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Abstract

A study of the atmospheric neutrino interactions was carried out using the data from a
50 kton-water Cherenkov detector, Super-Kamiokande. We observed 6982 fully-contained

and 470 partially-contained events with an exposure of 52 kton year.

We studied the (u-like/e-like) ratio of the single-ring events and compared it with a
theoretcal prediction. We found that the ratio was significantly smaller than the theo-
retical prediction in both sub- and multi-GeV energy ranges. In addition, we studied the
zenith angle distribution of these events. We found that the zenith angle distribution
of e-like events were in good agreement with the theoretical prediction. On the other
hand, the zenith-angle distribution of the p-like events showed a significant deficit of the
upward-going events. These data are explained by neutrino oscillation between v, and
v; or between v, and Vsierie, Where Vgerie is a new, hypothetical particle which does
not interact with matter via charged current nor neutral current interactions. From these
data, we estimated the allowed region of neutrino oscillation parameters, Am? and sin?26.
The 90% C.L. allowed region was found to be within 1.5 x 1072 < Am? < 7 x 1073eV?
and sin?26 > 0.83 for both hypothesis. These observations reconfirmed, with a higher

statistics, the atmospheric neutrino oscillation reported by the same experiment in 1998.

We have also studied partially-contained events and fully-contained multi-ring events.
These events were used to distinguish the v, — v, and v, — Vgere oscillations. In
the case of v, — Vserite oscillation, matter effect must be taken into account in the
neutrino oscillation analysis. Since the matter effect suppress the oscillation for high
energy neutrinos, zenith angle distribution of the partially-contained events was studied to
distinguish the two neutrino oscillation modes. Fully-contained multi-ring events contain
a large number of neutral current events. Since Vg4 does not interact with matter, we
should observe a deficit of upward-going neutral current events for v, — Vserize 0scillation.
The Up/Down ratios of these two data sets and the corresponding predictions based

on the v, — v, hypothesis agreed. On the other hand, the predictions based on the



Y, — Vgerile hypothesis had poorer agreements with the data. By combining studies of
partially-contained events and fully-contained multi-ring events, we concluded that the
U, — Usterite OScillation hypothesis as the solution of the atmospheric neutrino oscillation
was disfavored at 99% C.L. for most of the region indicated by the fully-contained single-
ring analysis. We also found that this conclusion was supported by the upward-going

muon data.
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Chapter 1

Introduction

Since its first postulation in 1930 by Pauli [1], the neutrino has played a crucial role in the
understanding of particle physics. The existence of the neutrino was confirmed in 1956
by Reines and Cowan [2] detecting anti-neutrinos from a nuclear power reactor by the
reaction, 7+p — e’ +n. In this experiment, anti-electron-neutrinos were detected. Then,
in 1962, the muon-neutrino was observed [3] by an accelerator experiment via v, N — puN’,

where N and N’ are nucleons.

Another important step was taken by Lee and Yang who proposed parity violation
in beta decay [4]. Parity violation was discovered by measurements of the angular dis-
tributions of beta-decay electrons from polarized ®°Co atoms by Wu et al. [5]. It was
recognized that parity violation in weak interactions could be explained by a vanishing

neutrino mass.

From these developments, it became natural to consider a theory of two component
neutrino in which the neutrino was exactly massless. The massless neutrino was one of

the key features of the present “Standard Model”[6, 7, 8] of particle physics.

However, there is no fundamental reason that the neutrino must be exactly massless.
Indeed, the smallness of the neutrino mass was naturally explained by the seesaw mecha-
nism [9, 10]. Experimentally, there were lots of works to detect the small neutrino mass.
Last year, the evidence for neutrino mass was reported by the observation of atmospheric

neutrinos in a 50 kton water Cherenkov detector, Super-Kamiokande [11].
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1.1 Atmospheric neutrino

Atmospheric neutrinos are the decay products of mesons produced from the collisions
between primary cosmic-rays (mainly protons and a-particles) and nuclei (mainly nitrogen
and oxygen) in the atmosphere.

They are composed of (l/_u) and (I/_e), and originate principally from the following decays:

) (1/;) from ) (l;e) from
— 7t =yt o, — K9 — nfet (1/_6)
— K* — (1/_,3 — pF = et (_N)(l/_e)

— K% — nFpu* (I/_M)

e 55

Figure 1.1 shows a compilation of the cosmic ray spectra by Webber and Leziak [12]
for hydrogen, helium, and CNO nuclei. Based on this primary cosmic ray fluxes, Honda
et al. [13] calculated the atmospheric neutrino flux. The spectrum of the atmospheric
neutrino is approximately proportional to £~ at multi-GeV region; v is about 3.0 and
3.5 for v, and v, respectively. Figure 1.2 shows the energy distribution of the expected
atmospheric neutrino fluxes.

The uncertainty in the absolute flux of the atmospheric neutrino is estimated to be
~ 30% due to the uncertainty in the absolute flux of the primary cosmic-rays and the
cross sections in the collision. However, (v, + v,)/(v. + V) ratio can be calculated with
the uncertainty of less than 5 % over a broad range of energies from 0.1 GeV to 10
GeV [13, 14], because the production of v, and v, is dominated by the pion decay chain
at this energy range.

Figure 1.3 shows the expected atmospheric neutrino flavor ratios calculated by two
independent groups. Figure 1.3 (a) demonstrates the uncertainty of (v, + v,)/(ve + 7e)
prediction is small at E, < 30GeV.

Moreover the zenith angle distribution of the atmospheric neutrino fluxes play very
important role in this thesis. Since the primary cosmic ray particles enter into the Earth
isotropically, the atmospheric neutrino fluxes are expected to be up-down symmetric.

Figure 1.4 shows the calculated zenith angle distributions. Actually, the geo-magnetic
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field effect breaks this symmetry at low E, region. However this asymmetry decreases

with increasing FE,, and is negligible at E,, > 5GeV .

1.2 Observation of the atmospheric neutrinos

In the 1980’s, massive underground experiments started to search for nucleon decay.
These experiments were able to detect the atmospheric neutrinos, but the study on the
atmospheric neutrino was carried out only to estimate a background to the nucleon decay
search.

However, the Kamiokande experiment [15, 16, 17, 18, 19], which was the immediate
predecessor to the Super-Kamiokande detector, carefully studied them, and consequently
discovered the existence of the so-called ”atmospheric neutrino anomaly”. In 1988, the
group reported that the observed /e ratio, which is expected to be ~2 at E, ~ 1GeV
with 5 % uncertainty, was close to one. This report made the study of the atmospheric
neutrinos be an important measurement on its own, and motivated other underground
experiments to study the atmospheric neutrinos carefully.

The observed /e ratios were reported as R = (u/€)data/ (14/€) s, Where p and e are
the number of muon like (u-like) and electron like (e-like) events observed in the detector

for both real data and Monte Carlo simulation. If the observed value of (v,+1,)/(ve+7) is
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consistent with the Monte Carlo prediction, R should be unity. Table 1.1 summarizes the
atmospheric neutrino measurements. The R obtained by the water Cherenkov detectors,
Kamiokande and IMB(Sub-GeV), were significantly smaller than unity, and indicated the
existence of the atmospheric neutrino anomaly. On the other hand, Nusex and Frejus,
which were iron calorimeter detectors, reported that their results were in agreement with
the Monte Carlo prediction. Therefore the atmospheric neutrino anomaly was sometimes
supposed to be a particular problem to the water Cherenkov detectors. However, the
other iron calorimeter, Soudan II, observed small R and showed the anomaly was not
the issue due to the water Cherenkov detectors. The results of these experiments had
large spread in the central values and relatively large uncertainties, so that the more
precise experiments were required to confirm the existence of the atmospheric neutrino
anomaly and to find out what is the solution of this anomaly. Therefore we constructed
50 kton water Cherenkov detector, Super-Kamiokande, which enables us to carry out a

high-statistics atmospheric neutrino measurement.

Experiment R
Kamiokande(*) sub-GeV [18] 0.60 +007 +4(.05

— 0.06

multi-GeV [18] 0.57 +008  +(.07

— 0.07

IMB sub-GeV [20]  0.54 % 0.05 & 0.12
multi-GeV [21] 1.4 +04 +0.3
Soudan II [22] 0.72 £ 0.19 £ 0.06
Nusex [23] 0.99 +o3s
Frejus [24] 1.00 £ 0.15 + 0.08
Table 1.1: Summary of the obtained R == (u/€)gata/(1t/€)mc from the experiments

before Super-Kamiokande. (*) sub-GeV (multi-GeV) indicates E,;; < 1.33GeV (Ey;s >
1.33GeV), where E,;; is the energy of an electron that would produce the observed amount

of Cherenkov light.

Recently, the Super-Kamiokande experiment reported the results based on 33 kton-
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year’s atmospheric neutrino data [11]:

0.63 £ 0.03(5¢ae) = 0.05(5y5) sub— GeV
R (stat.) (sys.) (1.1)

0.65 £ 0.05(staz.) = 0.08(4ys.)  mults — GeV
Both R were significantly smaller than unity by more than 4 standard deviations. These
results were consistent with that of the Kamiokande and IMB(sub-GeV), and confirmed
the atmospheric neutrino anomaly.

The other important report[11, 25| from the Super-Kamiokande experiment was on
the zenith angle distribution of the atmospheric neutrinos. As mentioned, the zenith angle
distributions of the atmospheric neutrino fluxes should be Up/Down symmetric at multi
GeV region. In contract to this, the observed Up/Down ratios by the Super-Kamiokande
were:

Up/D 0.93 ‘_Lgig (stat) £ 0.02(5y5) € — like
p/Down =

0.54 *+9% (45) £0.01(5y5) p— like

— 0.05

The deviation of Up/Down for p-like events from unity was 6 o, whereas that for e-
like was consistent with the expected one. This means that the zenith angle anomaly is

particular to u-like events, and it is too large to be explained by a statistical fluctuation.

1.3 Neutrino Oscillation

Atmospheric neutrino data from Kamiokande and Super-Kamiokande can be explained
by neutrino oscillations [26, 27]. In the standard model, neutrinos were regarded to be
zero mass particles. However, if neutrinos have nonzero mass, then the eigenstates of
the mass can be different from the ones of the week interactions flavor eigenstate. As a
result, neutrinos oscillate among different neutrino flavors. This phenomenon is called as
'neutrino oscillations’. In the case of v, — vg neutrino oscillations, the flavor eigenstates

are expressed as combinations of mass eigenstates vy, v, as follows:

Vg cosf sind v v
' vl (1.2)
Vg —sinf cos@ Vs Vo
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with 6 being the mixing angle.
The states v, and v are produced in a weak decay process. However their propagation

in space-time are determined by the characteristic frequencies of the mass eigenstates:

v(t) = n(0)e™,
va(t) = vy(0)e (1.3)

Since momentum is conversed, the states v;(t) and v»(t) must have the same momentum

p. As a result, if the mass m; < p(i=1,2):
m
Pt (1.4)
Thus, the from Eq. 1.2 and 1.3 we find:

Va(t) . o—iFit 0 - v4(0)
vg(t) 0 et v5(0)

(1.5)

Suppose we start at ¢ = 0 with v,(0) = 1, v3(0) = 0, the surviving probability of v, at

time=t, v,(t), is calculated as follows:

PV = Vy) = 1 — sin® 20 sin” (@) (1.6)

From 1.4, this equation is rewritten as:

2
P(vy — v4) = 1 — sin®20sin? (Am L) (1.7)
P
) ) L
= 1—sin” 20sin (wl—) (1.8)

where [, is the oscillation length, which is 47p/Am?, Am? = m2 — m?, and L is the

distance from the source.

Neutrino oscillation experiments Neutrino oscillation is tested by using the atmo-
spheric, the solar, the reactor, and accelerator neutrinos. The Super-Kamiokande exper-
iment obtained the allowed region Am? v.s. sin® 26 for v, — v, oscillation based on the

atmospheric neutrino data [11]. Figure 1.5 illustrates the allowed region of (sin* 26, Am?)
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Am? sin® 26
MSW (large angle solution) | ~ 0.9 x 107° ~ 0.6
MSW (small angle solution) | ~ 0.6 x 10™° ~ 7 x 107°
MSW (low Am? solution) | ~ 0.7 x 1077 ~ 0.8

vacuum oscillation ~ 10710 ~ 0.9

Table 1.2: The allowed region from the solar neutrino observation; Homestake [32],

GALLEX [33], SAGE [34], and Super-Kamiokande [35].

obtained by the Super-Kamiokande experiment. This figure concluded that the atmo-
spheric neutrino data were in good agreement with v, — v, oscillation with sin® 6 > 0.82
and 5 x 107 < Am? < 6 x 1073eV? at 90% confidence level.

Also the results from the Chooz experiment [28] put stringent limits on v, — v,
mixing in the interest region of Am?. Therefore the hypothesis of v, — v, oscillations as
an explanation of the atmospheric neutrino data is disfavored.

Besides the atmospheric neutrino, the Super Kamiokande experiment observes the
solar neutrino. Additional signals of neutrino oscillations ! arise from solar neutrino data.

This result is summarized in Table 1.2.

1.4 Matter effect

When neutrinos propagate in matter, they acquire additional potential energy from their

forward scattering amplitude. This effect was first pointed out by Wolfenstein [36](see

also [37, 38]). In the presence of matter with constant density, we solve the following

equation to obtain the time evolution of neutrino:
d l/a El

. _ | 0 Ul V, 0 Vg
Vit B

(1.9)
Vg 0 E2 0 Vﬂ Vg

ILSND [29, 30] reported they found the evidence of the v, — v oscillations. Their result suggests
the parameter range is Am? ~ 1eV? and sin? 26 ~ 10~2. But KARMEN [31], which is the same type

experiment as LSND, cannot confirm it. Hence I do not use the LSND result in this thesis.
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Figure 1.5: The allowed neutrino oscillation parameter regions obtained by Kamiokande
and Super Kamiokande [11]. This analysis is based on the observation of the atmospheric

neutrinos.
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We can solve this equation to obtain the effective mixing angle 6,, and the oscillation

length [,,, as follows:

sin® 20, = sin” 20
" [¢ — cos 26]2 + sin? 260’
l

ln = Y 1.10

V¢ — cos 26] + sin® 20 (1.10)

where
¢ = Qp(va — Vg)
Am?

The potential of v,, V,, is given by

(1.11)

2
Va == \/EGFTL’Y (L(a) — AaT >

M,
where Gy is the Fermi coupling constant; My, is the W boson mass; T is a temperature;
n., is a number density of photons; and A, is a numerical factor given by A, ~ 55 and

A, ~ 15.3 [39, 40]. The quantity L(®) is given by

1 1 1
L™ =1L, +L,+L,+L, + (:I:§ + 25sin? ew) L.+ (5 — 25sin? 9W> Ly = 5L
(1.12)

where the plus sign refers to @ = e and the minus sign refers to « = p,7. Also L, =
(N — na)/n, where n is the number densities. For anti-neutrinos, one must replace L(®)

by —L() in Eq. 1.11.

Matter effect in the Earth From the above discussion, it is clear that the matter has
no effect in the case of v, — v; oscillation. However, if we assume the neutrino oscillation
between v, and a non-interacting sterile neutrino, v,, the matter effect must be taken in
account. When the v, — v, oscillation occurs in the Earth, L s —%Ln, because the
density of neutrinos is negligible and the density of electrons and protons is identical.
And the term related to 7" in Eq. 1.11 is negligible at the normal temperature 7' ~ 300K.

Therefore the effective potential for the v, — v, oscillation is given by:

V2 -5 P eV?
Vi—Vs= _TGFH" =—-95x10 E [@}

Vis (1.13)
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where p is the mass density, p, = 5¢g-cm ™2 is the average mass density in the Earth. Here
the neutron fraction is assumed to be 0.5. For the anti-neutrino, the sign of potential
changes to plus. For | < 1| (corresponding to low neutrino energies), the matter effect
is negligible and the behavior of the v, — v, neutrino oscillation is same as the vacuum
oscillation. For |¢ > 1| (high neutrino energies), the effective mixing angle and oscillation

length becomes:

A 2\2
sin?26,, — (Am”) sin? 26

4p*V 2
7 Po
Im — ~ 1.3 x 10*22 km (1.14)
Vs p

The oscillation length for the high momentum neutrino is independent of E or Am?,
and closes to be the diameter of the Earth. The survival probability of v, at the high
energy limit is:

(Am2)2 . 9 o VusL
P,(vy = v,) = 1— W sin® 26 sin 5 (1.15)

In the case of short L compared to the Earth’s diameter, P,, becomes 1 — (Arlnszp)f L2 gin? 20,

which is the same as P in vacuum oscillation at high momentum limit. For |(| ~ 1, the

matter effect is strongly enhanced. This condition is rewritten as:

Am? Am? Do
E,ow=——=24—— — 1.1
2Vus (Amgtm) ( P ) (GeV] (1-16)

where Am?, = 2.2 x 1073eV? is the best fit value for v, — v, oscillation obtained by
the Super Kamiokande experiment [11]. In the case of Am? > 0, the v, — v oscillation
is enhanced around E,,, and the v, — v, oscillation is suppressed at the same energy
region. For Am? < 0, on the contrary, v, — v (¥, — %) is enhanced (suppressed). This
is because of the difference of sign of V,,,. Figure 1.4 shows the survival probability of
neutrino with energy E = 5, 10, and 20 GeV in the case of Am? = 2.2 x 1073 and sin? 24
= 0.7 and 1. Figure 1.7 shows the mass density distribution of the Earth used in this
thesis [41].
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(d) for v, — v, with sin®20 = 0.7 The structure of v, — v, at cos® ~ —0.8 is caused by

the core of the Earth.
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1.5 Sterile neutrino

In this section, we describe the “sterile” neutrino mentioned in the previous section. v, is
requested to explain the atmospheric neutrino anomaly, and at the same time, to interpret

neutrinos as the candidate of hot dark matter.

1.5.1 Indication of the Hot dark matter model

Another interesting subject related to the massive neutrino physics is the hot dark matter.
Neutrinos are the most natural candidates of the hot dark matter, because they are
solitary particles whose existence have been confirmed. In the standard big bang model,
the contribution of the massive neutrinos to the energy density is given by [42]

Zz’ m‘/i

Qneutrino = 92h2eV (117)

where h ~ 0.7 is the Hubble constant in units of 100km - s™1 - Mpc~!. Tt was reported
that a hot+cold dark matter mixture with €,cutrines ~ 0.20 — 0.25 can explain the struc-
ture formation [43]. This corresponds to 3 eV < m, < 7 eV 2, if v, has the heaviest

mass among all flavors of neutrino, and neutrinos have the large mass difference in the

2Recent results from CHORUS [44] and NOMAD [45] excluded the v, — v, oscillation with parameter
region Am? > leV? and sin® 26 ~ 1. However if the mixing angle among v, and v, is less than 1074,

the experimental results are compatible with this assumption.
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same way as the charged leptons. However this assumption is not compatible with the
observations of the atmospheric and solar neutrinos. Figure 1.5 proves M, ~ 5x1072eV,
that contradicts with Eq. 1.17. Accordingly, another neutrino to solve this question is
introduced into the frame of neutrino oscillation. The new neutrinos should not interact
with matter via weak current, because the number of active neutrinos with M, < M,./2
are proved to be 3 by experiments at LEP and SLAC [46]. Therefore this new neutrino

is called “sterile” neutrino.

1.5.2 Constraints for sterile neutrino

Bounds on the existence of sterile states with large mixing to the standard neutrinos have
been obtained from cosmological considerations. For large enough values of the mixing
angle and Am?, the oscillations of standard neutrinos into sterile ones can bring the sterile
states into the thermal equilibrium with matters before the nucleosynthesis epoch. The
increase in the energy density results in the overproduction of primordial helium, spoiling
the success of Big Bang Nucleosynthesis. Schramm and Turner [47] have estimated the
upper limit (95 % C.L.) on the number of light degrees of freedom at nucleosynthesis
as N, < 3.6. This bound, according to the analyses in [48, 49, 50, 51, 52, 53, 54],
is incompatible with the explanation of the atmospheric neutrino problem due to the
mixing between muon and sterile neutrinos, because the allowed region in the oscillation
parameter space would result in NV, ~ 4.

However a recent work [55] has shown that this cosmological bound can be evaded,
considering the suppression of oscillations due to the possible presence of a lepton asym-

metry in the early universe that can be generated by the oscillations themselves.

1.5.3 Pseudo-Dirac neutrinos model

Here we introduce a scenario, “pseudo-Dirac neutrinos model” [56], which predicts “sterile”
neutrino. This model can lead to the maximum mixing of v, — v, oscillation by installing
the “right-handed” neutrinos and the light “Majonara mass”. The result from Super-
Kamiokande [11] proves neutrinos to be massive particles. It indicates the evidence of the

“right-handed” neutrinos, because it is natural that the neutrino mass is derived from the
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coupling of the “left-handed” and the “right-handed” ones. Moreover neutrinos can have
the Majonara mass term, because they are neutral particles. Therefore a prerequisite for
the “pseudo-Dirac neutrinos model” is naturally introduced from the neutrino oscillation.

This model interprets v, as the “right-handed” neutrino, which dose not interact with
matter via weak interaction. The v, — v, oscillation is thought to be v,;, — 1,,. The
reason why v, is not v,g but v, is that v, — v, oscillation must conserve the angular
momentum.

Generally, the neutrino mass term (Dirac-Majonara mass term) can be added to the
standard model Lagrangian without special modifications. For one neutrino generation,

neutrino mass eigenstates are expressed as:

VAmE4 + (m, — mg)? £ (mg, + mg)
2

where mp is the Dirac mass, and my, mg are the left and the right handed Majonara

(1.18)

mio =

masses. The mixing angle between the two states corresponding to the above mass eigen-
state is:

2mD

tan 20 = (1.19)

mpr — MMy,
The “pseudo-Dirac neutrino model” assumes mr = mz = dm < mp, so that Eq. 1.18

can be rewritten as
mi2 = mp £ dm (1.20)
Therefore,
Am? = 46m - mp (1.21)

in this scenario. Also the right term in Eq. 1.19 goes to infinity, which means sin® 26 = 1.

The maximum mixing of v, — v, are conducted.

1.6 Difference between v, — v, and v, = v, in Super

Kamiokande

As mentioned in Sec. 1.5, the existence of v, affects astrophysics like the big bang nucle-

osynthesis and the hot+4cold dark matter scenario. Thus, it is interesting to distinguish
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between v, — v, and v, — v, oscillation for the solution of the atmospheric neutrino oscil-
lation. There are two samples to distinguish v, — v, from v, — v, at Super Kamiokande.
In this thesis, the study of v, — v, and v, — v, in Super-Kamiokande is presented by

using the following two samples.

