamiokande is also obtained. However, it
alone, does not lead to a new constraint to the MSW solution. The combined analysis excludes
another new region.

The problem of the solar neutrino puzzle is still unsolved. However, with efforts to reduce
the experimental systematic errors, it is expected to be clarified by analyzing 4-year Super-
Kamiokande solar neutrino data whether solar neutrino puzzle is due to possible neutrino oscil-
lations or not.
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Appendix A

Vertex Point Reconstruction(
Low-energy Events )

In this section, a vertex position reconstruction method is described for low-energy( typically
~10MeV ) electron events. The description consists of the following 2 steps; 1) hit PMT selec-
tion, 2) vertex point search. Quality of the vertex fitting is studied as well.

A.1 Hit PMT selection

The reconstruction method uses position and relative timing information of hit PMTs. A
typical timing distribution of hit PMTs in a low-energy event is shown in Fig.A.1, where one
sees random off-timing noise as well as a signal peak made by Cerenkov photons. The noises

12 F——F———===4 = T—————— === J————=—= T I
| ] | ] i i |
P S S O S S
e Signot 11|
R TR | I T T T aTTTTTT aT T T T o aTT T T
I R I I
_ﬁi ﬁﬁﬁﬁﬁﬁﬁ | o n~ E o i7 NEOISG_hEI_t_____ i _____
YETTTT S 20 B
S SN S N S A .
| | | I ]
'ﬂﬂ”ﬂ i .1 H’ (01 |ﬂ][.ﬂ [0 .H.H (L.
600 800 1000 1200 1400 1600 1800 2000
Time (nsec)
—t— -
t t2 ts ts

Figure A.1: A typical timing distribution of hit PMTs by a low-energy event(Data). t; is the
time of the first hit PMT after 500 nsec, and ¢4 is the time of the last hit PMT. 5 ~ {3 is a
signal region described in the 1st selection criteria of hit PMTs. Therefore, hits in ¢; ~ t2 and
t3 ~ t4 are regarded as noise hits.

are generated by dark current of PMTs. In order to minimize the noises, one selects hit PMTs
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so as to maximize an estimator “significance”. The definition of “significance” is as follows;

N .
signi ficance = ——2— (A.1)

?
\% N, notse

where Npoise is the number of noise hits in a signal region( see Fig.A.2), and Nj;, is the number
of hits in the signal region after noise subtraction( Fig.A.2 ).

B‘Is]g__| + Nr\.\}‘i; =Ny

before

t t, ty t,

Figure A.2: The definition of signal and noise hits. t1, t2, t3 and ¢4 are the same as in Fig.A.1

The actual selection criteria are detailed below:

1. Select a 200 nsec time window which includes the maximum number of hit PMTs( see
Fig.A.1 and Fig.A.2 ).

2. Estimate the number of noise hit PMTs in the selected time window. In the estimation,
the following equation is used.
Npe f + Na.ft
(12 —t1) + (t4 —¢3)’
where Ny and N, ; are the number of hit PMTs in¢; ~ ¢2 and in ¢3 ~ t4, respectively(Fig.A.1
and Fig.A.2).

3. 11 time sub-windows with size of 200xn/11( n= 1,2,....,11) are considered. Then a time
sub-window which includes the maximum number of hit PMTs is searched in the selected
200-nsec time window for each sub-window size. After this, “significance” which is defined
in Eq.A.1 is calculated for each sub-window size.

4. Select a sub-timing window which maximize the “significance”.
However if there is a wider time sub-window which satisfies

(significance) > (significance)mayz X 0.8, (A.3) -

the wider time sub-window is employed.
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Then, vertex position reconstruction is done with PMTs in the selected time window.

A.2 Reconstruction method

The path length of an electron from a solar neutrino interaction is less than 10cm. The
spread of the region where Cerenkov photons are emitted is negligible in comparison with the
vertex resolution of about 70cm( 1o at 10MeV ). Therefore, one treats the vertex as a point in
the reconstruction.

In an ideal case, the principle of vertex position reconstruction is to find a position which

minimizes an estimator
Npit

T? = Z tzes,ia (A'4)
=1

where Np;; is the number of hit PMT selected in Section.A.1 and t,¢s,; is the residual time of the
i-th hit PMT after subtraction of photon TOF!. tres,i is expressed by the following equation.

n
t’res,i = 1 — E X \/(-T - wi)Q + (y - yz')2 + (Z - zi)z —tc (A5)
= tofi — te (A.6)

where t; is arrival time of photons in i-th PMT, n is refraction index of water, ¢ is the light
velocity in vacuum, (z,y,2) is the vertex position to be decided, (z;,¥:,2;) is the position of
the i-th PMT and ¢ is the peak in the ¢;,f; distribution. Eq.A.4, however, does not take into
account of a finite timing resolution of the PMT shown in Fig.4.8. Instead of Eq.A.4, a new
“goodness” is introduced by

’ 1 1 ' t%es i
goodness = —— X Y —exp|——= (A7

where o; is timing resolution of the i-th PMT. Each o; is inherently PMT-dependent, however,
it is set to < o >=bnsec. The best fit point yields the largest value of “goodness”. The reason
can be shown by following expansion at t; ~ T

goodness = 1 le(l—tges’i
S DV (U =

2

— ]_—szi(t%es,i (A.8)
Y Gof 2

That is, to maximizing goodness is identical to minimize the familiar x? value. On the other
hand, ¢;’s which are far away from the mean value ¢, by more than 2x < ¢ > can only make a
small contribution to the goodness.

