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Abstract

The KEK-to-Kamioka (K2K) experiment is a long baseline neutrino oscillation experiment by using
an accelerator, which was performed to confirm muon neutrino oscillation observed by the study of
atmospheric neutrinos in Super-Kamiokande. In the K2K experiment, a number of the neutrino events
and the energy spectrum were measured by the near detectors at KEK site and Super-Kamiokande.
As an effect of neutrino oscillation, the decrease of neutrinos events and the distortion of the energy
spectrum are observed at SK, comparing to the expectation by measurement of the near detectors. In
particular, distortion of the energy spectrum is expected to become larger in low energy region below
1 GeV. Therefore, precise spectrum measurement in low energy region at the KEK site, is necessary
for the confirmation of neutrino oscillation. For this purpose, a full active scintillator bar (SciBar)
detector was constructed and installed in 2003, summer. The data of 2.04 x 10'° protons on target
(POT) were taken by the SciBar detector, while a total of 9.2 x 10'® POT had been taken for the
K2K experiment from June 1999 to November 2004. In this thesis, the energy spectrum, especially in
low energy region, is studied by using SciBar. The spectrum measurement in the low energy region by
SciBar is improved with the low energy samples. After consistency check of the spectrum measurement
by SciBar and the other near detectors, the neutrino energy spectrum at the KEK site was measured by
using the all near detectors. By using the neutrino spectrum measured by the near detectors, the effect
of neutrino oscillation at Super-Kamiokande was studied. In a two-flavor neutrino oscillation case, the
best fit value of the oscillation parameter was obtained as (Am?,sin?20) = (2.8 x 1073[eV?], 1.0).
This result is consistent with the 90% C.L. allowed parameter region obtained at Super-Kamiokande,
(1.5 x 1073 < Am? < 3.4 x 1073 [eV?], sin® 20 > 0.92).
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Chapter 1

| ntroduction

1.1 Neutrinosin the standard model

In the standard model of particle physics, left-handed components of the charged lepton (£) and neu-
trino (v, ) fields are defined as an isospin doublets of the group SU(2),

¢ZL = [ IZKL ‘| 3 L= €U, T, (11)
L

while the right-handed components of the charged lepton fields (/) are singlets. The right-handed
components of the neutrino fields (v,g) have no SU(2) interaction due to their singlet nature, and no
U(1) interaction due to zero value of weak hypercharge, @ = I3 + Y, where @), T and Y shows charge,
the 3rd component of isospin and weak hypercharge, respectively. In addition, the Yukawa coupling of
vpr With Higgs is very weak due to the small mass of v,,s. From these reasons, a v,z behaves as a
sterile neutrino. Since the effect of the neutrino mass is very small, it is treated as zero in the standard
model. However, the recent experimental results of the neutrino oscillation indicates the existence of
the neutrino mass. Since only the neutrino oscillation experiment is sensitive to the neutrino mass and
its mixing angles for the present, it would give important information to the elementary particle physics.
The physics characteristics of the neutrino oscillation is described in the next section.

1.2 Neutrino oscillation

1.2.1 Neutrino oscillation in vacuum

If the neutrinos have masses, the weak eigenstates produced in weak interaction (v,) are expressed in
general as linear combinations of the mass eigenstates (v;),

va) = D Usilvi), (1.2)
i=1

where n is a number of light neutrino species and U is the mixing matrix. Information on the neutrino
mixing is obtained by the study of neutrino oscillation [1]; a quantum mechanical interference effect
resulting from the mixing. The neutrino oscillation is described in this section.

1



2 CHAPTER 1. INTRODUCTION

After traveling a distance L which is equivalently time (¢) for relativistic neutrinos, the neutrino
originally produced with flavor of o evolves as follows.

|Va(t) Z ailvi(t) (1.3)

The component of flavor 8 can be detected in the charged-current interaction vg(t)N' — £gN with

probability of
2

Pag = [(vg|va(t) ZZ UaiUpi(vi(0)|vi(2))| - (1.4)

i=1j=1

In vacuum, propagation of the mass eigenstates can be written as plane waves with relativistic formula,

m2
i) = exp™ it [1(0)) = exp~VPIF™ |1, (0)) ~ exp P 1, (0)), (L5)

where F; and m; are the energy and the mass of the neutrino mass eigenstate of v;, respectively.
Then we obtain the following transition probability

n—1 n
Pop =0ag —4 Y, Y Re[UnUjUp:Ugj]sin’ zy, (1.6)
=1 j=:i+1

where z;; = Amg;L/(4E) with AmZ; = m? —m3. L is the distance between the source (that is, the
production point of v,) and the detector (that is, the detection point of vg). z;; is written as

AmZ, L/E

i = 1.2 .
i 7GeV2 km/MeV

(1.7)

The transition probability in Eq. 1.6 has an oscillatory behavior, with oscillation length of A‘*ﬁ%‘ , and the

amplitude that is proportional to the elements in the mixing matrix. Thus, in order to have osgillations,
the neutrinos must have different masses (Am # 0) and they must mix (Uq;, Ug; # 0).

1.2.2 2 flavor mixing

The neutrino oscillation between only two flavor neutrinos is considered. In this case, the mixing matrix
depends on a single parameter and can be given as

U— l co§0 sin @ ] ’ (1.8)

—sinf cosf
and there is single mass-squared difference Am?2. Then, P,z in Eq. 1.6 takes the well-known form
Pog = dop — (2045 — 1) sin® 20 sin? . (1.9)

The physical parameter space is covered with Am?2 > 0 and 0 < 6 < /2 (or, alternatively, 0 < 6 <
7 /4 and either sign for Am?).



1.3. NEUTRINO OSCILLATION EXPERIMENTS 3

1.2.3 3 flavor mixing

The mixing matrix of 3 neutrinos is parameterized by three angles, conventionally denoted as 612, 613,
023, one Dirac phase § and two Majorana phases a1, as. Here, Dirac phase and Majorana phases are
CP-violating phases. Using ¢ for the cosine and s for the sine, we write U as,

Ve c12€13 512€13 s13e™% e/,
_ 10 10 ] 2
vy | = | —s12¢23 — c12523813€"°  C12C03 — S12823813€"°  S23C13 ei@2/2y, | . (1.10)
S 5
vy 512823 — C12€¢23513€""  —C12823 — S12C23513€"  C€23C13 V3

By convention the mixing angle 615 is associated with the solar neutrino oscillations, hence the masses
my and mo are separated by the smaller interval Am2 (we shall assume, again by convention, that
mg > my) While mg is separated from the 1, 2 pair by the larger interval Am2 , and can be either
lighter or heavier than m1 and mo. The situation where m3 > my is called “normal hierarchy”, while
the “inverse hierarchy” has ms < m1. From Eq. 1.6, the oscillation probability is independent of the
Majorana phase «. The oscillation pattern is identical for Dirac or Majorana neutrinos.

The general formula can be simplified for the practical importance. Using Am2, > Am2, and
considering distances comparable to the atmospheric neutrino oscillation length, only three parameters
are relevant in the zeroth order, which are the angles 623 and 613 and A,em = Am2,,, L/AE,. However,

corrections of the first order in Az = Am2,L/4E, should be also considered and are included below
(some of the terms with A, are further reduced by the presence of the empirically small sin? 26, 3):

Py, »vy) =~ cos? 013 sin? 2025 sin? Agim
—  Ago1 cos? 0;3 8in? 2093 (cos? 1 — sin? B13sin? B19) sin 28,4

—  Ago) €08 § cos 013 sin 26012 sin 2013 sin 26053 cos 2643 sin 2A 441y, /2

+  Agor18ind cos 013 sin 2612 sin 26013 sin 2603 sin? Agim, (1.11)
Py, »v,) =~ sin? 26,3 sin? 093 sin? Air,
—  Ago 8in? Oy sin 015 sin® 2013 sin 2A 44
+  Agol cos d cos 613 sin 2613 sin 2093 sin 26019 sin 2A 44 /2
Ago) 8in & cos 013 sin 2015 sin 2613 sin 2053 sin® Agm, (1.12)
Py, —-v,) = 1-Pv, —v.) — Py, —vr) (1.13)

where § is the CP phase of Eg. 1.10 and
P(ve = vp) =~ sin?2013[sin? Agym — Agor sin? 019 sin 2A4m]
+ A2 cos” 03 sin” 20,9, (1.14)

where the term linear in Am2 | is suppressed by the factor sin? 265 and therefore the quadratic term is
also included. The v, disappearance probability is independent of the CP phase §. Some terms of the
first order in A4y depend on the sign of Ay, i.€., on the hierarchy. Therefore, the neutrino oscillation
in the 3 flavor mixing has information of CP and the neutrino mass hierarchy as well as the mixing angle
and mass-squared difference. In addition, the precise study may gives suggestion of CPT-invariance and
existence of the sterile neutrinos.

1.3 Neutrino oscillation experiments

Before reach to the experimental sensitivity to physics of CP and the neutrino mass hierarchy, some
experiments are performed to study the mixing angle and mass-squared difference in 2 flavor mixing.
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Figure 1.1: Allowed region of oscillation parameters in the atmospheric neutrino study at Super-
Kamiokande.

The neutrino oscillation experiments are categorized into four types according to the neutrino sources,
which are atmospheric neutrino experiment, solar neutrino experiment, reactor neutrino experiment, and
accelerator neutrino experiment. There are three possible regions remaining for the neutrino oscillation
parameters.

e Atmospheric neutrino region : Am? ~ 1073 gV?
e Solar neutrino region : Am? ~ 107° — 10~% eV?

e LSND region : Am? ~ 107! eV?

1.3.1 Atmospheric neutrino region

At first, neutrino oscillation was observed in the measurement of atmospheric neutrinos at Super-
Kamiokande (SK) [2]. The atmospheric neutrinos are generated by decays of pions and kaons which
are produced by collision of primary cosmic rays with atmosphere. The experiments to measure oscil-
lation of atmospheric neutrinos is sensitive to v, — v, oscillation. Since the energy of atmospheric
neutrino is 1 ~ 100 GeV and the flight length of 10 ~ 13,000 km, it is sensitive to Am? = 107* ~ 1
eV2. The parameters of Am? and sin? 20 were measured with 90% C.L. by SK, as

1.5 x 1073 < Am?, < 3.4 x 10 %eV?,

atm

sin® 20,:m > 0.92. (1.15)
The allowed region of oscillation parameters (Am?, sin? 26) is shown in Fig 1.1.

1.3.2 Solar neutrino region

Solar neutrinos are created by nuclear fusion reactions at the center of the Sun. Only electron neutrinos
are produced. Therefore, solar neutrino experiments are sensitive to v, — v, oscillation. The neutrino
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-4
1.2x10 (b)
4| -4
10 1x10
—_ )
: U N>
> 0
2 2 .5
NE r ‘\é 8x10 |~
3 [ ‘: ; ’ <
-5|  solar KamLAND 5| KamLAND + solar fluxes
10°F ToswcL. B 95%CL. 6x10 B 95%ClL.
[ --99%cC.L. 99% C.L. 99% Co-'—-
b —99.73% C.L. W 99.73% C.L. Wl %9.73%C.L.
* solar best fit e KamLAND begst fit 5 m global best fit
i ol Lol L 4x10 ol b b b b
101 1 10 0.2 0.4 0.6 0.8
tan26 tan20

Figure 1.2: (a) Neutrino oscillation parameter allowed region from KamLAND anti-neutrino
data(colored regions) and solar neutrino experiment (lines) [6]. (b) Result of a combined two-neutrino
oscillation analysis of KamLAND and the observed solar neutrino fluxes under the assumption of CPT
invariance. The fit gives Am? = 7.973% x 1075 eV? and tan?§ = 0.4013-39 including the allowed
1-sigma parameter range.

energy spectrum distributes from 0 to 15 MeV. Since the distance between the Sun and the Earth is 1.5 x
108 km, the sensitivity to Am? reaches down to 10~!* eV? in case of vacuum oscillation. Solar neutrino
experiments can measure Am? up to 1073 eV?, if we take MSW (Mikheyev-Smirnov-Wolfenstein)
effect [3] into account. Here, the MSW effect is the phenomenon that the effective mass eigenvalue is
shifted when neutrinos travel through matter.

Recent solar neutrino experiments, such as Super-Kamiokande [4] and SNO [5], reported that the
electron neutrino flux from the Sun is significantly smaller than the expected flux while the total neutrino
flux is consistent with the expectation. The mass square difference and the mixing angle are measured
to be Ame ~ 5.0 x 107° eV2 and tan? , ~ 0.45, respectively.

The neutrino oscillation in the solar neutrino region has been studied by a reactor neutrino ex-
periment, KamLAND [7]. This experiment observes electron anti-neutrinos produced by S-decays of
nuclear fission products. KamLAND has observed smaller neutrino flux than the expectation. As shown
in Fig. 1.2, the combined analysis of both solar and reactor experiments shows that the allowed intervals
of the oscillation parameters are

Am2 =T7.913% x 10 °[eV?], tan? O, = 0.40715-30. (1.16)

The solar neutrino oscillation has been established by using two neutrino sources with different system-
atics.

1.3.3 LSND region

v, — 7, oscillation was observed in the LSND (Liquid Scintillator Neutrino Detector) experiment [8],
which was performed to study v, appearance by using v, beam at LANSCE (Los Alamos Neutron
Science Center). The best fit value for v, — v oscillation is obtained as (sin 26, Am?) = (0.003,
1.2 eV?). To confirm the results of the LSND experiment, the MiniBooNE experiment has been in
operation at Fermi National Accelerator Laboratory since the summer in 2002.
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1.4 Motivation of the K2K experiment

Neutrino oscillation in the atmospheric region is observed only by the atmospheric neutrino experi-
ments before the K2K experiment. To confirm the atmospheric neutrino oscillation, the other types of
experiments with different systematics is desired. From this reason, the K2K (KEK to Kamioka) ex-
periment is performed. The K2K experiment is the first dedicated long baseline experiment with muon
neutrinos generated by an accelerator. The experimental features and analysis methods to study the
neutrino oscillation are described in the next chapter.



Chapter 2

The K2K Experiment

2.1 Overview

The K2K experiment was proposed to confirm atmospheric neutrino oscillation [9] and to measure the
oscillation parameters. An almost pure muon neutrino (v,,) beam produced by a 12 GeV proton beam at
KEK, was detected by Super-Kamiokande (SK), a 50 kt water Cherenkov detector after 250 km flight
as shown in Fig. 2.1. In addition to the SK measurement, the near detectors (ND) at KEK measured
the v, beam properties just after v, production. By comparing the results between ND and SK, the
neutrino oscillation in the atmospheric region is studied.

The K2K experiment is also investigating v, — v, oscillation by searching for electron neutrino
events in SK. A study of v, — v, oscillation is described in [12].

2.2 Evidence of the neutrino oscillation

In the v, — v, oscillation in the atmospheric region, v, could be likely . For v, — v, oscillation at
the K2K experiment, v, does not have the scattering amplitude for charged current interaction, because
the neutrino energy is below the threshold of tau production (~ 3.5 GeV). Therefore, the effect of
neutrino oscillation is observed as disappearance of the muon neutrinos. In addition, since the baseline
is constant of 250 km in the K2K experiment, the oscillation probability of v, in Eq. 1.9 is a function
of only the neutrino energy. For these reasons, two features for v, disappearance would be observed in
the K2K experiment as below,

o Distortion of the neutrino energy spectrum shape.

o Deficit of a number of events at SK from its expectation.

Figure 2.2 shows oscillation probability as a function of neutrino energy (£,) (top) and the v, energy
spectrum at SK with and without neutrino oscillation (bottom). A typical parameter set suggested by
the atmospheric neutrino experiments is used in Fig. 2.2. A large dip at around 0.6 GeV and decrease
of overall statistics can be seen with neutrino oscillation in Fig. 2.2. For a study of the atmospheric
neutrino oscillation at SK, the neutrino energy and flux at the generated point is expected by using
the MC simulation. In the K2K experiment, a number of neutrino events and the energy spectrum at
SK is estimated from the measurement by ND without the uncertainty on the neutrino flight length.
Therefore, the neutrino oscillation is investigated suppressing the systematic errors by comparison with
the observation at ND and SK.
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Figure 2.1: Overview of the K2K experiment. The v,beam produced at KEK is detected by Super-
Kamiokande after 250 km flight.

2.3 Analysisstrategy

In the K2K experiment, neutrino oscillation is studied by comparing the observation and the expectation
of a number of neutrino events and the energy spectrum at the SK site. The analysis procedure in the
K2K experiment is summarized as follows.

e Measurements at the near detectors
e Extrapolation from ND to SK
e Measurements at SK

e Study of neutrino oscillation

Each analysis procedure is described briefly as below.

2.3.1 Measurement at the near detectors

As described in Section 2.2, the effect of neutrino oscillation appears in the shape of the energy spectrum
at SK. Therefore, the neutrino energy spectrum was measured at the ND to expect that at SK. The
neutrino energy spectrum was measured with the relation between momentum and angle of muons
from charged current (CC) interaction. Especially, charged current quasi-elastic (CC-QE) interaction,

vy+n—u +p, (2.1)

have an important role in the measurement of the neutrino energy spectrum, which is a dominant process
in the K2K experiment. Since the CC-QE interaction has only two particles (a muon and a proton) in the
final state, neutrino energy can be reconstructed by using the muon momentum and its angle. Therefore,
it is important to increase the purity of CC-QE interaction in data sample.

In addition, a number of neutrino events is also measured at a near detector. Multiplying the flux
ratio between ND and SK, a number of events at SK is expected.
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Figure 2.2: The oscillation probability as a function of E, (top) and E, spectrum with and without
neutrino oscillation (bottom). The oscillation parameters are selected as (Am? = 3 x 1073 [eV?],
sin? 20 = 1.0).

2.3.2 Extrapolation from ND to SK

To study neutrino oscillation, the energy spectrum and a number of the neutrino events observed at SK
are compared with the expectation by the measurement at ND. To extrapolate those measurements at
ND to SK, the flux ratio from the near site to SK for each neutrino energy (RF/N(E,,)) is estimated. The
expected neutrino spectrum and a number of events at SK can be obtained by multiplying R¥/N(E, ) to
the results of the measurement at ND.

2.3.3 Measurements at SK

The neutrino energy spectrum and a number of the events could be measured at SK. This result would
be compared with the expectation from the measurement results at ND in the neutrino oscillation study.
2.3.4 Study of neutrino oscillation

The neutrino energy spectrum and a number of events observed at SK are compared with the expectation
by using a maximum likelihood method. In this study, the effect of the atmospheric neutrino oscillation
experiment and the oscillation parameters are investigated.

2.4 Requirementsto the experiment

The requirements to the K2K experiment are summarized as below.

e Neutrino beam :
To study the neutrino oscillation in the atmospheric neutrino region, the neutrino beam must
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cover the parameter region of the atmospheric neutrino oscillation. In the K2K experiment, the
v,, beam energy spreads widely around mean energy of 1.3 GeV. Therefore, the K2K experiment
is sensitive to the range of Am? ~ 10=2 — 10~2 [eV?], which covers the atmospheric neutrino
oscillation parameters (Am? ~ 3 x 1073 [eV?], sin? 20 ~ 1).

e Near detectors :

To expect the neutrino energy spectrum and a number of events at SK, the near detectors must
have good performance for the measurements at the near site. For the spectrum measurement,
they should have sufficient performance to identify each neutrino interaction to separate CC-QE
and the other interaction mode which is backgrounds for the energy measurement. For compar-
ison of the number of events with the observation at SK, one of them is desired to be the same
water Cherenkov detector as SK to cancel out the uncertainties with the same neutrino cross-
section and detector systematics. For these purpose, the near detectors are designed as described
in Section 3.2.

e Far detector :
With the oscillation parameters of Am? = 3 x 1073 [eV?] and sin%226 = 1, the observed
number of SK events corresponds to 65% of that of the null oscillation case. Therefore, at least
100 events (10% statistical error) is required to exclude the null oscillation hypothesis by three
standard deviations (99.7% C.L.) with only statistical error. SK has sufficient mass to accumulate
neutrino events, whose event rate is expected to be 0.4 event/day without neutrino oscillation.
Therefore, the requirements for the statistics (more then 100) is satisfied by a run time of a few
hundred days.