1.6.1 Neutral current sample

Tau neutrinos interact with a nucleon via neutral current in the same way as muon
neutrino, but by definition sterile neutrinos do not. Therefore, if v, — v, oscillation
is the solution of the atmospheric neutrino oscillation, we can find a deficit of neutral
current events. At present, one of the promising possibility to identify the neutral current
effect is to study the reaction of one neutral pion production [57]: ¥N — vN=x°. Another
approach to the neutral current events is the study of multi-ring events [58], because the
fraction of neutral current events in the multi-ring events is significantly higher than that
in single-ring events.

In this thesis, we use the zenith angle distribution of multi-ring event to reduce several

systematic errors.

1.6.2 High energy sample

When neutrinos propagate in matter, we must consider the matter effect (see Sec. 1.4).
The neutral current cross section for v, and v, are identical. Accordingly the additional
potential of v, is identical to the potential of v,, and the v, — v, oscillation in matter is
the same as vacuum oscillation. This effect was reported in Refs. [59, 60, 61]. As shown
in Sec. 1.4, however, v, is not affected by the matter, as a result v, — v, oscillation
is modified by matter effect. The matter effect is significant at the high energy region,
therefore we study the zenith angle distribution of PC events, whose E, ~ 26GeV is
higher than that of FC single-ring multi-GeV p events (~ 5GeV).






Chapter 2

Detector

The Super-Kamiokande detector is a cylindrical 50-kiloton ring imaging water Cherenkov
detector. It is located 1000 m underground in the Kamioka Observatory in the Kamioka
mine in Gifu Prefecture, Japan. The 1000 m thickness of rock is equivalent to 2700 m of
water. At this depth, the cosmic ray muon flux is reduced down to 1072 of that of the
surface. The trigger rate due to cosmic-ray muons is about 2.2 Hz. The principle of the
water Cherenkov detector is explained in Sec. 2.1 and details of the experimental setup

are presented in Sec. 2.2-2.5.

2.1 Water Cherenkov detector

In Super-Kamiokande, the Cherenkov photons are detected by Photo Multiplier Tubes
(PMTs) surrounding the inner water mass. It can reconstruct the vertex position, number
of Cherenkov rings, direction, momentum and particle type of the charged particle which
produced each Cherenkov ring, based on the information of the photon arrival-time and
pulse height from each PMT. This sort of detector suppresses the cost of construction, so
that we can make a large detector.

Cherenkov photons are emitted from a charged particle traveling in a medium at the
velocity faster than the light velocity in the medium. They are emitted on a cone with a
half opening angle 6 with respect to the particle direction. The directionality of Cherenkov

light enables us to reconstruct the direction of a charged particle. Let § be the velocity

19
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of a charged particle and n be the index of refraction in the medium (n = 1.33 ~ 1.36 in
water, it depends on the wavelength of the light), the relation of #, 3 and n is explained

as following:

1
= — 2.1
coSs - (2.1)

The number of Cherenkov photons emitted per unit path length par unit frequency is

given by

d’N 27« 1
dedv ~ ¢ <1 B n2ﬂ2> (2:2)

where « is the fine structure constant, x is the path length of the charged particle, and v
is the frequency of the emitted photon. The number of Cherenkov photons emitted by a
charged particle with # = 1 in the wavelength range of 300-600 n m, which is the sensitive
region of our PMT, is about 340 per cm.

The total number of Cherenkov photons is related to the energy of the charged particle.
Especially for electrons and gammas, it is almost proportional to the energy. We can
estimate the energy of the charged particle based on the above relation. Moreover the
number of charged particles is measured from the number of the Cherenkov rings on the
detector wall. In addition, it is possible to identify the particle type by using the photon

distribution in the Cherenkov ring.

2.2 Water tank

Figure. 2.1 shows the view of Super-Kamiokande. The whole detector is held in a stainless
steel tank of 39.3 m in diameter and 41.4 m in height. The detector is separated into
two parts; the inner detector, ID, is completely surrounded by the outer detector, OD.
The two detectors are optically separated by a pair of opaque sheets which enclose a dead
region of ~55cm in thickness as shown in Fig. 2.2. There are complicated stainless steel
frames for supporting the PMTs in this optically insensitive region. The reason for the
division is to identify entering cosmic-ray muons from outside, to shield gamma ray and
neutrons from the rock, and to separate “fully contained events” and “partially contained

events”.
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Figure 2.2: The schematic view of the frame which supports PMTs.
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tank Dimensions 39.3 m in diameter 41.4 m in height
volume 50 kton

ID Dimensions 33.8 m in diameter 36.2 m in height
volume 32 kton
Num.of PMT | 1748(top and bottom) and 7650(side)

OD Thickness 2.6 m on top and bottom

2.75 m on side
volume 18 kton

Num.of PMT | 302(top),308(bottom),and 1275(side)

Fiducial region | Thickness 2 m from the ID wall

volume 22.5 kton

Table 2.1: Several parameters of the Super-Kamiokande detector.

Magnetic field of over 100 mG causes the timing resolution of PMTs worse. The geo-
magnetic field at the Super-Kamiokande site is about 450mG. 26 sets of Helmholz coils
are located in the tank to compensate for the magnetic field. The Helmholz coils reduce
the magnetic field inside the tank to 50mG.

The ID is 36.2 m in height and 33.8 m in diameter and 32,000 m?® in volume; these
dimensions are sufficient to contain muons with momentum up to 8 GeV/c. Water
Cherenkov detector should have a large photosensitive area to detect as many Cherenkov
photons as possible. Therefore, the ID is lined with 11146 20-inch PMTs uniformly. The
ratio of the photosensitive area to the all surface area (photo coverage) is 40%, which
is twice as large as that of Kamiokande. The surface of the ID is covered with black
polyethylene terephtalate sheets called “black sheet” just behind the inner PMT’s photo
cathode as shown in Fig 2.1.

In the OD, there are 1885 8-inch outward facing PMTs with wavelength shifter plates
which increase photo coverage. To maximize the light detection efficiency, all surfaces
of the OD are covered with white tyvek sheets with a reflectivity of above 80 %. The
thickness of the OD water including the dead region is 2.6 - 2.75 m.

The several parameters of Super Kamiokande are summarized in Table 2.1.
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Figure 2.3: The schematic view of the PMT used in Super Kamiokande.

2.3 Photo Multiplier Tubes

2.3.1 Inner PMT

Figure. 2.3 shows a schematic view of the 20-inch PMT. The original 20-inch PMT was
made by Hamamatsu Photonics Company for Kamiokande.

It was improved in the dynode shape: the bleeder chain to attain better timing and
energy resolutions for Super-Kamiokande. Figure 2.4 shows the pulse height distribution
for single photo-electron signals. Figure 2.5 shows the quantum efficiency of the 20 inch
PMT. Properties of the PMT are summarized in Table 2.2. The details of the 20-inch
PMT are presented in [62, 63].

2.3.2 Outer PMT

We use 1885 8-inch Hamamatsu R1480 PMTs, which were used at the IMB experiment,
for the OD. The timing resolution of the PMT is ~ 5.5ns. A 6cm x 6cm x 1.3cm wave
length shifter is optically coupled to each 8-inch PMT in order to enhance light collection.

The wave length shifter makes the light collection increase by 60%, whereas the timing
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Photo-cathode area
Shape

Window material
Photo-cathode material
Dynodes

Pressure tolerance
Quantum efficiency
Gain

Dark current

Dark pulse rate
Cathode non-uniformity
Anode non-uniformity

Transit time spread

50cm in diameter
Hemispherical

Pyrex glass (4~5mm)
Bialkali

11 stage, Venetian blind
6kg/cm? water proof
22% at A=390nm

107 at ~ 2000 Volt
200nA at gain=10"
3kHz at gain=10"
less than 10 %

less than 40 %

o ~ 2.5 ns

Table 2.2: The properties of the 20-inch ¢ PMT

resolution goes down to ~ 7.5ns which is still enough for OD.

2.4 Water purification system

In the Kamioka mine, there is clean water flowing near the detector, and it can be used

freely in large quantities. In this section, the water system and the radon free air system

are presented.

2.4.1 Water purification system

This water is circulated through the water purification system. The purpose of this water

purification system is:

e To keep the water transparency as clear as possible. Small dust, metal ions like

Fe?t Ni?*, Co?*, and bacteria in the water should be removed.

e To remove the radioactive material: mainly Rn, Ra and Th.
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Figure 2.6: A flow diagram of the water purification system.

Fig. 2.6 shows the follow diagram of the water system. The water purification system

consists of the following components,
e 1um Filter:

e Heat-exchanger: To keep the water temperature at around 13 °C to suppress bac-

teria growth.
e Ion exchanger: To remove metal ions in the water.

e Ultra-violet sterilizer: To kill bacteria. According to the documentation, the number

of bacteria can be reduced to less than 10* ~ 10*/1000ml.

e Vacuum degasifier: To remove gas resolved in the water. It is able to remove about

99% of the oxygen gas and 96% of the radon gas
e Ultra filter (UF): To remove small dust even of the order of 10 nm.
e Buffer tank

e Reverse osmosis
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The water is taken from the top of the tank using a pump and returned to its bottom.

Its flow rate is about 50 tons/hour. This system keeps the water transparency above 70m.

2.4.2 Radon free air system

There is ~60cm space between the surface of the water and the top of the water tank.
Radon gas contaminated in the air in the gap could dissolve in the water. Radon free air
is sent to this region. The concentration of radon in the mine air is of order of 10~1000
Bq/m3. Tt changes seasonally because the flow of air in the mine changes. This system

consists of the following components.

e Compressor: Air is compressed to 7.0~8.5 atm.

0.3 pm air filter

Buffer tank

Air drier: To remove moisture in the gas to improve the efficiency of removing radon.

This system can remove CO, in the gas too.

Carbon column: To remove radon gas.

0.1 gm and 0.01 pym air filter
e —40°C cold carbon column

The concentration of radon in the air through this system is reduced to the order of a

few x1073Bq/m? in all seasons.

2.5 Data acquisition system

2.5.1 Electronics for the ID

A block diagram of the electronics for the ID is shown in Fig. 2.7. The signals from

PMTs in ID are sent to a TKO! system. The TKO system consists of 48 GONGs?, 948

! Tristan-KEK-Online
2GO and NoGo trigger distribution module
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Analog Timing Modules(ATM) [64], and 48 SCHs3.

The main functions of ATM are to digitize the singles from the PMTs and to make
trigger signals. ATM digitizes both timing and charge information of the PMT signal.
ATM has the 2 channels for each PMT to reduce the dead time. If one channel is not
available, the other one can be used instead. This structure enables us to detect a decay
electron signal from a u, which is very important for several analyses on the atmospheric
neutrino or proton decay. The conversion factor is ~ 0.2 ns/count, and ~ 0.1 pC/count for
timing and charge, respectively. The digitized data are sent to and stored in SMP* every
16 global trigger. The digital data from SMP modules are sent to 8 online computers for
data acquisition.

The signal exceeding the threshold value corresponding to about 0.3 p.e. generates a
rectangular pulse with the width of 200 nanoseconds and height of 11mV. These signals
are summed to be used for the trigger. The summing signal goes through a discriminator
that determines the trigger threshold. The value of the threshold is set to 320 mV cor-
responding to 29 hits, or approximately 5.6 MeV for electrons. This means that a global

trigger is generated when 29 PMTs are hit in any 200 nanoseconds time window.

2.5.2 Electronics for the OD

Signals from the OD PMT are sent to a Charge to Time Converter (QTC) module which
generates a rectangular pulse with a width proportional to the input charge. The pulses,
which have charge and timing information, are digitized in Time to Distal converters:
LeCroy 1887 multi-hit TDC. The TDC has 96 input channels and the minimum time unit
of the TDC is 0.5 nanoseconds. This TDC can record multi-hits within a 16-microsecond
window. The timing of the signal windows are set to -10 to +6 microseconds to the global
trigger timing. The TDC is a FASTBUS module and its crate is controlled by a FASTBUS
Smart Carte Controller (FSCC). The FSCC sends the digitized PMT data from TDCs
to DPM® modules. Finally these data are read out by the OD data taking workstation
through a VME bus.

3Super Controller Header, bus-interface module
4Super Memory Partner
5Dual Ported Memory
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2.5.3 Online and offline systems

Each front-end workstation reads out the data from electronics independently, and trans-
fers to an online host computer via FDDI. They are then sent to the offline computer
located outside of the mine via an optical fiber cable. The data are transferred every ten
minutes, and its size is about 70 MByte. The offline host computer saves all the data in
a tape library. And it converts the data to offline format (ZBS®): ADC and TDC counts
are converted to the units of photo-electrons and nanoseconds, respectively. Finally the

offline data are distributed to analysis computers for the first reduction.

6Zebra Bank System



Chapter 3

Calibration

In order to reconstruct the neutrino events precisely, we calibrated the gain and timing re-
sponse of each PMT and the absolute energy, and measured the water transparency. This
chapter surveys the method of relative PMT gain calibration, absolute PMT gain cali-
bration, timing calibration, water transparency measurements, and the absolute energy

calibration.

3.1 Relative PMT gain calibration

A Xe lamp and scintillation ball system was used to calibrate the relative gain of PMTs.
Figure 3.1 illustrates the setup of the relative gain calibration system. We used a Xe flash
lamp as the light source, and a scintillation ball as the wavelength sifter. The light was
passed through a UV filter to match the absorption wavelength of a wavelength shifter, and
through ND filters to adjust the light intensity. Then it is fed into the scintillation ball via
an optical fiber. The scintillation ball was made of acrylic resin, which uniformly contains
50ppm BBOT and 500ppm MgO powder to emit isotopic light. Where BBOT and MgO
were used to shift wavelength and diffuse light, respectively. The typical wavelength of
the light emitted from the scintillation ball was 440 nm, which is similar to the typical
wavelength of Cherenkov light.

31
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The relative gain of the i-th PMT is obtained by the following equation:

Gi= L %12 x exp(2)/Q, (3.1)

where f(0) is a relative photosensitive area of the PMT viewed from an angle 6 as shown
in Fig. 3.2 (a); 0 is an angle shown in Fig. 3.2 (b); Q; is a charge in units of pC detected
by the i-th PMT; L is a light attenuation length in the detector; )y is a normalization
factor to adjust the average G; to unity. We set a high-voltage (HV) values of each PMT
so that all PMTs have a common gain. We took the data for the relative gain calibration
9 times by changing the position of the scintillation ball from 1 to 35 m in height from
the bottom PMT surface in order to minimize the r; and f(#) dependence to each PMT.

After the relative gain correction, we took the data with the same system again to check
the relative calibration. Figure 3.3 shows a gain spread of the ID PMTs. According to
this figure, the gain spread is reduced to be ~ 7%. Since the average number of hit PMTs
was about 1300 for atmospheric neutrino events, ambiguity in the energy measurement
from the relative gain spread is estimated to be only (~ 7/4/1300%) = 0.2%. This value,
0.2 %, is much smaller then the uncertainty in the absolute energy calibration of the

Super-Kamiokande detector, +2.5%.
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tribution obtained by the Ni calibration.

3.2 Absolute PMT gain calibration

An absolute gain of the PMT was calibrated by measuring a charge distribution of single
photoelectron (p.e.). In order to take the single p.e. distribution, we used low energy
gamma-rays emitted from thermal neutron capture in nickel, Ni(n,y)Ni*, because the
number of p.e. in a PMT for such a low energy event is almost one. Neutrons were pro-
duced by spontaneous fission of 2°2Cf. The Ni-Cf source shown in Figure 3.4 was located
at the center of the inner detector. Figure 3.5 shows the typical single p.e. distribution.
Since a mean value of this distribution was 2.055pC, the relation between pC and p.e. is

1p.e. = 2.055pC. The absolute gain of the PMTs was ~ 6 x 10°.

3.3 Timing calibration

Let us define, T as the time when a PMT signal exceeds a threshold in the discriminator.
Ty is different PMT by PMT, because of the difference of transit time and the cable length
of each PMT. In addition, Tj depends on the pulse height, because of the slewing effect
that large signals tend to exceed the threshold earlier than the small ones.

In order to use the timing information in the data analyses, we have to make corrections
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to Ty. For this purpose, we made TQ map '. This map is the relation table between the
pulse height and timing response, and includes the correction of transit time. In order to
make this map, we used a later and diffusing ball system, because the timing width of
the light source had to be narrow compared to the width of T spread. Therefore we used
the dye laser pumped by a pulsed N, laser whose pulse width is about 3 nanoseconds.
The laser light was passed through several optical filters to adjust light intensity, and
then fed into a diffusing ball via an optical fiber. TQ map of each PMT was obtained by
the laser calibration, and Fig. 3.6 shows a typical TQ map for a PMT. In addition, the
timing resolution at each pulse height was estimated from TQ map by fitting the spread
of Ty distribution at each pulse height with Gaussian distribution as shown in Fig. 3.7.

This distribution is used in the detector simulation.

3.4 Water transparency

The water transparency is an important information for the data analysis such as energy
reconstruction. It was estimated by two independent methods: one method was the direct

measurement by a dye laser and CCD camera; the other used the cosmic-ray muons.

1T (timing)-Q(charge) map



36 CHAPTER 3. CALIBRATION

Figure 3.7: Timing resolu-
tion as a function of the

pulse height.
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3.4.1 Direct measurement with a dye laser

Figure 3.8 shows the setup of the dye laser plus CCD camera system. The light emitted
from a dye laser was split into two optical fibers. One was fed into a 2-inch PMT to
monitor the intensity of the light (Ij4s), and the other into a diffusion ball and is remitted
isotropically. The relation between the intensity of the image of the diffusion ball taken
by the CCD camera (Icop) and Ijus, is expressed as follows:

la 1

Icep
L(/\)) X E (3.2)

= const. X exp(—
Iluser

where ) is a wavelength; L()) is an attenuation length; [; is the distance between the
diffusion ball and the CCD. Figure 3.9 shows the observation of the % X [2 as a function
of 1; for wavelength of 420 nm. By fitting the data with a least square method, the
attenuation length at 420 ns was estimated to be 92.2 +5.2 m. Similarly, the attenuation
at various wavelengths were estimated as summarized in Fig. 3.10. These results are used

in the detector simulation.

3.4.2 Cosmic-ray muon method

The attenuation length in water was also measured by the through-going cosmic-ray
muons. The energy deposited by the cosmic-ray muon in the detector was almost inde-
pendent of the muon energy (~ 2MeV /cm), because main muon interaction with water
is dominated by the ionization loss, which weakly depends on the muon energy at high
energy region. Therefore the cosmic-ray muon can be used for a calibration source. Only

vertical muons are used for the calibration. In contrast to the direct measurement method,
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cosmic-ray muon method can be carried out during a normal data taking, therefore this
method is useful to check a time variation of the attenuation length.

Under an assumption that the light reaching PMT was only non-scattered light, the
observed charge (Q) by a PMT can be expressed by the following equation:

Q = const. x @ X exp(—%) (3.3)

where [ is the light path length; L is the attenuation length of the Cherenkov light. Figure
3.11 shows log(%) plot v.s. [ in a typical run. The attenuation length obtained from
Fig. 3.11 was 105.4 £0.5 m(error of the fitting). Since the attenuation length in water
varied with the condition of water purification system, it was calculated for each run to
correct for the time variation. Figure 3.12 shows the time variation of the attenuation

length obtained by the cosmic-ray muon method.

3.5 Absolute energy calibration

We must understand how precise the Monte Carlo simulation reproduces the absolute
energy scale, because the systematic uncertainty in the absolute energy scale affects the
atmospheric neutrino flux measurements. We have five calibration sources for the absolute
energy calibration: decay electrons from stopping cosmic ray muons; 7° mass; LINAC; low
and high energy stopping cosmic ray muons. In this section, we describe these calibration

methods.
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Figure 3.12: The time variation of light attenuation length in water measured by cosmic-
ray muons. Only the data after the end of May, 1996 (shown by an arrow) are used in

this thesis.

3.5.1 Decay electrons

We have a large number of low energy electrons by the decay of cosmic-ray stopping
muons. The absolute energy scale was checked by comparing the momentum of the decay
electrons from the stopping cosmic-ray muons between the real data and the Monte Carlo

prediction. Decay electrons were selected with the following criteria:
1. electrons are detected from 1.5 to 8 micro seconds after the trigger of a parent muon.
2. number of ID-hits is less than 1000.
3. goddoness;,, is more than 0.5
4. the vertex position is reconstructed in the fiducial volume.

Monte Carlo events were generated uniformly in the fiducial volume and randomly for
the direction. Figure 3.13 shows the momentum spectrum for electrons in the fiducial
volume compared with the Monte Carlo predictions. An effect of the nucleon Column

field caused by the atomic capture of a parent muon were considered [65] in the spectrum
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of the Monte Carlo events. The spectrum of the data agrees well with that of the Monte
Carlo. The mean value of the data is 2.0 % higher than that of the Monte Carlo.

The decay electron is also used to check the detector stability. Figure 3.14 shows the
time variation of the reconstructed momentum of the decay electron events. This figure

illustrates that the absolute gain for relatively low energy events is stable within +1%.

3.5.2 LINAC

In Super Kamiokande, an electron linear accelerator(LINAC) is used to understand pre-
cisely the performance of the detector for low energy events [66]. The energy of electrons
cab be adjusted from 5 to 16 MeV and energy spread at the end of the beam pipe is less
than 0.3 %. We used electrons with the energy of 16MeV. The injected position was 6m
from the top PMT surface and the direction was downward. LINAC electron events were

selected according to the following criteria:
1. number of ID-hits is between 100 and 210.
2. goodness;y, is more than 0.5.

3. the distance between the injected position and the reconstructed position is less

than 2m.
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Figure 3.15 shows the momentum distribution for LINAC electrons compared with the
Monte Carlo events. The agreement of the momentum distribution between the data and
Monte Carlo is satisfactory. The mean value of the real data was 2.4% lower than that of

the Monte Carlo.

3.5.3 x° mass

Selection criteria of 7° events are described in Appendix. B. Here we explain the result

o

only. We estimate the uncertainty in the 7° reconstruction efficiency to be 7% (see
Appendix. B). Since this uncertainty increases with increasing 7° momentum,we used
the 7°’s with momentum < 400 MeV /c to reduce the uncertainty. Figure 3.16 shows the
M. distribution for the real data and the Monte Carlo. The fitted peak is 2.5% higher

for the real data than for the Monte Carlo.