A grid-search method? is used to search for the point where goodness becomes maximum.
The initial position is given by (z,y,z) = (—1590, —1590, —1710)[cm]. The minimum grid size
is 5cm.

1Time Of Flight from emitted to detection by PMT
2Tt is one of general method for nonlinear fitting. For example, see “DATA REDUCTION AND ERROR

ANALYSIS FOR THE PHYSICAL SCIENCES”,p150,1992, by McGraw-Hill, Inc.
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A.3 Quality of reconstruction

To estimate the quality of the vertex point reconstruction mentioned, data taken in Nickel
calibration runs described in sec 4.5.2 are used. In Fig.A.3, the vertex position distribution of
reconstructed y-ray events from (Ni+Cf) source are shown together with MC simulation, where
(Ni4-Cf) source is placed at the center of the detector, ie. (z,y,2) = (35.3,—70.7,0.0)[cm]. A
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Figure A.3: Vertex position distributions of reconstructed y-ray events from a Ni calibration
run: for data(left) and MC(right)

small systematic shift is observed. Then the possible vertex shift is measured at several positions
in the detector, as summarized in Table.A.1, where the vertex point is the mean value of the
Gaussian fit and o is one standard deviation. The systematic shift of the reconstructed vertex
point from the real source location is estimated to be 16cm at most and much less than the
standard deviation.

From this figure, it is concluded that the vertex position and resolution are well reproduced
in then MC simulation.
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Az

Az

position(x,y,z) Ay Oz oy O or
(35.3,-70.7,-1200) || -0.3 | -2.7 | -3.0 | 47.98 | 49.28 | 47.66 | 115.8

(35.3,-70.7,0) 0.7 | -0.5 | -1.9 || 47.11 | 49.23 | 52.80 | 114.2
(35.3,-70.7,1200) || -1.0 | -0.7 | -1.0 || 46.87 | 48.17 | 47.88 | 113.6
(35.3,-70.7,1600) || -0.6 | -2.8 | -10.0 || 46.98 | 46.40 | 44.67 | 111.6
(35.3,-1201,-1200) || -3.4 | 7.0 | -7.0 | 46.91 | 47.65 | 47.40 | 110.7

(35.3,-1201,0) -1.1 [ 16.0 | -1.1 | 42.70 | 43.16 | 50.08 | 113.0
(35.3,-1201,1200) 0.6 | 10.0 | 2.0 | 43.74 | 44.92 | 48.74 | 109.4

Table A.1: Vertex position shift and resolution( 1 standard deviation ) in unit of cm measured

at several positions in the detector



Appendix B

Reconstruction of track direction(
Low-energy Events )

B.1 Reconstruction Method

A maximum likelihood characterized by the Cerenkov ring pattern method is adopted to
reconstruct the direction of low-energy electron event. A likelihood function ( L( d') ) is defined
by:

cosb;
L(d) = 3 log(f(cosbir)) X =2, (B.1)
i (l( Z)
where the probability function f(04ir;), and 04, ; are depicted in Fig.B.1, and 6; is photon

incident angle of the i-th PMT, gosa ’a)z is acceptance function of photo-cathode-coverage. The

Relative Probability

0.8

i-th PMT

Bari,i

particle direction

0.2

0 20 40 80 80 100 120 140 160 180
degree

Figure B.1: The left figure illustrates the definition of 64, ;. The right figure shows a Cerenkov
photon detection probability as a function of opening angle of Cerenkov light photons( angle
with respect to the particle track direction).

function f(04ir;) in Fig.B.1 is obtained by a MC simulation for 10MeV electrons. Ideally, the
broad probability function would have a sharp peak at 42° corresponding to the Cerenkov light
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emission angle in water by a relativistic charged particle. However, smearing due to the electron
multiple Coulomb scatterings and Cerenkov light scatterings in water have to be considered.

The direction is determined by a maximum-likelihood method. To find the maximum-
likelihood value, a grid-search method(footnote A.2) is as usual employed, too. The step sizes
of the grid-search are 20°,9°,4°,1.6°. The initial direction is given by a vector sum of hit-PMT
direction vectors measured from the reconstructed vertex position.