2.5 History of the K2K experiment

A brief history of the K2K experiment is summarized. The neutrino data taking was started in June 1999
with a horn current of 200 kA (80% of design value). This period is named “K2K-1a”. In November
1999, the horn current increased to 250 kA (design value), and the data had been accumulated until
July 2001 (K2K-Ib). The results from K2K-la and K2K-Ib were published for the v, — v, oscillation
[10, 11] and for the v, — v, oscillation [12].

In November 2001, a severe accident happened in Super-Kamiokande, and many PMTs were
crashed. After the reconstruction of SK with a half PMT density, the experiment was resumed in
January 2003, and data was taken until June 2003 (K2K-lla). In the K2K-Ila period, there was no
lead glass calorimeter. Then, a new near detector, SciBar, was installed in the summer 2003. The neu-
trino data was taken again from October 2003 to February 2004 (K2K-I1b) and from October 2004 to
November 2004 (K2K-IIc).

Fig. 2.3 shows a number of delivered protons on target (POT). A total of 10.5 x 10'® POT have been
delivered. POT recorded by SK are 9.2 x 10'%, which were analyzed to examine neutrino oscillation.

2.6 Thepurposefor thisthesis

In the K2K experiment, the effect of the neutrino oscillation becomes larger in low energy region below
1 GeV, as shown in Fig. 2.2. The precise spectrum measurement in low energy region by the near
detector is necessary to confirm neutrino oscillation.
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Figure 2.3: The accumulated number of protons delivered to the target since the beginning of the
experiment (upper). The lower figure shows the number of protons per spill (bottom).

The 1KT detector which is one of the near detectors has performance enough to detect low energy
CC-QE events. However, it can not identify CC-QE from the events of the other interaction modes
(nonQE), since only muons after neutrino interactions can make Cherenkov rings. Therefore, the con-
tamination of nonQE interaction in the sample is estimated without any constraint. For this reason, the
near detector is desired to be able to identify CC-QE events even in the low energy region. To separate
CC-QE interaction from nonQE interaction, the detector had better observe both muons and protons
from the CC-QE events and other particles from the nonQE events. In particular, to identify short track
from other low energy events, detector structure is segmented without any dead region.

Therefore, the SciBar detector was constructed in 2003 summer, which is a fully active detector
composed of fine scintillator strips. It can detect short tracks made by low energy events and separate
CC-QE and nonQE events by using both muon and proton tracks. In addition to that, SciBar can observe
both low energy events (> 1 GeV) and high energy events (< 1 GeV). By using SciBar, the energy
spectrum for all energy region is determined by only one detector.

In this thesis, the neutrino oscillation is studied with the measurement of the low energy neutrino
spectrum by SciBar. The purpose of this thesis is summarized as below.

e Study of the low energy spectrum in SciBar :
The neutrino energy spectrum especially in low energy region, was measured by using SciBar. In
this analysis, the low energy samples were made to make the energy threshold lower and increase
low energy events by SciBar. The method to investigate the low energy region by SciBar is
established.

e Measurement of the energy spectrum at the near site :
The consistency of the spectrum measurement was studied with each near detector. The contami-
nation of nonQE interaction was estimated by SciBar. The energy spectrum in low energy region
measured by 1KT, was studied to be consistent with that from SciBar. Then, the energy spectrum
at the near site was measured by using all the near detectors.
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e Study of neutrino oscillation :
Finally, the neutrino energy spectrum measured by all near detectors, is used for a study of the
neutrino oscillation. The effect of the neutrino oscillation was investigated.



Chapter 3

The Experimental Setup

The setup for the K2K experiment is composed of the KEK-12GeV proton synchrotron, the neutrino
beamline, the near detectors, and the far detector (Super-Kamiokande), as shown in Fig. 3.1. In this
chapter, each experimental component is described.

3.1 Beamline

The neutrino beam is produced by primary protons accelerated by the KEK-12GeV proton synchrotron.
Fig. 3.2 shows a schematic overview of the KEK-12GeV proton synchrotron and the neutrino beamline.
The beam monitors are installed in the beamline to measure the properties of primary protons and their
secondary particles. In this section, the production of a neutrino beam and the beam monitors are
described.

3.1.1 Production of the neutrino beam
Primary proton beamline

The KEK-12GeV proton synchrotron (KEK-PS) is used to accelerate protons. In the main ring, more
than 7 x 10'2 protons are accelerated up to kinetic energy of 12 GeV. A number of the beam bunches

e

GPS
12GeV-PS
PIMON Beam dump 1KT SciBar (LG)
Decay pipe | SciFi ! MRD L
Target/Horn
e
p [ L o | V) -
MUMON Near Detectors
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Figure 3.1: Schematic overview of the K2K experiment.
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Figure 3.2: Schematic overview of KEK-12GeV proton synchrotron and neutrino beam line.

in a single spill is nine, which corresponds to the harmonic number of the main ring.

The accelerated protons are extracted from the KEK-PS in a fast extraction mode whose repetition
time is 2.2 sec and spill time is 1.1 usec. After extraction from the KEK-PS, the proton beam is bent
toward Super Kamiokande (about 90° to the west) at the arc section. The proton beam is focused on
the neutrino production target located just after the arc section. The transportation efficiency from the
extraction point to the production target is about 85%, and the beam intensity just before the target is
about 5 x 102 protons in one spill.

Production target and horn magnet

Secondary pions are generated by hadron interaction of primary protons in the production target [13].
Two magnetic horns are used to focus pions. The production target is embedded in the first horn in
order to focus the pions efficiently. The target is made of an aluminum alloy 6061-T, which is a rod of
66 cm in length and 3 cm in diameter.

The pulsed coaxial electrical current is supplied to the inner and outer conductors of the horn mag-
nets with its duration of 2 msec and its amplitude of 250 kA. This current makes a toroidal magnetic
field between the inner and outer conductors. The maximum magnetic field is 33 kG at the rod surface
with a current of 250 kA. This magnetic field focuses the positive charged particles into the forward
direction, whereas the negative charged particles are swept out. The two horn systems enhance the
neutrino flux above 0.5 GeV by 22 times more than the bare target case as shown in Fig. 3.3

During the period of K2K-Ia, a peak current of 200 kA was applied to the horn magnets, and the
production target of 2 cm was used. The target of 3 cm diameter has been used with a peak current of
250 KA since Oct. 1999.
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Figure 3.3: The neutrino flux at Super-Kamiokande with and without the horn systems, estimated by
the MC simulation. The open histogram shows the neutrino flux with the horn current of 250 kA, and
the hatched one shows that without the horn current.

Decay volume and beam dump

After the horn magnets, the pions go into the decay volume, which is a cylindrical pipe of 200 m long.
The decay volume is filled with helium gas of 1 atm to avoid a possible loss of pions by absorption. In
the decay volume, 7 decay into ™ and v,,. Since pions are strongly boosted in the laboratory frame,
neutrinos are emitted toward Super-Kamiokande within the decay angle of 10 mrad. After the decay
volume, the beam dump is located to stop all the particles except for neutrinos. It consists of 3.5 m
thick iron shield, 2 m thick concrete, and about 60 m long soil. All the particles other than neutrinos
are absorbed by iron, concrete, and soil shields.

3.1.2 Primary beam monitors

The intensity of the proton beam and the beam transportation efficiency is monitored by the current
transfers (CTs), which are a kind of pick-up coil sensitive to an induced current by the protons. Mea-
suring the integrated induced current, a number of the protons on the target (P.O.T.) is monitored by the
TARGET-CT located just before the target as shown in Fig. 3.2. The profiles of the proton beam are
measured by the segmented plates ionization chambers (SPICs) [14]. In total, 13 CTs and 28 SPICs are
installed in the beam line.

3.1.3 Secondary beam monitors
The pion monitor and muon monitor are used for the secondary beam monitors. Here, they are summa-
rized briefly, and the detail descriptions are found in Appendix A.1 and A.2.

Pion monitor (PIMON)

The momentum and divergence of the secondary pions are measured by the pion monitor (PIMON)
[96], which is located just after the second horn magnet. The PIMON is a gas Cerenkov detector, which
consists of a gas vessel, a spherical mirror, and a photo detector. For rejection of severe backgrounds
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Figure 3.4: The experimental setup of the near detectors.

from primary protons, the momentum threshold of PIMON for the pions is determined to be 2 GeV,
which corresponds to 1 GeV for the neutrinos.

Up to now, the data taking of PIMON had been performed twice, in June 1999 and November 1999,
for different experimental configurations. The PIMON measurement was done with a target of 2 cm in
diameter and the horn current of 200 kA in June 1999, and with a target of 3 cm in diameter and the
horn current of 250 kA in November 1999.

Muon monitor (MUMON)

Muon monitor (MUMON) is placed in a pit at the downstream of the beam dump, which monitors the
distribution and the intensity of the neutrino beam by measuring the muons spill by spill. MUMON
consists of two detector parts, an ionization chamber (ICH) and a silicon solid detector (SSD) array.
Only muons with the momentum above 5.5 GeV/c can reach the pit due to the beam dump, where the
flux is roughly 10* muons per 1 cm?. Since such high energy muons is more sensitive to the overall
neutrino beam direction, it works well as a monitor for the overall beam steering toward SK.

3.2 Near detectors

The near detectors at the KEK site are composed of the 1kt water Cherenkov detector (1KT), a scin-
tillating fiber detector (SciFi), a lead glass calorimeter (LG) for K2K-la and K2K-Ib, the scintillator
bar detector (SciBar) for K2K-Ilb and K2K-IIc, and a muon range detector (MRD). Fig. 3.4 shows the
experimental setup of the near detectors. Since the beam center is about 10 m underground, the near
detectors are installed in the cylindrical hole with the dimension of 16 m in depth and 24 m in diameter.

3.2.1 1kt water Cherenkov detector

The 1kt water Cherenkov detector (1KT) is located at the most upstream part of the experimental hall.
Fig. 3.5 shows a schematic view of the 1kt detector. It consists of the cylindrical tank of 10.8 m in
diameter and 10.8 m in height, which is filled with approximately 1,000 tons of pure water.
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Figure 3.5: Schematic overview of the 1kt water Cherenkov detector.

The inside of the tank is optically separated into two parts, the inner detector (ID) and the outer
detector (OD). The ID is a cylindrical water Cherenkov detector, which is 8.6 m in diameter and 8.6 m
in height. There are 680 20-inch PMTs mounted on the support frame facing inward. The OD is also
a water Cherenkov detector, whose thickness is 1 m for barrel and 0.6 m for the bottom. There are 68
8-inch PMTs facing outward on the support frame.

The neutrino events are detected by using Cherenkov ring images made by muons from CC interac-
tion. The advantage of the 1kt detector is to cancel out the systematic uncertainties with SK, since they
have the same target material (H2Q), the same detection principle and the same analysis algorithm.

3.2.2 SciFi detector

The Scintillating Fiber (SciFi) tracking detector is located just behind the 1KT. A schematic view of the
SciFi detector is shown in Fig. 3.6. The SciFi consists of water filled aluminum target and scintillating
fiber layers.

A scintillating fiber used for the fiber layers is a Kuraray SCSF78M multi-cladding fiber, which is
0.692 mm in diameter and 3.7 m in length. One layer consists of a set of horizontal and vertical fiber
planes. Each plane has 6 bundles which compose 1142 scintillating fibers. In total, 274,080 fibers are
used for the SciFi with 20 fiber layers.

19 water target layers are inserted between each SciFi layer. Water is contained in an aluminum
tank of 0.18 cm thick, whose size is 240 x 240 x 6 cm3. Water is used as a target material to minimize
systematic uncertainties in the neutrino cross-section when the event rates are compared between SciFi
and SK. Signals from the scintillating fiber is read by electrostatic image intensifiers (I1T). Each fiber
bundle is connected to the photo-cathode of the IIT. Amplified signals by IIT are recorded by a CCD
camera with 768 x 493 pixels.

The trigger/veto counter (TGC), which is a plastic scintillator hodscope, is installed upstream and
downstream of SciFi to obtain timing information of a track.
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Figure 3.6: Schematic overview of the SciFi tracking detector.

3.2.3 Lead glass Cherenkov calorimeter

A lead glass Cherenkov calorimeter (LG) was located downstream of SciFi until 2001 [19]. The purpose
is to measure the contamination of the electron neutrinos in the beam [20]. LG was removed in fall 2001
to reduce material behind SciFi and to install a new detector, SciBar.

3.2.4 SciBar detector

A full-active scintillator detector, “SciBar”, was installed at the same place as LG, in 2003 summer.
The detail of SciBar is described in Chapter 4.

3.2.5 Muon range detector

The muon range detector (MRD) is used to measure muon energy by its range [21, 22]. The MRD
consists of 12 layers of iron absorber sandwiched between vertical and horizontal drift-tube layers. The
size of a layer is approximately 7.6 x 7.6 m2. In order to have a good energy resolution for the whole
energy region, the upstream four iron plates are 10 cm thick and the downstream eight are 20 cm thick.
A total iron thickness of 2 m covers up to the muon energy of 2.8 GeV.

Each drift-tube module consists of 8 drift tubes, which are arranged as shown in Fig.3.7 (right).
Active aria of the drift-tube is 5 x 7 x (245 ~ 760) cm3. The anode wire is a tungsten wire of 70 zm
diameter, stretched with around 390 g wire tension. Ideally, a drift-tube layer should be arranged by 25
modules of 7.6 m length with 2 cm gap between consecutive modules. However, for some horizontal
drift-tube layers shorter modules are combined end-to-end to make the full 829 modules in total: 377
modules of 7.6 m length, and 452 shorter ones. The setup of the MRD is shown in Fig.3.7 (left). The
total weight of iron is 864 tons. Including the aluminum drift-tubes, the total mass is 915 tons.

P10 gas with a mixture of 90% argon and 10% methane is filled in the modules. Applied high
voltage is 2.7 kV.
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Figure 3.7: Schematic overview of the MRD detector.

Hit efficiency and tracking efficiency is studied by using cosmic ray. The hit efficiency of each
module is 97.5%. The tracking efficiency is above 95% if a particle penetrates more than 3 layers, as
shown in Fig. 3.8.

3.3 Far detector

The Super-Kamiokande (SK) detector [23] is employed as the K2K far detector (Fig. 3.9), which is
located at the Kamioka observatory of Institute for Cosmic Ray Research, University of Tokyo, in the
Kamioka mine in Gifu prefecture. Here, SK is described briefly, and the detail description for SK is
found in Appendix A.3.

The SK is a cylindrical water tank whose size is 41.4 m in height and 39.3 m in diameter, instru-
mented with photomultiplier tubes (PMTSs), electronics, an online data acquisition system and a water
purification system. The water tank to be filled with 50,000 tons of pure water, is made of stainless
steel. The detector has two PMT layers, inner detector (ID) and outer detector (OD). The ID is 33.8 m
in diameter and 36.2 m in height. The total mass is 32 kton. 11,146 20-inch PMTs are used for the ID.
The OD is 2.0 m for the side and 2.2 m for the top and bottom, and 1,885 8-inch PMTs are mounted.
As 1KT, the neutrino events are detected by using Cherenkov ring image made by the muons.

The K2K data has been taken since 1999 with 11,146 20-inch PMTs for the 1D. However, about
60% of PMTs were broken in 2001, fall. SK was rebuilt with a half of PMT density. The experimental
period is called “SK-I" before the accident, and “SK-I1" after the rebuilding. The overall efficiency for
SK-1and SK-II are 77.2% and 77.9%, respectively. Regardless of the reduction of PMTs, the efficiency
for SK-11 is higher than that for SK-I as described in Section 9.2.4.

3.4 Timing synchronization

To identify the K2K neutrino events from the atmospheric neutrino backgrounds, the timing synchro-
nization between the KEK site and SK is necessary. The global position system (GPS) [24] is used for
the timing synchronization. Two independent GPS receivers was used in parallel in both the KEK and
SK sites for hardware backup as well as their quality check with each other. They are compared and
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Carlo result, with a size representing the errors.

agreed with each other within 100 nsec (FWHM). Detail description for the GPS system is found in
Appendix A.4.
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Figure 3.9: Schematic view of the Super-Kamiokande detector.
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Chapter 4

SciBar Detector

4.1 Introduction

In the K2K experiment, the effect of neutrino oscillation is expected to be maximum in energy region
below 1 GeV The neutrino energy is measured by using charged-current quasi-elastic scattering (CC-
QE) events, which is v,n — up. Since CC-QE is a two-body process, the neutrino energy can be
determined by the muon momentum and angle. For energy measurement, the other interactions than
CC-QE (nonQE) are also detected, such as charged-current 17 production (v, N — pwN'). Since the
muon momentum and angle in non-QE events can not lead to the exact energy information, the nonQE
interaction behaves as backgrounds for energy measurement. To separate CC-QE and nonQE events,
the following performances are required for a detector.

e Measurement of muon energy.
e Detection of both muon and proton tracks.
¢ Identification of protons and muons (and pions).

Since the muons have a long range in material, we can detect them above 0.3 GeV/c in momentum
easily. On the other hand, the protons from CCQE interaction by low energy neutrinos make only a short
track (for example, 20 g/cm? for the momentum of 0.6 GeV/c). Therefore, fine detector segmentation
is required, for instance a few cm level with small amount of dead material. In addition, since the
neutrino interaction cross-section is very small, a neutrino detector should be massive. To measure
precise neutrino energy spectrum in low energy region at near-site, we designed and constructed a
full-active scintillator detector, “SciBar”.

4.2 Detector overview

A schematic view of the SciBar detector (SciBar) is shown in Fig. 4.1. SciBar consists of approximately
15,000 extruded scintillator strips with each dimension of 1.3 x 2.5 x 300 cm3. The scintillator strips
are arranged in 64 layers. Each layer consists of two planes with 116 strips glued together by Cemedine
PM-200, to give horizontal and vertical position. A total size and weight are 2.9 x 2.9 x 1.7 m3 and 15
tons, respectively. Scintillation photons from each strip are read out by a wavelength shifting (WLS)
fiber, which is inserted into a hole of the strip as shown in Fig. 4.2. These photons are transported
to a photo-detector, 64-pixel multi-anode photo-multiplier tube (MA-PMT). The charge and timing
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Figure 4.1: Schematic view of SciBar.
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Figure 4.2: Schematic view of a scintillator strip and WLS fiber.

information are recorded by the readout system as shown in Fig. 4.3 and Fig.4.4. An electro-magnetic
calorimeter (EC) is also installed just downstream of SciBar to measure the v, contamination in the
beam and 7° yield. During the summer shutdown in 2003, the SciBar detector was constructed and
placed at the site of Lead glass Cherenkov calorimeter. Neutrino data have been taken with SciBar
since October 2003.

We summarize the characteristics of the SciBar detector as follows.
o A full active detector with no dead region.

e SciBar detects tracks as short as 8 cm, corresponding to 0.45 GeV/c for a proton, with requirement
of 3 layers penetration.

e Protons are distinguished from charged pions and muons with energy deposit (dE/dxz).
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Figure 4.3: Schematic view of the readout system.
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Figure 4.4: Pictures of the SciBar readout electronics.

4.3 Detector components

4.3.1 Extruded scintillator

The extruded scintillator strips are made of polystyrene, infused with the fluor PPO (1% by weight)
and POPOP (0.03%). The extruded scintillator was developed and produced by Fermilab [25], whose
composition was the same as scintillators used by the MINOS experiment [26]. The wavelength of the
scintillators is 420 nm (blue) at the emission peak. This compound is melted and extruded in the shape
of rectangular bar with a hole at the center. The scintillator strip has a dimension of 2.5 cm wide, 1.3 cm
thick, and 300 cm long. The diameter of the hole is 1.8 mm, that is sufficient to insert a 1.5 mm diameter
WLS fiber. A white reflective coating of 0.25 mm thick in which TiO, is infused in polystyrene (15%
by weight), surrounds the entire scintillator bar. The coating improves light collection efficiency, and
it acts as an optical isolator. The basic quantities of the scintillator strips are summarized in Table 4.1.
During the installation, 10% of strips were sampled and the dimensions and weight were measured.
Their mean value and root-mean-square (RMS) are also shown in Table 4.1.