3.5.4 Low energy stopping cosmic ray muons

Using the opening angle of the Cherenkov ring for low-energy muons, we can estimate the
momentum independent of the p.e. information to check the systematic uncertainty of

the momentum reconstruction. The relation between the momentum, p, and the opening
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Figure 3.17: Opening angle vs momentum plots for the stopping muon events; (a) for the

real data, (b) for the Monte Carlo.

angle, 6, is given by:

f=Y—F 3.4
cos - (3.4)

where n is the index of refraction of the water, and m,, is the muon mass. We used stopping
muons which enter from the top wall and have one decay-electron. Figure 3.17 shows the
reconstructed momentum as a function of the opening angle for the low energy stopping
muon events. We calculated a (momentum)/(momentum estimated by the opening angle)
ratio, R,. To estimated the momentum dependence, data are divided into 5 momentum
bins. Figure 3.18 shows the R,(MC)/R,(data) plots as a function of momentum. This
figure illustrates the systematic uncertainties of the momentum determination between

the data and the Monte Carlo. The deviation from unity is less than +1.5 %.

3.5.5 High energy stopping cosmic ray muons

In the high energy region, the range of the stopping muon is used to check the abso-

lute energy scale, because the range of the stopping muons is proportional to the muon
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momentum and it is easy to calculate the end point of the muons by finding the vertex
position of the muon-decay electrons. The range is defined as the distance from the vertex
position of the stopping muon to the vertex position of its decay electron. Figure 3.19
shows the momentum and range ratio as a function of range. The energy deposit per
lem is about 2.5 MeV. We used the events with the range longer than 7 m, because the
ambiguity of the vertex determination affects the range determination when the range is
short. Events were devised into 6 bins by the range. The average of the momentum /range
ratio for the real data and the Monte Carlo were calculated and the ratio is taken. Figure
3.20 shows the ratio for the real data and the Monte Carlo events. The ratio for the real
data was about 2.6 % lower than that for the Monte Carlo.

Moreover we checked the detector stability by using this ratio Figure 3.21 shows the
time variation of the ratio, and demonstrates that the absolute gain at relatively high

energy range is stable within +1%.

3.5.6 Summary of the absolute energy calibration

Figure 3.22 summarizes the studies for the absolute energy scale. Events with the mo-
mentum from 16 MeV/c to about 10 GeV/c were examined and the energy scale for the

Monte Carlo events agreed with that for the data within +2.6% and -2.5%.
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Chapter 4

Data reduction

4.1 Reduction outline

Atmospheric neutrino events have two basic topologies that determine the data reduction
stream. If all of the visible energy is contained within ID, the event is called ”fully
contained event” (FC). An event for which some produced particles deposit visible energy
in the OD is called ”partially contained event” (PC). Figure 4.1 shows the definitions of
the FC and PC events. In this analysis, we used the data set from May 27, 1996 to April
3, 1998, which corresponded to 848 days of detector livetime, and the number of recorded

events for this period were about 800 millions.

The main backgrounds for atmospheric neutrino events are the cosmic ray muon events

and low energy radioactivity in the detector.

This chapter surveys the FC and PC reductions.

4.2 FC reduction

The reduction for FC sample contains four steps. Figure 4.2 shows the algorithm of the

FC reduction. Each reduction step is described below.

47



48 CHAPTER 4. DATA REDUCTION

Figure 4.1: Definitions of the FC and PC events. The FC events required that all visible
particles stop in the ID, whereas the PC events have 1 particle reaching the OD.

4.2.1 First reduction

The first step of FC reduction was low energy events cut and OD cut. The events whose
total photo-electrons within 300 ns (PFEj3p) were less than 200 p.e. (corresponding to
visible energy < 23 MeV) were rejected. These low energy events were caused by radioac-
tivity such a radon in the detector or gamma ray coming from the rock. Figure 4.3 shows
the PFEj3y, distributions for the data and the Monte Carlo of the atmospheric neutrino
events with visible energy greater than 30 MeV. This figure demonstrates PCj3yy cut is
safe for FC neutrino events.

The cosmic ray muon events had hit OD PMTs near the entrance and exit points,
and they were rejected by eliminating the events for which the number of the hit OD
PMT within 800 ns (NHITgy) was greater than 50. After these cuts, the event rate was
reduced to 4,000 event/day.

4.2.2 Second reduction

In the next reduction step, we required a tighter OD and a max photo-electron cuts. OD
cut is essentially same as the first reduction, but here the events with N H [Ty, greater
than 25 were removed. Figure 4.4 shows the NH Ty, distribution for the data and the
Monte Carlo prediction for FC sample. This figure demonstrates N HITgy, cut is safe for

FC event sample.
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Figure 4.2: Algorithm of the FC reduction.
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Max photo-electron cut was applied to reject the ”flashing PMT” events. If some
problems occur in the dynode of a PMT, this PMT can make a large charge signal. To
eliminate these events, we required the PF,,,,/ PFEjsq ratio less than 0.5., where PFE,,,,
is a maximum number of p.e. in PMTs. Figure 4.5 shows the PE,,,, /PE3qo distribution,
and it demonstrates that the max photo-electron cut is safe for neutrino events.

The number of events satisfied these criteria were about 400 events/day.

4.2.3 Third reduction

The next reduction step is composed of more intelligent algorithms. The remaining events
except for neutrino events were either through-going muons, stopping muons, low energy
events, ”flashing PMT” events, ”cable hole” muons, or an accidental events. These back-

grounds were rejected by the following cuts.

Through-going muon cut

As shown in Fig. 4.6, remaining through-going muon events have some hits in the OD,
and make many Cherenkov photons in ID. Therefore, the events with PE,,,, > 230p.e.
and the number of hit PMTs > 1000 were candidates of through-going muons and were
applied a special fitter, Through-going muon fitter. The entrance point was determined

by the position of the earliest hit ID PMT with two or more neighbor PMTs hit. Many
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Cherenkov photons are detected around the exit point of a muon, thus the exit point was
defined as the center position of saturated PMTs. The events satisfying the following

conditions were identified as the through-going muons and rejected.

e the number of OD hit PMTs within 800 ns timing window within a radius of 8 m

from the entrance or exit point in the outer detector was greater than 9.

Figure 4.7 shows the number of OD hit PMTs distributions for the through-going candi-

date events and the atmospheric neutrino Monte Carlo.

Stopping muon cut

Figure 4.8 shows a typical stopping muon. In this reduction step, the Stopping muon
fitter was used. It searched the vertex point in the same way as the Through-going muon
fitter. And the direction was estimated by maximizing of the p.e. within the cone with

opening angle 42°. Selection criteria for stopping muon cut were as the following.

1. The number of hit PMTs within 800 ns timing window within a radius of 8 m from

the entrance point, OD-hit,,;, was greater than 9.

2. OD-hitg,; was more than 4 and the goodness of the stopping muon fit was greater

than 0.5.
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where the definition of goodness is the same as TDC-fit (see 5.2). Figure 4.9 shows the
OD-hit,,,; distribution. The event which satisfied either one of the above criteria was

identified as a stopping muon and removed.

Low-energy event cut

In this step, ”low-energy fitter” was used. This fitter searches for the vertex point with an
assumption that all photons were produced at a point. See Sec. 5.2.1 for the description
of the essential idea of this fitter. Low energy cut excluded the event with the number of
ID-hits less than 500 and Nxg less than 50. Where Nxq is the maximum number of hits
within 50 ns window in the time residual (time - time of flight of Cherenkov photon). This
value is almost proportional to the visible energy at the low energy region and N5y = 50

corresponds to visible energy ~ 10MeV'.

Flashing PMT cut

A ”Flashing PMT” event was defined as the event caused by the light emitted by a PMT
with a mechanical problem in the dynode structure (internal corona discharge). Most of
the events have a board timing distribution compared to the neutrino events, therefore
"flashing PMT” events were selected using the width of the timing distribution. We
define, N,,i,,, the minimum hits within a 100 ns sliding time window in off-timing region

of 300 to 900 us after the event trigger. We rejected the events satisfying either of the
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following selection criteria as the ”flashing PMT”.

15 ID hits > 800
Npin > (41)

10 otherwise

Accidental hit cut

The accidental hit cut rejected the event that had two or more independent particles in an
event accidentally. An event was rejected as accidental if both of the following conditions

were satisfied.

1. OD-hits with a 500 ns time window between 400 to 900 ns after the event trigger

was more than 20.

2. The total photo-electron number in ID within a 500 ns time window between 400

to 900 ns was more than 5000 p.e.

Cable hole muon cut

Cables from ID and OD PMTs were bundled in the upper OD-layer and were taken out
of the tank through the 12 cable-holes. Four of the 12 cable-holes were located away
from the fringe of the tank, and the identification efficiency of the OD was low for muons
passing near these cable-holes. In order to compensate for the inefficiency of the OD
around the four cable-holes, we installed 2.0m x 2.5m veto-scintillation counters on each
of the four cable-holes in April 1997. Figure 4.10 shows the vertex position distribution of
FC sample before/after installation of the veto-scintillation counters. This figure shows
that the veto counters reject the muons through the cable-holes.

An event satisfied both of the following conditions was identified as a cosmic ray muon

and rejected even if there were a few OD hits.

1. One of the veto-scintillation counters was hit.

2. Vertex was reconstructed within 4m from the cable-hole by the stopping muon fitter.

The number of events passing the above reductions was 30 events/day.
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Figure 4.10: The vertex position distribution of the FC final sample with z > 16.10m,
which indicates these events are out of the fiducial volume. The eight circles show positions
of cable holes. (a) is for the distribution before installation of the veto-counters. (b) is

after the installation.

4.2.4 Fourth reduction

Next reduction was another ”flashing PMT” cut using pattern recognition algorithm.
Since some ”flashing PMT” events had the similar timing distribution as neutrino events,
they were not rejected by the third reduction. The remaining ”flashing PMT” events had
repeated charge pattern, therefore we applied a pattern recognition program to remove

them. The algorithm of this program is the following:
1. divide detector’s wall into 1350 regions roughly 2 x 2 m patches,
2. compute the sum of charge in each patch : g¢;,

3. for two independent events A and B, compute a linear correlation:

. %Z (¢ — {a) x (&’ — (a”)) (4.9)

Oqa X O4B

(B)>

where (q;4 and o,a(s) is the average and the deviation of g B) | respectively. r

takes the value of less than 1 and the higher value is estimated to be better matched.
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27_ 27_ Figure 4.11: "match” v.s.
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5_ 5 I the selected events by eye-
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maximum r
4. define "match”, which is a number of events satisfying in r > r,,;, where r4,; is the
cut value in 7,

5. an event is eliminated by a cut in a two dimensional "match”-" maximum r” plane

as shown in Fig. 4.11.

The events passing this reduction were reduced to 20 events/day.

4.3 PC reduction

The reduction for PC contains five steps. Figure 4.12 shows the algorithm of the PC

reduction. Each reduction step is described below.

4.3.1 First reduction

In first step of PC reduction, low energy events with less than 1000 total p.e. were
removed, corresponding to muons (electrons) with momentum less than 310(110) MeV /c.

By definition, exiting particles must have reached the OD from the inner fiducial volume,
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Figure 4.12: Algorithm of the PC reduction.
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and therefore must have had a minimum track length of about 2.5 m (corresponding to
muons with > 700 MeV/c momentum).

Most of through-going muons were rejected in this reduction step using timing distri-
bution of OD hits. Typical through-going muon events have two OD clusters and therefore
have a broad timing distribution of OD, hence the events whose width of the time distri-
bution of hits in the OD, TWID,,;, exceeded 240 ns were eliminated. TWID,,; is shown
in Fig 4.13.

Moreover we required the number of cluster in the OD should be less than or equal
to 1 in order to reject the through-going muon events. The definition of the cluster used
in the first reduction is that the spatial cluster of neighboring hit-PMTs. One cluster is
formed around PMT which has more than 8.p.e. and the clusters which lie within 8 m are
merged. Figure 4.14 shows the number of OD clusters, NCLST A, distribution of data

and atmospheric neutrino Monte Carlo. This criterion is safe for PC neutrino events.

4.3.2 Second reduction

The second reduction is also based on a clustering of the ID and OD signals. The OD
clusters are calculated by an algorithm shown in Fig. 4.15. Each grid is separated by
10 m x 10 m size in the OD. The cluster is formed by looking at the charge gradient
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NCLSTA

to the neighboring grids. We required that the number of the OD cluster, NCLAST A2
which have more than 7 hit PMTs should be less than or equal to 1. This cut eliminates
remaining through-going muons.

The cosmic muons that clipped the edge of ID were eliminated based on the topology
of the OD cluster. Cosmic ray muons which entered and stopped in the ID were removed
by excluding events whose ID photo-electrons within 2.0 m from the OD cluster, P Esy
were less than 1000 p.e. This cut was safe for PC neutrino events because PC events
must have left large numbers of photo-electrons near the exit point. Figure 4.16 shows
the PFEyy, distributions for the data and PC Monte Carlo events. The event rate after
the PC second reduction is about 2000 events/day.

4.3.3 Third reduction

In the third reduction, the remaining cosmic-ray muon and “flashing PM'T” events were
rejected.

The “flashing PMT” events were rejected in the same way we did for the FC “flashing
PMT” events (see Sec. 4.2.3).

In order to identify cosmic-ray muon, a simple vertex fit and direction estimate ” Point
fit ”(see Sec. 5.2.1) were used. A requirement of less than 10 hits in OD within 8 m
of the back-extrapolated entrance point, EHITgyy, was imposed to reject ”cosmic-ray

muons”. Figure 4.17 shows the distribution of the number of OD hits within 8m of the
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back-extrapolated entrance point for the data and PC Monte Carlo events. The event

rate after the PC third reduction was about 100/day.

4.3.4 Fourth reduction

The remaining muon events after the third reduction were muons which left few entrance
hits in OD. These events were rejected by the condition that the angle subtended by the
earliest ID PMT hit, the vertex and the back-extrapolated entrance point to be < 37°.
And, to reject the remaining corner clipping muons, we required a fitted vertex to be
at least 1.5 m away from the fringes of the ID volume.
Finally, Through-going muon fitter(see Sec. 4.2.3) was also applied to reject events
with a well-fit muon track greater than 30 m long. The events satisfying the following

events were rejected as the through-going muon.

1. Goodness of through-going muon > 0.85, which means this fitter can get the en-

trance point and the direction of the through-going muon.

2. The estimated muon track length by the entrance and exit point is grater than 30

m.

where the definition of goodness will be described in Sec 5.2.

The event rate after the PC firth reduction was about 20 events/day.
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fraction (%)

first 96.4 Table 4.1: The fraction of
second 92.3 Monte Carlo events for PC
third 91.7 sample within fiducial vol-
forth 88.1 ume at each reduction step.
firth 88.0

4.3.5 Fifth reduction

In order to further reject cosmic-ray muon entering events, an optimized automatic fitting
algorithm what is called TDCfit (see 5.2) was applied. Again we required less than 10
hits in OD within 8 m of the more accurately back-extrapolated entrance point.

At this stage, we required that the total p.e. numbers of the ID should be larger
than 3000 p.e. This requirement corresponded to E ~ 350MeV, well below that of any
PC events. It was estimated that 0.1 % of the PC events in the fiducial volume were
eliminated by this requirement.

Finally, we required the number of OD cluster hits >= 10 to reject FC events.

The event rate after the PC fifth reduction was 2 events/day.

4.4 Reduction performance

We applied reduction program for atmospheric neutrino MC, and checked the reduction
efficiency. For FC events in the fiducial volume with E,;; > 30MeV, the reduction
efficiency was estimated to be 99.87 %. On the other hand, the efficiency for PC events
in the fiducial volume was estimated to be 838 %. Table 4.1 shows the fraction of Monte

Carlo events for PC sample at each reduction step.

4.5 Scanning

After these software reduction steps, the candidate events were reduced to 20 and 2

events/day for FC and PC sample, respectively. All the remaining events were scanned to
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category fraction (%)

stopping 4 25.0 Table 4.2: Fraction of each
through-going 11 2.5 category of the events which
flashing PMT 69.5 were rejected final scan.
noise 1.5

others 1.5

be checked data quality by two physicists independently. When the detector performance
was not good, for instance too many flashing events or some of the PMTs were not active,
these runs (subruns) were regarded as bad-runs (bad-subruns) and were rejected. At the
same time, each scanner removed the remaining background events.

After the double scan, the final scan was done to check the consistency of the double
scan result and made the final data sample. Because of the double-scanning, the scanning
efficiency was estimated to be better than 99%. Table 4.2 summarizes a category of the
event rejected by the scan.

Finally, 12862(721) candidate events were selected as the FC(PC) data sample.



Chapter 5

Event reconstruction

5.1 QOutline of reconstruction

After the event selection processes, events were reconstructed by procedures as shown in
Fig 5.1. The flow of a reconstruction process was separated into two; one was a process for
"fully contained” (FC) events, another was for ”partially contained” (PC) events. These
procedures are fully automatic. Therefore, there is no bias by a physicist in the event

reconstruction procedures.

For FC events, the beginning of all processes was vertex reconstruction, called " TDC
fit”. Then, "Ring-counting” which estimates the number of Cherenkov rings based on
a likelihood method, was applied. The next step was particle identification which dis-
tinguishes between showering electron(e)-type and non-showering muon(u)-type. For the
events identified as single-ring in the second step, a more precise fitter ”MS fit” was
applied. Finally, the energy of particle was estimated from the intensity of Cherenkov

light.
On the other hand, PC event reconstruction involved the first vertex fitter only.

These processes are explained in this chapter.

65
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( FC sample ) ( PC sample )

TDCfit TDCfit
4

Ring-counting

4

Particle identification

4

Msfit (for single-ring) )

4

Energy reconstruction

Figure 5.1: The flow chart of event reconstruction
5.2 TDCHit

The principle of spatial reconstruction tool, TDCfit, is to search for the position where
the timing residuals ¢; of the entire hit PMTs are equal. The timing residual ¢; of the i-th
hit PMT is defined as:

t; =t — (n/c) x | P, = O] - (t) (5.1)

4 J—

where n is the refractive index of water; ¢ is the light velocity; ¢? is the hit time of the
i-th PMT; (t) is the average of t;; f’z shows the position vector of the i-th PMT, and
O is the position vector of an assumed vertex position of the particle. TDCfit considers
the track length of the charged particle by using the total charge within a Cherenkov
cone. Hence, this process needs to know the rough vertex, direction, and opening angle
of the Cherenkov cone. In this process, for simplicity, it assumes that all events consist
of single-ring.

TDCHit estimates the vertex, direction, and opening angle of Cherenkov ring in the

following steps:
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1. ”Point fit”, which searches for a rough vertex using only the timing information of

hit PMTs,

2. 7ring edge search”, which searches for the direction and opening angle of the Cherenkov

ring produced by the most energetic charged particle,

3. ”the fine vertex fitting”, which determines more precise vertex by taking account of

the track length of the charged particle,

The steps 2 and 3 are iterated until the distance between the previous vertex and the
latest one is less than 50 centimeters.

These three steps are described below.

5.2.1 Point fit

The principle of Point fit is to search for a position where the timing residual ¢; of all the

hit PMTs are approximately equal. To search for the vertex, we use goodness G,:

1 t?
- 5.2
e (<55) 6.2)

where Np;; is the number of hit PMTs in ID, and o is the typical timing resolution. We

G, =

use 0 = 3.75 ns. Because of a technical reason, this value is larger than the actual timing
resolution of PMT(~ 2.5ns). It should be noticed that the definition of G, is the sum
of gaussian probabilities. This way, the contribution to G, of scattered photons, which
produce delayed signal and therefore exp (—%) ~ 0, is minimized. The Point fit searches
for the position where G, is maximum, and its vertex resolution is about 1 meter.

After determining the vertex roughly, Point fit estimates the direction d;, defined as:
B0
d, = Z T x C; (5.3)

where C; is the charge of the i-th hit PMT.
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5.2.2 Cherenkov edge search

This process searches for the direction and opening angle of the Cherenkov ring which
maximize ”()” around the estimated direction in the previous step. The procedure involves

the following steps:

1. Make the angular distribution of the effective charge ” CH(#)”, where @ is the opening
angle between the particle direction and Cherenkov photon direction. Figure. 5.2(a)
shows CH(#). The effective charge means the charge corrected in acceptance and
water transparency. In addition CH(#) is smoothed by taking account of the vertex

resolution.

2

2. Obtain the opening angle of Cherenkov ring ”f.q..” which simultaneously satisfies

the following two criteria:

® .49 must be larger than the angle at peak position of CH(0) (Opeqr)

® 0.4 must be the angle nearest to 6., among the angles, which satisfy d? 2};{{9(0) =

0 (see Fig. 5.2(b)).

3. Calculate ()" defined as follows:

2

X exp (—M> (5.4)

2
20y

Jy“ CH(®)do [ dCH(9)
sin Oedge do

Q=

ezeedge

where ¢ is the Cherenkov opening angle expected from the charge within the cone;

oy is the opening angle resolution.
The optimization was carried out by changing the particle direction. The particle

direction and 644, which maximize (), were adopted as the final ones.

5.2.3 Final vertex fitter

After the Cherenkov edge search, we determine the vertex position more precisely by

considering the scattered Cherenkov light and the particle track length. Two goodnesses,
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G and G are used. Gy is the goodness calculated using the PMTs which are located in

the Cherenkov ring obtained in ” Cherenkov ring edge search”. The definition of Gy is;

1 t2
Gr = Z 3 XP (—202) (5.5)

3 2

where ¢; is the timing resolution of the i-th PMT, which is a function of its charge.
Go is the goodness for the remaining hit PMTs, which are considered to be hit by
either direct and/or scattered photons.
G le 5 08 x ti (5.6)
= — X maz |exp | ——= | ,0.8 xexp | —— :
O i O',L-2 p 20_2 p 7}
where T} is the typical timing delay of scattered photons. It was estimated by a Monte

Carlo study, and is set to be 20 ns.
Finally, G is defined as

Gr+ Go
Gr=—+—

where Y. 1/0? is a factor to normalize Gr from 0 to 1.

Next, the tack length of particle is considered as follows:
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1. Estimate the total track length ” L;,” from the total charge within a cone of 70° half

opening angle

2. Recalculate t; for PMTs, which are located in the Cherenkov ring, by taking account
of the particle velocity (which is assumed to be the light velocity) and position along

the track where Cherenkov photons are emitted.
3. Calculate GG1 using the corrected t;

These procedures are iterated several times and finally the vertex position and direc-
tion which maximize G are determined as best fit points. Figure 5.3 shows the Apos
distribution for the FC, PC, 7°, and multi-rings events, where Apos is the distance be-
tween the reconstructed and the real vertex position. Defining the vertex resolution as the
distance where the 68% of events are found within Apos, the resolutions are 55cm, 94cm,
42cm, and 52cm for FC, PC, mo, and multi-rings events. The vertex potion determined

by this process is the final vertex potion for multi-ring events.