B.2 Quality of reconstruction

The quality of the direction fitter is estimated by LINAC data taken at four different en-
ergies( 8.826, 10.9609, 13.6666, 16.301 MeV ) with the beam end cap located at (z,y,2) =
(—1237,-70.7,4+1228)[cm]. Figure B.2 shows the distribution of the angle between the direc-
tion of the electron from LINAC and the reconstructed direction, together with a LINAC MC
simulation. The difference between real and reconstructed angles is due mainly to electron mul-

angular distribution for each linac energy
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Figure B.2: Distribution of the angle between the direction of the electron from LINAC and the
reconstructed direction. The solid lines represent MC and the crosses represent LINAC data.

tiple Coulomb scatterings in water. As seen in this Fig.B.2, the MC reproduces the LINAC
data correctly. Using this MC, the directional resolution at various position and energies are
estimated, as are shown in Fig.B.3. They demonstrate that the angular resolution becomes
worse when the distance from the wall is less than 2m, i.e. outside of the fiducial volume.
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Appendix C

Noise cleaner

C.1 Vertex Position Cleaner

In this chapter, a method to eliminate misfit(= wrong vertex position) events is described.
The misfit is caused by a random cluster of hit PMTs in the selected time sub-window other O
than true signal. An example is shown in Fig.C.1. where, a cluster of hit PMTs is produced by

*I\%]lﬁer Komuokondef

RUN 1715
EVENT 48100
DATE 96-MaZ—27
TIME 19:54:25
TOT PE 149.4

X 15.9
NMHIT 86
ANT-PE: 157.7
ANT-MX: 11.3
NMHITA : 37

A
RunMODE : NORMAL —
TRG. 1D :00000011 {0
T diff.:0.298E+06us /
: 298. ms

SCC

TDCO: -1127.2

r. : .
AD ch.: masked
SUB EV : 0/ 0

Figure C.1: Typical low-energy event which will be removed by the noise cleaner. Large dotted
circle represents the Cerenkov ring reconstructed( wrongly ) by the low-energy event fitter.

~-rays emitted from detector materials, e.g., PMT glass( Fig.C.2 ).
In this method, 2 parameters, Al;; and At;; are introduced, where Al;; is distance between
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Super-Kamiokande detector
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Figure C.2: Cartoon of a typical misfit low-energy event.

the i-th and the j-th hit PMT( Fig.C.3), and At;; is time difference between the ¢-th and the
J-th hit PMT. If the i-th PMT doesn’t have any neighboring PMTs which satisfy Al;; < ljimat

vetex point

O
O impmr
Aly
Cerenkov light
O  jthPMT
O
O

Figure C.3: Definition of A;;l

and At;; < tiimit, the PMT is not used for the vertex position reconstruction, where ljjmi; is
set to 700 cm and #j;n;; is set to 35 nsec. These upper limits are determined by using LINAC
5.87-MeV( reconstructed electron energy=>5.5~6.5 MeV ) data, so that 74% of the hit PMTs
may satisfy the above conditions at 5.87MeV. '
Then the vertex point( Vieaner ) is reconstructed using only PMTs which satisfy the con-
ditions above. Subsequently the difference( AV ) between Viegner and the low-energy recon-
structed vertex position by the normal low-energy fitter( Vtitter ) is plotted Fig.C.4. As is seen
in Fig.C.4, AV become worse in lower-energy region. Events with AV greater than 500cm
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Figure C.4: AV distribution of low-energy events before “spallation cut” ( cf. Fig.5.7 ) in the
6.5~20MeV region(left) and in the 6.5~7.0MeV region(right)

are eliminated as misfit. To demonstrate the reduction power of this noise cleaner, cos sy,
distributions before and after this noise cleaner are shown in Fig.C.5, which indicate that the
background rejection power of noise-cleaner is about a factor of 1.5 ~ 2, and that is more
effective in lower-energy region.

C.2 Direction Cleaner

A misfit direction occurs in events with the vertex position near the edge of the fiducial
volume, as is shown in Fig.C.6. To reject such misfit events, Kolmogorov-Smirnov( K-S ) test
is used. The K-S test is a general statistical test which is applicable to unbinned distributions
that are functions of a single independent variable, that is, to data sets where each data point
can be associated with a single number( for example, lifetime of each lightbulb when it burns
out, or declination of each star). .

It is assumed that positions of hit PMTs uniformly distribute along the Cerenkov light ring.
Under this assumption, hit PMT number is used as the angle ¢ independent variable and a
cumulative distribution as a function of azimuth angle of hit PMTs as shown in Fig.C.7 is used
for the test. Ideally, the cumulative distribution function should behave like a dashed straight
line in the lower-left-figure in Fig.C.7. Distance between the two solid lines named “dirks”
illustrated by an arrow in Fig.C.7 is used as estimator of the K-S test. The “dirks” distributions
of the data( before “spallation cut(cf. Appendix.E)) and MC ( ®B solar neutrinos ) are shown
in Fig.C.8. The events with “dirks” >0.4 are thrown away.