4.3.2 Wave-length shifting fiber

The wavelength shifting (WLS) fibers are used to collect scintillation light. Blue scintillation lights
emitted by scintillator strips are absorbed by Y11 flour (wavelength shifter) in a fiber, and re-emitted as
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Table 4.1: Basic quantities of the SciBar scintillator. The errors for the dimension and weight are
assigned their RMS, which are measured by using 10% of all strips.

Scintillator Polystyrene with PPO (1%) and POPOP (0.03%)
Emission wavelength 420 nm (blue)
Dimensions width : 2.5 £ 0.021 cm

thickness : 1.287 + 0.026 cm
length : 302.2 + 1.0 cm

Hole diameter 1.8 mm

Reflector material TiOy (15%) infused in polystyrene
Reflector thickness 0.25 mm

Weight 9946 +8.4¢

Number of strips 14,848

Table 4.2: Basic characteristics of WLS fiber.

Diameter 1.5mm (OD 1.2 mm)
Core Polystyrene (n = 1.59)
Inner clad Acrylic (n = 1.49)
Outer clad Polyflour (n = 1.42)
Wavelength shifter Y-11 flour (200 ppm)
Absorption wavelength 430 nm (peak)
Emission wavelength 476 nm (peak)
Attenuation length 350 cm

green lights. Basic characteristics of the WLS fiber are summarized in Table 4.2. As shown in Fig. 4.5,
the absorption spectrum has only a little overlap with the emission spectrum, so that the probability of
self-absorption in the fiber is small.

The WLS fibers of 1.5 mm diameter are used to fit the pixel size of the photo-detector (2 x 2 mm?)
within the alignment precision of 0.2 mm, whereas those of 1.2 mm diameter are used for the outer
detector (OD), which is the two strips at the edge of each plane. The fibers are double-clad type to
give a maximum trapping fraction for green light. the inner core is polystyrene with the WLS flour of
200 ppm (refractive index n; = 1.59), a thin intermediate layer is acrylic (no = 1.49), and the thin
outer cladding is a polyflour (n3 = 1.42). The green light with reflective angle less than 26.7 degree is
trapped and transported along the fiber. Before the installation, the attenuation length of all WLS fibers
were measured around 350 cm by using blue LED lights [27]. In addition, it was checked by cosmic
rays after the installation.

Each 64 WLS fibers were bundled with an alignment fixture, “cookie” [28], to attach the photo-
detector (64-pixel MA-PMT) as shown in Fig. 4.6. After glued WLS fibers with a cookie by epoxy
resin, the surface of cookie was polished by a diamond blade. The cookie holes are precisely aligned
with 64 pixels on the MA-PMT. The fiber bundle and MA-PMT were connected with alignment pins on
the cookie and cookie holder attached to MA-PMT. The fibers were aligned to pixels on the MA-PMT
within 0.2 nm precision.
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Figure 4.5: Absorption and emission spectrum of a Y-11 WLS fiber.
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Figure 4.6: A picture of the fiber bundle.

4.3.3 Photo sensor

The 64-pixel MA-PMTs manufactured by Hamamatsu Photonics are used for a photo-sensor of the
SciBar detector. MA-PMT has the same performance as H8804, whose package is modified to fix with
cookie and the front-end electronics. The specifications of MA-PMT is summarized in Table 4.3. A
cross-talk with a 1.5 mm diameter fiber is measured to be 4% for adjacent pixels and 1% for othogonally
opposite pixels. The pixel-to-pixel gain uniformity is measured to be 21% in RMS. The high voltage
value was adjusted so that the average gain is 6 x 10°. With this gain, the response linearity within 5%
up to the input signal of 200 photo-electrons was obtained. The single-anode PMTs are used for the
photo sensor of OD, which read every 64 fibers together.

4.3.4 Gain monitor

The gain of all the MA-PMT channels was monitored by the gain monitor system during the detector
operation [29]. 64 WLS fibers were assembled with “light injection module” to illuminate LED light
uniformly as shown in Fig. 4.6. A blue LED was used as a light source, and pulsed blue light was
distributed to each fiber bundle through a clear fiber (1 mm diameter). In order to measure the light
intensity of each pulse, the LED also illuminated a pin photo-diode and a 2 inch PMT which was
calibrated by an Am-Nal stable light source. By comparison with the MA-PMT outputs and the pin
photo-diode or the 2 inch PMT, the relative gain drift is measured with 0.1% precision. The performance
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Table 4.3: Specifications of the MA-PMT.

Photo-cathode Bi-alkali
Quantum efficiency 12% for 500 nm photons
Number of pixels 64
Pixel size 2 x 2 mm?
Typical gain 6 x 10° at ~ 800 V
Response linearity 200 p.e. at PMT gain of 6 x 10°
Cross talk 4% (adjacent pixel)
Number of MA-PMTs 224

VAITA chip

A

16(8x2) ch VME JO connector

8 Front-end boards

TA signals

MAPMT connector

Figure 4.7: Pictures of the front-end board (left) and DAQ board (right).
of the gain correction is discussed in Section 4.5.3.

4.3.5 Readout electronics

The readout electronics, the front-end board (FEB) and the DAQ board [84], was developed to deal
with 15,000 readout channels of the SciBar detector, as shown in Fig. 4.7. The FEB board was directly
connected to a MA-PMT, which reads the signals with VA/TA chips developed by IDEAS. Since one
VA/TA chip has 32 inputs, a pair of VA/TA’s was mounted on the FEB. The model numbers of VA and
TA are VA32HDR11 and TA32CG, respectively. The DAQ boards is 9U VME modules, which were
developed to control FEBs and read charge and timing information. Since one DAQ board controls
eight FEBs that corresponds to 512 channels, all the channels in SciBar detector (14,336 channels) can
be read by only 28 DAQ boards.

Signals from MA-PMT are read by the VA/TA chips on FEBs. TA makes an OR-ed signal over 32
channels, which produces a narrow pulse peak with a duration time of 80 nsec and discriminates signal
at a threshold given by the DAQ board. The threshold was set to 0.7 photo-electron equivalent. The VA
amplifies the PMT signals and shapes them into slowly rising signals, whose peaking time is 1.2 usec.
If the DAQ board receives the TA signal, it provides a hold signal to VA, by which its pulse height
proportional to a PMT charge is kept for reading. Just after holding, the DAQ board sends readout
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Table 4.4: Basic quantities of the SciBar readout system.

VA/TA chip (at PMT gain of 6 x 10°) | AMT

Shaping time VA : 1.2 usec TDC resolution  0.78 nsec
TA : 80 nsec TDC full range 50 usec

Noise level 0.3p.e.

Response linearity 300 p.e.

TA threshold 0.7 p.e.

pulses and receives the pulse heights from VA one by one. Finally, the flush ADC on the DAQ board
digitizes the VA outputs. If the PMT gain is 6 x 10°, the VA output is sufficiently linear up to 300
photo-electrons and the noise level was measured to be 0.3 photo-electron level.

TA signals were also sent to time-to-digital converters (TDC) and cosmic ray trigger boards. The
AMT board developed by the ATLAS TGC group [31] was used as a TDC module, which has multi-hit
capability with timing resolution of 0.78 nsec and 50 usec in full range.

The basic quantities of the system are summarized in Table 4.4.

4.3.6 Electro-magnetic calorimeter

To study v, — v, oscillation, the v, contamination in a beam and 79 production from neutrino inter-
action are dominant backgrounds. Detection of electro-magnetic shower is required to study v, and
70 events. The scintillator part of SciBar covers only four radiation length (X,) along the beam di-
rection. It is not sufficient to measure an energy of electrons and photons around 1 GeV. Therefore,
an electro-magnetic calorimeter (EC) was installed downstream of the scintillator part. EC is an array
of “spaghetti modules” [32] which were used for the CHORUS experiment [33]. Fig. 4.8 shows a
schematic drawing of EC. EC is made of scintillator fibers and lead sheets. Scintillating fibers of 1 mm
diameter are embedded in grooves on the 1.9 mm thick lead sheets. The module consists of a pile of 21
layers with 740 scintillating fibers. The pile has the dimensions of 4.0 x 8.2 x 262 cm?, which is kept
together by a steel box. On the both sides, fibers are arranged in two groups, which correspond to 4 x 4
cm? cross-section. Each fiber group is read by a 1 inch PMT. EC is composed of a vertical plane (32
modules) and a horizontal plane (30 modules), providing an additional 11 X along the beam direction.
The energy resolution of EC is 14%/+/ E.(GeV), where E is electron energy.

4.4 Data acquisition system

Four types of data (beam, pedestal, LED, and cosmic) were taken for the SciBar detector, whose timing
diagram is shown in Fig. 4.9. The neutrino beam was produced every 2.2 seconds at 1.1 psec duration
pulse. The timing of beam triggers was provided by the accelerator. After the beam trigger, one pedestal
and one LED triggers were generated. Until 1.5 seconds after the beam, the cosmic ray data was taken,
whose trigger signal was made by the trigger boards. The cosmic ray data was collected approximately
15 events per spill. The LED and cosmic ray data are used to monitor the PMT gain and the light yield.
The cosmic ray data is also used for the calibration of timing information as described in Section 4.5.1.
Trigger timing and its type is managed by timing distributors. Specification of the trigger board and the
timing distributor is described as follows.
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Figure 4.9: The time difference between adjacent TQ channels along a cosmic ray track after TQ
correction. The standard deviation of the fitted Gaussian is 1.9 nsec.

Trigger board

Cosmic rays were used for energy calibration, timing calibration, cross checks of the gain monitor
system in the SciBar detector. Since the trigger system must handle many timing signals, it should
have flexibility so that the trigger logic can be easily modified. To achieve the requirements, the trigger
board was developed, which is a 9U standard VME module as shown in Fig. 4.10 (left) [34]. The
trigger board has 128 ch inputs and one FPGA (Field Programmable Gate Array) to implement trigger
logic. A schematic diagram of the cosmic ray trigger is shown in Fig. 4.11. The TA channels were
arranged in 8 x 28 for each projecting plane. The trigger board receives the signals from every other
TA layers. It was programmed to make a trigger when a cosmic ray penetrates all the layers. Fig. 4.12
(left) shows an event display of the cosmic ray event. The trigger conditions can be changed easily by
modification of the program implemented in FPGA. For example, stopping muon events can be taken
as shown in Fig. 4.12 (right).
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Figure 4.10: Pictures of a trigger board (left) and a timing distributor (right).

Timing distributor

The trigger timing was distributed to the DAQ boards and AMTs by the timing distributor, which are 6U
VME modules as shown in Fig. 4.10 (right). A timing distributor consists of one mother board and two
daughter boards which were attached to the mother board. One daughter board has sixteen channels of
the NIM connectors, which can be changed the inputs or outputs by toggle switches. The trigger signal
and the trigger ID are read by NIM inputs and controlled by using FPGA. These signals are distributed
to the DAQ boards through VME JO bus lines and AMTs by NIM outputs. The other board has two 16
channel ECL/LVDS inputs, which read an event count provided by the VME-TRG module.

4.5 Basic performance

45.1 Timing resolution

Timing resolution is estimated by using cosmic ray data. Fig. 4.13 (left) shows a timing difference
between the adjacent TA channels as a function of ADC channels which correspond to the amount of
charges. Since the timing information has correlation with charge, the TQ correction was applied. The
light velocity in a fiber was also estimated. Fig. 4.13 (center) shows a timing after the TQ correction as
a function of their position along the fiber for one TA channel. From this measurement, average light
velocity in a fiber is estimated as 17.1 &+ 0.3 cm/nsec. After TQ correction and subtraction of the light
propagation time in a fiber, An average timing resolution of 1.3 nsec was obtained, as shown in Fig.
4.13 (right).

45.2 Dead channel

A number of the dead channels were checked by the gain monitor system. There are only six dead
channels. A fraction of the active channel is 99.96% (= 1 — 6/14, 336) for K2K-IIb. Since five dead
channel is in two MA-PMTSs, these MA-PMTs were replaced during the shutdown period between
K2K-I1b and K2K-llc. Therefore, the fraction of the active channel become 99.99% (= 1 — 1/14, 336)
for K2K-llc.
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Figure 4.11: Schematic diagram for cosmic ray trigger.

45.3 Lightyield

The light yield was measured by using cosmic ray data. A typical light yield of the strip is shown in
Fig. 4.14(a). The path length in each cell and the attenuation of the fiber were corrected.

Fig. 4.14(b) shows the distribution of the mean light yield for each cell. The average light yield is
18 photo-electrons for a muon track of 1 cm long, which corresponds to 9 p.e./MeV. The time variation
of the light yield was also checked by cosmic ray data. The light yield is stable within 0.7% level after
the PMT gain correction with the monitor system.

45.4 Momentum scale

Momentum scale in SciBar is studied in beam test, T551 at KEK T1 beamline, by using test-SciBar
detector. Fig. 4.15 shows the ratio of proton range between data and MC simulation as a function of
the momentum. It is consistent within 1% with data and MC simulation.

455 Particle identification

The Proton/Muon(Pion) separation was performed by using the information of the energy deposit in the
scintillator strips. As the index of the particle type, the muon confidence level (MuCL) function was de-
fined with the energy deposit in each scintillator plane. The distribution of muon (pion) energy deposit
in each scintillator plane is obtained by cosmic-ray muons as shown in Fig. 4.16 (top). Integrating the
distribution from right to left, the fraction of events above a particular energy deposit can be calculated
as shown in Fig. 4.16 (bottom), which is defined as a MuCL for one plane. Since the energy deposit in
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Figure 4.12; Event display of through cosmic ray muon, through going muon (left) and stopping muon
in SciBar (right).
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Figure 4.13: (left) Relation between AT and the amount of charges , where AT the time difference
between adjacent TA channels. (center) The timing after TQ correction as a function of their position
along a fiber for one TA channel. (right) The time difference between adjacent TQ channels along a
cosmic ray track after TQ correction and subtracting the light propagation time in a fiber. The standard
deviation of the fitted Gaussian is 1.9 nsec. In this case, the timing resolution is 1.4 (= 1.9/+/2) nsec.

a scintillator strips by protons is larger than that of muons, value of MuCL for protons become smaller.
Therefore, a proton and a muon (pion) can be separated by using MuCL function.

To use the information from all planes, we combine the MuCLs obtained by all planes. All MuCLs
obtained are sorted sequentially from bigger one, and truncated CLs of 20% from the larger ones and
that of 50% from the smaller ones to avoid the effect from inefficiency of scintillator and track overlap-
ping in one view. Therefore, 30% in the all MuCL are used to make the final MuCL function. Finally,
MuCL function is expressed as

(—InT[; CL;)?

i , (4.1)

MuCL = [[ CL; x 0}
i
where C'L; is a MuCL of the i-th plane.

The MuCL values for muons distribute close to 1, and those for protons distribute close to 0. If we
require 90% efficiency for protons, the muon miss-identification probability is 1.7%.
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Figure 4.16: A distribution of the energy deposit in scintillator strips of cosmic ray muons (top), and
the muon confidence level as a function of energy deposit in each scintillator plane (bottom).
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Chapter 5

Monte Carlo Simulation

Monte Carlo (MC) simulations for the K2K experiment consist of three parts, which are the neu-
trino beam simulation (Beam-MC), neutrino interaction simulation (Neut-MC), and detector simulation
(Detector-MC). In this chapter, the components of these simulation tools are described.

5.1 Neutrino beam simulation

The MC simulation for the neutrino beam (Beam-MC) reproduces the primary proton beam, the sec-
ondary meson production in the target, and the decay of secondary mesons into neutrinos.

5.1.1 Secondary pion production

There are various pion production experiments in the energy region of the K2K experiment, whose
results are inconsistent with each other. That remains the possibility of some kinds of the MC simulation
for the application. From this reason, the following three kinds of pion production models are compared.

e GCALOR/FLUKA model [38, 39]
The package of hadron simulation provided in a GEANT simulation [40].

¢ Sanford-Wang model
This is an experimental parameterization with the compilation of Lundy et al. [41], Dekkers et
al. [42], and Baker et al. [47]. Yamamoto’s measurements [84] agrees well with this model.

e Cho-ANL and Cho-CERN compilation
The Cho-ANL compilation [85] is the fitting results of the Sanford-Wang formula with several
experimental data [87, 85, 88, 89]. The another result of compilation, which gives almost the
same differential cross-section with Cho-ANL compilation, is Cho-CERN [86] compilation.

Since the PIMON measurements favor the Cho-CERN model, it is selected as the standard pion
production model. However, the other models are also consistent with the PIMON measurements within
their errors. They are used for systematic error estimation.

37
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Figure 5.1: Neutrino energy spectrum of each neutrino type for near and SK site with the horn current
of 250 KA.

5.1.2 Simulation in the horn magnets and the decay volume

GEANT with the GCALOR hadron simulator is used to trace survived primary protons and generated
secondary particles. It simulates the particles’ behavior in the two horn magnets and the decay volume
until their decay or absorption in a material. The focusing effect of the magnetic field is also simulated.
The decay channels and kinematics of pions, kaons, and muons are computed by our original codes.

5.1.3 Neutrino energy spectrum

Since the decay tunnel have the finite volume against the near site, the energy spectrum are different
between near and far sites. Fig. 5.1 shows the energy spectrum of each neutrino type for near and SK
site with the horn current of 250 kA. The fraction of v, v, 7, and 7, at Super-Kamiokande are 97.9%,
0.9%, 1.2% and 0.02%, respectively.

5.2 Neutrino interaction ssimulation

“NEUT” [44] is used for the Monte Carlo simulation of neutrino interactions, which is originally de-
veloped in the atmospheric neutrino analysis in SK [45]. NEUT generates the final state particles from
neutrino-nucleus interaction. The target materials are HoO for water Cherenkov detectors and SciFi,
and (CH),, for SciBar.

Neutrino interaction channels are summarized as follows.

e CC quasi-elastic scattering v + N — [~ + N' (~ 27%)
e NC elastic scattering v + N — v + N (~ 13%)

CC resonance production v + N — I~ + N’ 4 meson (~ 28%)

NC resonance production v + N — v + N’ + meson (~ 10%)

CC multi-pion production v + N — [~ + N’ 4 hadrons (~ 14%)
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Figure 5.2: The cross-section of each neutrino interaction channel in water as a function of incident
neutrino energy, which is calculated by NEUT. The CC resonance production and CC coherent pion
production modes are assorted into “CC single-meson”.

e NC multi-pion production v + N — v + N~ + hadron (~ 4%)
e CC coherent-pion production v +16 O(*2C) — I~ +16 O(*2C) + nt (~ 2%)
e NC coherent-pion production v +'6 O(*2C) — v +16 O(12C) + 7% (~ 1%)

where N and N’ show nucleons and [~ shows a charged lepton. The fraction of each mode is also shown
in the parentheses. Fig. 5.2 shows the cross-section of each interaction mode with water, obtained by
NEUT. The model of each interaction mode is described in the following sections.

5.2.1 CC guasi-elastic scattering and NC elastic scattering

The charged-current quasi-elastic (CC-QE) and neutral-current elastic (NC-el) interactions are two-
body scattering on a nucleon. Their simulations are based on Llewellyn Smith’s formula [90]. Since
the neutrino interacts with nucleus through the V-A weak interaction, the cross-section is written by the
combination of the vector form factors and the axial form factor as shown in Eq. B.12. The axial form
factor (F'4) is given by

—-1.23

27
Q2
(1 + Mi)
where M 4 is the axial vector mass and Q2 is a four-momentum transfer. Although the past electron-
nucleon and neutrino-nucleon scattering experiments give 1.0-1.1 GeV/c for M 4 of (quasi-)elastic scat-
tering [91], 1.11 GeV/c is employed from our previous analysis [81, 82].