5.3 Ring-counting

After the reconstruction of the vertex position, direction and opening angle of the most
energetic Cherenkov ring, we tried to find other Cherenkov rings and determine whether
the event is a singe or multi-ring event. The number of Cherenkov rings is a very important
information, since it is used in various atmospheric neutrino analyses. The Ring-counting
process counts the number of rings and estimates the direction and opening angle of the

found rings. The algorithm of Ring-counting is:
1. Make a special ”charge map”.
2. Search a candidate direction using the charge map.

3. Determine whether the candidate is true or not by a likelihood method using charge

pattern of hit PMTs.

4. If a new ring is found, go back to the first step to search for another ring.
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) Figure 5.4: Basic idea of the
42 deg. ring TN s hit PMT

(possible center)’____,,:___\

"charge map”. The ring at the

center shows the Cherenkov ring;
the small circles on the center ring
are hit PMTs; The dashed circles
are the circles with the same ra-
dius as the observed Cherenkov
ring with their centers on the each
l hit PMT. The crossing point of
each dashed circle should be the

center
(most probable)

center of the Cherenkov ring.

This process searches for Cherenkov rings up to five. The detail of each part is de-

scribed below.

5.3.1 Search for candidate rings

Figure 5.4 illustrates the basic concept of the search for candidate rings. Assume we
observe a Cherenkov ring on a flat plane. If we draw circles on this plane with the center
at the position of the hit PMTs and with the radius same as the observed radius of the
Cherenkov ring, we find that the circles overlap at the center of the Cherenkov ring.
Therefore, a point where the maximum overlapping of the circles can give the information
of the particle direction.

In the real situation, first, we subtract the expected charge of found rings from each
hit PMTs, in order to efficiently find the rings produced by low energy particles. Then
Ring-counting process makes a special ”charge map”, which is a 2-dimensional array with
72 bins for azimuth angle and 36 bins for zenith angle. Each bin corresponds to a direction
from the vertex position obtained by the TDCfit. The charge of hit PMT is distributed
to each bin with an weight of the PE(#). This PE(f) shows the charge distribution of an
electron event, and is a function of # which is the opening angle between the bin direction

and the PMT direction. This way of making charge map corresponds to drawing circles
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Figure 5.5: The charge map

7 of a typical two ring event.
600 .. . .
This is a 2-dimensional ar-

400 ray with 72 bins for azimuth

angle and 36 bins for zenith

angle. Each bin corresponds

to the direction from the

vertex. 'Two peaks corre-
spond to the directions of
the Cherenkov rings from

the vertex position.

1

on the flat plane described above. Figure 5.5 shows the ”charge map”" of a typical two

ring event. Two peaks on the map correspond to the direction of each ring.

5.3.2 Charge separation and determination of ring number

Let n be the number of rings already observed in an event. To determine whether the
additional candidate ring is a real Cherenkov ring or not, we carry out the following
procedures.

First, we define the expected charge distribution of the j-th ring, Cyingesp(d,p,8),
where p is the expected momentum of the particle corresponding to the j-th ring, and 6
is the angle from the direction of the particle. At the first stage, the expected charge of
the ring Cring.ezp(J, p,0) is calculated on the assumption that all particles are electrons.

Then the expected charge, Ceyp(i, j), from the j-the ring at the i-th PMT is calculated:

CEH?P(Z.’].) = O‘(Z) X Cring,emp(jap: 0) (58)

where « is a conversion factor correcting for acceptance, distance from the vertex position

to the PMT and the attenuation of the Cherenkov light. Then the expected charge from

! This map is made without subtracting the charge of the first ring.
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all rings to the ¢-th PMT is:

n

Csum,exp (Z) = Z Cezp (’L, .7) (59)

=1

Then we defined a likelihood:
L(j) =Y In (prob(Cops (), Coumeap(i)) X \/Ceap(i, 5) (5.10)

where Cyps(7) is the observed charge for the i-th PMT. The function prob calculates the
probability that the observed value is Cys when the expected one is Ce,p. Its definition
is:

4
Poisson distribution

corrected for single p.e. distribution (Cs < 20p.e.)
Pprob(Cegp, Cobs) = < e <_l (Cemp_cm>2> (5.11)
P 2 o

2no

o= \/1.22 X Cegp + (0.1 X Cegp)? (Cops > 20p.e€)

where the factor 1.2 comes from the result of a comparison between the real charge
resolution of PMTs and poison statistics; and the factor 0.1 is derived from the uncertainty
of the relative gain calibration of the PMT. The factor \/m in Eq. 5.10 enhances
the contribution from PMTs around the expected Cherenkov ring positions. We change
the total charge of the j-th Cherenkov ring so that L(j) is maximized. This way, the best
fit total charge for each Cherenkov ring is determined.

It is possible to estimate the contribution of the j-th ring to the observed charge by
the i-th PMT:

Ceap(i, J)
Csum,eacp(i)

Now by using C,ps(%, j), it is possible to re-estimate Cying esp(d, P, ). Then we repeat

Cobs(iaj) = Cobs(i) X (512)

the same procedure by using new Ciingesp(J,p,6). This way, the total charge for each
Cherenkov ring is determined essentially independent of the initial assumption of the
electron-rings.

Now, we define that L;,,.;(n) is the maximum likelihood of Eq. 5.10 for n-ring as-

sumption. Then L., (n) x W(n) is used to determine the number of rings, where W (n)
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is an empirical weight as a function of the opening angle among the each ring direction.
In a same way, L(n+1) x W(n+1) is calculate using the additional candidate ring. If the
L(n) x W (n) is greater than L(n + 1) x W(n + 1), Ring-counting process determine the
number of ring as n, otherwise the process goes back to the step 1 to search for another
ring.

Finally, we show a performance of Ring-counting by using Monte Carlo events. Here
we used the charged current quasi-elastic (C'C q.e.) interaction events and neutral current
single 7° (NC 7°) interaction events to estimate the performance, because CC q.e. (NC
7°) events are expected to be identified as single-ring(two-ring) events.

The fraction of CC q.e. events which are identified as single-ring events is 93.8 %. The

reasons that some C'C' q.e. events are identified as multi-ring events are the followings.

1. A high momentum recoil proton makes Cherenkov lights, which is identified second

ring(2.4 % of CC q.e. events).
2. An outgoing lepton is misidentified as two-ring event(3.8 % of CC' q.e. events).

For the NN 7° events, the fraction of two-ring events is ~ 60 %. This fraction
strongly depends on the 7% momentum. Figure B.2 in Appendix B shows the probability
of identifying two Cherenkov rings as a function of 7° momentum. The detail of 7°

analysis will be described in Appendix B.

5.4 Particle identification

A particle identification (PID) process makes use of the pattern and opening angle of the
Cherenkov ring. Figure 5.6 shows typical events of e- and y — like events. This figure
shows that muons produce shape Cherenkov edges. In contract to this, electrons produce
electro-magnetic showers and low-energy electrons in particular exhibit many multiple
scattering and produce rather diffuse Cherenkov rings.

For low momentum particles, information of the opening angle, ¢, is important,
because cosf, is equal to 1/(nB3). The PID process determines a particle type in the

following steps:
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Figure 5.6: Typical FC single ring events. The left figure is for e — like, and the right one
is for p — like.

1. estimate the intensity of direct light for each PMT for e-like and pu-like assumptions,
2. estimate the scattered light,
3. estimate the particle type.

These steps are described below.

5.4.1 Estimate the direct photon

At first, the PID algorithm estimates the intensity of the direct photon for each PMT
under the assumption of an electron ring. We made the Monte Carlo simulation for elec-
tron events with momentum 100 MeV/c, 300MeV /¢, and 1000MeV /c with perfect water
transparency. Then we estimated the photo-electron number received in a circular area of
50 cm diameter (equal to PMT photosensitive area) located on a sphere of 16.9 m in ra-
dius. Since the Cherenkov photons are emitted in a cone, we averaged this photo-electron
number as a function of an angle between the circular area and the particle direction, 6.

Let Carc(0,pe) be the average charge for electron events with their momentum p,.

The expected number of photo-electrons in the i-th PMT produced by an electron is
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expressed as:

Ce,eap(direct, i) = ae X Crpro(0, pe) X <16fm>1.5 X exp (—%) x f(6:) (5.13)
i
where «, is the normalization factor; /; is a distance from the particle position to the i-th
PMT; 6; is the angle of the i~th PMT from the particle direction; L is the light attenuation
length. f(0) is the effective photo-sensitive area of the PMT (see Fig. 3.2). The power
index, 1.5, was estimated by a Monte Carlo study.
Next we explain the way of the estimation of the intensity of the direct photons for

the p-like assumption. For pu-like events, the expected number of photo-electrons in the

1-th PMT can be calculated numerically by the following equation:

1

) X sinQ(Hi) —+ Cp,knock,ewp(ﬂ) X exp (-%) X f(HZ)

(5.14)

Ceap(direct,i) = (a“ X

where «, is a normalization factor; li(%) comes from the ionization energy loss of the
muon; As shown in Fig. 5.7, sin Odx + [df takes into account the change in the photon
density which is caused by the change in 6, corresponding to the energy loss. sin?#6;
expresses the intensity variation of the Cherenkov photons. The Cinok esp(i) shows the
number of the expected photons from the knock-on electrons as a function of 8; which is

estimated by a Monte Carlo study.

5.4.2 Estimate the scattered lights

Scattered photon can be separated from the direct Cherenkov photons by checking its
arrival time. We first pick up hit PMTs within a cone having an opening angle of 1.5 x .,
which 6 is the reconstructed Cherenkov opening angle. This aims to eliminate accidental
hits which lie mostly outside he Cherenkov cone. Then a histogram of timing residuals,
t;, is made for all the selected PMTs. Scattered photons are selected with the following

criterion:

tpeak — d0nsec < t; < lpear + 20; + dnsec — direct photons

tpeak + 20; + dnsec < t; — scattered photons (5.15)
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Figure 5.7: Relation between the PMT and Cherenkov photon.

where ?peq is the peak in the timing histogram and o is the timing resolution of the i-th

PMT as a function of the detected number of photons.

The number of photons originating from the scattered photons, Ceg,(scatter,i) is
estimated from the information of the attenuation length and the distance between the
vertex position and the PMTs which detect Cherenkov photons. Thus the expected
number of photons for the :-th PMT is given by adding both contributions:

Ce or peap(t) = Ce or peap(direct, i) + Cegp(scatter, i) (5.16)

5.4.3 Estimate particle type

We now define a likelihood function for PID, L, ,, , as:

Leou= J[ Probeo u(i) (5.17)

9;<1.5x0¢
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where Prob, o () is the probability function for the i-the PMT, which is expressed in
two different ways, according to whether the PMT is hit by direct or scattered photons.
prob(Ce or pexp(t); Cops(%)) direct photons
Probe or u(i) = { prob(C, o wexp(direct, i), 0) (5.18)
Xprob(Cesp(scatter, i), Cops (1)) scatted photons
where prob is the same function as in Eq. 5.11.

In order to combine the information of the Cherenkov opening angle with the infor-

mation of the ring pattern, L, is transformed into the x? distributions:
x*(e or p) = —21n(L, o ,) — constant. (5.19)

If the degree of freedom, Np, exceeds 30, which is normally the case, the sigma of the x?

distribution, 0,2, is approximated as:
2 = V2Np (5.20)

In this case, Np is the number of PMTs within the 1.5 x #-. Then the probabilities by
using Cherenkov pattern can be rewritten as:

Pattern(€ or p) = exp (_% <X2(€ or j1) — min(XQ(e)aXQ(N)))2) 5

0'X2

Next, the Cherenkov angle will be considered. From the reconstructed momentum
and particle type we can calculate the expected Cherenkov angle, f.,p(e or p). If the

reconstructed Cherenkov opening angle is given as 6, £ 06, the probability is derived as:

1 eew - 90 S 2
Pangle(e or ) = exp (—— ( p(e or 1) b ) ) (5.22)

2 00
Combining Eq. 5.21 and Eq. 5.22, the probability Pp;p is given by

PPID(e or ﬂ) = Ppattern(e or ﬂ) X Pangle(e or N’) (523)

A ring with Pprp(p) > (<)Pprp(e) is identified as p-like(e-like). We shows the per-
formance of particle identification using C'C p.e. events. Figure 5.8 shows a \/m —
\/m distribution of C'C' q.e. interaction events which were identified as single-ring
events. This figure illustrates that our particle identification is very good for C'C q.e.
events. The misidentification probability of the particle identification is 0.5 and 0.8 % for
CC v, and CC v, events, respectively.
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5.5 MS fit

The vertex resolution of TDCHit for single-ring events is relatively poor compared with
that of multi-rings events. This reason comes from the facts that a fitter using timing
information is not sensitive in the longitudinal direction of a Cherenkov ring, and its
vertex shift in the longitudinal direction depends on the particle type. Therefore, we use
another fitter, which obtains the vertex position using the charge pattern information, for
FC single-ring events to improve its vertex resolution. This fitter is called "MS fit”.

At this stage, we already know the particle type, which means that we can estimate
charge pattern distribution. MS fit moves the vertex position parallel to the particle direc-
tion, to search for the position where the observed charge distribution and the expected
one match the best. The comparison is carried out based on the likelihood defined in
PID. Then it adjusts the direction where the above likelihood gives the maximum. Next,
it looks for the vertex position with the maximum goodness used in the TDC fit, shifting
the vertex perpendicular to the particle direction. MS fit iterates these three steps until
the change of vertex and direction relative to the previous ones is less than 5 ¢cm and 0.5°,
respectively.

The performance of MSfit is estimated using the Monte Carlo study and cosmic-ray

muons. In the Monte Carlo study, we use the atmospheric neutrino events identified
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as a single-ring event by Ring-counting. Figure 5.9 represents the distribution of the
distance between the fitted and the real vertex. Let the vertex resolution be the distance
where 68% of events are covered. Figure 5.9 shows that the vertex resolution of MSfit
is 34 and 25 centimeters for e-like and p-like events, respectively. Figure 5.10 shows the
distribution of opening angle between the fitted and real direction. From this figure, the
angular resolution is 3.2° for e-like events and 1.9° for pu-like events, where the angular

resolution is defined in the same way as for the vertex.
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5.6 Momentum estimation

In order to estimate the momentum, we use the corrected total charge R;,. To reduce

the scattered light effect, we use the PMTs satisfying the following criteria:
e Select the PMT whose opening angle from the particle direction is less than 70°
e select the PMT which satisfy: tpear — 50(ns) < t; < tpear + 250(ns)

The Ry, is corrected for the PMT acceptance and water transparency and its definition

1s:

G O; l; .
Rtot = Me R Z Cobs(i) X cos X exp <_Z> - Z Cewp(scatter, 7’)

6;<70° (62) 0;<70°
—50<tres <250

~

(5.24)

where G(G ) is a relative PMT gain of data (MC), ag is normalization factor, t,es
is a time from the peak of time residual, 6; is an opening angle between the i-th PMT
direction from the vertex position and the particle one, ©; is angle of photon arriving
direction relative to the i-th PMT facing direction, and L is the attenuation length of
light in the water. Figure 5.11 (a) shows the relation between R;,; and momentum which
is obtained from a Monte Carlo study. The momentum resolution, o,, of each particle is
shown in Fig. 5.11 (b). From this figure, 0, at low momentum regions (P < 2.0GeV/c)

is approximately calculated as:

0.6 + 28% (for electrons
op = v ) (5.25)

1.7+ %% (for muons)

where p is the momentum of each particle in GeV/c.
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Figure 5.11: The reconstructed momentum by using R;;. (a) shows a reconstructed

momentum, p, as function of R;y. (b) shows a momentum resolution, o,, as function of

p. Solid (broken) line shows e (u)-like events.






Chapter 6
Monte Carlo simulation

In this analysis, we use a Monte Carlo simulation to predict various numbers and distri-
butions. In addition, the estimations of several criteria for reduction and reconstruction
arise from Monte Carlo studies. Therefore the Monte Carlo simulation plays a vital role.

Our Monte Carlo separates into the neutrino interaction and a detector simulation.

6.1 Atmospheric neutrino flux

Several persons have calculated the atmospheric neutrino flux. Here we use the Honda
et al’s calculation [13], because their flux model considers the magnetic latitude of the
Kamioka site and covers the neutrino energy from 10 MeV to 1 TeV. In order to estimate
the systematic errors coming from the neutrino flux, we use the Bartol’s flux [14], which is
also calculated taking into account the magnetic cut-off at Kamioka. The discrepancy of
the calculated neutrino flux between these two models is less than +10%. The uncertainty

of the absolute flux of the atmospheric neutrino is estimate to be ~ 25%.

6.2 Neutrino interaction

Our Monte Carlo considers the following neutrino interactions:
e Charged Current quasi-elastic scattering (v N — [ N')
e Neutral Current elastic scattering (v N — v N)

85
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Charged Current single w production (v N — [ N’ )

Neutral Current single 7 production (v N — v N’ 7)

Charged Current coherent 7 production (v 0 — [ 10 77F)

Neutral Current coherent 7 production (v 1°0 — v 180 7°)

Charged Current multi 7 production (v N — I N’ nx)

Neutral Current multi 7 production (v N — v N’ nw)

where N and N’ are the nucleons; [ is the charged lepton; n is the multiplicity of pions. The
probability of the other interaction modes is too small compared to the above interactions,
therefore we neglect them in this simulation. We have checked the total cross section in
each mode with the real data [67]. The momentum distribution of outgoing lepton, and
the angular distribution have been compared with the data from the BNL! 7-foot bubble
chamber by Hasegawa [68]. Each interaction is presented in this chapter. Then the

comparisons with the real data and the Monte Carlo prediction are presented.

6.2.1 Quasi-elastic scattering

In the calculation of the cross section for the charged current quasi-elastic interaction,

v+n — I~ + p, the differential cross section is written [69]:

do  M*G®cos’ 0,
dg?  8nE2

S—UuU

s—u (s — u)?
M

+C(¢*) Ve

A(¢®) F B(¢*) (6.1)
where ¢ is a square of the 4-momentum transfer of lepton, s and u are Mandelsam vari-

ables, F, is a neutrino energy, M is a target nucleon mass, 6. is Cabibbo angle, and G is

! Brookheaven National Laboratory
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Fermi coupling constant. A(q?), B(q?), and C(q?) is written as the following:

m2 — ¢ e e
Ay = (1= ) e - (4 ) 1R

2 2 21 ¢ 02 2

q q 4q° FyEF m

- et (e ) - T S (e e

2

q
Bf) = L (R +€RY)
Cla?) = 1 Ful?2 4+ |FL|2 q’ 212
@) = 7 (IEaP+IFP - ler) (62

where m is a lepton mass, and £ = 3.71. The vector form factor, F{; and F are explained

by:
e = (1-55) (- 580) (-)
F2 () = (1 - 4?\;2)_1 (1 - 1\3—23)_2 (6.3)

In our Monte Carlo, My is set to be 0.84 GeV/c?. The axial vector form factor Fj is

experimentally obtained as the follow:

Fa(¢*) = —1.23 (1 - &—9_2 (6.4)

The uncertainty of M, is large, and various experiments suggested 0.9 GeV/c?* < My <
1.1 GeV/c? [70]. We adopt M4 = 1.01GeV in our Monte Carlo. In the case of free proton
target, the total cross section is directly determined from Eq. (6.1). Figure 6.1 shows the
calculated cross sections and the real data in v,n — p~p and v,p — ptn. Figure 6.2
shows the ¢? distribution for v,n — pu~p, and this figure proofs the reproducibility of our
Monte Carlo.

On the other hand, in the case that the target is a nucleon in Oxygen, we take account
of nuclear effects such as Pauli blocking and Fermi motion of the nucleon. For the Pauli
blocking, we request the momentum of the recoil nucleon should exceed the Fermi surface
momentum. Fermi motion is adopted based on the Fermi gas model on the assumption
that 4 nucleons are in the 1s states and 12 nucleons are in 1p states.

We also consider the neutral current elastic interaction. The cross section for NC
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Figure 6.1: The calculated cross section of quasi-elastic interactions compared with the

experimental data; (a) for v,n — p~p, (b) for v,p — p*n. triangle: ALN [71], square:

GGMT7 [72], circle: Serpukhov [73].
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Figure 6.2: The ¢* distribution for v,n — p p. The histogram shows the Monte Carlo

result, and the points with error bars shows the experimental data from BNL [74].
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elastic scattering is evaluated using the relation [75, 76]:

o(vp—=vp) = 0.153 x o(vn — €7 p),

o(vp — vp) = 0218 x o(vp — e'n),

olvn - wvn) = 1.5xo(vp— vp),

)
)
)
o(vn — on) = o(vp — vp) (6.5)

6.2.2 Single pion production

Here ”single pion production” is defined as the interaction which makes single pion pro-

duced via the baryon resonance states as follows:

v+ N —= [+ N*
N* >N’

where N and N’ are the nucleon, N* is the baryon resonance(/N and A). In addition, to
be consistent with multi pion productions(see sec 6.2.4), it is restricted to the interaction
whose hadronic invariant mass W is less than 2.0 GeV.

We adopt Rein-Sehgal’s method [77] to simulate this interaction. To evaluate the cross
section, this model, calculates the amplitude (|7’|) of producing 18 resonance states shown
in Table 6.1. In the next step, it multiplies the respective amplitude by the branching
ratio yg that the excited baryon decays into one pion and a nucleon. At this time, it

considers interference among the resonances. The differential cross section is:

do 1 1 3" TN — IN*)P? 1 r
d?dv ~ 321 ME? 2 XE\on (W = M)z +12/4

(6.6)

spins
Figure 6.3 shows the cross section for single pion production channels compared with the
experimental data [72, 78].

In the case that the target is a nucleon in Oxygen, we consider that 20% of A decays
without pion [79].

6.2.3 Coherent pion production

The interaction of neutrinos with nuclei, via charged our neutral currents, can lead to the

coherent production of pions which carry the same charge as the incoming current. The
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R.S. | M [MeV/c*] | T [MeV] | xg
Py 1232 115 | 1.00
Py 1440 200 | 0.60
D3 1520 125 | 0.55
S11 1535 150 | 0.43
S31 1620 140 | 0.30
S11 1650 150 | 0.60
Ps3 1600 370 | 0.10
D3 1700 100 | 0.10
D5 1675 155 | 0.35
Fis 1680 125 | 0.60
P, 1710 110 | 0.15
Ds3 1700 250 | 0.15
P3 1720 200 | 0.15
Py, 1910 220 | 0.22
Ps5 1905 300 | 0.12
o 1950 240 | 0.40
Ps3 1920 250 | 0.17
Fi; 1990 325 | 0.01

Table 6.1: Table of reso-
nances used in this simu-
lation. R.S. is Resonance
States, M is the invariant
Mass, I' is the total width,
and xg is the elasticity (7N

branching ratio).