Finally, the “dirks” cut combined with “Vertex cleaner” described in Section.C.1 is applied
to the data before “spallation cut(cf. Appexdix.E)” and the MC. The reduction function is
estimated for the data( typical “spallation” events ) and MC, as is shown in Fig.C.9. The
“spallation” events are supposed to have a uniform vertex position distribution over the fiducial
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Figure C.5: cos gy, distribution of low-energy events “spallation cut”(cf. Fig.5.7) before and
after vertex position position cleaner; for 6.5~20MeV (left) and for 6.5~7.0MeV (right), respec-
tively. The solid( dashed ) line represents data before( after ) vertex position cleaner.
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Figure C.6: A typical MC direction-misfit event. Larger circle is the wrongly reconstructed
Cerenkov ring, while the smaller one is the Cerenkov light ring expected from the true electron
direction.
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Figure C.7: Typical cumulative distributions of low-energy events. The upper-left(right) figure
demonstrates a typical well-fit(misfit) event which give the lower-left(right) cumulative distri-
bution. The dashed line in a lower figure is the expected line, from which the two parallel solid
lines pass the farthest data point on either side of the expected line.
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Figure C.9: Reduction factor of the Noise cleaners( vertex + direction ) as the function of recoil
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is the reduction factor for the & solar neutrino data(MC).

volume. The data and MC data keep good consistency above the analysis threshold energy of
6.5MeV. The difference is at most 0.7% and it is taken account in systematic errors.
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Appendix D

Muon track fitting

The event rate of cosmic-ray muons in Super Kamiokande is about 2 Hz. They emit a lot of
photons in the inner detector(ID), typically greater than 1000 photoelectron(p.e.), and hit the
outer detector(OD) as well. In Fig.D.1, a typical cosmic-ray muon which penetrates the detector
is shown. They are not direct background against 8B solar neutrinos, however, some of them,
especially, energetic enough induce a serious background named “spallation events”. While they

entrance point(P )

*Eﬁﬁer Kcmlokondeg

RUN 2945
EVENT
DATE
TIME

0
N
=Y
e
Q
o
1

=0
RO W NI

AN :
NMHITA:

exit point(P _ . )

exit

Figure D.1: A typical cosmic-ray single-track muon which goes through the detector. In the
event, the entrance point is at the upper-left corner of barrel region, while the exit point is
located in right-middle of the barrel region. The large circle indicates the Cerenkov ring edge

estimated by the muon-fitter.

are passing the detector, they occasionally spall 0 nuclei in the detector water and produce
radioactive isotopes. The low-energy events which originate from these radioactive isotopes are -
“spallation events”. The details of spallation events will be described in Appendix.E, however,
they have the following characteristic:
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e Their vertex positions are located along the parent muon track.
e The parent muon leave a large energy deposit.

e Time difference between the parent muon and a spallation event are characterized by decay
life time of the produced radioactive isotopes.

To reject spallation events, it is necessary to reconstruct the parent muon track as accurately as

possible.
In this chapter, a method to reconstruct a muon track will be presented. A method to reject

spallation events will be described in the next chapter.

D.1 Reconstruction method

A typical p hits a large number of PMTs. A brute-force reconstruction method such as
described in method described in Appendix.A would spend enormous computer CPU time: It
should be noted that the cosmic-ray muon rate is ~2Hz. A muon fitter should be much faster
than 2Hz. In order to reduce the CPU time, the muon fitter is composed of 2 stages: fast and
precise fitter. A flow chart of the muon reconstruction algorithm is shown in Fig.D.2. Muons

Fast reconstruction

|

1st Judgement

succeed
excess charge] fail
y

event

Y
Precise reconstruction

| |

2nd Judgement
succeed
fail l v
Finish reconstruction
use fast-reconstruction reconstruction fail (fitp)

result (fitp ) (unfitp)

Figure D.2: Schematic view of the p reconstruction

are then classified into 2 categories: well fit muons and unfit muons. The track information of
unfit muons is not, of course, used in the spallation cut. The treatment of fit as well as unfit
muons in the spallation cut are given in Appendix.E.

D.1.1 Fast reconstruction method

The entrance position( Pe,; ) is given by the position of the earliest hit-PMT in ID which
has more than 2 neighboring PMT hits within 5 nsec.

The PMTs around the exit point detect enormous amount of Cerenkov photons, because the
size of Cerenkov ring becomes relatively smaller. Then, the exit point is given by the center of
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gravity of charge-saturated PMTs with charge>231 photoelectron(p.e.). The saturation is due
to the limited ADC ( analog-to-digital converter ) dynamic range.
The direction ¢ is accordingly defined by:

N N
c= ZQ@”ZQ;’M (D.1)

where N is the number of charge-saturated PMTs, Q; is a charge recorded by the i-th charge-
saturated PMT and p'is a vector from the entrance to the i-th saturated PMT.