The Fermi motion and Pauli blocking effect are considered for the target nucleons bound in 60
or 2C. The Fermi gas model is adopted to reproduce the Pauli blocking effect. The final nucleon
momentum is required to be larger than the Fermi surface momentum (225 MeV/c in 0 and 217
MeV/c in 12C), which is estimated by an electron-'2C scattering experiment [50]. The cross section

depends on the target nucleus because of the Pauli blocking effect. The difference of the cross section
between 60 and '2C is less than 1.5% in the neutrino energy region of £, > 0.5 GeV.

Fa(Q%) = (5.1)
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5.2.2 Resonance production channel

The resonance production interaction produces one lepton and one pion which intermediates a baryon
resonance state N* as

v+ N — [T+ N* (5.2)
N* — N'+x(nK).

This is the dominant process when the invariant mass of the hadron system is less than 2 GeV/c?.

The simulation of the resonance production mode is based on the Rein-Sehgal model [52]. Although
the cross-section with M4 = 1.11 GeV/c? is approximately 10% higher than that with M, = 1.01
GeV/c?, it is consistent with the past experiments. Therefore, M 4 of 1.11 GeV/c? is employed for our
MC simulation.

5.2.3 Coherent pion production

The charged-current (CC) coherent pion production in neutrino-nucleus scattering, v, + A — p~ +
7T + A, is a process in which the neutrino scatters coherently off the entire nucleus with a small
energy transfer. Since the measurement by SciBar in the K2K experiment is consistent with the non-
existence of CC coherent pion production in the energy region of a few GeV, it is removed from our
MC simulation.

5.2.4 Deep inelastic interaction

The charged current deep inelastic scattering (CC-DIS) produces more than one meson with the invari-
ant mass of the hadronic system greater than 1.3 GeV/c2. The cross-section of CC-DIS is calculated
based on Bjorken scaling [65] with modification by Bodek and Yang [67]. The cross-section of the
NC deep inelastic scattering is calculated by scaling the that of CC-DIS according to the experimental
results [72].

5.2.5 Nuclear effects

Mesons and nucleons generated in the neutrino interactions often cause secondary interaction with
nucleons (“nuclear effect”) before leaving 160 or 2C nucleus. The nuclear effects of pions, nucleons,
and A resonance are considered in NEUT. The position of neutrino interaction in a nucleus is calculated
by using the Wood-Saxon type density distribution, which is defined as

p(r) = %Po {1 + exp (%) }_1 ; (5.3)

where p = 0.48m3, a = 0.41 fm, and ¢ = 2.69 fm are used for our simulation. The nuclear effect is
taken into account as follows.

Pion

The nuclear effects for pions are classified into inelastic scattering, charge exchange, and absorption.
The cross-section is calculated by the model of L. L. Salcedo et al. [73]. The Fermi motion and the
Pauli blocking effect of nucleons are taken into account in the similar way as the CC-QE interaction.
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Figure 5.3: The cross-section of 7+-160 interactions. The lines shows the results of our calculation
based on [73], and the symbols show the experimental data [74].

Fig. 5.3 shows the calculated 7+-'60 interaction cross-section together with experimental data from
C. H. Q. Ingram et al. [74]. Since uncertainties in the past measurements are approximately 30%, a
systematic error of 30% is assigned on the nuclear effect for pions.

Nucleon

The cross-section of nucleon-nucleon elastic scattering implemented in NEUT is based on the measure-
ment by H. W. Bertini [75], which is used in GCALOR. The pion production interaction is also taken
into account, according to the isobar production model by S. J. Lindenbaum et al. [76].

The effect of these models are compared with the past experiment by K. V. Alanakian et al. [77],
which measured the yield of scattered protons in electron scattering on a '2C target. This experiment
is reproduced with NEUT by replacing the incident electron by an electron neutrino. Since a number
of scattering protons are generated 10% larger than the measurement in NEUT, the nuclear effect for
nucleons is rescaled by multiplying 0.9 to the cross-section, and the error of 0.1 is assigned to the factor.

A resonance

Approximately 20% of the A resonance are lost by the absorption effect [78]. The absorption is taken
into account.

5.3 Detector ssimulation

Particles generated by NEUT are processed by a detector simulator, in which GEANT-3.2.1 package is
used. The materials of each detector component are implemented in the code. DetSim reproduces the
passage of a particle through a matter, and simulates the detector response.



42

CHAPTER 5. MONTE CARLO SIMULATION



Chapter 6

Charged-Current Event Selection in
SciBar

6.1 Overview of SciBar event selection

In this chapter, neutrino event selection in SciBar is described. The neutrino energy spectrum is mea-
sured by using charged-current (CC) interaction, especially charged-current quasi-elastic (CC-QE) in-
teraction. Therefore, muon tracks from SciBar are selected as SciBar CC event sample. In addition,
the selection of the low energy neutrino events is required since the neutrino oscillation effect becomes
large in the low energy region below 1 GeV, assuming the oscillation parameters indicated by the atmo-
spheric neutrino oscillation.

The procedure of the event selection is summarized as follows.

1. Track reconstruction :
Tracks are reconstructed after requiring the hit definition in SciBar.

2. Selection of the neutrino events in SciBar :
The selection of tracks is performed to identify neutrino interactions inside SciBar. In this proce-
dure, particles from the outside of SciBar are rejected effectively.

3. CC event selection :
CC events are selected from the neutrino event samples. Two event categories, “SciBar-contained
events” and “SciBar-exiting events”, are defined for SciBar data, according to whether the track
stops inside SciBar or exits from SciBar.

4. Event classification for the spectrum measurement :
SciBar-exiting events and SciBar-contained events, are used for the spectrum measurement by
SciBar. They are divided into four event samples, which are“1-track sample”, “2-track CC-QE
enriched sample”, and “2-track nonQE enriched sample” for SciBar-exiting events, and “SciBar-
contained sample” for SciBar-contained events.

In the following section, each selection procedure is described in detail.
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Figure 6.1: Distribution of a number of photo-electrons for SciBar hits. The open circle shows data
and the solid line shows MC simulation. The MC distribution is normalized by the entries from 2 to 25
photo-electrons.

6.2 Track reconstruction

The track reconstruction is performed by using hit information in SciBar. At first, requirement for real
hits is defined to identify from the fake hits. After that, a track is reconstructed by the tracking code with
the cellular automaton tracking algorithm. The track reconstruction procedure of SciBar is summarized
as follows.

6.2.1 Hit definition

To identify the real hits on scintillator strips from the fake hits, the hit selection of SciBar is defined. At
first, the hits greater than three standard deviation of the pedestal distribution, are selected.

An MA-PMT used in SciBar has cross-talk around a hit channel. For the rejection of the fake hits
by the cross-talk, a cross-talk correction is applied. Since the MA-PMT has 64 channels, the cross-talk
is expressed by a linear transformation of a 64 x 64 matrix. Therefore, the cross-talk is corrected by its
inverse transformation. We represents 2.8% cross-talk to adjacent pixels, and 0.7% to diagonal pixels.
Figure 6.1 shows the distributions of a number of photo-electrons after the cross-talk correction. Finally,
a threshold is set at 2.0 photo-electrons to reject fake hits which exist in the small photo-electron region
in Fig. 6.1.

6.2.2 Track reconstruction

A cellular automaton tracking (CAT) algorithm is used to look for two-dimensional (2D) tracks in each
projecting plane. After searching for the hit clusters, they are fitted with a straight line by a least
square method. A couple of 2D tracks are combined into a three-dimensional track, if they satisfy the
requirements to their edge position along the beam axis and timing. The detail of tracking method is
described in [36].
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Figure 6.2: The angle difference between the true muon direction obtained by the MC simulation and
the reconstructed muon direction for three-dimensional view (A), and the projection to X-view (B) and
Y-view (C), respectively.

6.2.3 Tracking performance
Angular resolution

The angle between the reconstructed muon direction and the true direction is shown in Figure 6.2. The
three-dimensional angular resolution of the muon is 1.6 degrees, where the resolution is defined as one
standard deviation. We also define the two-dimensional angular resolution of the muon as the standard
deviation of Fig. 6.2 (B) and (C), which is 1.0 degree.

The systematic error on the angular measurement is estimated by comparing the direction of a
SciBar track with a MRD track. The average of the angular difference between SciBar track and the
MRD track is 0.19 degree for X projection and 0.06 degree for Y projection.

Tracking efficiency

Muon tracks from SciFi are used to check tracking efficiency of SciBar. Tracks exiting from SciFi are
required to match his on TGC, and the starting point must be in the upstream half of SciFi to avoid the
mis-fitting of the SciFi track finder. If the extrapolated track from SciFi matches with the hits on both
the first layer and the fifth layer of SciBar, the track is identified as a muon from SciFi. The position
difference between the extrapolated track from SciFi and the SciBar hit, is required to be less than 50
cm on each projection. We define Ngr_,s as a number of these events. We look for a reconstructed
track in SciBar matching to the SciFi track. The matching condition is that the distance between the
extrapolated SciFi track and the start point of a SciBar track should be less than 50 cm, and the angle
difference is less than 0.4 radian. A number of events with SciBar tracks matching with SciFi track is
defined as Ngp. The tracking efficiency is defined as Nsg/Nsr_sp. The track finding efficiency of the
particle passing through more than four layers of SciBar is estimated to be 99.2%.

The track finding efficiency for neutrino events is also estimated by using the MC simulation. We
use the ratio between a number of the true hits and that of the hits used for the track reconstruction. The
MC tracks with the ratio above 0.7 are judged as the reconstructed tracks. The track finding efficiency
is defined as the percentage of the reconstructed tracks and estimated as 89.3%. Figure 6.3 shows the
track finding efficiency as a function of the number of layers for muons, protons and charged pions.
Since most of the charged particles are generated from a common vertex, the track finding efficiency
for short tracks decreases due to the overlapping of the tracks.



46 CHAPTER 6. CHARGED-CURRENT EVENT SELECTION IN SCIBAR

¢ M@y —— | ¢ ) ] % o) M
0.8 e 80.8 e 08 i
i) - Qo — L B
© 06 A — % 0.6 -
204 04 204
X X X
§02 g0.2 g0.2
F oo = =
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
# of layers # of layers # of layers

Figure 6.3: A tracking efficiency as a function of a number of layers for muons (a), protons (b), and
charged pions (c). Only the statistical error is assigned to the error bar.
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Figure 6.4: A timing distribution of SciBar tracks. The micro-bunch structure of the beam is clearly
seen. The events of —0.1 < ¢ < 1.3 usec is selected as a beam timing window. The sky-shine
backgrounds are seen in the beam spill.

6.3 Sedection of neutrino interactionsin SciBar

6.3.1 Timing cut

Fig. 6.4 shows a timing distribution of SciBar tracks. We select the events within beam spill window
of —0.1 < ¢t < 1.3 usec. Here, the origin of the time (¢) is defined as roughly 0.1 usec before the
first bunch. The peak of events after the bunch timing is seen in Fig 6.4. They are called sky-shine
backgrounds [37], which are thought to be induced by neutrons from the production target, decay
volume, and other components on beam line. The details on the sky-shine background are described in
Section 6.4.2.

6.3.2 First layer veto

A particle which is generated by a neutrino interaction or a cosmic ray, often comes from upstream of
SciBar. In order to select neutrino events in SciBar, we require no hits on the most upstream layer of
SciBar. If there are any hits above five photo-electrons on either X-plane or Y-plane of the first layer,
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Figure 6.5: Distributions of the distance between a true vertex and a reconstructed vertex for the MC

simulation.

Table 6.1: Reduction summary for SciBar data.

Data MC
Total CCQE CC-nonQE NC
Beam spill 190,523 | 147,118 48,160 58,820 40,138
SciBar track existing | 92,938 | 118,371 44,026 53,379 20,966
Timing cut 92,759 | 118,350 44,025 53,364 20,961
First layer veto 47,986 | 113,662 42,745 50,850 20,067
Vertex cut 27,680 | 82,449 30,417 37,080 14,952

we do not use any tracks within 50 nsec from the hits.

By using the reconstructed tracks in SciBar, the rejection performance of the incoming particles is
estimated to be 99.6%. According to the MC simulation, 2.7% of neutrino events are lost by the first
layer veto, owing to backward scattering particles.

6.3.3 Vertex reconstruction

The starting point of a SciBar track is defined as a vertex of the neutrino interaction. The vertex is
required to be inside the fiducial volume which is defined by 260 cm (height) x 260 cm (width) x
135.2 cm (depth), corresponding to the target mass of 9.38 tons.

Figure 6.5 shows the distance between a true vertex and a reconstructed vertex by using the MC
simulation. The resolution for X and Y view is almost the same as the expectation, which is 2.5/\/1_ ~
0.7 cm. However, the Z resolution is worse than the expectation, which is 1.3/\/ﬁ ~ 0.4 cm, and
the second peak is observed in the upstream. The discrepancy is explained by the cross-talk of the
MAPMTSs. Since the light yield at the vertex position becomes large by the energy deposit of protons,
the fake hits at the upstream cells caused by the cross-talk are reconstructed as the vertex.

6.3.4 Summary of the neutrino event selection in SciBar

The reduction summary of the neutrino event in SciBar is shown in Table 6.1. In total, 27,680 events
are selected as the neutrino interactions in SciBar.
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6.4 CC event selection

Fig. 6.6 shows the event categories of SciBar data. A selection of the CC events is studied for SciBar-
contained events and SciBar-exiting events. In SciBar-exiting event, two event categories, “MRD-
matching events” and “EC-stopped events”, are contained. In MRD-matching events, the efficiency for
CC-QE interaction is 80% for neutrino energy above 1 GeV. Since CC-QE is the dominant (~60%)
interaction for neutrino energy below 1 GeV, detection of low energy CC-QE events is important to
measure low-energy neutrino spectrum. In MRD-matching evens, the efficiency for CC-QE events is
~40% in low energy region below 1 GeV. To enhance low energy events, SciBar-contained events and
EC-stopped events are selected in this analysis.

6.4.1 SciBar-exiting condition

To identify whether a SciBar track stops inside SciBar or exits from SciBar, the SciBar track exiting
condition is defined as follows.

® Z4own 1S 0N the most downstream layer of SciBar,
o | Xgown| > 130 cm or [Yaows| > 130 cm,

where Xgown, Ydaown aNd Zgown are the position of the downstream edge of a SciBar track. The origin
of the coordinate is the center of SciBar.
The tracks which satisfy the exiting condition are identified as “SciBar-exiting events”, and the oth-

ers are classified as “SciBar-contained events”. Since the tracking area of the X'Y" plane is | X gown, Ydown| <

140 cm, 10 cm margin is left for exiting condition of the XY plane to reject the sky-shine backgrounds
in the SciBar-contained events, which is described in the following sections.
6.4.2 SciBar-contained events

Events whose track stops inside SciBar, are selected as “SciBar-contained events”. In the previous anal-
ysis, SciBar-contained events are not used, since they have contamination of the sky-shine backgrounds
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Figure 6.7: A event display of typical SciBar-contained event.
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Figure 6.8: MuCL (Muon Confidence Level) distribution for the primary tracks of SciBar-contained
events when tracks longer than 60 cm are selected to reject sky-shine background. The histograms of
the MC simulation are normalized by a number of events of MRD-matching events.

and neutral current (NC) events. In particular, contamination of NC events worse the measurement of
the neutrino energy spectrum. In this section, the rejection of such background events is described.

Muon track selection

To obtain muon tracks from CC interaction, the longest track inside SciBar is selected as a muon track
candidate for SciBar-contained events. In addition, the rejection of the proton tracks are performed
by using dE/dx information. For the particle identification, a valuable of MuCL (Muon Confidence
Level) are defined. Details of the definition are described in Section 4.5.5. Figure 6.8 shows the MuCL
distribution of SciBar-contained tracks when the tracks longer than 60 cm are selected to reject the sky-
shine backgrounds which make short tracks as described in the next section. The MuCL distribution of
data is well consistent with that of the MC simulation. In the definition of MuCL, a track with larger
value up to 1 is defined as a muon-like track. The tracks with MuCL less than 0.1 are rejected as
proton-like tracks.
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Figure 6.9: The track length distribution of SciBar-contained events after the muon track selection. The
normalization between data and the MC simulation is done by a number of events of MRD-matching
events. Excess of sky-shine background is seen in the region of track length shorter than 60 cm.

Rejection of sky-shine backgrounds and NC events

Figure 6.9 shows the track length distribution of SciBar-contained events after the muon track selec-
tion. The sky-shine backgrounds and NC events contaminate in the short track events. The sky-shine
backgrounds are events synchronizing with the accelerator cycle, which make a large excess in the re-
gion of track length shorter than 60 cm. In addition, contamination of NC events becomes about 30%,
even after the muon-like track selection. Since the spectrum measurement is performed by using CC
events, the rejection of NC events is necessary. Therefore, the tracks longer than 100 cm are used in the
spectrum measurement to reject both sky-shine background and NC events. By this procedure, ~ 93%
of NC events are rejected, and NC contamination is reduced to 8% in SciBar-contained events. The
problems of the sky-shine backgrounds and NC events is described below.

Sky-shine background

In SciBar-contained events, backgrounds synchronizing with the accelerator cycle (sky-shine back-
grounds) contaminate. Fig. 6.4 shows timing distribution of SciBar tracks. We can see incoming
sky-shine backgrounds in the beam spill. According to the MC simulation, the sky-shine backgrounds
are recognized protons and gammas from 7% decay, which are made by interaction of neutrons from
the accelerator with nucleus in the atmosphere as shown in Fig. 6.10. Fig. 6.11 and Fig. 6.12 show the
proton-like and gamma-like sky-shine background candidates, respectively, which are observed in the
off-bunch timing. In Fig. 6.11, large light yield can be seen, whereas a gamma behaves as a MIP-like
track in Fig. 6.12.

Although tracks made by the sky-shine protons can be rejected by using dE/dx information, those
of the sky-shine gammas remain as MIP-like tracks. Figure 6.13 shows the reconstructed vertex dis-
tribution of Y-axis after the proton rejection. Large background events made by the sky-shine gammas
are seen in the upper region.

NC contamination
There are four NC interactions which contaminate in SciBar-contained events after the muon track
selection, as follows.
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Figure 6.10: A schematic view of the sky-shine events.

NC 1 7+ production (NC17%) : v + N — v 4+ N’ + 7t (29%)

NC 1 70 production (NC17%) : v + N — v + N’ + 7° (38%)

NC multi 7 production (NCm7) : v+ N — v + N’ 4+ ma* (22%)

NC elastic scattering (NCES) : v + N — v + N(N' + p or n) (11%)

Figure 6.14 shows the neutrino energy spectrum of NC and CC-QE interactions for SciBar-contained
events after the proton rejection, which is estimated by the MC simulation. Most of the NC events con-
taminating in SciBar-contained events come from the energy region above 1 GeV, whereas the neutrino
energy of CC-QE events is below 1 GeV. The neutrino energy spectrum may not be measured correctly
by mis-identification of NC events as low energy CC-QE events.
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Figure 6.11: An event display of a proton-like sky-shine event.
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Figure 6.12: An event display of a gamma-like sky-shine event.
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Figure 6.13: The reconstructed vertex distribution of Y-axis after the rejection of the protons by using
dE/dx information. The normalization between data and the MC simulation is done by a number of
events of MRD-matching events. Excess made by sky-shine gammas can be seen in the upper region.