91



92 CHAPTER 6. MONTE CARLO SIMULATION

differential cross section of coherent pion production can be calculate based on Alder’s

PCAC formula [80, 81], and be expressed as follows [82, 83]:

o G*M , 1 2 Re(fxn(0)))?
— = A’E,(1 —y)— [e=N(E, 1 T
Qayai = g A= g Lo (Bay) ( - (Im(an 0)))

Mm%\’ 1
X ( A ) exp <—§R2/3|t\) Fops (6.7)

MZ 1 QP

where ¢? is the square of the 4-momentum transfer of lepton, ¢ is the square of the

—
)

momentum transferred to the nucleus, M, is the axial-vector mass (1.01GeV/c?), fr =
0.93m, frn is the mN scattering amplitude, G is the weak coupling constant, M is the
mass of nucleon, £, and E; are the energy of neutrino and outgoing lepton, respectively
and y = (E, — E})/E,, A is the atomic number of oxygen (= 16), and R is the nuclear
radius. [ is the axial vector coupling constant. Because [ is recalling that the axial
parts of the neutral and charged currents form a triplet in isospace, it takes 2(1) for
the charged(neutral) current interaction. o7,V is the average pion-nucleon cross section,
which is approximately expressed as:

o = 1 [om? + oi”] (63)
where erofD is the 7D total cross section [84]. F,ps is t-independent attenuation factor

representing the effect of pion absorption in the nucleus, and is expressed as:
Fops = exp <— (6.9)

where Ry = 1.0fm, 0ine is the inelastic 7N Cross section which is taken from the data

Table [84]. The cross section of coherent pion production is shown in Fig. 6.4.

6.2.4 Multi pion production

The total cross section of charged current multi pion production is calculated by integrat-

ing the following equation:

d’c G%MyE y? y
- v((1-y+L v F Qi(l—— 0)F,2 ,
. D (1=t L v 0) Rle) 2y (1- 5+ ) (Fito. )
Y7 4MyE,x 2E, 4E2 2MyE,x’
M2
Cy = L (6.10)

" AMNE,x
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where My is the mass of nucleon, M; is the mass of lepton, z = —¢*/{2M(E, — E})},
y=(E,— E;)/E,, E, and E; are the energy of incoming neutrino and outgoing lepton in
the laboratory frame, respectively. In the case of v, + takes plus, otherwise it is minus.
The nucleon structure function F, and zFj are taken from Ref. [85].

In our simulation, the cross sections via neutral current are expressed by the following

relations:

0.26 (E, < 3GeV)
o(vN - vX) B s
0.30 (E, > 6GeV)
0.39 (E, < 3GeV)
o(ZN — vX) B3
= _ v 11
SN S X)) 039~ 0.02 % B (3< E, <6GeV) (6.11)
0.37 (E, > 6GeV)

These relations are estimated from the experimental results [86, 87].

Figure 6.5 shows the calculated cross section for multi pion production based on Eq.
6.10.

The kinematics of out-going mesons is calculated by two method. At the invariant
mass range less than 2.0 GeV, we use our original code. From the result of Fermi-lab 7-

foot hydrogen bubble chamber experiment, the mean multiplicity of charged pions (n,+)is



94 CHAPTER 6. MONTE CARLO SIMULATION
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estimated as:
{(ny+) = (0.06 & 0.06) + (1.22 % 0.03) In(W?) (6.12)
Assuming (n;+) = (ngz-) = (ngo), the mean multiplicity of pion (n,) is:
{(ny) = 0.09 + 1.831In(W?) (6.13)

The number of pion for each events is determined based on the KNO scaling [88]. Since the
range of W overlaps with that of the single pion production, we require n, > 2 in this W
range of multi-pion production. The forward-backward asymmetry of pion multiplicity
(nf/nB) in the center of the mass system of the hadrons is obtained from the BEBC
experiment [89], and included as follows:

nf  0.35+0.41In(W?)

i 6.14
nP = 0.5+ 0.09In(W?) (6.14)

In the case of W > 2.0 GeV, we use the Jetset [90], which is frequently used for event

generation in high-energy physics.

Finally the total cross section is calculated by adding all the channels and is shown in

Fig. 6.6.
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Figure 6.6: The charged current total calculated cross section derived by E, used in our
Monte Carlo simulation. (a) for v,n — p~p, (b) for v,p — p*n White circle [91, 92, 93],
white square [94], cross [95], triangle [96, 97], and circle [74]
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6.3 Meson nuclear effect

The mesons produced in a %0 nucleus often make secondary interactions before leav-
ing the nucleus. Thus, the meson interactions with nucleon have a significant effect in
estimating the detection efficiency of 7°, or in the selection of single-ring events.

The interaction position () of a neutrino, and the production position of a pion in the

oxygen nucleus is set according to the Woods-Saxon type nucleon the density distribution

p(7):
o) = %{1 +exp ('ﬂa_ C) }_1 (6.15)

where p(= 0.48m3) is the average density of nucleus, a(= 0.41fm) and c(= 2.69fm)

are density parameters of nucleus. In our Monte Carlo simulation program, the pion

interaction in 60 includes:
e inelastic scattering
e charge exchange
e absorption

Each cross section is calculated based on the Oset model [98]. In selecting interaction
modes, Fermi motion of nucleus and Pauli blocking effect are considered. If inelastic
interaction or charge exchange is selected, the momentum of the recoil nucleon is requested
to exceed the Fermi surface momentum pp(r), which is a function of the density of nucleon

at the interaction position 7

pe(r) = | 37007 - (6.16)

The direction and momentum of the pion is estimated from the result of a phase shift
analysis obtained from the 7-N scattering experiment [99].

We tested this pion interaction model using the following three interaction data:
e m'2C scattering [100] (see Fig. 6.7)

e 790 scattering [101] (see Fig. 6.8)



o
=~

DETECTOR SIMULATION 97

2]
(=
o

Figure 6.7: The calculated cross

a

(=]

o
I

sections of the pion with a 2C

nucleus compared with the ex-

cross section (mb)
&
1

perimental data [100]. The stars
(Solid line) for the total cross

300 |-

section, the white circles (broken

line) for the inelastic scattering,

the black circles (dashed line) for

200 [

100 F o™ absorption, the crosses (dashed

dotted line) for the charge ex-

0 100 200 300 400 500 600 Ch ange .
P: (MeV/c)

e photo-production of pions (y?2C — 7 X) [102, 103] (we used the cross section of

primary interaction (yn — 7~ p) from the experimental result [104]) (see Fig. 6.9)

6.4 Detector simulation

The GEANT package [105], which is used generally among high-energy experiment, is
used for detector simulation in Super-Kamiokande. For the hadronic interaction in water,
we used CALOR package based on the nuclear cascade model [106], because this package
reproduces the pion interaction well above 0.5 GeV /c. But the reproducibility for the low
energy pion with momentum less than 0.5 GeV/c is not enough for our experiment, and
there is no package better than CALOR in simulating low energy pions. Thus we made
our own code based on the result of 7 H,O scattering experiment [107, 108, 109].
Cherenkov photon radiation is also treated in the GEANT package. But the tracking
part of Cherenkov photons was developed by us for this experiment. For the short wave
length, Rayleigh scattering is dominant because the mean scattering length is proportional
to 1/\*. Thus we take into account this scattering. For the longer wavelength, measured

wavelength dependence of the light scattering and absorption is used. The attenuation
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Figure 6.9: The differential cross section for the pion photo-production;(a) for 2Cvy —
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length, shown in Fig. 3.10, is used in our simulation program. Also shown are the results
of direct measurement of water transparency.

The quantum efficiency of PMTs has been measured as shown in Fig. 2.5. Also, the
collection efficiency of photo-electrons at the dynode was measured to be 70 %. Based on

these results, Cherenkov photon detection part of the simulation was developed.



Chapter 7
Data summary

We observed 6982 (470) events for the fully contained (partially contained) sample with
an exposure of 52 kton year. Also, we made 40 years (900 kton year equivalent) of Monte
Carlo events and analyzed them in the same way as we did for the real data.

In this chapter, we summarize the final data sample for the real data and the Monte
Carlo. Then the important information in this analysis; the number of ring, vertex posi-

tion, momentum, and PID likelihood distribution are presented.

7.1 Data summary

Final event samples were made by the following criteria:

For fully contained events,

1. Eyis > 30MeV

[\

. Dyan > 2 meters

3. Number of OD-clusters hits < 9

W

. P, > 100MeV/c for e-like single-ring events, P, > 200MeV/c for p-like single-ring

events
For partially contained events,
1. Dyeu > 2 meters

101
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DATA | MC(Honda) | MC(Bartol)

sub-GeV 1R 3678 4371.6 4268.1
e-like 1826 1754.0 1729.5

p-like 1852 2617.6 2538.6

2R 1156 1389.1 1369.0

>3R 300 481.7 480.8

multi-GeV | 1R 790 901.3 917.6
e-like 439 414.3 430.8

plike | 351 487.0 486.8

2R 451 975.7 592.7

>3R 416 903.8 925.8

PC 470 656.4 696.7

Table 7.1: Event summary. Sub-GeV(multi-GeV) indicates the event sample with F,;; <
(>)1.33GeV.

where D, is the distance between the event vertex and the nearest inner detector wall.

Table 7.1 summarizes the observed events and Monte Carlo predictions based on Honda
and Bartol fluxes [13, 14]. Here we classify the events with E,;; < (>)1.33GeV as the
sub-GeV (multi-GeV) sample. E,; is the energy of an electron that would produce the
observed amount of Cherenkov light. E,;; = 1.33GeV for muon events corresponds to
pu ~ 1.4GeV/c. The numbers of the Monte Carlo events were normalized to the detector

exposure for comparison. The fraction of each interaction mode is summarized in Table

7.2.

7.2 Vertex position distribution

The vertex position distributions of neutrino events are expected to be uniform in the
detector. Figure 7.1 and 7.2 show the vertex position distributions projected to the Z and
the R? = (X?+Y?) directions with the Monte Carlo prediction. For the multi-GeV pu-like

events of both data and Monte Carlo, the number of events with their vertex positions
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CC v, CCuy, NC | Total

g.e. % | non-q.e. % | q.e. % | non-q.e. % % %

1R sub-GeV | e-like | 66.68 20.16 0.77 2.23 | 10.17 100
p-like 0.22 0.12 | 73.33 21.99 | 4.33 100

multi-GeV | e-like | 34.81 45.65 0.78 8.26 | 10.50 100

u-like 0.06 0.27 | 50.51 48.86 | 0.30 100

> 2R | sub-GeV 4.22 18.22 5.75 37.60 | 34.20 100
multi-GeV 2.07 29.04 2.05 52.73 | 14.11 100

PC 0.27 1.66 | 14.95 82.26 | 0.87 100

Table 7.2: The fraction of each interaction mode for various types of events. These
numbers are obtained based on Honda-flux without neutrino oscillation. q.e. indicates

quasi-elastic interaction.

near the wall were small compared to the ones around the center. On the other hand,
for the PC event sample, the event rate near the wall was higher than that around the
center. This is because a fraction of muons near the wall can reach the anti-counter, and
were identified as PC events.

We compared the shape of the distribution of the real data with these of the Monte
Carlo prediction by using a x? test. The results are summarized in Table 7.3. This
table shows that all the distributions of the data were consistent with the corresponding

distribution of the Monte Carlo.

7.3 Number of rings and PID distribution

The number of rings and PID play important role in this analysis. Therefore we need
to confirm the reproducibility of our Monte Carlo. Figure 7.3 shows the number of rings
for the data and Monte Carlo without neutrino oscillations. From this figure, it turned
out that the Monte Carlo reproduced the shape of the number of rings distribution of
the real data well. Figure 7.4 shows the PID likelihood distribution L == /Pp;p(u) —
\/m for single-ring events, where Pp;p is defined in Eq. 5.23. Again, our Monte
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Figure 7.2: The vertex distribution projected to the R? direction. Only events with

|z| < 16.1m are plotted. The arrows indicates the fiducial volume.
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X*/d.o.f(%)
Z R?
IR | sub-GeV | e-like | 23.8/14 (4.8) | 9.6/14 (79.0)

prlike | 17.7/14 (22.1) | 11.8/14 (62.2)

multi-GeV | e-like | 18.8/14 (17.3) | 22.2/14 (7.5)
p-like | 17.2/14 (24.6) | 22.0/14 (7.9)

2R 13.4/14 (49.5) | 12.4/14 (57.4)
>3R 21.7/14 (8.5) | 6.3/14 (95.8)

PC 13.7 /14 (44.2) | 23.4/14 (5.4)

Table 7.3: x? analysis of the vertex position distribution for events in the fiducial volume.
Only the shape of the distributions is compared between the data and the Monte Carlo.

The numbers in the parentheses shows the probability.

Carlo reproduced the shape of the distribution for e-like and pu-like events separately. We
note that the relative height of the e-like and p-like histograms is different between the

data and the Monte Carlo, most probably due to neutrino oscillations.

7.4 Summary

We found that the vertex position distributions of the events inside the fiducial volume
were consistent with the expectation from the atmospheric neutrino interaction.

We also found that various distributions such as numbers of rings are consistent with
the atmospheric neutrino Monte Carlo. These distributions are almost independent of
neutrino oscillations and confirm the data quality and the reproducibility of the Monte

Carlo.
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Chapter 8

Neutrino oscillation analysis using

FC single-ring events

In this chapter, the results of (e/1)4ata/(€/1t) s ratio and the zenith angle distribution
studies are presented. Then a neutrino oscillation analysis using FC single-ring events is
carried out. Both v, — v; and v, — v, oscillation hypotheses are tested. The allowed

regions of neutrino oscillation parameters from this analysis are also shown.

8.1 /e ratio

If neutrinos oscillate, the observed atmospheric v, /v, flux ratio should be different from
that of the theoretical calculation. Although the uncertainty in the absolute flux of the
atmospheric neutrino was estimated to be ~ 30% as mentioned in Chapter 1, the ratio
(v, +v,)/(ve + ) was calculated within 5% uncertainty. This is because most neutrino
is produced by the decay chain of 7% — pu™ (_u)’ pt — et (1/_;3(7;@)- To study the v,/v,
flux ratio, we observed the u/e ratio of the data and compared with the theoretical

prediction. As seen from Table 7.2, the p/e ratio approximates the v,/v, ratio. The

results were as follows: We used FC single-ring events with E,;; < 1.33(E,;s > 1.33)GeV

109
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for R = (p/€)data/(11/€) e in the sub-GeV (multi-GeV) region.

0.680 +%938 0y £ 0.05(sys) Euis < 1.33GeV 1)
R = - o0 8.1
0.680 +00%0 oy £0.095ys) Eyis > 1.33GeV

— 0.047

In both cases, R were significantly smaller than unity. R should be consistent with unity,
if neutrinos do not oscillate. Therefore, these results confirmed the atmospheric neutrino

anomaly. The systematic error in R is discussed in the next section.

8.2 Systematic error in R

In this section, we discuss the systematic errors in R. The sources of the systematic errors
in R were separated into three parts: the uncertainties in the atmospheric neutrino flux;

ones in the cross section of neutrinos off nucleus; ones related to reconstruction methods.

8.2.1 Systematic error in the atmospheric neutrino flux

The dominant source of the systematic errors related to the atmospheric neutrino flux
is the uncertainty in the flux ratio of the atmospheric neutrino flavor, especially the
(vu+v,)/(ve+1e) ratio. Although the uncertainty in the absolute flux of the atmospheric
neutrino was estimated to be 30%, the ratio (v, + v,)/(ve + 7.) was calculated within
5% uncertainty. This uncertainty changes R by éR = 4.6% (4.1 %) in the sub-GeV
(multi-GeV) energy region.

In addition, we need to consider the uncertainties in v, /v, and v./v, ratios, because
the cross section for v, /N interaction is roughly a factor of 2 larger than that of 7, . N.
The uncertainty of v,/v,(v./7) ratio with neutrino energy < 30GeV was estimated to
be 5 (10) % in Ref.[13]. We found that sub-GeV (multi-GeV) R changes by 1.0 and 2.4
% (0.3 and 1.1 %) if we change the v, /1, and v, /7, ratios by 5 and 10 %, respectively.

Another source related to the atmospheric neutrino flux is the uncertainty of the
energy spectrum of the primary cosmic-ray protons. The energy spectrum of the primary
cosmic-ray protons is approximately proportional to £~7, where the power index, v, is

2.7140.05 in the energy range around 10 ~ 10GeV [13]. Thus the energy spectrum of the
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atmospheric neutrinos is proportional to E~7f(FE), where f(F) is a yield function which
takes account of the energy dependence of decay probabilities and meson production cross
sections. Therefore the uncertainty in the power index of the primary cosmic-ray flux is
reflected in the neutrino energy spectrum. In order to estimate the systematic error, the
spectrum has been changed by a factor of E£%%. As a result, error in R, 6 R, for sub-GeV
(multi-GeV) was evaluated to be 0.6 (1.6) %. Table 8.1 summarizes 6 R as we change the

neutrino ratios and the spectra index within the uncertainty.

uncertainty Systematic error in R

sub-GeV multi-GeV

(v +0,)/ (Ve + V) 5.0% 4.6% 4.1%
Vu/V, 5.0% 1.0% 0.3 %

Ve Ve 10.0% 2.4% 1.1%

E 40.05 0.6 % 1.6 %

total 5.3 % 4.5 %

Table 8.1: The systematic error in R related to the atmospheric neutrino flux.

8.2.2 Systematic error from the neutrino interaction cross sec-

tions

First, we discuss the uncertainty of the quasi-elastic interaction. In the case of a free
proton target, the dominant uncertainty in this interaction mode is the value of the
axial vector mass, M,. We estimated this systematic error in R to be 0.9%(1.0%) in
the sub-GeV(multi-GeV) energy range by comparing R with M4 = 1.01GeV to R with
My =1.014+0.1GeV.

In the case of an Oxygen target, in addition to the uncertainty of M4, we have to
consider some uncertainties related to the nuclear model. Our neutrino interaction sim-
ulation considers the Pauli blocking by requiring that the momentum of a recoil nucleon
must exceed the Fermi surface momentum, Py, which is a function of the momentum of

in-coming neutrino. We checked the parameter dependence of R by comparing R with
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the one based on a different nuclear model whose Pp is constant(Pp = 250MeV) and
no nuclear potential. The difference of the two Rs was small. Moreover we checked the
parameter dependence by changing Pr to 180 MeV. As the result, 0 Rs were 3.3% and
0.9% for sub-GeV and multi-GeV, respectively. Table 8.2 summarizes R as we change
M4 and Pr. We estimated the systematic error originating from the uncertainty of M4

and nuclear effects to be 3.5(1.5) % in the sub-GeV(multi-GeV) energy region.

Systematic error in R
sub-GeV  multi-GeV

M4 1.01+£0.1GeV 0.9 % 1.0 %
nuclear potential off (Pr is 250MeV) 0.5 % 0.1%
Pr 250 — 180MeV  -33% -0.9 %
total 3.5 % 1.5%

Table 8.2: )R as simulation parameters in quasi-elastic interaction are changed. P is the

Fermi momentum and M4 is the axial vector mass.

The relative contribution of each interaction mode in the p-like sample is different
from that of the e-like one as shown in Table 7.2. This difference makes R change with
the change of the absolute value of each cross section. For example, we estimated the
uncertainty in the absolute cross section of the single pion production was 30%. When
the absolute cross section of the single-pion production in both samples increased by 30
%, the (u/€)ac in the multi-GeV region changed by 1.2%. Accordingly the systematic
error coming from this uncertainty was estimated to be 1.2%. We estimated the system-
atic errors arising from the uncertainties of each neutrino cross section in the same way.
Additionally, we considered the uncertainties in the NC/CC cross section ratio. These
uncertainties of NC/CC ratio for all the cross section channel were estimated to be 20
%. These results are summarized in Table 8.3

Another source of the systematic error in R is the uncertainty of the simulation of the
hadron interaction in water. We adapted CALOR as the hadron simulator to generate the
Monte Carlo events. To estimate the uncertainty of the hadron simulation, we compared

the result of another hadron simulator, FLUKA, with that of CALOR. The differences
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mode uncertainty systematic error in R

sub-GeV  multi-GeV
qge. CC+ NC (*) 3.5% 1.5 %
NC/CcC 20% < 0.1% < 0.1%
l1pi CC+ NC 30% < 0.1% 1.4 %
NC/CC 20% 0.6 % 0.2 %
cpi CC+ NC 30% 0.5 % 0.4 %
NC/CC 20% 0.4 % 0.2 %
mpi CC+ NC  40%(**) 0.8 % 0.2 %
NC/CC 20% 0.2 % 0.2 %
total 3.7 % 2.1%

Table 8.3: Systematic error in R coming from the cross section. q.e. : quasi-elastic

interaction; 1 pi: single pion interaction; ¢ pi: coherent pion interaction; m pi: multi pion
interaction. (*) The uncertainties coming from q.e. are estimated in Table 8.2. (**) The
uncertainty of multi-pion production is conservatively taken to be 40 % near the threshold

energy region (~ GeV).

in R between FLUKA and CALOR were 0.5 % and 1.0 % for sub-GeV and multi-GeV,

respectively.

8.2.3 Systematic error related to the event reconstruction

The systematic errors in R related to the event reconstruction are caused by the uncer-
tainties of the several parameters used in our Monte Carlo simulation. For example, one
of the parameters is the timing resolution of each PMT. The vertex resolution obtained
by TDCAit, which calculates the vertex position using the timing information, is strongly
dependent on the timing resolution of each PMT. If our estimation of the timing resolu-
tion was not very accurate, then our Monte Carlo cannot reproduce the vertex resolution
of the real data. To estimate these systematic errors, we used several reconstruction tools,

and compared the obtained R. In the case of vertex position resolution, we used MSfit,
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which obtains the vertex position using the Cherenkov charge pattern and is almost in-
dependent of the timing information. Comparing the result of the TDCfit and MSfit, we
estimated the systematic errors related to the vertex reconstruction were 0.6% and 2.4%
in the sub-GeV and multi-GeV energy region, respectively.

Next, we estimated the systematic error related to the ring counting based on the
comparison to the results from two different versions of ring counting program and from
the manual scanning. The differences in R between manual scanning and our ring counting
program were estimated to be 3% and 10%, for sub-GeV and multi-GeV, respectively. The
systematic error related to the ring counting was the largest in all the errors related to
the event reconstruction.