D.1.2 1st Judgment

To judge the quality of the fast muon fitter, the following 2 distances are introduced;

® L.y : the distance between the position of each charge-saturated PMT and the entrance
position

o Legzit © the distance between the position of each charge-saturated PMT and the exit
position

Then it is reqﬁired that at least one charge-saturated PMT which satisfies both Ly > 300cm
and Legz;: < 300cm( “geometrical condition” ) . These requirements are to reject stopping muons
which stop inside the detector and multiple muons as shown in Fig.D.3. If an event doesn’t satisfy
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Figure D.3: A typical stopping muon event(left) and multiple-muon event(right). The multiple-
muon event has two tracks.

these conditions, the fast reconstruction is judged to have failed, and the event goes to the next
step, i.e. the precise muon fitter. When the number of charge-saturated PMTs is large, the
fast muon fitter lose its precision. For this reason, muons which emit too many photons are
rejected, even if they pass geometrical condition. These muons are referred as “excess charge
event” which have ResQ > 25,000[p.e], where Res(Q is defined by

RGSQ = Qtotal - L# X 23, (D2)

in which Qjotqi(p-e.) is total charge of an event, L,(cm) is muon track length in the tank, and
23 p.e./cm is the average measured energy deposit by a penetrating muon. They also go to the
next step too. '
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D.1.3 Precise reconstruction

When the fast muon fitter fails to fit an event, the precise reconstruction is applied to the
event. It is also applied to excess charge event. This method is in principle almost the same
as the one employed in the vertex position reconstruction of the low-energy events. The only
difference lies that the finite muon track length is taken into account in the muon fitter whereas
the low-energy(10MeV) electron track is approximated as point-like in the vertex reconstruction.
The precise muon fitter is based on a grid search method using the following goodness as an
estimator;

1 1 1/t; —TN\2
goodness = Z—ﬁ X Zi:gg—exp [—5( 150, ) ] (D.3)
~ ti _ Tz _ lu(Pe:m’t) . lph(Pezit) (D.4)
c c/n

where T is the time when a muon hits ID, o; is timing resolution of the i-th PMT set uniformly
to 3 mnsec, T; is hit time of the i-th PMT, ¢ is the light velocity in vacuum, n is refraction index
of water(1.334), and {,,(Pezit) and lpp(Pegiz) are muon flight distance and Cerenkov photon flight
distance which are dependent on the muon exit point(Pey;t), respectively as shown in Fig.D.4.
The muon exit point( P.yy ) is iterated with the fixed entrance ( Pen: ) already determined by

Cosmic rayp F

/ o

N

W\

- N\

Super-Kamiokande detector

Figure D.4: Definition of [ p and Ly, for precise muon fitter.

the fast muon fitter so as to maximize goodness.

D.1.4 2nd Judgment
Events which satisfy the following 3 conditions are defined as fit-u

® Lent > 3000111

® Lezit < 300cm
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e goodness > (0.88

where Le,; is the distance between the position of each charge-saturated PMT and the entrance
position, and Leg;; is the distance between the position of each charge-saturated PMT and the
exit position.

Events which don’t satisfy the 3 conditions above are classified as unfit y, other than excess
charge events. Fzcess charge events which don’t satisfy the 3 conditons above are classified as
fit u as well, which use the fast reconstruction result.

D.2 Quality of reconstruction

D.2.1 Event type dependence of the muon fitter

To estimate the quality of the muon track reconstruction, 1000 real events are studied.
These events are classified into 5 categories; clear single-track muon, stopping muon, hard
interaction muons, edge clipping and multiple muons. The definitions are as follows;

e stopping muon: muon which stop inside the detector

hard interaction muons, where ResQ is greater than 25,000 p.e.

edge clipping : track length is less than 5m

e multiple muons : more than 1 muon are detected in an event.
o clear single-track muon

In Table.D.1, this classification is summarized. The fraction of unfit muon is approximately 6%.

u type number of event number of unfitted event
clear single 835 5
stopping 10 8
hard 41 2
edge clipper 58 ‘ 19
multi 56 28
total 1000 62

Table D.1: Event type dependence of the p-fitter

D.2.2 Track reconstruction resolution

The reconstructed P, (fitter) and Pe,;(fitter) are compared with those ( Pent(MC) and
P..i+(MC) ) given by a MC event generation. The difference in center point of the muon track
between these 2 methods is taken as track reconstruction resolution, as is shown in Fig.D.5. The
track resolution(1lo) is estimated to be 59c¢m for a typical single-track penetrating muon.
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Figure D.5: Track resolution of the muon fitter. For the MC single-track penetrating muon, the
resolution is estimated to be 59 cm.
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Appendix E

Spallation cut

E.1 Basic Idea

As described in Appendix.D, “spallation events” which originate from long-lived radioactive
isotopes induced by an energic cosmic-ray muon become serious backgrounds against 8B solar
neutrino events. List of spallation radioactive isotopes which decay via 3 and/or v decays is
summarized in Table.5.1. A spallation event has a strong spatial and time correlation with its
preceding parent muon. The parent muon tends to have higher energies than an unbiased muon,
as well. On the contrary, non-spallation events, e.g., 8B solar neutrinos, G-rays from 21“Bi decay,
~-rays from outside of the detector, have no such correlation. To judge how a low-energy event
looks like a spallation event, a spallation likelihood function is defined. Then the reduction
factor of the spallation cut is estimated.