The neutrino spectrum is measured by using the muon momentum and angle from CC interaction.
Since tracks of 7%+ and gammas from 7° generated by NC interaction behave like muon tracks, their
momentum is reconstructed as muon track. Figure 6.15 (A, B) shows momentum distribution of 7+ and
gamma from 7, respectively, which are reconstructed as muons by using their range. The distributions
overlap with that of muons from CCQE as shown in Fig. 6.15 (C). Therefore, the spectrum measurement
gets worse by the uncertainty of NC cross-section. If we assume 30% uncertainty in NC cross-section,
its systematic error is larger than statistical error on CCQE events in energy region below 1 GeV. For
this reason, NC events should be reduced to less than statistics error of CCQE, that is required 93%
rejection of NC events.

A fraction of particles which make muon track candidates induced by NC interaction, is as follows.

e gamma shower : 45%
o 7% :35%
e proton : 16%

e others : 4%
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Figure 6.14: The neutrino energy spectrum of NC interaction for SciBar-contained events after the
rejection of the protons by using dE/dx information, which is estimated by the MC simulation. That of
CC-QE events are also overlaid.
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Figure 6.15: Momentum distributions of 7% from NC interaction reconstructed as a muon (A), gamma
tracks from «% by NC interaction reconstructed as muons (B), and muons from CCQE (C).

Figure 6.16 shows the range of protons from NCES in SciBar simulated by MC simulation. Even after
the proton rejection by using dE/dx information, we still have protons in short track region. This is due
to the reaction of p + N — n + N’ by high energy protons. Since the high-energy protons generate
MIP-like tracks, the rejection by the track length is necessary to separate from muon tracks.

A reduction summary of SciBar-contained event

A reduction summary of SciBar-contained events is shown in Table 6.2. 821 events are obtained for
SciBar-contained events. Assuming 30% uncertainty on NC cross-section, the systematic error caused
by the remaining NC contamination (8% contamination in the sample) is comparable to the statistical
error of CC-QE events in the energy region below 1 GeV. Therefore, SciBar-contained events have
enough purity as CC event sample.
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Figure 6.16: A range distribution of protons from NCES in SciBar estimated by the MC simulation.

Table 6.2: A reduction summary for SciBar-contained events.

Data MC
Total CCQE CC-nonQE NC
SciBar contained 8,946 | 18,557 2,861 6,319 9,377
MuCL greater than 0.1 4,609 | 9,799 2,060 4,652 3,087
Track longer than 100 cm 821 | 3,105 1,148 1,719 238
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Figure 6.17: An event display of a typical MRD3D-matching event.
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6.4.3 MRD-matching event selection

Electro-magnetic calorimeter (EC) and muon range detector (MRD) are located downstream of SciBar.
A track from SciBar which matches an MRD track or MRD hits, is selected as an MRD-matching
event. Since MRD and EC are mainly made of lead and iron, they are good muon filters. Consequently,
charged current (CC) events are mainly selected as MRD-matching events. We select two kinds of
MRD-matching events, “MRD3D-matching events” and “MRD first layer (MRD1L) matching events”.
The events with SciBar tracks matching with MRD tracks are identified as MRD3D-mathcing events.
If there is no track in MRD matching with SciBar track, we look for MRD hits which satisfy matching
condition with a SciBar track. An event display of a typical MRD3D-matching event is shown in Fig.
6.17. The event selection procedure is described in the following sections.

3D track matching

The MRD3D track matching condition is summarized as bellow.
e An MRD track is required to start from the first chamber plane of MRD.
e |[AX]| < 20cmand |AY| < 20 cm,
e |Af]| <0.5rad.,

where AX (AY’) shows the residual between the extrapolation position of the SciBar track at the MRD
first layer and the starting point of the MRD track on X (Y') view (Fig. 6.18). A# is the residual of
the angle as shown in Fig. 6.19. If there are MRD tracks to satisfy this requirement, the events are
categorized as MRD3D-matching events.

Matching with hits on the MRD first layer

If no MRD3D-matching tracks are found, hits on the MRD first layer matching with the SciBar track
are looked for. The difference between the extrapolation of a SciBar track and MRD first layer hits
is required to be less than 20 cm for both X and Y in the previous analysis [36], as shown in Fig.
6.20. To increase the efficiency for low energy events, the effect of the multiple scattering in EC is also
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Figure 6.18: A residual distribution of the position between a SciBar and a MRD track. The circles
show data and the histogram shows the MC simulation. The matching condition is within £20 cm.
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Figure 6.19: A residual distribution of the direction between a SciBar and a MRD track. The circles
show data and the histogram shows the MC simulation. The matching condition is within £0.5 radian.

considered. The muon momentum just before the EC is calculated, assuming that the muon stops inside
the first layer of MRD. By using the Moliere formula [35], the scattering angle on EC is calculated.
Three standard deviation of the scattering angle distribution is taken into account to matching condition.

Since the MRD tracking efficiency is very low for short tracks (only 65% for tracks passing two
chamber layers, as shown in Fig. 3.8), the MRD1L track may also have hits in the second layer or more.
To obtain correct muon range for MRD1L-matching events, we look for the downstream hits associated
to an MRD1L track. To search for the matching hit in the second layer, we draw a line from the first
layer hit to one of the second layer hits. The angle between the line and the MRDL1L track is required to
be less than 0.5 radian so far. In this analysis, the effect of multiple scattering on MRD plane are also
considered by additional three standard deviation of the scattering angle distribution. The distribution
of the angle is shown in Fig 6.21. Similarly, for the third layer hits, the same procedure is applied to the
angle between the lines from the first layer to the second and from the second to the third. The same is
true for more downstream layers.

By taking account of multiple scattering effect to the MRD1L-matching condition, 362 events are
recovered, where 3,121 events are obtained as MRD1L event in total as shown in Table. 6.3.
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Figure 6.20: A residual distribution of the position between a SciBar track and a MRD first layer hit.
The circles show data and the histogram shows the MC simulation.
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Figure 6.21: A residual distribution of the direction between a SciBar track and the line of a MRD first
layer hit to a second layer hit. The circles show data and the histogram shows the MC simulation.

Muon track selection

A muon track is selected by selecting an MRD matched track which has the longest track in MRD.
Since MRD are mainly made of iron, most hadron events are rejected by the requirement.

Reduction summary of MRD-matching event

The reduction for MRD-matching events is summarized in Table 6.3. We obtain 8,441 events for
MRD3D-matching events and 3,121 events for MRD1L-matching events. The CC events are effectively
obtained by requiring MRD matching condition.

Table 6.3: A reduction summary for MRD-matching events.

Data MC
Total CCQE CC-nonQE NC
SciBar exiting 18,734 | 63,892 27,694 30,922 5,276
MRD3D matching | 8,441 | 30,992 18,237 12,602 153
MRD1L matching | 3,121 | 9,609 3,059 5,808 742
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Figure 6.22: Event display of a typical EC-stopped event.
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Figure 6.23: The photo-electron distribution obtained by EC when MRD3D-matching tracks are within
EC volume. The normalization between data and MC is done by a number of events of MRD-matching
events.

6.4.4 EC-stopped event selection

Events with track stopping in EC, are selected as “EC-stopped events”. Figure 6.22 shows a event
display of a typical EC-sopped event. To search for EC-stopped events, EC matching criteria is applied
to the SciBar-exiting events which do not match with MRD tracks. In this section, the selection cuts
are explained.

EC matching condition

After selection of SciBar track, we require EC matching condition to ensure that there are real hits on
EC by exiting track from SciBar.

Hit threshold : Figure 6.23 shows a photo-electron distribution obtained by EC when an extrapolated
position of MRD3D-matching track is within EC volume. Hit threshold of 5 p.e. is required to identify
real hits by SciBar-exiting particles.

Fiducial volume : Fig. 6.24 shows a hit distribution on EC. The fiducial volume of EC is defined as
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Figure 6.24: Hit distributions on EC for the vertical plane (top) and the horizontal plane (bottom). The

normalization between data and the MC simulation is done by a number of events of MRD-matching
events.

—100 < | X| < 100 cm and —100 < |Y'| < 80 cm to ensure the real hit on EC.

Matching condition : Fig. 6.25 shows the distribution of the distance between an expected hit position
on EC by a SciBar track and a real EC hit position. We require the residual to be within 6 cm.

MRD 1st plane veto

Tracks which stop in MRD first plane or do not satisfy MRD 1st layer condition by the effect of multiple
scattering, may be identified as EC-stopped events. Fig. 6.26 shows a hit distribution on MRD first plane
when tracks from SciBar satisfy EC matching condition. To reject migration from the mis-matching of
MRDLL events, no hits on MRD first plane within 40 cm from extrapolated position of SciBar track
are required.

Muon track selection

A muon track is selected by using an EC-matched track which has the longest track in SciBar. Since
SciBar is constructed with scintillator strips, the mass is small to reject hadron tracks from NC events.
Therefore, some hadron tracks remain in EC matched tracks. The rejection of the hadron track from
NC events are described in the next section.

Rejection of NC events

As the situation in SciBar-contained events, NC events contaminate in EC-stopped events (25% in the
sample). Figure 6.27 shows track length distribution in SciBar for EC-stopped events. We can see large
fraction by NC events in the short track region. To reject such NC events, the track longer than 100
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Figure 6.25: A residual distribution between the expected hit position on EC by SciBar track and real
EC hit position. The normalization between data and MC is done by a number of events of MRD-
matching events.

Table 6.4: A reduction summary for EC-stopped events.

Data MC

Total CCQE CC-nonQE NC
SciBar exiting 18,734 | 63,892 27,694 30,922 5,276
MRD mis-matching 7,433 | 23,423 6,561 12,493 4,369
EC fiducial 709 | 2,827 594 1522 711
EC matching 521 | 2,054 437 1,102 515
MRD first plane veto 512 | 2,005 429 1,070 506
Track longer than 100 cm 203 805 260 482 63

cm is required. As a result, contamination of NC events is reduced to 7%. This is comparable to the
statistical error of CC-QE events. Therefore, the uncertainty of NC cross-section becomes negligible in
the spectrum measurement and EC-stopped events can be used as CC event sample.

Reduction summary of EC-stopped events

A reduction summary of EC-stopped events is shown in Table 6.4. In the final reduction stage, 203
events are selected.
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Figure 6.26: A hit distribution on MRD first plane when tracks from SciBar satisfy EC matching
condition. The normalization between data and MC is done by a number of events of MRD-matching
events.
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Figure 6.27: The reconstructed muon track length distribution of EC-stopped events in SciBar. The
histogram of the MC simulation are normalized to data by a number of events of MRD-matching events.
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Table 6.5: A selected number of events and the neutrino interaction mode estimated by the MC simula-
tion in each event category.

#ofevent | CCQE CClm CCmm NC
MRD-matching event 11,562 54%  35% 9% 2%
SciBar-contained event 821 3%  43% 12% 8%
EC-stopped event 203 34%  46% 13% 7%

Table 6.6: The list of particle species making tracks in each event category estimated by the MC simu-
lation.

muon proton 7t  «
MRD-matching event 91% 4% 3% 1%
SciBar-contained event | 82% 3% 10% 5%
EC-stopped event 79% 12% 7% 2%

6.4.5 Summary of CC event selection

Two events categories, SciBar-contained events and SciBar-exiting events, are prepared for SciBar data.
In SciBar-exiting events, MRD-matching events and EC-stopped events are selected. In total, 12,586
events are obtained, where MRD-matching events are 11,562 events, SciBar-contained events are 821
events, and EC-stopped events are 203 events. A number of events and the interaction mode in each
event category are summarized in Table 6.5.

Table 6.6 shows a fraction of particles making tracks in each event categories for each event cat-
egory, which is estimated by the MC simulation. Since the hadrons stop easily in EC by comparison
with muons, high-energy protons remain 12% in EC-sopped events. However, the uncertainties of the
proton and pion contamination are enough small comparing to the statistical error of CC-QE events,
which are described in Section 7.2.2. Therefore, the muon tracks are selected sufficiently for each event
sample.

The number of events and the fraction of CC-QE interaction in low energy region below 1 GeV
is summarized in Table 6.7. A selected number of CC-QE events in low energy region increases by a
factor of 1.3 by adding SciBar-contained events and EC-stopped events to MRD-matching events.

Table 6.7: A number of events in the energy region below 1 GeV for each event category expected by
the MC simulation.

Total | CCQE
MRD-matching event | 1,083 992
SciBar-contained event 289 240
EC-stopped event 54 40
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Figure 6.28: The efficiency to find extra tracks in SciBar (top) and the ratio of data to MC simulation

(bottom).

6.5 Event classifi cation for the spectrum measurement

Two CC event samples (SciBar-contained events and SciBar-exiting events) are classified into the sub-
samples for the spectrum measurement. In this section, the procedure is described.

6.5.1 Event classification of SciBar-contained event

The statistics of SciBar-contained events is too small to divide into sub-samples. Therefore, without any
other selections like a number of tracks, all SciBar-contained events are used as one sample (“SciBar-
contained sample”).

6.5.2 Event classification of SciBar-exiting event
Track counting

If the extra tracks other than a muon track associated with the vertex are found, CC-QE interactions
and the other CC interactions (nonQE) can be separated by using their kinematics. Therefore, the extra
track search is studied.

Eye scan is performed to study the finding efficiency of the extra tracks other than the muon tracks.
We check the existence of the reconstructed extra tracks and count the number of hits along the extra
tracks. Figure 6.28 shows the efficiency to find extra tracks and the ratio of data to MC simulation. The
efficiency exceeds 80% at 20 hits. Data and MC simulation is well consistent.

To find the other tracks associating with the vertex, the vertex matching conditions is defined as
below.

e [AX,AY|<9cm
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Figure 6.29: Distributions of the position difference between the track edge and the reconstructed
vertex. Open circle and solid histograms show data and MC simulation, respectively.
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Figure 6.30: The number of track distribution of SciBar-exiting events.

o |[AZ| < 4.5cm,

where AX, AY and AZ is the position difference between the track edge and the reconstructed vertex
as shown in Fig. 6.29. The reconstructed vertex is defined as the upstream edge of muon track. Figure
6.30 shows the distribution of a number of tracks (Viraqi) Starting from the muon vertex of SciBar-
exiting events. The events with more than 2 tracks are rejected to increase CC-QE purity in the sample.

CC-QE/nonQE separation for the 2-track events

The 2-track events are divided into 2-track-QE and 2-track-nonQE events. If CC-QE interaction is
assumed, the proton track direction can be estimated with the momentum and direction of muon tracks
by the following equation.
Pusinb,
tan6, =

P Erec —p,cosf,’

(6.1)

where p,, 6, and E;* are the muon momentum, the muon angle with respect to the beam, and the
reconstructed neutrino energy assuming CC-QE interaction, respectively.

Since CC-QE has two-body kinematics, the azimuthal angles of the proton (¢,) is opposite to that
of the muon (¢,,) as

bp = bu + . (6.2)
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Figure 6.31: The angle between an observed second track and the expected proton direction by assum-
ing CC-QE interaction.

Therefore, the angle between the observed second track and the expected proton direction (Af)) is
obtained by
cos Afp = sin b, sin Oy cos(p, + T — ¢2) + cos O, cos b2, (6.3)

where 65 and ¢- are zenith and azimuthal angles of the observed second track, respectively. The events
with small A@, are classified in QE-like, and the other events are categorized in nonQE-like. Fig.
6.31 shows the angle between an observed second track and the expected proton direction by assuming
CC-QE interaction. The events with Af, less than 25 degree are classified to 2-track QE-enriched
(2-track-QE) sample, and the other events are classified to 2-track nonQE-enriched (2-track-nonQE)
sample. The 2-track-QE sample and 2-track-nonQE sample are used to determine the ratio of nonQE
cross section to that of CC-QE in the spectrum measurement.

6.5.3 Summary of the event classification

SciBar-exiting events and SciBar-contained events are divided into four event samples, which are*1-
track sample”, “2-track-QE sample”, and “2-track-nonQE sample” and “SciBar-contained sample” as
summarized below.

e SciBar-exiting events (SBEXT)

— 1-track sample (1-track)
— 2-track CC-QE enriched sample (2-track-QE)
— 2-track CC-nonQE enriched sample (2-track-nonQE)

e SciBar-contained events (SBCNT)
— SciBar-contained sample

A number of events, the fraction of CC-QE and efficiency for CC-QE interaction in these event
samples are summarized in Table 6.8, where the fraction and efficiency of CC-QE interaction for each
event sample are estimated by MC simulation. The efficiency is defined as the ratio of the number of
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Table 6.8: The observed number of events, the fraction of CC-QE and the efficiency for CC-QE inter-
actions in each SciBar event sample, which are estimated by the MC simulation.

Event category 1-track 2-track-QE 2-track-nonQE SBCNT | Total
Number of events 7,598 1,752 2,031 821 12,202
Purity of CC-QE [%] 58 73 16 37 -
Efficiency for CC-QE [%] 50 15 3 4 72

reconstructed events to that of generated events in the fiducial volume. The event samples of SciBar
spectrum analysis have 72% efficiency for CC-QE in total.

6.6 Muon momentum reconstruction

The muon energy (E,) for each event category is reconstructed as follows.

E, = E“® 4 m, SciBar-contained event,
E, = E;4Ba + EEC 4 m, EC-stopped event, (6.4)
E, = E;“ B + EBIC 4+ ERD 4 m,  MRD-matching event,

where ESciBar, BEC, ENRD and m,, are the energy deposit in SciBar, EC, MRD, and the muon mass,
respectively. The energy deposit in each detector is calculated from the range by the conversion tables
obtained by the MC simulation. By using the energy deposit in each detector, the muon momentum

(py) is reconstructed as,
pu = /B — (6.5)

6.7 Vertex, p,, 6, and ¢* distribution

Figure 6.32 shows the reconstructed vertex distributions of MRD3D-matching events, MRD1L-matching
events, EC-stopped events and SciBar-contained events. The reconstructed vertex distribution is well
consistent with data and the MC simulation.

Fig. 6.33 shows the distributions of reconstructed muon momentum, muon angle with respect to
the beam axis and reconstructed ¢ for these event categories. The g? is the reconstructed square of the
four-momentum transfer assuming CC-QE, which is defined as

¢* =2E,(E, — p,cosf,) — mi (6.6)
Since it can not be judged whether the track direction is forward or backward, the ¢? is not reconstructed
for SciBar-contained events.

In the muon angle distribution of the SciBar-contained events, excess of data to the MC simulation,
is seen in large angle region. This excess is due to the contamination of cosmic-rays incident with large
angle along the structure of the SciBar detector. as shown in Fig. 6.34. The contamination of cosmic
ray events are estimated by data in off-bunch timing, and subtracted in the spectrum measurement as
shown in Fig. 7.1.
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Figure 6.32: The reconstructed vertex distributions of MRD3D-matching events, MRD1L-matching
events, EC-stopped events, SciBar-contained events. The normalization between data and MC is done

by a number of events of MRD-matching events.
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Figure 6.33: The reconstructed muon momentum distribution and muon angle distribution with respect
to the beam axis for MRD3D-matching events, MRD1L-matching events, EC-stopped events, SciBar-
contained events. The normalization between data and the MC simulation is done by a number of events
of MRD-matching events.



6.8. EFFICIENCY FOR NEUTRINO EVENTS 69

K2K Fine-Grained Detector (Side View)

Run 5416 Spill 20650 TRGID 1
SBEv 20118 2004 1201428 5 0
Nvtx O

Figure 6.34: Event display of cosmic ray background coming with large angle, which is identified as a
SciBar-contained event.

6.8 Effi ciency for neutrino events

Figure 6.35 shows the neutrino energy distribution and the efficiency for neutrino events as a function of
the neutrino energy, which is estimated by MC simulation. Overall efficiency is about 45%. Although
the efficiency is about 60% for neutrinos energy above 2.5 GeV, it decreases in the low energy region.

Figure 6.36 shows the neutrino energy distribution of CC-QE events and the efficiency for CC-QE
events as a function of the neutrino energy, which is estimated by MC simulation. The overall efficiency
is ~70% and it becomes ~90% for neutrinos of energies above 2.5 GeV. We prepare SciBar-contained
events and EC-stopped events to collect low energy CC-QE events. Figure 6.37 shows efficiency for
CC-QE events for each event category in low energy region. Low energy CC-QE events from 0.5
GeV t0 0.75 GeV, are recovered from 29% to 46% by SciBar-contained events and EC-stopped events,
compared to the MRD-matching event only.