According to the Monte Carlo study, the misidentification probability of particle iden-
tification for single-ring events was estimated to be 0.6% (1.2%) for sub-GeV (multi-
GeV). The systematic error in R coming from this misidentification was estimated to be
1.2%(2.4%) for sub-GeV (multi-GeV) by simply doubling the misidentification probability.

The uncertainty of the energy scale causes the systematic error in R of 1.0% in sub-
GeV region. However in multi-GeV region, the error was estimated to be 5.5%. These
numbers were obtained by changing the p.e. numbers by +2.5% for Monte Carlo events,
where +£2.5% is the estimated uncertainty of the absolute energy scale of the detector.

The uncertainty of the reduction efficiency for FC events was negligible according to
the Monte Carlo study.

The background contamination such as the flashing PMT events were considered as a
source of the systematic error. The charge pattern made by the remaining flashing PMT
events is diffuse like single-ring e-like events. And the cosmic p induced neutrons coming
from the surrounding rock collide with water and sometimes make 7°s. Some of them
with relatively high momentum are identified as single-ring e-like events, because their
opening angle between two s from 7° decay is narrow and they tend to be identified as
single-ring e-like events. Therefore these events were thought to be the candidate of e-like
background events. The cosmic us, whose vertex position was reconstructed inside the
fiducial volume by misfit, were identified as single-ring y, and the dominant background
of u-like events. The effects of these background are summarized in Table 8.4.

Finally, the systematic error due to the statistics of the Monte Carlo events was 0.8%
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Systematic error in R

sub-GeV  multi-GeV

flashing PMT events 0.5 % 0.3 %
cosmic-tay i 0.1 % 0.1 %
cosmic-ray u induced neutron < 0.1% 0.1 %
total 0.5 % 0.3 %

Table 8.4: Systematic error in R coming from the background contamination.

(1.5%) for sub-GeV (multi-GeV). The total systematic error in R was estimated to be
7.4% (13.0%) in the sub-GeV(multi-GeV) region. Table 8.5 summarizes the systematic

error in R.
sub-GeV (%) | multi-GeV (%)
atmospheric | neutrino ratio 5.3 4.2
neutrino flux | £~ 0.6 1.6
simulation | neutrino interaction 3.7 2.1
hadron simulator 0.5 1.0
reconstruction | reduction <1 <1
and | vertex position 0.6 2.4
data analysis | 1ring/multi-ring separation 3 10
/e separation 1.2 2.4
energy calibration 1 5.5
background contamination 0.5 0.3
M.C. statistics 0.8 1.5
total systematic error 7.4 13.0

Table 8.5: Summary of the systematic error in R
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8.3 The Up/Down ratio

Next, we discuss the Up/Down ratio of FC single-ring sample. There is a large difference
in the path-length between upward-going (~ 10,000 km) and downward-going neutrinos
(~ 20 km). If the solution of the atmospheric neutrino anomaly is the neutrino oscilla-
tion, the evidence can be found in the zenith angle distribution. Figure 8.1 shows the
cos O distributions for e-like events and u-like events, where © is the zenith angle of the
particle direction, and cos©® = —1(1) corresponds to upward-going (downward-going).
The angular correlation between the neutrino direction and the produced charged lepton
direction for sub-GeV (multi-GeV) neutrinos is calculated to be ~ 60° (~ 20°) (RMS)
as shown in Fig. 8.2. Therefore, the observed zenith-angle distributions correspond to
the neutrino zenith angle distribution at high energy region. Figure 8.1 proves that the
observed cos © distributions for e-like events were in good agreement with the expected
ones. For multi-GeV p-like events, the observed number of upward-going events had ob-
vious deficit compared with the Monte Carlo prediction, although the number of observed
downward-going events was consistent with the predicted one.

For quantitative evaluation of a deficit of up-going u-like events, we defined the
Up/Down ratio, where Up (Down) was the number of up-going (down-going) events
with —1 < cos © < —0.2 (0.2 < cos © < 1). Horizontal-going events (—0.2 < cos © < 0.2)
were excluded. Table 8.6 summarizes the Up/Down ratio in sub-GeV and multi-GeV
regions. The Up/Down ratios for u-like events in both sub-GeV and multi-GeV were
significantly smaller than unity. Especially, the Up/Down ratio of the multi-GeV u like
events deviated from unity by more than 5 0. On the other hand, the observed Up/Down
ratios for e-like events were consistent with the expected ones within uncertainties. The

systematic error in the Up/Down ratio is discussed in the next section.

8.4 Systematic error in the Up/Down ratio

Several sources of the systematic error in the Up/Down ratio were considered. First,
the systematic error in the Up/Down ratio related to the calculation of the atmospheric

neutrino flux was estimated.
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Figure 8.1: The zenith angle distributions; (a) for the sub-GeV e-like events, (b) for the
sub-GeV p-like events, (c) for the multi-GeV e-like events, and (d) for the multi-GeV
pu-like events. cos ©=1 means down-going. The histograms with the shaded error bars

show the Monte Carlo predictions with their statistical error.
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Figure 8.2: Angular correlation between the direction of the primary neutrinos and the
reconstructed direction of the leptons as a function of the reconstructed momentum of
leptons. The events are the FC single-ring events. The binning in this figure is the same
as the one we use for an oscillation analysis shown in this section. (a) is for the e-like

sample and (b) for the p-like sample.

DATA M.C.
sub-GeV e-like | 1.101 +o005 (stat.) + 0.01(53/5‘) 1.065 + 0.014(5,5(”.) + 0-03(sy5.)

— 0.056

p-like | 0.764 +008 s 0.003(sys | 1.037 £ 0.011(g1ar) & 0.03(sys)

— 0.039

multi-GeV | e-like | 0.994 +016 (v 4 0.01(5y5) | 1.043 £ 0.029(s10r) £ 0.03(sys )

— 0.103

plike | 0.519 +0010 o+ 0.007(ys) | 0.992 % 0.025(s101) £ 0.015(sys)

Table 8.6: The Up/Down ratio of the FC single-ring sample. The slopes of Monte Carlo
in sub-GeV region are due to the geo-magnetic field effects. The cut off rigidity at Super
Kamiokande site is higher than the average. The event rate of the downward-gong events
in sub-GeV region is, therefore, lower than that of upward-going events at the sub-GeV

region.
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As shown in Table 8.6, the expected Up/Down ratios are close to unity. The up-
down asymmetry of these ratios are due to the geo-magnetic field effect. The cut off
rigidity at the Super Kamiokande site is higher than the average. Therefore the low-energy
downward-going neutrino fluxes are lower than the upward-going ones. We compared
two independent calculated fluxes [13, 14] for e-like and p-like events to estimate the
uncertainty from the flux calculation (which depends on the assumption of the cut off
rigidity). The differences of the expected Up/Down ratios between these calculations for
sub-GeV e-like, sub-GeV p-like, multi-GeV e-like, and multi-GeV p-like events were 2.8
%, 3.2%, 1.6%, and 1.2%, respectively.

The second source of the systematic error is the "Mt. ITkenoyama effect”. Neither
calculation takes into account the existence of Mt. Tkenoyama over the Super Kamiokande
detector. This effect is negligible at low energies. At high energies, however, a fraction of
cosmic muons reach the ground before it decays, therefore we must consider the height
of Mt. Tkenoyama: ~ 1 kilometer. The effect of Mt. ITkenoyama on the Up/Down ratio
was estimated to be 2.0(0.9) % for e-like (p-like) events in the multi-GeV region. Here
we note that this effect cannot explain upward-going neutrino deficit, because this effect
reduces downward-going events, and makes the Up/Down ratio larger.

Next, the systematic error related to the detector is discussed. The background con-
tamination can cause the up-down asymmetry. We must consider the possible contamina-
tion by cosmic-ray muons. These events could be background to down-going pu-like events.
In addition, the flasher events could be the background to e-like events. The systematic
error in the Up/Down ratio from these background contamination sources were estimated
to be < 1.0%, < 0.2%, < 0.5%, and < 0.2% for sub-GeV e-like, sub-GeV p-like, multi-
GeV e-like, and multi-GeV p-like events, respectively. These numbers were obtained by
assuming that the background contamination discussed in Sec. 8.2.3 may direct only to
the upward-going or downward-going direction.

We estimated that the detector PMT gain could be different by 1.2% +0.6% between
down-going particles and up-going particles by studying decay electrons from stopping
cosmic ray muons. Figure 8.3 shows the zenith angle distribution of the mean recon-
structed energy of the decay electrons. This gain difference caused < £0.1%, +£0.2%,
+0.9%, and +1.4% Up/Down systematic error for sub-GeV e-like events, sub-GeV pu-
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like events, multi-GeV e-like events, and multi-GeV p-like events, respectively. Table 8.7

summarizes the uncertainties in the Up/Down ratio.
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8.5 Neutrino oscillation analysis

We examined the hypotheses of two-flavor v, — v, and v, — p, oscillation modes using a
x? comparison of data and Monte Carlo, allowing all important Monte Carlo parameters
to vary weight by their expected uncertainties. For this analysis, we used fully contained
single-ring events only. The matter effect [36, 37, 38, 59, 60, 61] is taken into account in
the v, — v, analysis. This effect for v, — v, is different from the one for v, — 7, and
the interaction cross section and kinematics are different between v, and v,. Therefore,
for v, — v, oscillations, we calculated x* on both assumptions of Am? > 0 and Am? < 0.
The data were binned by particle type, momentum, and cos ©. A x% is defined as:

65 . 2 2
Naata — Nare(sin? 20, Am?, ;) €
Xrc = E : ( : +Z a_]-
j

g
cos ©,p J

(8.2)

where the sum is over five bins equally spaced in cos © and seven (six) momentum bins
for e-like (u-like) events. The statistical error, o, accounts for both data statistics and

the Monte Carlo statistics. Ngq, 1s the measured number of events in each bin. N is
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sub-GeV multi-GeV
e-like (%) | p-like (%) | e-like (%) | p-like (%)
for data | energy scale +0.6% < 0.1 +0.2 +0.9 +1.4
background contamination | < £1.0 < +0.2 +0.5 + < 0.2
for MC | flux (Honda — Bartol ) +2.8 +3.2 +1.6 +1.2
Mt. Tkenoyama effect <1 <1 +2.0 +0.9

Table 8.7: Systematic errors in the Up/Down ratio. The systematic error from the energy
scale is due to the up-down difference of the PMT gain by +0.6%. The cosmic ray muon
and the flasher PMT's are considered as the source of the background. The systematic error
related to the expected neutrino flux is obtained by the comparison of the independent
calculations. 'Mt. Ikenoyama effect’ means the deficit of the downward-going neutrino,
which is caused by the fact that a fraction of downward-going muon reach Mt. Tkenoyama

before it decays.

the weighed sum of Monte Carlo events:

(8.3)

M Cevents

Lgato and Lyse are the data and Monte Carlo livetimes. For each Monte Carlo events, the
weight, w, is given by:

sub-GeV e-like
sub-GeV p-like

(

w = (14 a)(E./Ep)’ (1 + nsm cos O) f. ,(sin? 20, Am?) ¢ (
( mulit-GeV e-like
(

multi-GeV p-like
(8.4)

where E’ is the average neutrino energy in the i-th momentum bin; Ej is an arbitrary
reference energy (taken to be 2 GeV); 15 (9,,) is the up-down uncertainty of the event
rate in the sub-GeV (multi-GeV) energy range. The factor f., weights events account-
ing for oscillation parameters, L/E,, and the matter effect. The parameter « is the

overall normalization factor; Bym) is related to the systematic error in the u/e ratio in
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sub-GeV(multi-GeV) energy region; ¢ is an ambiguity of the index of neutrino energy
spectrum. The calculation of the neutrino production height is taken from [14], which
accounts for the competing factors of production, propagation, and decay of muons and
mesons through the atmosphere. The assigned uncertainties of these parameters, o;, and
fitted values, are summarized in Table 8.8. A global scan was made on a (sin? 26, log Am?)
grid minimizing x? with respect to o, B3, Bm, 0, 15, and 7, at each point. Figure 8.4
shows the allowed parameter regions. The uncertainty of L/F,, which was estimated to
be +15%, was taken into account by expanding the allowed region in Am? by +15%.
This uncertainty mainly comes from the ambiguity of the production height of neutrinos
in the atmosphere. The confidence levels were defined to be x* = x2,.,, + Ax?, where Ay?
= 4.6 and 9.2 for the 90%C.L., and 99%C.L. allowed regions, respectively.

The best fit neutrino oscillation parameters to the three oscillation hypotheses were
identical;(sin® 20, Am?) = (1.0, 3.0 x 1073eV2). The x%/d.o.f at the best fit position of
v, — v, oscillation was 48.9/62, and x4 for v, — v, oscillation was 47.8/62.

The best fit values of the Monte Carlo parameters were all within their expected errors,
see Table 8.8. These results mean that these hypotheses are all in good agreement with
our data. The 90 % C.L. allowed parameter regions are summarized in Table 8.9 for the

three oscillation assumptions.

8.6 Summary of the single-ring analysis

We confirmed the atmospheric neutrino oscillation by using R = (1/€)gata/(11/€) pc, and
the Up/Down ratio. Especially, the Up/Down ratio of u-like events cannot be explained
by the uncertainties in the atmospheric neutrino flux and the event reconstruction.

The v, — vy(x = 7, s) neutrino oscillation hypotheses were in good agreements with

the data. Finally, in Fig. 8.5, we show the zenith angle distributions of the data tougher

'For the v, — v, oscillation analysis, the best fit positions and the x? values parameters for both
(Am? > 0) and (Am? < 0) were identical. The difference in the oscillation between the two cases is due
to the difference in the sign of the potential of the matter effect (see Eq. 1.11). However, this difference
disappears at sin? 20 = 1. According to Eq. 1.10, the effective mixing angle at sin? 20 = 1 is written as:

sin? 26,,, = sin? 20/(¢2 + 1). Therefore the behaviors of both oscillations are identical at sin®26 = 1.
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Figure 8.4: The allowed regions for each hypothesis from the FC single-ring events; (a)
for v, — v, oscillation, (b) for v, — vs(Am? > 0), and (c¢) for v, — vs(Am?* < 0). Thick
(Thin) line shows 90%(99%) C.L.. The figures on the right show the magnified region
(0.7 < sin?26 < 1,1073® < Am? < 1072) of the figures on the left. The behaviors of
v, — vs vary according to the sign of Am?, as we had noted. However, in this analysis,
the best fit positions for all cases are at sin? 20 = 1. Therefore the behavior of the vy — Vg

oscillation with Am? > 0 is identical with Am? < 0 at sin?20 = 1.
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Monte Carlo Fit Parameters Best fit uncertainty

Vy —>VUr Uy — Vs

a  overall normalization  4.7% = 5.7 % (*)
B sub-GeV /e ratio 0.6 % 1.2 % 7.4 %
Bm  multi-GeV p/e ratio 50%  6.6% 13.0%
) E,, spectral index -0.013 -0.009 0.05
ns sub-GeV up-down 1.0 % 1.0 % 3.1 %

Nm  multi-GeV up-down  -04 %  -0.5% 3.0 %

Table 8.8: Summary of Monte Carlo fit parameters for v, — v, and v, — v, oscillations.
We calculated the x? and fit parameters for both sign of Am? for v, — v, oscillations.
However, the best fit positions of v, — v, oscillation were both at sin® 20 = 1, so that x>
and fitting parameters for both cases were identical. (*) « was estimated to have 30 %

uncertainty but was fitted as a free parameter.

Am? (1073eV?%)  sin? 260

Vy — Vs 1.5~7 0.85~1
v, — vs(Am? > 0) 1.5~ 7 0.87~ 1
v, — vs(Am? < 0) 1.5~ 7 0.83 ~ 1

Table 8.9: The 90 % allowed parameter regions for three oscillation hypotheses.

with the predictions of the two oscillation hypotheses for the best-fit parameters. As
shown in this figure, both oscillation hypotheses were very similar, and reproduced the
observed zenith angle distributions well. As a result, it is difficult to discriminate v, — v,

and v, — v, oscillation hypotheses by using the FC single-ring events.
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Figure 8.5: The zenith angle distributions with the Monte Carlo prediction for the two
oscillations. The circles show the observed data, the solid line shows the distribution for
v, — v;, and the dashed line for v, — v, oscillations. For both oscillation hypotheses,
Am? = 3.0 x 10 3eV? and sin® 20 = 1.0 are assumed. The two expected distributions are

so similar that the two histograms are not discriminated.






Chapter 9

Tests of v, — vy and v, — vg

oscillations

The analysis of the FC single-ring events demonstrates that the v, — v,(z = 7, s) oscil-
lations can explain the atmospheric neutrino data, as described in the previous chapter.
It also indicates that the difference in the expected signal among these hypotheses is too
small in the FC single-ring sample to discriminate them. The motivation of this thesis is
to distinguish the v, — v, and the v, — v solutions of the atmospheric neutrino oscilla-
tion. We checked the consistency of the v, — v; and v, — v, oscillation hypotheses with

two samples; the PC events, and the FC multi-ring ones.

9.1 Partially contained events

The v, — v, and v, — v, oscillation hypotheses at sin® 20 = 1 and Am? = 3 x 10~%eV/?
are both in a good agreement with the data for FC single-ring events. However, v, — v,
oscillation is suppressed by the matter effect at the high energy region [59, 60, 61], as
described in Chapter 1. The mean neutrino energy of the multi GeV p-like sample is
~ 3GeV which is not so high that the difference of the two oscillation hypotheses due to
the matter effect is small at Am? = 3 x 1073eV2. On the other hand, the mean energy
of the PC event sample is ~ 10GeV, therefore a significant matter effect is expected in

the case of v, — v, and the study of the PC events may distinguish the two solutions.

127
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Figure 9.1 shows the expected zenith angle distribution for PC events for both hypotheses
with Am? = 1.5 x 1073 and 6.5 x 10~ 3eV? at sin? 20 = 1. The differences in the upward-
going events are due to the matter effect. In this section, we try to distinguish the two

oscillation hypotheses by the Up/Down ratio of PC sample.
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Figure 9.1: Expected zenith angle distribution for the PC events with neutrino oscillations
at sin?20 = 1. The event number is normalized by the livetime of the PC sample (52
kt-yr). The hatched histogram shows the expected distribution for v, — v, oscillation
with its statistical error. The solid line is for v, — vy oscillation. (a) for Am? =
6.5 x 1073eV?2, (b) for Am? = 1.5 x 1073eV2. The deficit of the upward-going events
is larger for v, — v, than for v, — v,, because the matter effect suppresses v, — v

neutrino oscillation at small Am? region.

9.1.1 Event selection

At first, we discuss the event selection. Figure 9.1 illustrates that the study of the PC
sample enables us to discriminate the two possibilities. However, at large Am? region,
the difference for the two oscillation hypotheses is small. Thus we need to select an event

sample which shows a significant difference.
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According to Eq. 1.10, v, — v, oscillation is suppressed at ( > 1 (see Eq. 1.16). This
indicates that the study on the higher energy events has an analyzing power at larger
Am? region. Using the value of Am? at the best-fit position obtained by FC single-
ring analysis, the optimum neutrino energy to separate both oscillation hypotheses is
30 ~ 100GeV. Therefore we need to select the high-energy event out of the PC sample,
because the typical energy of the PC sample (~ 10GeV) is lower than the optimum energy.
Although we cannot measure the neutrino energy of PC events, we can know the lower
limit of the energy by using total photo-electron (Petot), because Petot is approximately
proportional to the deposit energy by secondary particles in the inner detector (9 p.e.
~ 1MeV). Figure 9.2 shows the relation between the cut criterion on Petot and the
mean neutrino energy, E,. This figure demonstrates E, is almost a liner function of the

Petot cut as the following:
E,(GeV) = 3.7 x 10~* x Petot(p.e.) + 9.9 (9.1)

From this relation, E, = 30GeV corresponds to Petot ~ 54,000p.e.

g40y
S35t
= 301 Figure 9.2: Relation between E,
25; and the cut criterion on Petot.
20 The each circle shows the the
150 mean energy of the events with
100 more than Petot and with E, <
5 100GeV. The solid line shows the
0 T liner function(Eq. 9.1).
20 25 30 35 40 45 50 55 60

P, (<1000 p.e)

At this stage, we need to consider the fact that the v, with short path length does not
oscillate at such high-energies, even if v, — v, oscillation is the solution of the atmospheric
neutrino oscillation. We, therefore, selected the events with the long path length by using

the zenith angle information. In the case of upward-going events, the relation between the
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neutrino path length, L,, and zenith angle, ©, are expressed as L, = 2R, |cos ©|, where
R, is the radius of the earth (~ 6400km).

Additionally, we should take account of statistics of the PC event sample, because
tight cuts decrease the number of the PC events. Therefore we decided the selection
criteria from a Monte Carlo study considering the data statistics. As the result, the value
of the Petot cut was adopted to be 45, 000p.e., which corresponds to E, ~ 26GeV. And
the definition of upward (downward)-going events was set to be cos© < —0.4(> 0.4). In
this definition, the shortest path length of the upward-going event is ~ 5200km, which is
significantly longer than the typical oscillation length (~ 2000km) for Am? = 3 x 1073.

Therefore the upward-going v, can oscillate into v, if the v, — v, oscillation occurs.

9.1.2 Summary of PC events

We summarize PC events with Petot > 45,000p.e. in this subsection. Fig 9.3 shows
the Petot distribution for the data and MC. The MC reproduces the data distribution
reasonably well. The cut is also indicated in the figure. The observed number of events
with Petot > 45,000p.e. was 176, and the expected one without neutrino oscillation was
234.6. Table 9.1 summarizes the fraction of each interaction mode in this sample. It is a

very pure CCv, sample, and the contamination of NC and CCv, events is less than 1%.

é 140 -
s | | LP,,, cut (45,000 p.e.)
5120 Figure 9.3: P, distribution of
élooi the PC sample. Crosses show the
B distribution for data, hatched his-
80; togram for v, — v;, and solid
60|~ one for v, — v;. The number
40:, of events of Monte Carlo predic-
20i tions are normalized by the PC
E livetime. Solid line shows P.;; =
0= 10° 10° 06 Hm‘l‘o7 45, 000p.e.

P, (p-e.)
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CCu, q.e. 3.3 % Table 9.1: The fraction of

17 75% each interaction mode in PC

multi 7 88.3 % with Petot > 45,000p.e.

others 0.8%

This is estimated based on

no-neutrino oscillation.