E.2 Likelihood function

First, the following 3 parameters, DT, DL and Res(Q, related with a parent muon are defined:
DT is time difference between low energy event and the preceding parent muon.

DL is the shortest distance between the muon track and the vertex position of the low energy
event.

Res() is the residual muon charge as defined in Eq.D.2 Then, the spallation likelihood function
is expressed by:

Lepa(DL,DT,ResQ) = LLL(DL,ResQ)- LYL(DT) - LEI9(ResQ) (E.1)
for fit muons which have muon track information
= LDT(DT) - LEAQ(ResQ) (E.2)

for unfit muons which have no muon track information

( see Appendix.D )

where LDL(DL, ResQ), LS%;(DT), and LgﬁfQ(ResQ) are three likelihood functions described
below.
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E.2.1 LPL(DL, ResQ)

spa

Six DL distributions (L:_,,..ciatea(DL);i = 1,6) are made for pairs of time-correlated(
DT < 0.1sec ) low-energy ( Neyr>50(~8MeV) ) event before the spallation cut and the preceding
muon, as is shown in Fig.E.1, where the subscript ¢ represents one of six Res(Q) regions: 1)
ResQ < 2.5x10%[p.e.], 2) 2.5x10* < ResQ < 5.0x10%[p.e.], 3) 5.0x10* < ResQ < 1.0x10%[p.e.],
4) 1.0 x 10° < Res@ < 5.0 x 105[p.e.], 5) 5.0 x 10° < ResQ < 1.0 x 108[p.e.], and 6) ResQ >
1.0 x 10%[p.e.].
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Figure E.1: DL distributions. DL distribution are made in 6 Res() regions: < 2.5 X 10%[p.€],
2.5%x10% ~ 5x10% 5x10* ~ 1x105, 1x10% ~ 5x105, 5x 10% ~ 1 x10%, > 1x 108. Solid line
represents the time-correlated low-energy events and dashed line stands for the non-spallation
event.

Then, six DL distributions ( Lf,,,_sq(DL);i = 1,6 ) are also made for pairs of fake low-energy
event which are generated uniformly in the fiducial volume(22.5kton) by a MC simulation and
a real cosmic-ray muon reconstructed by the muon fitter ( see Appendix.D ), as is shown in
Fig.E.1. The time corrlated events have a sharp peark in a small DL region, whereas non-
spallation events distribute in a smooth phase space. Those peak events are treated as true
spallation events. Then, the probability functions P,.(DL) and PRE_pa(DL) are calculated
as followes:

PpY(DL)* i correlated(DL) — Lhon—spa(DL) (E.3)
Pron-spa(DD)" = Lnonspa(DL) (E4)
And a likelihood function DL .
Lipu(DL) = 2 ©5)
non—spa(DL)z
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is defined and shown in Fig.E.2
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Figure E.2: L%, (DL) distributions.

Then as shown in Fig.E.2, a fit is made to L% ,(DL, ResQ) , assuming a function of

D
Lifs(DL) = 4; - PGP (E.6)
where A;, B;, and C; are free parameters:
A; = 2.836, By = 5.594, C; = 2.107
Ay = 5.406X10_1, By = 7.176, Cy = 2.087
A3 = 2.705x107%, By = 7.608, Cy = 1.850 (for DL < 2.502m)
A3 = 2.705x107!, By = 5.071, Cy = 0.836 (for DL > 2.502m)
Ay = 6.607x1072, By = 8.175, Co = 1.301 (for DL < 3.635m)
Ay = 6.607x1072, By = 5.706, Cy = 0.622 (for DL > 3.635m)
As = 1.075x1072, By = 9.187, Cy = 0.902 (for DL < 5.201m)
As = 1.075x1072, By = 7.288, Cy = 0.537 (for DL > 5.201m)
Ag = 2.834x1073, By = 9.843, Cy = 0.713 (for DL < 5.470m)
Ag = 2.834x1073, By = 7.813, Cy = 0.342 (for DL > 5.470m)
Finally,
6
LDY(DL,ResQ) = > Lufi . ©(ResQ — ResQ;) - O(ResQit1 — ResQ) (E.7)
i=1

is obtained, where the subscript ¢ represents one of six Res(Q regions: Res@; = 0, ResQq =
2.5 x 10%[p.e.], ResQs = 5.0 x 10%[p.e.], ResQs = 1.0 x 10%[p.e.], ResQs = 5.0 x 10%[p.e.],
ResQg = 1.0 x 10%[p.e.], ResQ7 = 1.0 x 10%[p.e.].
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E.2.2 L, (DT)

A DT distribution( Ts_corretatea( DT) ) is made for pairs of spatially-correlated( DL < 3m )
low-energy( Nggg > 50 ( = 8MeV ) ) event before the spallation cut and the preceding muon,
as are shown Fig.E.3. Then, probability functions sz(DT) and PPT_ spa(DT) becomes:

300 80
60
200 i
10 |
N Lt ] t
100 s i
2 T T i
i E Hh
0 Lo b Ly L O'nluwrf|||’||\
0 002 004 006 008 O.1 0.2 0.4 0.6 0.8
sec sec

100

Figure E.3: DT distributions. Typical nucleus lifetime are supposed in each time
region; 0~0.1sec:}2B(80%),52N(20%), 0.1~0.8sec:3Li(100%), 0.8~dsec:3Li(90%),5>C(10%),
4~15sec:3®N(100%), 15~100sec:;'Be(100%). Lowest-right-figure represents whole time range

Pipa (DT) = Ty correlate(DT) (E.8)

Prnspa(DT) = 1 (E9)

It should be noted that the PRT__ (DT) distribution is supposed to be a constant(=unity).
Then, Lgpq(DT) is obtained by making a fit to the function %g% = Ts_correlated(DT) ,

assuming a linear combination of exponential functions of DT’

7 DT

Laa(DT) = Y 4i(5) ™, (E.10)
i=1

where A; is a free parameter and 77/, ; is a fixed half-life of 7 typical radio active isotopes:
Ay = 33900, T 5, = 0.0110sec ( 3N )
Ag = 120100, T} /39 = 0.0203sec ( 2B)
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As = 338.6, Ty 33 = 0.178sec ( 9Li )
Ay = 1254, Ty j9 4 = 0.84sec ( 8Li)
As = 134.7, Ty /5 5 = 2.449sec ( §°C)
Ag = 676.1, T1 )96 = 7.134sec ( 16N )
A7 = T7.791, Ty 5 7 = 13.83sec ( i'Be)
One notices a characteristic nucleus life time in each DL region, as is shown in Fig.E.3.

E.2.3 LEeQ(ResQ)

spa

A ResQ distribution( Q¢—corretation (ResQ) )is made for pairs of time-correlated( DT < 0.1sec
) low-energy( Ness > 50( 8 MeV ) ) events, before the spallation cut and the preceding muon,
as is shown in Fig.E.4. Then another ResQ distribution( Qnon—spe(Res®) ) is made for pairs of

P B

PR B R M R | B
0 1000 2000 3000
ResQ(spa) pexlo’

X(7.12x10°%

1;_Llllllllll'IIJIIIIIIIIIIIIIII‘A
0 1000 2000 3000

ResQ for Normal Muon p.exl0 3

Figure E.4: ResQ distributions for spallation muons(upper) and for un-biased muons(lower).

uncorrelated event and a real cosmic-ray muon reconstructed by muon fitter( see Appendix.D
), as is also shown in Fig.E.4.
The probability functions PE¢Q(ResQ) and PX*9  (ResQ) are calculated as follows:

spa non—spa

Pye@(ResQ) = Qi-correlated(ResQ) — Qnon—spa(ResQ) (E.11)

PrinZopa(ResQ) = Qnon—spa(ResQ) (E.12)

Consequently, Lgp,(ResQ) is obtained by making a fit to the function % shown in
Fig.E.5, assuming a 4**-polinominal and 2*»-polinominal function of ResQ:

Lm(Res) = { EE TS B0 S 5010 ©1
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where A; is free parameter:
for ResQ < 5.0 x 10°
Ag = 1507 x 1074, A; = 7.138 x 1079, Ay = 9.987 x 10714
Az = —1.307 x 10719, A4 = 6.407 x 10726
for Res@ > 5.0 x 10°
Ag = —2.644 x 1072, A; = 7.086 x 1078, Ay = —3.661 x 10~1°
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102— | 't ’

d I |
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1000 . 1500 2000 2500 30003
ResQ(spa) x 10

Figure E.5: Lgpe(ResQ) distributions. .

E.2.4 How to find a pairing muon

The spallation likelihood is calculated for a pair of low-energy event and preceding muon
candidate. The candidate muons are traced back to 100sec before the low energy event. Then,
a pair which gives the maximum likelihood( Lgpe(DL, DT, Res@) ) is selected. There are 2
different set of spallation likelihood distributions; one for well fit muons and the other for unfit
muons( See Chapter.D ), as are shown in Fig.E.6.

E.3 Dead time due to the spallation cut

To estimate dead time which comes from the spallation cut, a “Random sample” is used.
To generate this sample, one collects very low-energy events( N50 < 25 hit and Ny < 30 hit(
~ 5MeV )) roughly every 10 second, and randomize their vertex point artificially. They are
supposed to be caused by (-rays from radon decays in the water or y-rays from the surrounding
rock. Hence, this sample assumedly have no correlation with cosmic-ray muons.
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Figure E.6: spallation likelihood distributions for fit muons(upper) and for unfit muons(lower),
together with the expected distributions from a random-timing sample. In each figure, the solid
line represents real data, and the dashed line represents random timing sample. As is seen in
the lower figure, there is no significant difference between the two distributions. Accordingly
the spallation cut using unfit muon causes a large dead-time.
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The cut is determined so as to maximize “Significance” defined below:

e ‘ 1 — deadtime
Significance = ————,
Vremaining

where “dead-time” is dead-time estimated by the random sample, and “remaining” is the re-

maining number of real events.
Figure E.7 shows two-dimensional distribution of dead time and significance. Finally, the cut