The main loss of the low energy CCQE events comes from the events whose muons exit from SciBar
to the region out of the MRD acceptance. According to the MC simulation, about 700 CC-QE events
below 1 GeV are lost by the reason, which corresponds to 30% of all CC-QE events below 1 GeV in
SciBar. Since the muon energy can not be measured, these events are rejected. About 230 events of
CC-QE below 1 GeV, which corresponds to about 10% of all CC-QE events below 1 GeV in SciBar,
are also lost by the selection of the tracks longer than 100 cm in the SciBar-contained events.

Muons from CC interactions is required to stop in MRD to measure muon momentum, whereas the
high energy muons escape from MRD. For this reason, efficiency drop in high energy region is happen.
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Figure 6.35: The true neutrino energy distribution (left) and the efficiency for neutrino events as a
function of the true neutrino energy (right), which is estimated by the MC simulation.
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Figure 6.36: The true neutrino energy distribution of CC-QE events (left) and the efficiency for CC-QE
events as a function of the true neutrino energy (right), which is estimated by the MC simulation.
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Figure 6.37: Efficiency for CC-QE events for each event category in low energy region, which is esti-

mated by the MC simulation.
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Chapter 7

Spectrum Measurement at the Near Site

7.1 Outline of the spectrum measurement

The measurement of neutrino energy spectrum at the near site is performed by the near detectors. The
neutrino energy spectrum is measured by using muon momentum and angle from charged current (CC)
interaction, since their distributions have information of the parent neutrino energy. In particular, if
the effect of the Fermi motion is ignored, the neutrino energy is completely reconstructed for charged
current quasi-elastic scattering (CC-QE) by the following equation.

m2 — (m, —V)? — mi +2(my, —V)E,

Frec — P 7.1
v 2(mn =V —E, +p,cosb,) ’ (1)

where mp, my, my, E,, 0, and V are the proton mass, neutron mass, muon mass, muon energy, muon
angle with respect to the beam, and nuclear potential energy (25 MeV for 12C [79] and 27 MeV for 160
[80]), respectively.

The procedure of the spectrum measurement in this chapter is as follows. At first, the spectrum
measurement is performed by using only SciBar data. In particular, the low energy region is investigated
by using the low energy samples prepared in Chapter 6. To determine the neutrino spectrum, x 2 fitting
(“spectrum fitting™) is applied to the 2-dimensional (p,, 8,,) distribution of data and the MC simulation.
Then, the neutrino energy spectrum at the near site, is measured by using all the near detectors.

7.2 Spectrum measurement with SciBar

7.2.1 Event sample

Two data sets in K2K-11b and K2K-llc period, are used for SciBar data. For the spectrum measure-
ment, SciBar data is divided into four event samples, which are “1-track sample”, “2-track-QE sample”
and “2-track-nonQE sample” for SciBar-exiting events (SBEXT) and “SciBar-contained sample” for
SciBar-contained events (SBCNT) as described in Chapter 6.

Fig. 7.1 shows the reconstructed p,,, 8,, and ¢ distributions of SBEXT 1-track, SBEXT 2-track-QE,
SBEXT 2-track-nonQE events and SBCNT events, respectively. In Fig. 7.1, contamination of cosmic
ray events estimated by the off-bunch data, is subtracted from the muon angle distribution of SBCNT.
All the distributions are consistent with data and the MC simulation even before fitting.

73
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Figure 7.1: The reconstructed p,, 6, and ¢ distributions of 1
2-track-nonQE events and SBCNT events before the spectrum fitting.
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Table 7.1: The E,, interval of each ff bin.
i 1 2 3 4 5 6 7 8
E, [GeV] | 0.0-05 05-0.75 0.75-1.0 1.0-1.5 15-2.0 20-25 25-3.0 3.0-

7.2.2  Spectrum fitting

The spectrum fitting is applied to the (p,, 8,,) 2-dimensional distribution of data and the MC simulation
to determine the neutrino energy spectrum. The MC template of the (p,, 6,,) distribution is prepared
for each event sample, which are made for QE and nonQE separately, and divided into each eight
E, region. The E, interval of each ff’ are listed in Table 7.1. For example, data and the MC template
for SciBar-exiting 1-track samples are shown in Fig. 7.2.

The fitting is performed with the parameters of each E,, bin ( ff’ for ¢-th bin) and the cross-section
ratio of CC-nonQE to CC-QE interaction (R,qr). Rnqris used as one parameter for all energy region
to vary the overall ratio of CC-nonQE to CC-QE. The content in the i-th p,, and the j-th 6, bin of MC
histogram is expressed by

8
NMC(i,5) = S 8- INNMSi (i, 5) + Ruqr - NN nqu (i )], (7.2)
k=1

where N,ﬁ‘ffq%(i,j) and N}c‘ﬁgnQE(z‘,j) are the bin contents of QE and nonQE distributions for the k-
th E, bin, respectively. The y?2 fitting is done between the observed distribution, N92t2(j, j) and
NMCE(4, 4), to obtain the best fit parameters. The definition of the (pu.8,,) distribution and the x?
functions is described for the spectrum fitting in this section.

(pu,0,) distribution

The (py, 6,) distribution for SciBar is binned by 0.1 GeV for p,, and 10 degree for 6,,. Fig. 7.2 shows
the (p,, 6,) distribution of SciBar-exiting 1-track sample for data and MC template.
The bin contents of the MC distribution for each event sample is given by

NMOLER(G ) = Pﬁzi?;r-Zgjf,f-[N,?fSél“k(z‘,j)+RHQE-NI§?£’§S§(M)1, (7.3)
NMCAEQRG, 5) = Pﬁziiar-k}iii‘%‘;rk
x i £ INEGET (0, 5) + Ruqe - Nyweron (6, )], (7.4)
NMC2trk-nonQB (G j) - = ’;:ﬁli A e - Pt o6

8
MC,2trk— E/ . . MC,2trk— E/ . .
X Zfl(f [Nk,QEtr nonq (7".7) +RHQE 'Nlc,nongE nonQ (Za])]a (75)
k=1

MC,SBCNT[; »y _  pSciBar pSciBar
N (4,5) PXorm - PExT/cNT

8
< 3 INYGEPONT 6 5) + Ruqe - Ny oo (i:9)], (7.6)
k=1
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Figure 7.2: The (p,, 6,) distribution of SciBar-exiting 1-track sample for data and the MC template.
The area of each box is proportional to the bin content. The topmost figure shows the observed data,
and the others are the MC template for each E,, bin of QE and nonQE interaction.
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SciBar SciBar SciBar SciBar it SciBar j
where P, P Hrk: PonQE /QE and PRt Jon are the fitting parameters. P, is the nor-

Norm ! Norm

malization factor, which is free variable. P5¢i3%, and PRcidir o are the parameters to vary the

ratio of the number of 2-track sample to that of 1-track sample (Rggriffftrk) and the ratio of the num-
ber of 2-track-QE sample to that of 2-track-nonQE sample (RS Jqn)- PES%!%%NT is the parameter

non
of the normalization. ratio between SciBar-exiting sample and SciBar-contained sample. P2St§ikB/‘}rtrk,
Piotar /Q_E_and PS;Q%’;“CN_T \_/ary_within their systematic errors. _
In addition, the MC distributions are scaled along the p,, axis by

MRIIJD,p—scale (77)

, PTiBgf— (for SBEXT sample)
Pu = Pu= (for SBCNT sample)

SciBar
PSB,pf scale

, where Pyg . and Pggibat , are momentum scale parameters for SBEXT sample and SBCNT

sample, respectively. They are constrained by the systematic terms in 2 function.

Definition of ¥

The x? function for SciBar (xZ.p,,) is computed from the ratio of Poisson likelihood [93]. In general,
the likelihood of the contents in the (4,5)-bin (n;;) with expectation values x;; at a certain parameter set
0 = (61,6,,---,6p) is given by

N M 45 exp[— 145

where M and N are the numbers of bins for the 7 and j, respectively.

In Fig. 7.2, the MC histograms for the neutrino energy greater than 1.5 GeV have additional event
clusters at p, ~ 0.5 GeV/c. They are hadrons mis-reconstructed as muons. The amount of hadron
contamination is affected by the uncertainties in the hadron production off a nucleus. If we intention-
ally change pion absorption by +30%, pion inelastic scattering by £30%, and proton re-scattering by
+10%, the hadron contamination varies by +10%. Therefore, we assign the systematic error of 10%
to the hadron component. The systematic errors are implemented assuming Gaussian distributions in
convolution with Eq. 7.8 as

vy — TTTT L (z — pij(0)?] amie®
f (’naﬂ(e)aU) = gjl;[l/o \/%O'ij exp [— 20_% ] . y dz, (7_9)

where o;; is the systematic errors on hadron contamination for each bin. Maximizing this likelihood is
equivalent to minimize the quantity as

(7.10)

o d0) _ S5 l Ot 1 T
P ey P 2 O

In the large sample limit, it follows the x? distribution with (NM — D) degrees of freedom. For the
calculation of x2.gar the (py, 6,,)-bins with more than five entries are used.
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Finally, the x2.g,, is defined as

fl(Nda,ta,C; NMC,C; 0')

2 _
XSciBar — —2 EC: In f/(Ndata,C; Ndata,C; O') (7'11)
4 (PSBEXT _ (pSBEXT))T (y/SBEXT)-1( pSBEXT _ | pSBEXT)) (7.12)
(PSciBar _ <PSciBar>)2
+ Z . SBCN"lg 2 (7.13)
S (US )
C = {ltrk, 2trk-QE, 2trk-nonQE, SBCNT} (7.14)
S = {SBp-scale, EXT/CNT} (7.15)

, Where C' runs across 1trk, 2trk-QE, 2trk-nonQE and SBCNT. The second and third terms are constraint
terms on the systematic parameters for the SBEXT and SBCNT samples, respectively. The systematic
errors on the event samples of SBEXT and SBCNT are assumed to be independent of each other.

Systematic term for SciBar-exiting sample

The variables, PSBEXT and (PSBEXT) 'in the second term of Eq. 7.15, are the vectors of systematic
parameters and their central values for SciBar-exiting sample, respectively. these are defined as

SciBar
PMRD,pfscale

1
SciB
PR = | Pandftn | (PSP =1 (7.16)

Pt qe 1

The uncertainty on each parameters are estimated to form constraint terms for the systematic pa-
rameters.

The momentum is reconstructed by the range in each detector (SciBar, EC and MRD) as described
in Section 6.6. The uncertainty of the energy deposit in MRD is estimated within 2.7%. It is the sum
of the errors on density measurement (1.0%) and the difference between the GEANT MC code and
the PDG calculation (1.7%) [92]. The systematic error on the stopping power of EC is estimated to be
+10%. The systematic error on the momentum scale in SciBar is estimated within £1.0% by the beam
test as described in Section 4.5.4. Therefore, the systematic error of 2.7% is quoted on the momentum
scale for the SciBar-exiting (Pﬁ%%ﬁ;_scale), since the most of the muon energy is deposited in MRD.

Since SBEXT sample is divided into three event samples (1-track, 2-track-QE and 2-track-nonQE)
by Nirack and A8, the uncertainty in the selection causes the migration of events among 1-track,
2track-QE and 2-track-nonQE samples. To estimate the migration effects, we evaluate the errors on the

ratio of the number of 2-track events to that of 1-track events (Rggril]ffftrk), and the ratio of the number

of 2-track-QE events to the that of 2-track-nonQE events (Rﬁgin%é /qr)- These systematic errors are
summarized in Table 7.2, and the details are described later in this section.
The covariance matrix of PSBEXT (ySBEXT) js estimated as

0.0007 0 0
VSBEXT — 0  0.0035 0.0003 |. (7.17)
0  0.0003 0.0034

, where (1,1) element is the systematic error on the momentum scale and the other elements are the
systematic errors on R3CPAY, , and RS . The asymmetric error is averaged, and the correlation
is taken into account.
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i i i SciBar SciBar i i
The estimation of the systematic errors on R35, 7, and R T g o, s summarized as follows.

Threshold : The hit threshold is set to 2.0 photo-electrons for SciBar. The standard deviation of the
light yield for each cell is approximately 15%. In order to study the systematic effect, the threshold
is changed by +15%. Rgtcrif/aftrk varies by T3:7%, changing the hit threshold 2.3 p.e. and 1.7 p.e.,

respectively. Thus, the systematic error on R3IPA" , is assigned to be £5:3%.

Cross-talk : The cross-talk in the MA-PMT is emulated in the MC simulation. The variation of cross-
talk is +50% according to the laboratory measurement. If the parameter of the cross-talk emulation is
changed by £50%, RSP, and RuSTSE o vary £174% and *1:0%, respectively. Therefore, these
numbers are assigned as the systematic errors caused by the cross-talk.

Track finding efficiency : The efficiency for the second track is compared between data and the MC
simulation as a function of the number of hits. As a result of eye-scanning, R5{PH, , of data and the

MC simulation is different by *3-9%. It is assigned to the systematic error.

Vertex matching efficiency : To obtain the number of tracks associating with the vertex, the matching

condition is required in Section 6.5. The uncertainty of Rgtcriffftrk is estimated to be 5:5% by changing
the track counting condition by £50%.

Angular resolution of a track : The angle resolution of a SciBar track is checked by comparing the
angle between SciBar tracks and MRD tracks. Attributing the disagreement of the width between data
and the MC simulation to the SciBar track resolution, the angular resolution of SciBar is estimated to
be 2.7 degrees. The error on RGeE 1 is then obtained to be £55%.

Angle shift : The angle difference between SciBar tracks and MRD tracks are considered as a system-
atic error on RiSIHE o The difference causes the systematic shift in REISE o by —0.5% for the
first track. For the proton-like tracks, the angular distributions are compared between data and the MC
simulation. The angular distribution of the MC simulation shifts by —2.5 degrees from that of data. The
angle shift corresponds to the systematic shift on RS¢iBar by —(.5% for the first tracks and —2.9%

nonQE/QE
for the second tracks.

Energy scale : Since Ad, is calculated from the muon energy as Eq. 6.3, the uncertainty of the energy

scale (2.7%) is the source of the error on RSRAL /QB- Ry Jq Varies by +9-99%, shifting the energy
scale by +2.7%.

Nuclear effects : Nuclear final state interactions affects the second track. The possible sources are
proton re-scattering (£10%), pion absorption (+30%) and pion inelastic scattering (£30%). The un-
certainties of them are estimated based on the errors on the past measurements. These effects change
RS¢iBar by T2:5% and RS¢iBar by T5-296. The systematic errors on the nuclear effects are sum-

2trk/1trk nonQE/QE
marized in Table 7.2.
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. i SciBar SciBar
Table 7.2: The systematic errors on R50.°7, , and R

nonQE/QE"

Ry %] | Roo6 qul%]

Threshold +0.7 -0.2 - -
Cross-talk +0.0 -14 | +2.3 -1.0

Track finding efficiency +09 -43 - -
Vertex matching efficiency | +1.2  -2.0 - -

Angular resolution - - +1.0 -0.0
Angle shift (1st track) - - - -0.5
Angle shift (2nd track) - - - -2.9
Energy scale - - +0.9 -0.6
Proton re-scattering +26 -20 | +1.2 -3.3
Pion absorption +1.1 -18 |+05 -2.4
Pion inelastic scattering +24 -18 | +4.3 -2.8
Total +41 -59 |+51 -5.8

Table 7.3: The central values and errors of the systematic parameters for SBCNT.
Central value  Error
p-scale 1. 0.010
EXT/CNT 1. 0.066

Systematic term for SciBar-contained sample

The systematic parameters for SciBar-contained sample are PSg P2 ), and PEgyit . as shown in Eq.
7.15. The uncertainty on the momentum scale in SciBar is estimated within 1%. The normalization ra-

tio between MRD-matching events and SciBar-contained events (R%g?%%NT) may vary by the system-

atic errors oriented from physics and detector response. The systematic errors on R%%?%%NT are esti-
mated by comparing SciBar-contained events and MRD-matching events in SciBar-exiting sample. EC-
stopped events are ignored in this estimation because the statistical significance of EC-stopped events
is not so large in SciBar-exiting sample. The estimation of the systematic errors on R%%?%%NT are
described as bellow.

Cross-talk : The evaluation method is described in the previous section. If the parameter of the cross-
talk emulation are changed by £50%, RESH7xr changes too%.

Threshold : The evaluation method is described in previous section. If the threshold of 2.0 photo-
electrons is varied by +15%, RESHY%.\ changes *9:0%.

PMT resolution : PMT resolution is defined as

PMT resolution = 2P (7.18)
Hip.e.

where pi1p.e. and oy, Shows mean and sigma of 1 p.e. peak by Gaussian fitting, respectively. The
resolution varies 70% ~ 100% at the operation gain (5.0 x 10®) in our measurement, whereas the
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Figure 7.3: The MuCL stability at the threshold value, where satisfies 90% efficiency.

input vale for the MC simulation is 40%. If the resolution is set to 120% as the input value to the MC
simulation, R%g?%%NT decreases by -2.8%. It is assigned to the systematic error.

PID stability : The stability of the MuCL in the period of SciBar data taking is checked, which is
defined in Section 6.4.2. The threshold value of the MuCL to satisfy the 90% efficiency for muons are
shown in Fig. 7.3 as a function of data-taking period. The MuCL varies from 0.729 to 0.777, therefore

+0.5q/. ; : P H SciBar
T0.7% is assigned as the uncertainty in REXT/CNT.

MuCL distribution : The MuCL distribution shown in Fig. 6.8 has discrepancy between data and MC
simulation. To evaluate the error on R%g?%%NT, the scaling factor is multiplied to the statistical error
of each bin in Fig. 6.8 as

0 (i) = Ostat (i) X (scaling factor), (7.19)

where o, (7) shows statistical error of the 4-th bin. Changing the scaling factor, o (i) to make the
probability of x? 95% are used. By using the errors, the possible migration to SciBar-contained events

from the region of less than 0.1 can be calculated, and +1.6% is assigned on the error of R%C)??F%NT.

Scintillator quenching : The effect of scintillator quenching is observed in the beam test result. By
changing the Birk’s constant within the measurement error, RS\, varies *30%.

MRD matching efficiency : MRD matching efficiency is estimated by using EC-matching tracks. The

efficiency is 91.7+2.3% for data and 92.4+1.1% for the MC simulation. This 0.7% difference between

data and the MC simulation corresponds to £2.0% error on RESH -

Nuclear effect : The evaluation method is described in previous section. The systematic errors on the
nuclear effects are summarized in Table 7.4.

M 4 (CC-QE, CC17) : Inthe MC simulation, M 4 value of 1.11 GeV/c? is used for CC-QE and CC1r.

The uncertainty on RR5 is estimated by changing M4 value by +0.1 GeV/c?. RRSR%y varies

within *9-2% for CC-QE and *3-%% for CC1x.
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Table 7.4: The systematic errors on RESHYc -

Fitjoxt %]
M4(CCQE) (M4=1.01, 1.21) +0.2  —0.5
M4(CClm) (M 4=1.01, 1.21) +1.6 —2.1
m interaction out of nucleus (£10%) +0.5 —1.3
« inelastic scattering (£30%) +2.2 =17
7 absorption (£30%) +1.2 1.7
Proton re-scattering (+10%) +1.6 0.0
Cross section of NC interaction (£30%) | +2.4 —2.4
PMT resolution (120%) +0.0 —-2.8
Cross-talk (1.6%, 4.0%) +1.2  -1.2
Threshold (+15%) +0.0 -1.0
PID stability (£0.03%) +0.5 —0.7
MuCL distribution +1.6 -—1.6
Scintillator quenching (£0.0023%) +3.3 -3.0
MRD matching efficiency +2.0 =20
Total +6.0 —6.6

Cross section of NC interaction : The uncertainty of £30% is assigned to NC cross-section. This un-

certainty gives +2.4% error on R%C)i(BT%NT_

The uncertainty on R%g??r%NT is estimated ¢-0% as summarized in Table 7.4. The larger value of the
systematic errors, 6.6%, is taken for the error on PE%%NT.

i SciBar SciBar i i
The center values and the systematic errors for Pggo2 . and PRyricr are summarized in Table
7.3.