Figure 9.4 shows the observed zenith angle distribution of the PC events with Petot >
45,000p.e. and the expected distributions with and without neutrino oscillations. The
expected distributions for v, — v, and v, — v; oscillations are for Am? = 3x1073eV? and
sin? 26 = 1. This figure demonstrates that the v, — v, oscillation hypothesis reproduces
the data well. The observed number of the upward(downward)-going events with cos © <
—0.4(> 0.4) was 26(52). The Up/Down ratio was:

0.50 tg:i‘: (smt_):fzo.Ol(sys.) data

Up/Down = (9.2)

0.94 & 0.04(5q¢.) £ 0.03(5ys) M C(no oscillation)
The Up/Down ratio for the real data was significantly different from the Monte Carlo

prediction, and was consistent with the Up/Down ratio for the multi-GeV u-like events.

9.1.3 Systematic error in the PC Up/Down ratio

We discuss the systematic errors in the Up/Down ratio of PC events. The considered
sources of systematic error related to the data are the same as those for the FC Up/Down
ratio: background contamination and energy scale.

We estimated the contamination of the cosmic-ray muons as the background to the PC
sample by using a x? test. The x? value was calculated by comparing the D,,,; distribution
of the data with that of the combined distribution of the Monte Carlo prediction and the
stopping muon sample. Here, all sample satisfy Petot cut (Petot > 45,000p.e.) and zenith
angle cut (|cos©| > 0.4). The obtained contamination of the cosmic-ray muon is 1.1 %
at the best fit position, and 2.0 % at 1 o level. Therefore we estimated the systematic
error due to the cosmic-ray muon to be less than 2.0 %, because most of the cosmic-ray
muon is downward-going. Figure 9.5 shows the D, distributions of the PC sample, the

Monte Carlo prediction, and the stopping muon sample. In addition, the systematic error
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Figure 9.4: The zenith angle distributions for the PC events with Petot > 45,000p.e. The
black circles show the distribution for the data. The hatched histogram shows the Monte
Carlo prediction without oscillation with its statistical error. The prediction is normalized
by the livetime of the PC data. The solid (broken) histogram shows the distribution for
v, — vy (v, — vs) oscillation at Am? = 3 x 1073, sin* 260 = 1.0. Both expected distriub-
tions share the same normalization fcator, 0.934, which was evalurated by the x? test on

the assumption of v, — v, oscillation. cos ©® = —1(1) indicates upward (downward)-going.
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arising from the possible up-down gain asymmetry of the Super-Kamiokande detector for
the PC sample is estimated to be 0.9 %, which was estimated in a same way as we did

for the FC single-ring sample (see Sec. 8.4).

220

§ 18 Figure 9.5: The D,,; distribu-
%16 T tion for the PC sample, the MC
S

5 o .

@1 4 o prediction and the stopping muon
5

=

sample. All events were applied

[
[\

4 P, cut and zenith angle cut
(|cos©| > 0.4). The black circles
show the distribution for the ob-
served events. The solid(hatched)

[
<

histogram is for MC + stop muon

S N A &N R

sample(stopping muon) sample at

0 200 400 600 800 1000120014001600
Dwall (cm) the best fit + 1 o level.

We estimated the systematic error with and without neutrino oscillation. The reason
for this is that the difference in energy distribution between upward-going and downward-
going events depends on neutrino oscillation. Here we used the oscillation parameter
(sin? 20, Am?) = (1.0,3 x 10~%eV?). The comparison between the two independent flux
calculations [13, 14] showed that the uncertainty coming from the ambiguity of the atmo-
spheric neutrino flux was negligible.

The ”Mt. Ikenoyama effect” was the main systematic source related to the Monte
Carlo prediction, which was estimated to be 3.4 %. The systematic error from energy
spectrum index of the atmospheric neutrinos was estimated to be < 0.1%.

The systematic error from neutrino interaction cross section was also considered. The
neutrino oscillation depends on the neutrino energy and changes the ratio of q.e./multi-pi
between upward-going and downward-going events. Therefore the uncertainty in q.e./multi-
pi ratio results in the uncertainty in Up/Down ratio, when we take account of neutrino
oscillation. This error was estimated to be the difference in Up/Down ratio as we change
the multi-pion production cross section by 10%. As the result, we estimated this error to

be less than 0.3 %. However, the relatively large uncertainty from the neutrino interaction
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source systematic error (%)

for data | background contamination +2.0
energy scale +0.9

for MC NO-0SC  Vy, — Uy VUV, — Vs
flux (Honda — Bartol ) < 101 <« £0.1 < =+0.1
"Mt. Tkenoyama effect’ +3.4 +3.4 +3.4
E— < 0.1 <0.1 < 0.1
neutrino interaction 0.3 0.3 0.3

Table 9.2: Systematic errors in the Up/Down ratio for the PC sample. The systematic
error related to the Monte Carlo prediction is estimated with neutrino oscillation with

Am? =3 x 1073¢V? and sin® 260 = 1.0.

cross section seems to be due to a statistic fluctuation of Monte Carlo we used to esti-
mate. Although we have Monte Carlo events of 40 years equivalent, the number of events
satisfying P, cut and zenith angle cut is only 2018. The statistical error of the difference
in the q.e/multi-pi between upward-going and downward-going events is ~ 3%. It means
that the systematic error due to the neutrino cross section, 0.3 %, is consistent with the
statistical error, because we change the q.e/multi-pi ratio by 10 %. As the result, 0.3 %
error is likely to be due to the statistical error of our Monte Carlo, however we adapt this

value for the systematic error coming from the uncertainty of neutrino cross section.

These systematic errors are summarized in Table 9.2.

9.1.4 Neutrino oscillation and the PC Up/Down ratio

We estimated the expected Up/Down ratio of the PC events for v, — v, and v, — v,
oscillations at a parameter region 1073® < Am? < 1072¢V? and sin?20 = 1. Figure 9.6
shows the observed Up/Down ratio, and the expected ones for both hypotheses. The
observed ratio is consistent with that of v, — v, oscillation at Am? > 1073eV? within
the uncertainties. In contrast to this, the expected ratio for v, — v, oscillation is larger

than the observed one at 1.50 level at Am? ~ 2.5 x 1073eV2.
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We tried the consistency check of the Up/Down ratio with both oscillation hypotheses
by a x? test using the Up/Down ratio. A global scan was carried out at a parameter
region 10735 < Am? < 1072eV? and sin® 20 > 0.7, in which the 99 % allowed regions of
neutrino oscillation parameters by the FC single-ring analysis are confined as shown in

Fig. 8.4. The definition of x%. is as follows:
2 €\\? 2
Xpe = (Updam —a Upye (1+ 5)) /ot (9.3)

O¢

, 2
+ (Downdam —a Downpe (1 — g)) /o3 + (i>

where oy (op) is the statistical error for upward(downward)-going events, « is a normal-
ization factor, and e is the systematic error in the Up/Down ratio.

Figure 9.7 shows the 90 and 99 % C.L. contour maps obtained by the present PC
analysis. The 90 and 99 % C.L. contour maps are obtained by a hypothesis test; if the x?
value defined in Eq. 9.3 is 2.71 (6.63), the probability that the observed large x? value
for 1 d.o.f. is due to a statistical fluctuation is 10 (1) %. Figure 9.7 demonstrates the
observed PC Up/Down ratio is consistent with the expected one for v, — v, oscillation
at Am? > 0.8 x 1073eV?2, which includes the 90 % C.L. allowed region obtained by the
FC single-ring analysis completely. The fitting parametes, o and € at the best fit position
of the FC single-ring analysis are -10.0 % and -3.8 x 1073%. Both values are smaller
than their uncertainties. However the v, — v, oscillation is disfavored at 90 % C.L. at
Am? < 2.8 x 10 3eV?2. For this oscillation, o and e at the best fit position are —21.6%
and 0.11%, respectively.

9.2 Neutral current events

As described in Chapter 1, a v, interacts with a nucleon via neutral current in the same
way as a v, dose, but by definition a v, dose not. Therefore the difference between the
two oscillation models should be characterized by a behavior of the NC' events. We
studied the NC' events by using the zenith angle distribution of FC multi-ring events.
In the case of v, — v, oscillation, the zenith angle distribution of NC events should be

approximately up-down symmetric. In the case of v, — v, oscillation, in contract to this,
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Figure 9.6: Up/Down for the PC sample as a function of Am? at sin® 20 = 1. Each thick
line shows the Up/Down ratio, and thin lines show the +10 error. Broken curves show

the expected values for v, — v, oscillation, and dotted curves for v, — v,. The solid

lines show the observed values.
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Figure 9.7: Contour maps using the PC Up/Down ratio; (a) for v, — v, oscillation,
(b) for v, — vs(Am? > 0), and (c) for v, — vs(Am? < 0). Regions inside the thin
solid(dotted) curves show the 90(99) % C.L. allowed parameter regions from the FC

single-ring-analysis. Regions below the thick solid (dashed) curves are excluded at 90(99)
% C.L. by the PC analysis.
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the upward-going events produced via the NC' interaction should have deficit compared
to the downward-going ones. Thus the study of the NC' Up/Down ratio is also useful.

In some cases, 7° events are used for NC' study, because it is relatively easy to identify
using invariant mass. However, 7° events are not useful to compare the rates of upward-
going and downward-going events. As described in Appendix B, most of the reconstructed
m°’s are low energy. Most of them are produced via single 7 production. In this interaction,
the A produced by the neutrino interaction immediately decays into N and 7. The
direction of emitted 7 is almost isotropic at the center of the mass system of the A
resonance. Accordingly reconstructed 7°’s barely keep the directional information of
primary neutrinos. Therefore we tried another approach to select NC events.

In this section, we discuss the Up/Down ratio of multi-ring events to discriminate
v, — v, and v, — v, oscillation hypotheses. This study is almost independent of the
uncertainty of the atmospheric neutrino flux and NC interaction cross section. The reason
why we used the multi-ring sample to study NC will be presented in the section of the
event, selection.

For the FC multi-ring analysis, we should consider CC'v; induced events, because most
of v, induced events are classified as multi-ring events. We made the MC v, events, and
analyzed them in the same way as we did for the real data. Table 9.3 summarizes the
expected number of T events in a year with neutrino oscillation with Am? = 5(1)x10™3eV/?

and sin® 20 = 1.

9.2.1 Event selection

As described in the previous section, the study on the PC Up/Down ratio was useful at
relatively small Am?. This study disfavored v, — v, oscillation at Am? < 3 x 10 3eV/?
at 90 % C.L.

For Am? > 3 x 1073eV? and for E, < (afew)GeV, the matter effect is negligibly
small. In this case, the neutrino oscillation probabilities are essentially the same between
the v, — v, and v, — v, oscillation hypotheses. Therefore the study of the NC Up/Down
ratio is expected to be powerful even for Am? > 3 x 10™%eV2.

In this study, we have to enrich NC' events and reject CCv, events which show an
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Am? (eV?)
5x 1072 1x1073

sub-GeV 1R 0.70 0.65
e-like 0.55 0.50

p-like 0.15 0.15

2R 0.75 0.50

>3R 1.00 0.75

multi-GeV 1R 4.60 2.85
e-like 3.95 2.30

u-like 0.65 0.55

2R 4.50 2.35

>3R 6.00 3.05

Table 9.3: The expected v, induced events in the fiducial volume in one year exposure of

the Super-Kamiokande detector.

up-down asymmetry. Therefore we applied two cuts, Nring cut and PID,,,, cut.

First we introduce Nring cut. Figure 9.8 (a) shows the number of ring distribution
for the NC' and all events. Figure 9.8 (b) shows that the fraction of NC' events in multi-
ring events is about 25 %, though single-ring events are mostly composed of CC events.

Therefore we used multi-ring events to enrich NC' events.

Next, PI D, cut is described, where PID,,,, is the PID result for the most energetic
Cherenkov ring. Figure 9.9 illustrates the interaction producing multi-ring events for
CCv, and NC interactions. In the case of NC interaction, we detect the Cherenkov light

+

emitted by m. A 7° produces more Cherenkov light than a 7= of the same energy. A

7° is identified as an e-like event (or a two e-like-ring event). Hence, the particle type
of the most energetic ring, PID,,,,, is identified as e-like. In contract to this, for CCvp,
events, in most cases, p produces most energetic ring, and PID,,,, is u-like. Therefore
we require that PID,,,, is e-like. Figure 9.10 (a) shows the likelihood function for the
most energetic ring in the multi-ring sample. If the PID likelihood is positive(negative),

a particle is p-like(e-like). 2/3 of CCy, events are identified as p-like as shown in Fig.
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Figure 9.8: Number of ring distribution. (a) shows the number of ring distribution.
Hatched (blank) histogram shows the NC(all) events. (b) shows the fraction of NC

events.

9.10 (b), therefore PID,,,, cut is useful to reject CCv), events.

Finally we apply F,;s cut to reject the low energy events, and decide the definition of
the upward (downward)-going events. Figure 9.11 shows the E,;; distribution of the events
satisfy Nring cut and PID,,,, cut. This figure shows our Monte Carlo with neutrino
oscillation reproduces the data distribution.

Here, we define the direction of the reconstructed total momentum for the multi-ring
events, d:n:

~ i Di
- o4

where p; is the momentum of an electron that would produced the observed amount of

Cherenkov light of the ¢-th ring. Figure 9.12 shows an angular correlation between the
d:n and the neutrino direction as a function of the visible energy, E,;;.

The angular correlation between the direction of the primary neutrino and the recon-
structed one gets worse with lowering the neutrino energy. We, however, only use the
Up/Down ratio, and the angular correlation is not required to be very good. Of course
the requirement to the angular correlation is dependent on the definition of the upward
(downward)-going events. Therefore we decided the criteria of E,;; cut and the upward

(downward)-going events from the Monte Carlo study in the similar way as we did in PC
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Figure 9.10: The PID likelihood distribution for the most energetic ring, PID,,,,, of
multi-ring events. In (a), black circles are the data, solid, broken, and dotted histogram
are the MC prediction for no-oscillation, v, — v,(Am? = 3 x 1073 sin? 20 = 1.0), and
v, — vs(Am? = 3 x 1073,sin? 20 = 1.0), respectively. In (b), solid histogram shows
PID,,q, for CCv), event, broken for CCv,, dotted for NC. The e-like events due to CCv,

in (b) are mainly multi-hadron production events with many Cherenkov rings overlapped.
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mode v, = vy Uy = Vs Table 9.4: Summary of multi-ring
CCyy  17T% 20 % events satisfying the multi-ring cuts.
CCvr, 48 % 54 % The fraction for each component is cal-
CCv; 3 % - culated on the assumption of Am? =
NC 32% 260% 3 x 107%eV? and sin®26 = 1.

Up/Down analysis. We set the cut values so that a statistically maximum separation is
obtained at sin?20 = 1.0 and Am? ~ 7 x 1073eV? which is the upper limit of allowed
Am? region from the FC single-ring analysis. In this analysis, we considered the matter
effect and the contribution of CC' v, events. As the result, we adopted E,;; > 400MeV
and cos © < —0.4(> 0.4) for the definition of upward (downward)-going events.

In summary, we applied the following cuts to study the NC' Up/Down ratio.

1. Nring > 1
2. PID,,,, is e-like.
3. Eyis > 400MeV

The number of the observed events satisfying the above criteria was 1173, of which
324(310) were upward(downward)-going events. And the corresponding number of events
in the Monte Carlo is 1465.0 for no neutrino oscillation. Figure 9.13 shows the zenith
angle distribution of the events satisfying the above condition. Table 9.4 summarizes the
fraction of each interaction mode satisfying the above cuts. Those cuts enrich NC' events
and reduce CC' v, ones.

We calculated the Up/Down ratio of the multi-ring events as:

Up/Down = | 105 Zie (taty £0006q0) - data

1.00 £ 0.02(szaz.) £ 0.03(5ys.) MC(no oscillation)

9.2.2 Systematic error in Up/Down ratio for multi-ring sample

We estimated the systematic error in the Up/Down ratio for the multi-ring sample in the

same way as we did for the PC sample. First, we checked the systematic errors for the
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1 08-06-04020 02040608 1
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Figure 9.13: Zenith angle distributions of the multi-ring events satisfying the PID,, .,
and the F,;, cuts. The black circles show the distribution for the data. The hatched his-
togram shows the Monte Carlo prediction with no-oscillation with its statistical error. The
prediction is normalized by the livetime of the FC data. The broken(dotted) histogram
shows the distribution for v, — v, (v, — v;,) oscillation at Am? = 3 x 1073, sin? 26 = 1.0.
Both expected distributions share the same normalization factor, 0.862, which obtained
by the x? test on the assumption of v, — v, oscillation. cos® = —1(1) indicates

upward(downward)-going.
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observed Up/Down ratio. The background contamination was estimated as follows. As
mentioned in the FC analysis (Sec. 8.2.3), the possible background sources were cosmic-
ray stopping muons and flashing PMT’s for single-ring events. Among them only, “flashing
PMT” events were considered as a possible source of the background to the multi-ring
sample, because cosmic-ray muons are almost always single-ring events. Even if they are
classified as multi-ring sample, they are rejected by the PID,,,, cut. We analyzed these
“flashing PMT” events in the same way we did for the data to study the behavior of them.
These events were all typical “flashing PMT” event and were rejected by eye-scanning. We
estimated the upper limit of the contamination of these events in multi-ring sample as the
following, on the assumption these events may not be rejected by the eye-scanning. The
upper limit of the contamination of these “flashing PMT” events in the fiducial volume
were estimated to be 0.5% for single-ring e-like events(See Sec. 8.2.3). Therefore, the
number of these events in FC single-ring e-like sample is estimated to be 11.3 events. The
ratio of (multi)/(single-e) of the “flashing PMT” events is 0.094, therefore the expected
number of contamination of “flashing PMT” events in multi-ring sample is 1.1 events. As
the result, the upper limit of the contamination of “flashing PMT” events in multi-ring
events is estimated to be 0.09 %. Figure 9.14 shows the D, distribution of multi-ring
events, and it illustrates no excess due to the background contamination in the multi-ring

events.

The possible gain asymmetry of the detector for upward-going was estimated to caused
0.4 % uncertainty in the Up/Down ratio.

Next, we considered the systematic errors related to the Monte Carlo prediction. We
assumed the neutrino oscillation in the same way we did for PC events. The difference
between the two independent calculations [13, 14] was 0.8%. The ”Mt. Tkenoyama” effect
caused 2.6 % uncertainty in the Up/Down ratio. Moreover, we estimated the uncertainty
due to the energy index of the primary neutrino flux. This value is < 0.1% for all cases.

We considered the uncertainty related to the neutrino cross section. The uncertainty
was defined as the change of Up/ Down, when we increase the NC' cross section by 20%. In
the case of no-oscillation, the uncertainty is 0.3%. The main cause of this error was mainly
the statistical fluctuation of our Monte Carlo, though the uncertainty of the neutrino cross

section should be canceled by taking the Up/Down ratio for no neutrino oscillation. In
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the case of oscillation (Am? = 3 x 10%eV?2,sin?20 = 1.0), the up-down symmetry is
broken by the deficit of upward-going events. The uncertainty is 0.9% and 0.3% for
v, — vy and v, — v, hypotheses, respectively. Although these values also contain the
MC statistical error, dominant uncertainty is thought to be due to the uncertainty of the

neutrino interaction cross section.

As a result, we confirmed that the study of up-down asymmetry is almost indepen-
dent of the uncertainties related to the neutrino cross section or neutrino fluxes. These

systematic errors are summarized in Table 9.5.

9.2.3 Neutrino oscillation and the multi-ring Up/Down ratio

We calculated the expected Up/Down ratio for both oscillation hypotheses. Figure 9.15
shows the expected Up/Down ratio as a function of Am?, where we assume sin?260 = 1.
The matter effect is taken into account for v, — v;,.

The data disfavored v, — v, hypothesis at Am? ~ 107%eV? by about 3 0. v, — v,
hypothesis was away from the data by 1.5 ~ 2.0 0. However, the agreement between
the data and v, — v, hypothesis is better than that between the data and v, — v

hypothesis.

We calculated x2,,,,; values for both hypotheses. The definition of x?2,,,,; is the similar
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Figure 9.15: Up/Down for the multi-ring sample as a function of Am? at sin?20 = 1.

Each thick line shows the Up/Down ratio, and thin lines show +10 error. Broken lines

show the expected values for v, — v, oscillation, and dashed lines for v, — v,. The solid

lines show the observed values.
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source systematic error (%)
for data | background contamination < 0.3
energy scale +0.4
for MC NO-0SC UV, — Uy Uy — Vg
flux (Honda — Bartol ) +0.8 +0.8 +0.8
"Mt. Tkenoyama effect’ +2.6 +2.6 +2.6
E=7 <#£0.1 <=£0.1 <=£0.1
neutrino interaction 0.3 0.9 0.3

Table 9.5: Systematic errors in the Up/Down ratio for the multi-ring sample. The sys-
tematic error related to the Monte Carlo prediction is estimated with neutrino oscillation
with Am? = 3 x 1073eV? and sin? 20 = 1.0. Assuming that these “flashing PMT” events
may have a strong directionality, the uncertainty in the Up/Dwon ratio due to background

contamination should be less than 0.3%.

to Xbc:-

€ \2
Xonutti = (Updata—a Upmc (1+§)) /ot (9.5)

) 2
+ (Downdata —a Downpye (1 — %)) /op + <i>
o

€

where oy (op) is the statistical error for upward(downward)-going events, « is a normal-

ization factor, and e is the systematic error in the Up/Down ratio.

Figure 9.16 shows the 90 and 99 % C.L. contour maps obtained by the multi-ring
analysis. The observed Up/Down ratio does not conflict with v, — v, oscillation for
Am? > 2 x 1073eV2. The fitting parameters, o and € at the best fit position of the FC
single-ring analysis are -16.0 % and -1.7 %, respectively. Both values are within their
uncertainties. On the other hand, v, — v, oscillation is disfavored at 99% C.L for a

significant fraction of the allowed region obtained by the FC single-ring analysis.
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Figure 9.16: Contour maps using the multi-ring Up/Down ratio; (a) for v, — v, oscil-
lation, (b) for v, — v;(Am? > 0), and (c) for v, — vs(Am? < 0). Regions inside the
thin solid(dotted) curves show the 90(99) % C.L. allowed parameter regions from the FC
single-ring analysis. For v, — v, region below the thick solid curve is excluded at 90%

C.L. by the multi-ring analysis. For v, — v, regions above the thick solid (dashed) curves

are excluded at 90(99) % C.L. by the multi-ring analysis.
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9.3 Combined analysis

In this thesis, we studied the distinction of v, — v, from v, — v, by the PC events and
FC multi-ring events. In the case of v, — v, oscillations, the Up/Down ratios of the PC
and FC multi-ring samples are both consistent with the observed ones within uncertainties
as we have shown. However the multi-ring Up/ Down ratio disfavors a significant fraction
of the parameter region allowed by the FC single-ring analysis at 99 % C.L. And the PC
Up/Down ratio supports the result of the multi-ring analysis.