(E.14)

Significonce
g
a
T

165 |-

1.55

L B

1.45

%

'S
T T T

L T NP E HF RS B SR B B U S R
. 10 20 30 40 50 60
Dead Time

Figure E.7: Dead-time vs Significance. The horizontal axis is dead time in unit of %, estimated
by a random sample, and the vertical axis is significance defined in Eq.E.14.

in Likelihood is set at 1.06( fit muon ) and 0.92 ( unfit muon) where dead time becomes 19.5%.
Furthermore, event vertex position dependence of dead-time introduced by the spallation cut
is studied. In Fig E.8, dead time estimated at several positions is shown. The difference in 8B
neutrino flux between a constant dead time of 19.5% and the position dependent dead-time is
about 0.05%. The time variation of the dead-time is also estimated to be +0.5%. . @
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Figure E.8: Position dependence of dead-time. The horizontal axis is distance from top(barrel)
of the detector in the left(right) figure. The vertical axes are dead time.
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Appendix F

Energy Determination

In a low energy region(~10MeV), the number of hit PMTs is used to calculate the energy
of an event. A recoil electron scattered by a 8B solar neutrino gives typically 10MeV equivalent
of energy deposit in the Super-Kamiokande detector. The hit PMTs ( 45 hits at 10MeV in the
center of detector) detects mostly a single photoelectron signal. The energy is approximately
proportional to the number of hit PMTs. Therefore, the number of hit PMT( Np;; ) is used for
energy determination after applying some corrections.

The corrected Np;; is called as Neyy and is defined by Eq.F.1. In the N i3 calculation, the
number of hit PMTs which are included in the 50 nsec timing window after Cerenkov photon
TOF! subtraction( Nso ) is used. Then, the definition of N, ¢f is expressed by

Nso
N, Lj .
Neff = E : N ;z‘ll X Rcover(aia ¢1) Xer X fperiod('&) X (Xz + €tail — fdark)] (Fl)
i=1 L1 Yalive

where Ny is the total number of PMTs in the detector which is equal to 11146, Ngjive i8 Ngy -
Nyead( appr0x1mately 100 ), and the other parameters will be described one by one.

The first term( L ) in Eq.F.1 is a correction factor for dead PMTs.

The second ’cerm(z Rcm,eT (65, ¢;) ) in Eq.F.1 is inverse of the photo-detection probability of
each PMT. The definition of 6; and ¢; is described in Fig.F.1. The Rcgyer(6;, ¢;) distribution on
the (6;, ¢;) plane is shown in Fig.F.2 .

The third term( ex ) in Eq.F.1 is a correction factor for light attenuation in the water. L; is
distance between the vertex point and the i-th PMT. A is the light attenuation length. For this
correction, light attenuation length measured by p-decay electrons is employed( Section.4.4.2 ).

The fourth term( fperiod(¢) ) in Eq.F.1 is a correction factor for gain variation of PMT at
single photon-electron level. The gain is dependent on the production time of each PMT which
is described in Section.4.1.2 Then

0.833  old PMT(375PMTs)

foerioa = { 1 new PMT(10771PMTSs) 2

The fifth term( (X; + €tqq + €dark) ) in Eq.F.1 is a correction factor for the number of hit
PMTs.

1Time Of Flight
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X; is the expected number of photoelectrons detected by i-th hit PMT. This is estimated
using the number of hit PMTs neighboring the i-th PMT. The definition of X; is

. 109;‘

At _ 1—-=z .

X; = { o= - wm<l (F.3)
3 Tr; = 1

where z; is the ratio of the number of hit PMTs to number of live PMTs in the neighboring
PMTs around the i-th hit PMT( typically 9 = neighboring 8 PMT + i-th PMT ), and A; is a
mean value which gives a Poisson distribution satisfying the following equation,

_ )\2 X e~ M

0l =1-uz; (F.4)

R

€tai1 18 a correction factor for delayed hits originating from light reflection on the surface of
PMT and €4,4% is a correction factor for dark noise. The definitions of them are:

Nigo — N

€tail — % (F5)
Npmi X Rategerr, X 100nsec

€dark — pmt N:; (FG)

where Ny is the number of hit PMTs in 100nsec time window, and Rateg,+% is the dark noise
rate in a run. :

Based on a MC simulation, the correlation between Ng;; and generated energy of electron
events is demonstrated in Fig.F.3. Finally an event energy E is approximated by the following
function of Neyy.

E = 0.74736 + 0.13551 - Nss — 0.63038 x 10™* - N2 + 0.45283 x 107° - NJ;;

—0.68723 x 1077 - Nz,
~ 0.74736 + 0.13551 - Nesy (F.7)
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Figure F.3: The correlation between Nss and generated electron energy by a MC simulation.
The line is fitted by the 4th-degree polynomial function
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