7.2.3 Measurement results with SciBar

The spectrum fitting only with SciBar data is carried out to study the effect of low energy samples on
the low energy region. Table 7.5 shows the summary of the spectrum fitting for SciBar data. The overall
normalization is given by setting ff to unity (constant). The fitting parameters for the energy below
0.5 GeV (ff) and above 3 GeV (f{f) are fixed at the unity in addition to ff, since the statistics in the
energy bin contents is too small to determine the weighting parameters.

For comparison with various event sample, the fitting result of only MRD events without the cor-
rection of multiple scattering effect for MRD1L events as described in Section 6.4.3, is also shown. The
fitting error on neutrino energy of 0.5 to 0.75 GeV for combined event sample of SBEXT and SBCNT,
gets better from 0.254 to 0.223 comparing to the fitting with only MRD events. Figure 7.4 shows the
summary of the best fit parameters for SciBar data. The fitting results are consistent with each others.
In addition, the significant shift of the fitting parameters in the low energy sample is not observed.

To check the source of the error on low energy region, the contribution of the statistical error to
the low energy region is studied by using the toy-MC simulation. In the-toy MC simulation, the bin
contents in the (p,,, 6,,) distribution for data is varied with the Poisson function for each spectrum fitting.
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Table 7.5: Summary of the spectrum fitting results for SciBar data.

SBEXT + SBEXT only MRD only
SBCNT (previous selection)

0.0-0.5 =1 =1 =1
0.5-0.75 1.043 +0.223 | 1.040 £0.236  1.166 + 0.254
0.75-1.0 1.118 +0.131 | 1.130 £ 0.133  1.133 +0.136
1.0-1.5 =1 =1 =1
1.5-2.0 0.961 + 0.069 | 0.974 £0.071  0.964 +0.070
2.0-25 0.985 + 0.082 | 0.989 £0.083  0.970 £ 0.083
2.5-3.0 1.450 +0.195 | 1.470 £ 0.198  1.470 £ 0.198
3.0- =1 =1 =1
Ruqr 1.186 + 0.086 | 1.197 +0.089  1.234 +0.096
pgaBar 0.997 £ 0.010 | 0.998 £0.010  0.998 +0.010
P cale | 0-973 £0.004 | 0.973 £0.004  0.972 + 0.004
piciBar 0.956 £+ 0.022 | 0.956 £0.022  0.957 £0.024
Proion/qe | 1-005£0.040 | 1.001£0.041  0.994 40.043
Ptiont | 0-92240.032 — -
PggBar e | 1.004 £ 0.007 - -
x2ld.o.f 298.4/255 252.4/229 253.5/229
x2/Nbins 298.4/267 252.4/239 254.4/239

83

Fixing all parameters at the best fit values except for the flux of neutrino energy of 0.5 to 0.75 GeV,

fg’ , the spectrum fitting is performed to study the contribution of the statistical error on fg’ . Figure 7.5
shows the distribution of the fitting results for fg’. The fitting results on fg’ distribute like Gaussian

function with the standard deviation of 0.18, while the error obtained by the fitting is 0.22. Therefore,

the source the error on ff is dominated by the statistical error. For more study on f,f , the spectrum
fitting with the toy-MC simulation is performed, increasing the statistics by four times. The error on f2¢

becomes about 0.1, reflecting the statistical dependence.

Fig. 7.6 shows the neutrino energy spectrum measured by SciBar, which is obtained by multiplying
the cross-section in SciBar to the neutrino flux obtained by beam MC simulation, where the open circle
shows the obtained spectrum and the solid line shows beam MC simulation.
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Figure 7.4: Summary of the best fit parameter for the spectrum measurement by SciBar.
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Figure 7.6: A neutrino energy spectrum at the near site measured by SciBar. The open circle shows the
obtained spectrum and the solid line shows beam MC simulation.
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Figure 7.7: The reconstructed p,, 6,, and g2 distributions of 1KT before the spectrum fitting.

7.3 Spectrum measurement with all near detectors

In this section, the neutrino energy spectrum is measured by using all the near detectors. For the
consistency check, the results of the spectrum measurement by each detector are compared. Especially,
the energy spectrum in the low energy region is compared with the results of SciBar and 1KT. Finally,
the neutrino energy spectrum at the near site is measured by using all the near detectors.

7.3.1 Event sample

To obtain the final results of the spectrum measurement at the near site, the neutrino spectrum is mea-
sured by combined data sample of all the near detectors. The data samples for each near detector is
summarized below.

1IKT

Since the proton momentum from CC-QE interaction is usually below Cherenkov threshold in this
experiment, only one-ring muon-like events are suitable for CC-QE selection. In addition, the muon
tracks in 1KT are required to be contained within the fiducial volume of 1KT to measure the muon
momentum. Those events are used as the fully-contained muon-like (FC1R ) sample for the spectrum
fitting. The event selection criteria for 1KT is described in Appendix C.1.

Figure 7.7 shows the reconstructed p,,, ,, and g2 distributions of the FC1Ry sample. The momen-
tum threshold is approximately 0.3 GeV/c, and muons above 1 GeV/c are almost rejected by the FC
requirement. Another feature of 1KT data is the larger angular acceptance than SciBar and SciFi.

SciFi

Two data sets, K2K-Ib (with LG) and K2K-Ila (without LG), are used for SciFi data. In K2K-Ila, there
was a four-layer prototype of SciBar (Mini-SciBar) instead of LG. K2K-Ilb and K2K-Ilc (with SciBar)
are not used in this analysis.

Three kinds of CC event categories, K2K-1b MRD-matching, K2K-Ib LG-stopped and K2K-lla
MRD-matching are selected. For these three categories, 1-track, 2-track-QE and 2-track-nonQE sam-
ples are prepared, whose classification is the same as that in SciBar. In total, nine distributions are used
for the fitting. The event selection criteria for SciFi is described in Appendix C.2. Figure 7.8 shows the
reconstructed p,,, 6, and g? distributions of each event sample of SciFi.
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Figure 7.8: The reconstructed p,,, 6, and ¢? distribution of SciFi K2K-l1b MRD-matching events, K2K-
Ib LG-stopped events and K2K-lIla MRD-matching events before the spectrum fitting. The hatched
region shows the fraction of CCQE.



88 CHAPTER 7. SPECTRUM MEASUREMENT AT THE NEAR SITE

SciBar

The event samples are prepared in Chapter 6.

7.3.2 Fitting procedure

As the same procedure of the spectrum measurement by SciBar in Section 7.2, the x? fitting is applied
to the 2-dimensional (p,,0,,) distribution between data and the MC simulation by using data samples
obtained by each near detector. In total, fourteen distributions are fitted at the same time, which are
one sample for 1KT, nine samples for SciFi, and four samples for SciBar. The PIMON result is also
employed as the constraint term on fi‘z’ above 1 GeV.

The x? functions are constructed for each detector, and the final x2 function to be minimized is the
summation of each x2 function expressed as

X* = Xkt + Xaeiri T X3ciBar + XPIMON> (7.20)

where X2 .ipar Xaciri X and x2non are x2 for SciBar, SciFi, KT and PIMON data, respectively.
They are defined in the following sections.

Some other fitting parameters are introduced to deal with the detector systematics in the MC distri-
bution, which are defined as follows.

o 1KT
— PEET : The overall normalization for 1KT
- PJX%.e - The momentum scale in 1KT

e SciFi

— PSAFi - The gverall normalization for SciFi

Norm

Pscifi . The efficiency to find the second track

PSCiFi - The scale factor of the proton re-scattering cross-section

rescat
SciFi SciFi SciFi :
— Prcater PLG—density: T1.G—cluster - 1he €nergy scale parameters of the measurement by

the range in MRD and LG and the LG pulse height of a hit cluster in LG, respectively.
e SciBar
— The systematic parameters are defined in Section 7.2.

They are restricted within the systematic errors with the additional x? terms. The normalization factor
for each detector is a free variable during the fit, because the aim of the fit is to obtain only the shape of
the spectrum. The overall normalization is given by setting f f to unity as the fitting with only SciBar.
The definition of the x? functions for 1KT, SciFi and PIMON is described in Appendix C.

7.3.3 Measurement results with all near detectors

The spectrum fitting with all data samples, “merged fit”, is performed. Table 7.6 and Fig. 7.9 show
summary of the spectrum fitting results. The results are consistent with each detector except for Rnqg.
To study the bias on R,qE, the spectrum fitting is performed with several fitting conditions, those
are the fitting with only 1KT, only SciFi and only SciBar. Since R,qg has correlation with the other
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Figure 7.10: Systematic differences of R,qr obtained by each detector.

systematic parameters, all the parameters other than R,qr are fixed at the best fit values to estimate
the systematic difference of R,qg in each fitting condition. Figure 7.10 shows systematic difference
of Rnqr for each fitting condition. Since R,qg Vvaries for each fitting condition within 20% from the
fitting result of the merged fit, the additional error of 20% is assigned on R,qr.

In the spectrum fitting, the x? function might settle down at the local minimum point. Therefore,
the behavior of the x? function around the best fit point as a function of each fitting parameter value,
are checked as shown in Fig. 7.11. The minimization of the x2 function have been successfully done to
find the global minimum point.

Figure 7.12, 7.13 and 7.14 show the reconstructed p,,, 8,, and ¢ distributions at the best fit of 1KT,
SciFi and SciBar samples, respectively.

In the study of the neutrino oscillation, both the best fit values of ff’ and Rnqr and the error matrix
are used, so that the correlations between parameters are taken into account. The systematic error on
Rnqr is added to the matrix including the correlation. Table 7.6 shows the summary of the best fit
values and the error matrix.
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Table 7.6: Summary of the spectrum fitting results for all the near detectors.

Merged 1KT only SciFi only SciBar only
0.0-0.5 1.712 £ 0.421 | 2.310 £ 0.373 =1 =1
0.5-0.75 1.095 £0.073 | 1.178 £0.071  0.882 £0.317  1.043 £0.223
0.75-1.0 1.146 £ 0.059 | 1.066 +0.065 1.157 £0.201  1.118 £0.131
1.0-1.5 =1 =1 =1 =1
1.5-2.0 0.917 £ 0.040 | 0.882+0.087 0.980 +0.107  0.961 + 0.069
2.0-2.5 1.051 £0.053 | 0.908 £0.176  1.188 £0.096  0.985 =+ 0.082
2.5-3.0 1.179 £0.136 | 0.970 £0.668 1.062 +0.230  1.450 +0.195
3.0- 1.242 £ 0.180 =1 1.323 £ 0.203 =1
RnqE 0.958 +0.035 | 0.556 £0.062 1.069 +0.060 1.186 & 0.086
PIKT 0.953 £ 0.024 | 1.168 £0.047 - -

P X ale 0.984 +0.004 | 0.998 =+ 0.006 - -
Pgrt 1.013 £ 0.028 - 0.925 + 0.058 -
pdrt 0.980 + 0.006 - 0.980 £ 0.007 -
Poa ensity 0.929 £ 0.012 - 0.927 £ 0.012 -
PR o 0.960 & 0.014 - 0.932 +0.017 -

Scibi 1.052 & 0.055 - 0.993 + 0.062 -
PEE uster —1.368 + 2.488 - —1.859 + 2.567 -
PRobar 0.996 + 0.010 - - 0.997 +0.010
PR seale | 0-976 1 0.003 - - 0.973 £+ 0.004
Pt 0.951 =+ 0.022 - - 0.956 + 0.023
POk /QE 1.092 £ 0.032 - - 1.005 +0.040
PESg%NT 0.923 £+ 0.032 - - 0.922 £ 0.032
PSRBT e 1.005 + 0.007 - - 1.004 £ 0.007
x2/d.o.f 728.5/614 48.2/74 328.7/273 298.4/255
Goodness [%] 0.1 99.1 1.2 3.2
X2cr/Nbins 84.9/80 47.7/80 - -
XZciri/Nbins 336.0/286 328.7/286 -
XZciBar/NDINS 298.4/267 - - 298.4/267
X2 non/Nbins 0.9/3 0.5/3 - -
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Figure 7.11: Behavior of Ax? around the best fit point as a function of each fitting parameter value. In
each figure, the other parameters are fixed at the best-fit point. The horizontal and vertical axis shows
the parameter values and the Ay?, which is the difference from the minimum (best-fit) x2. The arrow
in each figure shows the best-fit point.
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Figure 7.12: The reconstructed p,,, 6, and g? distributions of 1KT after the spectrum fitting.
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Figure 7.13: The reconstructed p,,, 8,, and ¢? distribution at the best it of SciFi K2K-Ib MRD-matching
events, K2K-1b LG-stopped events and K2K-1la MRD-matching events. The hatched region shows the
fraction of CCQE.
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Table 7.7: Summary of the best fit values and the error matrix.

ff 1§ 5 2 2 I i 1e Ruqp
Best fit 1.711 1.095 1.146 =1 0.917 1.051 1.179 1.241 0.958
Error 0.421 0.073 0.059 - 0.040 0.053 0.135 0.179 0.203
¢ 178 x 1071 =523 x107* 5.12x107* - -3.60x107* -1.02x107* —-924x107* -3.75x107* —2.26 x 102
9 -530x10 % 534x103 363x10* - 366x10?% 506x10° 207x10* 3.13x10* —4.06x 10 3
i 521x10%  363x10* 352x10°% - 114x103 273x10*% 1.19x10% 229x10* -1.24x103
i : : : : : : : : :

e -3.60 x 107*  3.66x107* 1.14x107* - 1.63x107% 348x107* 2.03x107* 5.07x10"*  3.46 x 10~*
o -1.02x107*  506x107° 2.73x107® - 348x107% 278 x107% 342x107% 264x107% 149 x107?
g -9.24x107% 207x107* 1.19x107®* - 203x107% 342x107* 1.85x107%® 1.02x107%2 1.28x1073
7e -3.75x107*  3.13x107* 229x107* - 507x107* 264x1073 1.02x 1072  3.24x 1072 —4.87x 1073
foqe | =226 x 1072 —4.06x 10 ® -1.24x10 3% - 346x107* 149x107™* 1.28x107% —487x10 3 4.12x10 2
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Finally, the neutrino energy spectrum at the near site is measured by using all the near detectors
as shown in Fig. 7.15. It is obtained by multiplying the cross-section in SciBar to the neutrino flux
obtained by beam MC simulation, where the open circle shows obtained spectrum and the solid line
shows beam MC simulation. In the oscillation analysis, the obtained energy spectrum is employed.

74 Summary

In this chapter, the neutrino energy spectrum at the near site is measured by using muon momentum and
angle. For the purpose, the x? fitting is applied to the 2-dimensional (pu, 6,) distribution. Especially,
the low energy region below 1 GeV is studied in detail by using SciBar low energy events. The obtained
results in this analysis are summarized below.

e The neutrino energy spectrum is measured by using only SciBar. The method to investigate the
low energy region by SciBar is established in this study. This enables to measure the neutrino
spectrum in the energy region from 0.5 to 3.0 GeV by using only SciBar. With the low energy
samples, the measurement error on the neutrino energy of 0.5 to 0.75 GeV is improved from
25.4% to 22.3%, comparing to the previous selection method of the SciBar sample. According to
the results of the toy-MC simulation, the error on the low energy region mainly comes from the
statistical error.

¢ The consistency on the neutrino energy spectrum measured by each near detector is checked. Es-
timating the contamination of nonQE interaction in the fitting samples, the low energy spectrum
measured by SciBar is confirmed to be consistent with 1KT.

e The neutrino energy spectrum at the near site is measured by using all the near detectors.
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Figure 7.15: Neutrino energy spectrum at the near site. The open circle shows obtained spectrum and
the solid line shows beam MC simulation.



Chapter 8

Extrapolation from KEK to SK

To study neutrino oscillation, a number of neutrino events and the energy spectrum observed at SK is
compared with the expectation by the measurement at the near detectors (ND). The expected number of
events at SK (Ng;) is estimated with the neutrino energy spectrum ratio of far to near site (RY/ N(E)))
and the number of interaction observed at ND. R¥/N(E,) is calculated by using the MC simulation,
whose errors are estimated with results from PIMON measurement. In this chapter, the estimation of
RY/N(E,) and Ng¢ is described.

8.1 Far/Near spectrum ratio

RF/N(E,) is evaluated for the following two purpose.
e Extrapolation of the energy spectrum from ND to SK.
e Estimation of the expected number of events at SK.

The generated position of the neutrinos has a finite size for the near detectors due to the long decay
volume, whereas it becomes the point source for SK. Therefore, RF/N(E,) is evaluated by using the
MC simulation. For the confirmation and the error estimation of the MC simulation, the neutrino flux
at the near site is studied with the measurement of the pion momentum (p,) and angle with respect to
the beam axis (6) by PIMON. Since the neutrinos are generated from the pion decay, the neutrino flux
is estimated by distributions of the p,. and 6.

8.1.1 Measurement of the (p,, 6,) distribution

The PIMON measurements have been performed twice, in June 1999 and November 1999, because
the horn configuration was changed as described in Section 3.1.3. The former was done with the
single-bunch operation of 7 x 10'° protons per pulse (ppp), while the latter was done with the nine-
bunch operation of 7 x 10'! ppp. In the both cases, the proton intensity is lower than the normal run
(~ 6 x 102 ppp), because the Cherenkov light is too intense to keep the response linearity of the PMTs.
The measurement results of the (p;, 6;) distribution and errors on them in Nov. 1999 run are shown in
Fig. 8.1.

97
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Figure 8.1: The fit result of the (p,, 6,) distribution for November 1999 run. The left figure shows the
bin content of each bin, and right figure shows the fitting error.

8.1.2 Far/Near spectrum ratio

The expected neutrino spectrum at ND (SK) (¢ND(SK)( E,)) is calculated by the MC simulation, which
is modified with the measurement results of the (pw, 0,) distribution by PIMON. The neutrino energy
is binned into 6 bins, which are 0.5 GeV bin up to 2.5 GeV and integrated above 2.5 GeV.

RF/N(E,) is then calculated by taking the ratio between the spectrum of ND and SK, as follows.

(I)SK(EV)

R'N(E,) = (B,

(8.1)

The results for the November-1999 run are shown in Fig. 8.2, where the systematic errors on the
PIMON measurement are included in the error bars. Since the Cho-CERN pion production model is
consistent with the PIMON measurement, it is used to estimate the central value of RF/N(E,). The
errors of the PIMON measurement are used for the error of RF/N(E,)) above 1 GeV. Since PIMON is
insensitive to the neutrino energy below 1 GeV, the error in this region is separately estimated with the
MC simulation.

8.1.3 Error matrix of the Far/Near ratio

In a study of the neutrino oscillation, the systematic errors on R¥/N(E,) are taken into account in-
cluding the correlation between E, bins. The errors on RF/N(E,) below 1 GeV are estimated from
the beam-MC with several sets of Sanford-Wang parameter values. The error matrix for the neutrino
energy below 1 GeV is the sum of the contributions from these error sources. The detail of the calcu-
lation is described in [96, 82]. For the neutrino energy above 1 GeV, the error matrix is estimated by
the systematic errors on the PIMON measurement. The error matrices for above and below 1GeV, are
combined without any correlation between them. The full error matrix is shown in Table 8.1. This is
used for a study of the neutrino oscillation.
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Figure 8.2: The energy spectrum and Far/Near flux ratio measured by PIMON. The upper figures show
the results for the June 1999 run, and the lower figures show those for the November 1999 run. The
neutrino energy spectrum at the near and far site are shown in the left figures, and the Far/Near ratios
are shown in the right figures.