Finally, we show a result of a combined analysis of the PC and multi-ring analyses.

The definition of y? for combined analysis is:

Xomp = Xpe T Xt (9.6)

Figure 9.17 shows the 90 and 99 % C.L. contour maps of x? , for each oscillation
hypothesis. Here 90 and 99 % C.L. are defined to be at x? , = 4.61 and 9.21, since
X2 has 2 d.o.f. The combined analysis demonstrates that the Up/Down ratios of PC
and FC multi-ring samples are consistent with FC single-ring analysis for v, — v,, and
indicates that v, — v, oscillation is the solution of the atmospheric neutrino oscillation.
For v, — vy, in contract to this, there is almost no allowed region at 99 % C.L in the 90

% C.L. allowed region obtained by the FC single-ring analysis.
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Figure 9.17: Contour maps obtained by the combined analysis of PC and multi-ring events;

(a) for v, — v, oscillation, (b) for v, — vs(Am? > 0), and (c) for v, — v;(Am? < 0).

Regions inside the thin solid(dotted) curves show the 90(99) % C.L. allowed parameter

regions from the FC single-ring analysis. For v, — v, hypothesis, a regions below the

thick solid (dashed) curves is excluded at 90(99) % C.L. by the combined analyses. For

v, — v, hypothesis, a region surrounded by dashed curves are excluded at 99 % C.L. All
the regions in sin?260 > 0.7 and 3 x 10~* < Am? < 1 x 102 are excluded at 90% C.L.






Chapter 10

Conclusion

We measured the atmospheric neutrino events in Super-Kamiokande. We observed 6982

(470) events for the fully contained (partially contained) sample with an exposure of 52

kton year.

We obtained the (u/€)4ata/(11/€) Mo ratio, R, and the Up/Down ratio from the FC

single-ring events:

e

0.68

0.68
\

.
1.101

0.764
Up/Down = <
0.994

0.519
\

+ 0.023
— 0.022

+ 0.050
— 0.047

+ 0.059
— 0.056

+ 0.041
— 0.039

+0.116
— 0.103

4+ 0.070
— 0.062

(stat.) + 0-05(sy5.)

(stat.) + 0-09(sy5.)

(stat.) + 001]—(sys)
(stat.) =+ 0002(sys)
(stat.) + OOlO(sys)

(stat.) + 0007(sys)

sub-GeV

multi-GeV

sub-GeV e-like
sub-GeV p-like
multi-GeV e-like

multi-GeV p-like

(10.1)

We found that these data can be consistently explained by either v, — v, or v, — v

oscillations. According to the FC single-ring analysis, the best fit parameters to the two

oscillation hypotheses are (sin® 20, Am?) = (1.0,3 x 10~3) for both v, — v, and v, — v,

oscillations. And the observed data are in good agreement with both hypotheses with

sin?20 > 0.83 and 1.5 x 1073 < Am? < 7 x 1073eV? at 90% C.L.

Then we tried to discriminate v, — v, and v, — v,. We studied the distinction of
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the two hypotheses by using the PC sample and FC multi-ring sample. The study of the
PC events showed that there is a significant difference in the expected Up/Down ratio
between the two hypotheses due to the matter effect. We obtained that the Up/Down
ratio of the PC events with Potot > 45,000p.e. was:

Up/Down = 0.50 +9135 0,y £ 0.01(sys.) (10.2)

— 0.109

This result disfavored the v, — v, oscillation hypothesis at small Am? of < 3.0 x 10 ®eV?
at 90 % C.L.

For the study of FC multi-ring events, we also used the Up/Down ratio in the same
way we did for PC sample to distinguish the two hypotheses. The Up/Down ratio of the

FC multi-ring sample was
Up/Down = 1.05 £ +99 .,y 3 0.006(sy,.) (10.3)

This result disfavored v, — v, oscillation hypothesis at 99% C.L. for a significant faction
of the allowed region at 90 % C.L. obtained by the FC single-ring analysis.

Finally, by the combined analysis of the PC and multi-ring events, we conclude that
the v, — v, oscillation hypothesis as the solution of the atmospheric neutrino problem is

disfavored at 99 % C.L. for most of the region indicated by the FC single-ring analysis.



Appendix A

Upward through-going muon

A.1 Outline

As described in Chapter 1, v, — v, neutrino oscillation is suppressed by the MSW effect
at a high energy region. We studied this effect by using the PC sample, and found that
v, — v oscillation is disfavored at 90 % C.L. at Am? < 3 x 10 2eV? as described in Sec.
9.1.

This suppression by the matter effect depends on Am? and the neutrino energy. In
the PC up/down analysis, we selected the high-energy PC events by applying the total
photo-electron cut. A still tighter cut is required to distinguish the both hypotheses at
larger Am? region. However we loose the statistics of the PC sample rapidly with the
tighter cut. Therefore we need an event sample with higher neutrino energy and higher
statistics.

Super-Kamiokande can detect the through-going muon produced by the high energy
v, in the surrounding rock. The typical neutrino energy of this sample is ~ 100GeV,
and the number of events of this sample is a factor 6 more than that of upward-going PC
sample. Therefore this sample is useful to discriminate the two oscillation hypotheses by
using the matter effect at Am? ~ 0.01eV? [59, 60, 61].

In the analysis, we use the upward through-going muons. This reason is that most of
downward through-going events are the cosmic ray muons, and that it is impossible to

select the neutrino-induced events out of the downward-going sample.
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In this thesis, we don’t describe the event reconstruction procedure, because the details

of it are described in [110].

A.2 Event summary

We observed 1028 upward through-going muons during 923 detector live days. The ex-
pected background due to cosmic ray muons is 7.4 events and this background is sub-
tracted from the bin —0.1 < cos® < 0 in the following analysis. From this data
sample, the flux of the through-going muon was calculated to be 1.70 + 0.05 + 0.02 x
107 Bem~2s71sr~!. The expected flux without neutrino oscillation was 1.84 & 0.41 x
107¥em2s1sr~! based on Honda-flux [13]. This expected flux was obtained by the nu-
merical analysis. Figure A.1 shows the zenith angle distribution of through-going muon

flux with the calculated zenith angle distribution based on the Honda flux [13].

::(;3;3.5 Figure A.1: The zenith
g r angle distribution of the
2‘3 3; upward through-going
\2«25 muon flux. X axis shows
= the zenith angle.  -1(0)

indicates upward-going
(horizontal-going). The
pluses show the observed

flux with the statistical

0.5- error. The histogram shows

the calculated flux based on

the Honda flux [13].

N R R IR EUEI T B B B B
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cos®
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A.3 Vertical /horizontal ratio

The calculated flux of the upward through-going muons has ~ 20% uncertainty mostly
due to the uncertainty in the absolute cosmic ray flux. In order to compare the data with
the expected flux for both oscillation hypotheses, we use the vertical/horizontal ratio.
Taking this ratio, it is possible to carry out the analysis without any large systematic
error. Figure A.2 (a) shows the expected flux as a function of the zenith angle for both
oscillation hypotheses, and Fig. A.2 (b) shows the oscillation/non-oscillation flux ratio,
which is the survival probability of . The oscillation parameter I used for this calculation
is Am? = 3 x 107%eV? with sin?26 = 1.

Fig A.2 (b) illustrates that the expected flux for v, — v, is close to that of no-
oscillation rather than that of v, — v, oscillation. This is due to the suppression of
v, — Vs oscillation by the matter effect. Let us define the events with cos© < —0.4(>
—0.4) to be Vertical-going (Horizontal-going). The difference in the oscillation proba-
bility between the two hypotheses is remarkable in the Vertical-going sample, while the
difference in the Horizontal-going sample is very small. Therefore we decided to use
Vertical/Horizontal ratio for the consistency check of the oscillation mode determina-
tion.

The Vertical / Horizontal ratio for data and the calculated flux is:

0.771 £ 0-049(stat.) + 0.007(sys_) data
Vertical/Horizontal = (A1)

0.934 & 0.018 4y MC (no oscillation)

We estimated the systematic error as the following. First, we show the error related
to the observed events. Here we considered the background contamination, the event
reduction, and the angular correlation. The number of contamination by the cosmic
ray muon in this bin is estimated to be 7.4 + 0.7 events in the most horizontal bin
with cos©® > —0.1. Thus the uncertainty in the Vertical/Horizontal ratio due to the
backgrounds was estimated to be < 0.1 %. The reduction efficiency was estimated from
the Monte Carlo study. We applied the reduction program, which is the same as we did for
the data, for the Monte Carlo events. The reduction efficiency was slightly lower near the

horizontal direction. This effect caused £0.92% uncertainty in the Vertical/Horizontal
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Figure A.2: Figure (a) shows the expected zenith angle distribution of the upward
through-going muon flux. The solid line shows the calculated flux without neutrino
oscillation. The dashed line shows the expected flux for v, — v, oscillation with
Am? = 3 x 1073e¢V? and sin®20 = 1. The dotted line is for v, — v, oscillation. Both
fluxes are based on the Honda flux [13]. Figure (b) shows the survival probability of v,
as a function of the zenith angle. The dashed line shows the expected flux for v, — v,
oscillation. The dotted line is for v, — v, oscillation. The strange structure of v, — v;
at cos © ~ —0.8 is caused by the effect that the neutrinos passing through the core of the
Earth.
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ratio. For the through-going muon analysis, we assume that the detected muon direction
is same as that of the primary neutrino. However, we need to consider the uncertainty
of the angular correlation between the observed muon and that of the primary neutrino,
which is resulted from the multiple scattering of muon in the rock and from the angular
resolution of the reconstruction method. We estimated this angular correlation to be
4.1°. The error in the ratio due to the angular correlation is estimated to be 0.21%, as
we changed the angular correlation. We also considered the time variations of the water

transparency and the PMT gains. The errors caused by these variations are negligible.

Next, we discuss the error related to the calculated flux. Although the uncertainty
of the absolute flux of the expected flux is canceled by taking the ratio, the uncertainty
depending on the zenith angle distribution is not. We considered the K /7 ratio, and
the structure of the atmosphere as the source of the uncertainty depending on the zenith
angle. According to the private communication with Honda, we estimated this error to be
1.5 %. This error is very preliminary, however we adopted this value. Another source is
the uncertainty of the energy spectral index of the primary cosmic ray. The higher energy
neutrino can be produced in the horizontal direction than in the vertical one, because the
decay path length for the vertical-going cosmic-pion in the atmosphere becomes longer
than the interaction length with increasing pion energy. Therefore the uncertainty of
the energy shape is the source of the systematic error in the Vertical/Horizontal ratio.
This error is dependent on the neutrino oscillation, because the oscillation changes with
the energy of the neutrino. We estimated this error to be 1.0 %, 0.5 %, and 1.0% for
no-oscillation, v, — v,, and v, — v, oscillation, respectively. The reason of relatively
small error for v, — v, oscillation is that the energy shape for the vertical-going neutrino
is close to that for the horizontal-going one, as the low energy neutrinos disappear due
to the neutrino oscillation. Here the oscillation parameter we used for the estimation
is (Am?,sin®20) = (3 x 107%eV2,1.0), which is the best-fit parameter set by the FC

single-ring analysis.
Table A.1 summarizes the systematic errors related to the Vertical/Horizontal ratio.

The expected the Vertical/Horizontal ratios for both hypotheses are illustrated in
Fig. A.3.
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data background 0.1 %
detection efficiency 0.21%
reduction efficiency 0.92%
the gain of PMT < 1%
water transparency < 1%
calculated flux 7 /K ratio and the atmosphere model 1.5 %
flux (Honda — Bartol) 0.5 %
spectral index 1.0 % (no oscillation)

Table A.1: Summary of the systematic error in the Vertical / Horizontal ratio.

g ]
51'1 : B Figure A.3: The expected

3 i 1
-§ 10 - Vertical /Horizontal ratio as
>0.9 B 8 the function of Am? with
] sin?20 = 1. Broken (dot-
0.8 - - ted) line shows the ratio for
0.7 [ f the v, — v, (v, — V) oscil-
0.6 - E lation. Solid line illustrates
0s : o - ‘: the observed ratio, and thin

lines are &= 1 o of the data.
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A.4 y? analysis

We carried out the consistency check of the through-going muon sample by using a x?

test. The definition of the x? is:

= ((Vertical | Horizontal) gata — (Vertical | Horizontal) yrc)? (A.2)

2 2
Ostat. + szs.

Figure A.4 shows the contour map of the 90 and 99 % C.L. exclusions. x? of v, — v,
oscillation at the best-fit position of FC single-ring analysis is 0.1/1, and the through-
going muon data is in good agreement with the v, — v, oscillation hypothesis. On the
contrary, x? for v, — v, oscillation hypothesis is 7.45/1, and v, — v, hypothesis is again
disfavored at 99 % C.L. there.

A.5 Conclusion of Upward-going muon analysis

The through-going muon data are again consistent with v, — v, oscillation, and disfavor
v, — v oscillation at 99 % C.L. at the best fit position obtained by the FC single-ring

analysis.
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Figure A.4: Contour maps using the Vertical/Horizontal ratio of the through-going
muons; (a) for v, — v, (b) for v, = vs(Am? > 0), and (c) for v, — v;(Am? < 0).
Regions inside the thin solid (dotted) curves show the 90(99)% C.L. allowed parameter
regions obtained by the FC single-ring analysis. For v, — v, and v, — vs(Am?* < 0),
regions below the thick solid (dashed) curves are excluded at 90(99)% C.L. by the upward

through-going muon analysis. For v, — v;(Am? > 0), all regions in this figure are

excluded at 99% C.L.



Appendix B
m° events

We also used 7° events in order to study the event rate of the neutral current events.

Generally 7° is produced and decay as the following:

v+ N—=v+N+ #°

™ =4y

We can identify the 7° events by using the invariant mass using these ys. At the low
momentum region of po < 500MeV/c, 2 s from a 7° are clearly detected as two e-like

rings with a reasonable efficiency. We selected 7° by the following criteria:
1. 2 ring events
2. both rings are e-like
3. no electron signal from the decay of u
4. 90MeV/c® < M, < 190MeV/c?

where M., is an invariant mass defined as:

M,, = \/2p71p72(1 —cosf,) (B.1)

where 0, is the opening angle between the directions of two rings and p, is the recon-

structed momentum. The criterion 3 is requested to reject the events containing a muon
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or a charged pion. Figure B.1 shows the M., distribution of the events satisfying above
criteria 1,2, and 3. This figure proves that the condition 4 is reasonable.

Figure B.2 shows the relation between the detection efficiency and the momentum of
7° . The 0., decreases with increasing momentum of 7° , therefore it is difficult to identify
the high momentum 7° as 2 rings events. This is the main reason that the detection

efficiency of the 7° decreases with the increasing momentum.

S
)
=

Figure B.1: M,, distribution of

number of event
=
=

=]
<

the events satisfying 2ring, e-like,
and no decay-e cuts. The his-
tograms with the shaded error
bars show the Monte Carlo pre-
dictions with their statistical er-
ror without the neutrino oscilla-

tion.

PRI I S
150 200
mass,,

250 3?0
MeV/c

The events satisfying the above criteria are called ”7° -like” events. We observed 308
7° -like events, and the expected number from the Monte Carlo study was 294.7 events
for the no-oscillation case.

The fraction of each interaction mode in the 7° -like sample is summarized in Table
B.1. About 80% of these 7° -like events were estimated to be due to neutral current

events.

B.1 7° event rate

In order to distinguish between v, — v, and v, — v;, we checked the rate of 7° -

like events. We need to normalize 7° -like events by using something produced by the
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z L
090 . : .
:-;_3 < Figure B.2: Detection efficiency
E 0.8 | of 7° as a function of its momen-
% 0.7 g {)JT + tum. At high momentum, the
0.6 -
§ 05 B TL opening angle between 2v’s, into
0:4 7 % which a 7° fie(fays,. becomes s.mall.
03 7 %# Therefore it is difficult to iden-
02 - tify a 7° as a 2 rings event. As a
0.1 3 # result, the detection efficiency of
| Y O E N T I U PN R the high momentum 7° is lower
0 1002003004005006007008009001000

than that of low momentum 7° .

MeV/c

Table B.1: Fraction of the

each interaction mode in the

e}

single °  43.3 % 7° sample. CC: charged

NC coherent 7° 20.3 % current interaction; NC:
multi 7 13.3 %

others 6.9 %

CC Ve 11.1 %
Yy 5.1 %

neutral current interaction.
Others include NC single 7%
and NC q.e. events. Most of

NC single 7% events identi-

fied as 7°-like events are due
to charge exchange in Oxy-

gen.
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atmospheric neutrino interaction to cancel 30 % uncertainty of the absolute flux of the
atmospheric neutrinos. Here we used the FC single e-like events for normalization, because
the number of e-like events is least affected by neutrino oscillations in the case of these

neutrino oscillations modes. We defined a double ratio for the 7°/e ratio:
R = (7°/€)data/(7° ] €) mc (B.2)

If the v, — v, oscillation is the solution of the atmospheric neutrino oscillation,
R, ~ 1 for any Am?. This is because the number of the CC v, events and NC events,
which are dominant components of e and 7° -like samples, are independent of oscillation.
On the other hand, in the case of v, — v, oscillation, the number of 7° events decreases

by ~ 20 % at Am? ~ 5 x 1073eV2. The R, was obtained as:
Ryo = 1.00 & 0.06(514s.) = 0.19(4ys.) (B.3)

Ryo is just unity, this means the 7°/e ratio favors v, — v, oscillation. However, the
data is consistent with the v, — v, oscillation hypothesis too, because R, unfortunately
has the large systematic uncertainty. Figure B.3 shows the expected R;. as a function of
Am?, where we assume sin? 20 = 1. This figure shows that both hypotheses are consistent
with R,. in all region (3 x 107 < Am? < 1 x 1072), which is obtained by the FC single-
ring analysis. As the result, we can’t discriminate between the two oscillation hypotheses.
The dominant systematic error in R,. arises from the uncertainty of the neutrino cross

section as described below.

B.2 Systematic error in the 7° ratio

We checked the systematic error in R,. in the same way as we did for R. The main
sources of the systematic error are described below.

First, the systematic errors related to the atmospheric neutrino flux are described.
The cross section via the neutral current interaction is independent of the neutrino flavors.
Thus, the event rates of 7° is independent of the uncertainty in the (v,+v),)/(ve+7%) ratio.
However, this uncertainty changes the e-like event rates. The systematic error in R,. due

to the 5 % uncertainty of (v, +v,)/(ve + 7%) ratio is estimated to be 1.1%. Similarly, we
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checked the systematic error arising from uncertainties in v, /v, and v,/v,.. These errors
are summarized in Table B.2. The total systematic error related the atmospheric neutrino

flux is estimated to be 2.5 %.

uncertainty systematic error in R, o

(Vu + 1)) (Ve + 7) 5% 1.1 %
v/, 5 % 0.9 %
Ve 10 % 2.0 %

Table B.2: The systematic error in R, related to the uncertainty of the atmospheric

neutrino flux.

The dominant source of the systematic errors in . is the uncertainty in the neutrino
cross sections. The uncertainties of the absolute cross section around ~ GeV region were
estimated to be 10 %, 30%, 30%, and 40% for quasi-elastic, single pion, coherent pion, and
multi pion interaction, respectively. The uncertainties of the NC/CC ratio were estimated
to be 20 % for all interaction modes. The systematic error coming from the uncertainty
in the cross section is summarized in table B.3 The total systematic error arising from
the uncertainties of the neutrino interactions is estimated to be 15.8 %.

In addition, we independently estimated the systematic error by comparing the 7°/e
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mode uncertainty systematic error in Ro

q.e. CC+NC 10% 6.0%

NC/CC  20% < 0.1%
1pi CCHNC  30% 9.7%
NC/CC  20% 7.7%

cpi  CC+NC 30% 4.6%
NC/CC 20% 3.3%

multi pi  CC+NC 40% 4.4%
NC/CC 20% 2.9%

total systematic error 15.8%

Table B.3: Systematic error in R;. coming from the cross section. q.e : quasi-elastic
interaction; 1 pi: single pion interaction; c pi: coherent pion interaction; multi pi: multi

pion interaction

ratios calculated by 3 independent neutrino interaction simulations. The maximum dif-
ference among these results was 17 %. Accordingly, our estimation of the systematic error
is reasonable.

Next we considered the uncertainty related to the nuclear effect. 0 R was 7 %, when
we changed the mean fully path of the 7° in the oxygen nucleus by 50 %. Therefore the
systematic error related to the nuclear effect was estimated to be 7%.

The systematic error related to the event reconstruction was estimated by comparing
the result of manual scan with the automatic event reconstruction. This comparison
resulted the systematic error related to the reconstruction method is 7 %.

Finally, the statistical error of Monte Carlo was 2.2 %. The total systematic error for

R, was estimated to be 19 %. Table B.4 summarizes the systematic error for Ro.

B.3 The future plan of the R,. study

We showed the result of the 7°/e ratio, however this study doesn’t enable us to discrim-

inate between the two oscillation hypotheses due to the large systematic error. We need
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atmospheric neutrino flux 2.5 %

cross section | neutrino interaction | 15.8%

nuclear interaction 7%

event reconstruction method 7%
Monte Carlo statistic 2.2%
total systematic error 19 %

Table B.4: Summary of the systematic error of R o

to reduce this systematic error.

From April '99, K2K(KEK to Kamioka) experiment started, which is a long baseline
neutrino experiment. In this experiment, 1 kton water Cherenkov tank is used as the
front detector. The aim of this detector is to check the behavior of the water Cherenkov
detector. The data analysis of this detector is carried out as the same way we do at super-
Kamiokande. Obviously, it can detect 7° events. Therefore we can reduce the systematic
error in the R, by comparing the rate of detected 7° and events between the data and
the Monte Carlo. K2K experiment uses v, beam so that e-like events are not produced.
Therefore the 7°/u ratio is will be studied.

At the 1 kton front detector, v,’s emitted for the Super Kamiokande do not oscillate
into v, (or vy) due to the short neutrino path length. Therefore we can obtain 7°/u ratio
without the effect of neutrino oscillation. We can observe so many p and 7° events at
1 kton detector that the statistical error in R,. is negligible. In addition, the detection
method at K2K is the identical to that of the Super Kamiokande detector, so that the
systematic error related to the event reconstruction is almost canceled. There are several
minor differences in the 7°/u ratio between the front detector and the Super Kamiokande
detector: the difference of the neutrino flavor and the energy distribution of the primary
neutrino, and the detection efficiency due to the detector size and so on. However we
expect the systematic error in 7°/e to go down to < 10%, and this study will distinguish

the two oscillation hypotheses independent of the methods described in this thesis.
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