8.2 Expected number of eventsat SK

In this section, the expected number of events at SK (Ngg") is estimated. To extract Ng”, a number of
the interaction in the near detector is evaluated. By using RF/ N(E,) obtained in the previous section,
N is estimated for the null oscillation case.

8.2.1 Number of events at the near detector
Detector selection

The neutrino interaction target in 1KT (water) is the same as SK. Therefore, most of the systematic
errors on the neutrino interactions for SK and 1KT are canceled out with each other, when we compute
the expected number of SK events. For this reason, A number of events at the near detector is measured
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Table 8.1: The error matrix of the Far/Near ratio since November 1999. The error is quoted as the
square root of the diagonal element.

E, [GeV] 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-
Error 0.026 0.043 0.065 0.104 0.111 0.122
0.0-0.5 6.6 x10°%* —27x10°* 0 0 0 0
0.5-1.0 —-27x107* 1.8x1073 0 0 0 0

1.0-1.5 0 0 43x107% 57x107* —-32x107* —-1.6x10~*
1.5-2.0 0 0 57x107* 11x1072 9.1x1073 25x1073
2.0-2.5 0 0 —-32x107* 91x107%® 12x1072 52x1073
2.5- 0 0 -1.6x107* 25x107% 52x1073 1.5 x 1072

by 1KT to estimate a number of interaction in SK. On the other hand, neutral current (NC) interactions
are hardly observed by SciFi, while SK and 1KT have a finite efficiency in NC. The SciFi prediction
accordingly has the error on the NC cross-section. For SciBar, the neutrino interaction target is (CH) ,,
whereas that of SK is HyO. Therefore, the neutrino-nucleus cross-section is slightly different. In addi-
tion, if SciBar attempts to select NC interactions, the contamination of the sky-shine neutrons are the
source of the systematic error. Although the sky-shine neutrons also strike 1KT, these backgrounds is
negligible because the fiducial volume is sufficiently shielded by water.

Event selection

In contrast to the event selection for the neutrino energy spectrum as described in Appendix C.1, all
the events reconstructed in the fiducial volume are used to obtain an inclusive event rate. The selection
criteria is summarized as below.

e Energy threshold :
To reject low energy background events such as a muon decay of a cosmic ray, the threshold of
FADC pulse height is set to 1000 photo-electrons, equivalent to the electron energy of 100 MeV.

e Fiducial volume cut :
Fig. 8.3 shows the vertex distributions of 1KT events. We select the events within the fiducial
volume defined as R < 2mand —2 < Z < 0 m, where R is the distance from the beam axis
and Z is the position along the beam direction originating at the tank center. The definition of the
fiducial volume is illustrated in Fig. C.2.

e Single event selection :
1KT often observes two or more detector activities within a beam spill, which is called “multiple
events”. Since the vertex reconstruction is difficult for the multiple events, only single events are
selected by requiring a number of the FADC peaks to be one. The fraction of spills with multiple
events is about 10%, and it is taken into account for the estimation of the total number of the
neutrino interaction in 1KT.

The efficiency is estimated as the ratio of a number of reconstructed events to the number of gener-
ated events in the fiducial volume by using the MC simulation. The overall efficiency is obtained to be
71% for 1999 data and 75% for the others.
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Figure 8.3: The vertex distributions of 1KT. The left figure shows the vertex distribution of R axis for
—200 < Z < 0 cm and the right figure shows that of Z axis for R < 200 cm, where R is the distance
from the beam axis and Z is the position along the beam direction originating at the tank center.

Number of interaction in 1KT

A number of interaction in 1 KT (NVilt.) is estimated by using a number of the single-peak events

(Npear)- For the extrapolation of N from N ..., a number of total FADC peaks (N1o%!) are also

counted. Then, Ni&i. is obtained by multiplying the ratio between ngg;‘fj and Ngeak to the number of
selected events (NV5¢l1) as

total
. & 1
Niftr = Nigtp - Np% * Crutti * Tt Rog (Cr=9) (8.2)
peak

where the definitions of Cruiti, Bea, and C7_,g are summarized as follows.

Multi-event correction (Cy,ui;) © The multiple events are sometimes misidentified as the smaller num-
ber of events due to the overlapping of the FADC peaks. The multi-event correction factor, Cryuisi,
is evaluated by the MC simulation. Comparing the number of the peaks with a number of generated
events, Cruiti 1S estimated to be 1.008.

Background ratio (Rgg) : The background contamination into N it are estimated as 1.0% for cosmic
ray, 0.5% for neutrino induced muons coming from outside. Since we also have some reflection of the
PMT signals at the electronics for 1999 data, the contamination is estimated as 2.6% for the fake events.

Scaling factor from 7 to 9 bunches (C7_,9) : In May and June 2000, the eighth and ninth bunches were
sometimes lost, since the timing generators for the FADC became unstable. Therefore, the first to sev-
enth bunches are used for the analysis in this period. The number of events are scaled by the correction
factor (C7_s9).

Table8.2 shows the total number of neutrino interaction in 1KT for each period.
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- 3 t
Systematic errors on Nixr

The total systematic error on Ni%.. is approximately 5%. It is dominated by the uncertainty of the
fiducial volume. The performance of the vertex fitter has been studied by using cosmic ray muons. The
reconstructed vertex is found to be biased by 10 cm, that changes V%, by 3.2%. Shifting the center
position of the fiducial volume by £50 cm, the number of events changes by 2%. Increasing the radius
of the fiducial volume by 20 cm or 40 cm, the number of events per unit mass varies by 1%. These
errors are quadratically summed, and the systematic error on the fiducial volume is obtained to be 4.0%.

8.2.2 Expected number of events at SK

The expected number of events at SK without neutrino oscillation ((Ngip)““”) is calculated by using a
number of interaction in KT (Vi) as the following equation.

(Nexp)null _ ﬁl{tT . fq)SK(EV) . UHzO(EU) ' 6SK(Eu)dEu ] Msk . POTsk
SK J®IKT(E,)) - omy0(Ey) - eikr(Ey)dE, Mgt POTikr

) CI/e bl (83)

where on,0, Msk(1xT), POTsk(1kT), €skixT), and C,, are the cross-section of the neutrino interac-

tion in water, the fiducial mass of SK (1KT), a number of protons on target used in the analysis in SK
(1KT), the neutrino detection efficiency in SK (1KT), and a factor to correct the effect of the electron
neutrino component in the beam, respectively.

Since the effect of the electron neutrino component in the beam is not taken into account in RF/N(E,) and

e1kT(sk). @ factor to correct this effect is multiplied to (NgP)™!. C,, component is estimated by the

MC simulation. If the v, component is taken into account, the number of events in SK increases 0.6%,

and that in 1KT increases 1.3%. Therefore, C,, is obtained as

Cy, = 1.006/1.013 = 0.996. (8.4)

Since this correction makes only tiny effect on (NS )™, its uncertainty is ignored in the estimation of
the systematic errors on (Ng )™l Table 8.3 is the summary of the (Ng;X)™!! for each period. These

values are used as the input parameters for a study of the neutrino oscillation in Section 10.1.2.

Table 8.2: A number of the neutrino interactions in the fiducial volume of 25 kt in 1KT.

Period POT kr(10") | Nigr | Niow Nl | Nt
99°Jun 26 | 4282 | 109,119 | 89,782 | 7,206
99’Nov 26 | 4923 | 118,321 | 96,304 | 8,351
00’Jan-00’Jun 14.0 | 25,054 | 599,102 | 483,866 | 45,077
01’Jan-01’Jul 21.6 | 45,996 | 1,137,358 | 895,629 | 77,428
03’Jan-03’Jun 17.9 | 43,538 | 1,061,314 | 832,112 | 73,614
03’Oct-04’Nov 16.0 | 39,991 | 951,132 | 756,557 | 66,654
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Table 8.3: The summary of the expected number of events at SK without neutrino oscillation
((NGP)mult) for each period.

Period Horn current | Nsk | Ostat Osys
K2K-la 200 kA 46 | +£0.07 | +0.73 -0.62
K2K-la 250 kKA 75.1 | £0.27 | +6.65 -7.42
K2K-I1b 250 kKA 76.2 | +0.26 | +6.39 -7.13

i expynull
Systematic errors on (Ng”)™

By the estimation of the errors on (NG )™ for each month, T7-19% and *8-3% is quoted as the sys-
tematic error on (Ngx )™ in total for K2K-1 and K2K-I1, respectively. The estimation of the main
systematic sources is summarized below. The detail description is found in [82].

Number of interactions in 1KT : The uncertainties on the measurements of the number of neutrino in-
teractions in 1KT is described in Section 8.2.1.

Energy spectrum : The systematic errors on (NSg )™ by the PIMON measurement is assigned as
follows.

e The neutrino energy spectrum : *3-596 (K2K-1) and 73:2% (K2K-I1)
e The Far/Near ratio : *3:5%

SK event selection : The event selection in SK have some systematic error on (Ng)""!!. A dominant
uncertainty comes from the selection of the fully-contained events in SK. We apply two different vertex
fitters to the atmospheric neutrino data and the MC simulation. Comparing with these results, the
systematic errors on (Ng&)™!! is estimated to be +2%.

Other systematic uncertainties on (Ngg)™!! come from the event selection for neutrinos in K2K
beam (1%) and the statistics of the MC simulation (1%). In total, 3% is quoted as the error on
(NGE)™ I due to the uncertainties of event selection in SK.
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Chapter 9

Far Detector Analysis

9.1 Event selection

For the data analysis of Super-Kamiokande (SK), we select fully-contained events in the fiducial volume
(FCFV) of 22.5 ktons by using analysis algorithm similar to the atmospheric neutrino study. Figure 9.1
shows a typical event display of SK. The event selection for FCFV K2K events is summarized below.

9.1.1 Energy threshold

The trigger threshold is 31 (16) PMT hits within 200 nsec time window, which correspond to 50-100
(20-50) photo-electrons for SK-1 (SK-I1), respectively. We require the visible energy to be greater than
30 MeV, which is the sum of the electron-equivalent energy for each ring. That corresponds to the muon
momentum of 197 MeV/c.

9.1.2 Fully-contained event selection

Cosmic rays coming from the outside are removed by the information of the outer detector (OD). A
number of hits in the largest OD cluster is required to be less than 10 PMT hits. In addition, we reject
the events which have hits greater than 50 within 800 nsec time window. These requirements effectively
select FC events.

9.1.3 K2K event selection

Since SK takes the K2K data together with the atmospheric neutrinos, the timing information is used
for the identification of the K2K neutrino events. To synchronize SK events with a neutrino beam spill,
we use the time information of both the beginning of beam spills (Tk k) and SK events (Tsk) recorded
by GPS systems, which is described in Appendix A.4. We define the time difference between Tkgk
and Tsk as

AT = TSK — TKEK — TOF, (91)

where TOF is a time-of-flight of neutrinos from KEK to SK (~ 833 usec). K2K events are observed
within 0 < AT < 1.1 usec, which is the duration of the beam spill. Fig. 9.2 shows AT distributions.
K2K events cluster within the beam timing window.

To select the events synchronized with the accelerator, we impose the timing cut of —0.2 < AT <
1.3 usec. Since the uncertainty of the timing information is less than 0.2 usec, 0.2 usec margins is

105
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Figure 9.1: Event display of a typical event at Super-Kamiokande.

assigned to the time window before and after the beam. The timing information reduces the background
events by six orders of magnitude (1.3(usec)/2.2(sec) = 0.6 x 1075).

9.1.4 Fiducial volume

The reconstructed vertex is required to be within the fiducial volume defined as Dy > 2.0 m, where
Dy, is the distance from the vertex to the nearest surface of ID. It corresponds to water mass of 22.5
ktons.

9.2 Event classifi cation

9.2.1 Ring reconstruction

Using the charge and timing information of each PMT, A Cherenkov ring image is obtained by the
reconstruction of the ring direction, the outer edge of the most energetic ring, and the vertex position.
The edge finding method for SK-11 is improved to compensate for the less PMT density than SK-1. By
the procedure, we obtained the same performance for electrons, and better performance for muons. The
vertex resolution is less than 1 m for both SK-1 and SK-II.

More precise fitter is applied to only single-ring events. It uses the PID information in addition to
the charge and timing information. The momentum resolution of SK-II is worse than that of SK-1 due
to the reduction of PMTSs, since the momentum is almost linear to a total charge. Nevertheless, the
momentum resolution of SK-I1 is kept as several% level.
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Figure 9.2: AT distribution for K2K-1+11. The upper figure shows the events in £500 psec time window
after the decay-electron cut (solid lines), after the flashing PMT cut (hatched regions), and after the
fiducial volume cut (filled regions). The lower figure shows the final sample within £+ 5 usec time
window.

9.2.2 Ring counting

A number of the reconstructed rings is counted by using the charge pattern with a likelihood method.

9.2.3 Particle identification (PID)

The reconstructed rings are divided into two particle types, u-like and e-like, by using the ring image
and the opening angle. The mis-ID probability is a few % level. Since it is enough smaller than the
statistical error, the particle identification is sufficient for the charged-current event selection.

9.24 Summary of event classification

Table 9.1 shows a number of selected events for each category and the MC expectation for null oscilla-
tion case is also listed. The number of the total observed events are 112, while the expected number of
events is 155.9. The number of 1-ring p-like (1Ry) events is 58.

The efficiency is estimated as the ratio between a number of the FCFV events and that of the events
within the fiducial volume by using the MC simulation. The overall efficiency for SK-I and SK-II are
77.2% and 77.9%, respectively. Regardless of the reduction of PMTs, the efficiency for SK-I1 is higher
than that for SK-I. This is because the improvement of the ring reconstruction method, and the effect of
the vertex shift due to the change of the PMT density.
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Table 9.1: The summary of observed K2K events at SK.

K2K-I K2K-II Total
data MC | data MC | data MC
Total 55 79.7 | 57 76.2 | 112 1559

1ring pw-like | 30 464 | 28 444 | 58 90.8
e-like | 3 3.8 6 4.4 9 8.2
Multi ring 22 295 | 23 274 | 45 56.9
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Figure 9.3: Muon momentum (left), muon angle with respect to the beam (center), and visible energy
(right) distributions for SK 1Ry sample. The MC expectation for the neutrino oscillation with the
certain oscillation parameters, are also shown.

9.3 Basicdistributions

Figure 9.3 shows the muon momentum, muon angle with respect to the beam, and visible energy dis-
tributions for SK 1Ry sample. In the figures, the MC expectation for the neutrino oscillation with the
certain oscillation parameters seem to be more consistent with data than the null oscillation case. The
effect of the neutrino oscillation is studied in Chapter 10.

9.4 Systematicerrors

We evaluate the systematic errors on the energy scale, total number of events, and energy spectrum for
1Ry event. The estimation of these systematic errors is summarized below.

9.4.1 Energy scale

By using calibration source [101], the difference between data and the MC simulation is within 1.8%
(1.9%) for SK-I (SK-II), respectively. In addition to the above calibration sources, the time variation
of the energy response is monitored. The RMS of the deviation is 0.9% for both SK-I and SK-II.
Finally, we take the quadratic sum of the difference from the MC simulation and the RMS of the time
variation. The systematic errors on the absolute energy scale is quoted as 2.0% (2.1%) for SK-I (SK-I1),
respectively.
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Table 9.2: A summary of the systematic errors on the energy spectrum for SK 1Ry events.
0-05 05-1.0 1.0-15 15-20 2.0-
Ring counting [%] 3.4 2.7 3.0 4.5 4.5
K2K-1 | Fiducial volume [%] | 2.0 2.0 2.0 2.0 2.0

PID [%] 0.9 0.3 0.5 0.4 0.4
Energy scale [%] 2.0 2.0 2.0 2.0 2.0
Total [%)] 4.5 3.9 4.2 5.3 5.3

Ring counting [%] 5.3 4.1 3.7 3.8 3.8
K2K-Il | Fiducial volume [%] | 2.0 2.0 2.0 2.0 2.0

PID [%)] 2.6 0.4 0.3 0.6 0.6
Energy scale [%] 2.1 2.1 2.1 2.1 2.1
Total [%] 6.6 5.0 4.7 4.8 4.8

9.4.2 Total number of events

We evaluate the uncertainties of the total number of events (Ng}?). The main source of the systematic
error is the fiducial volume cut, which comes from the difference of the two vertex fitters. For the
1Ry sample of the atmospheric neutrino data, the number of event in the fiducial volume is compared
between the two methods. The difference in data to MC ratio is 2%. The quadratic sum of all the
systematic errors is 2.4% for SK-1 and SK-Il. To be conservative, we assign 3% as the systematic
uncertainty in NSE.

9.4.3 Energy spectrum for 1Ru events

The 1Ru sample is used to study the spectrum shape of the neutrino energy. The neutrino energy is
divided into six bins, and the systematic error of each bin is estimated, as listed in Table 9.2. The total
error is estimated in the quadratic sum of the errors on each source. We summarized the systematic
errors as below.

Fiducial volume cut : As described in Section 9.4.2, the systematic error on the fiducial volume is
2.0%. We assign this error on each E, bin.

Ring counting : By using the atmospheric neutrino data, the capability of the ring counting is compared
with the MC simulation in the energy range up to several GeV. The systematic error corresponding to
the difference between data and the MC simulation, is assigned to each E,, bin.

Particle identification : By using the atmospheric neutrino sample, the difference of the particle iden-
tification capability between data and the MC simulation are obtained. The effect of the difference is
estimated by the MC simulation, and regarded as a systematic error on the neutrino energy spectrum at
SK.

Energy scale : The systematic error of the energy scale is assigned 2.0 and 2.1% for K2K-I and K2K-I1,
respectively, as estimated in Section 9.4.1.
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Chapter 10

Study of the Neutrino Oscillation

The neutrino oscillation is studied by using neutrino events obtained by near detectors (ND) and Super-
Kamiokande (SK). To investigate the neutrino oscillation, the shape of the neutrino energy (£,) distri-
bution and the number of neutrino events at SK are compared with the expectation by ND measurement.
The maximum likelihood method is used to evaluate the effect of the neutrino oscillation. In this chap-
ter, the result of a neutrino oscillation study is described.

10.1 Defi nition of likelihood

The likelihood function for the neutrino oscillation study is defined as
L(AM?,5in? 20, f) = Lshape(Am?,sin® 20, f) X Luorm (Am?,sin® 20, f) x Leyst(f),  (10.1)

where Lghape: Lnorm, and Lgyg: are likelihood functions for the spectrum shape, the number of events
(Nsk), and the constraint on the systematic parameters (f), respectively. The oscillation parameters,
Am? and sin” 20, are used as free parameters.

The parameter set (f) is introduced to represent the variations of physical quantities within their
uncertainties. The contents of the systematic parameters, f, are defined as,

_ E ¢NC pF/N _ _ E—scal E—scal
f: (fd),fnonQ 7f af / afESK IafESK HafSKE(I:aea SKiﬁ%eafI%%%n—Ia,fﬁ%%n—Iba I%%%H—H),

(10.2)
where each component is summarized below.
o f? : The neutrino energy spectrum measured by ND.
o f1onQE : The cross-section ratio of CC-nonQE to CC-QE.
e fNC : The cross-section ratio of NC to CC-QE.

o fF/N : The Far/Near flux ratio.

o fesk-1 fesk-1I : The detection efficiency of one-ring p-like events in SK for SK-1 and SK-II,
respectively.

o fooscale gB scale: The energy scale of SK for SK-1 and SK-I1, respectively.
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norm

o [RK 10 JROK 10 JROK 11 - The normalization factor relative to the expected number of events
for SK-la, SK-Ib, and SK-II, respectively.

The each term in the likelihood is described in the following sections.

10.1.1 The spectrum shape term

The spectrum shape term of the reconstructed neutrino energy (E;°°), Lshape., IS eXxpressed as a product
of the probability density functions for each one-ring u-like (1R ) event as

NlR,u, NlRp.
K2K—Ib K2K—-1II

Lshape = || PDF(E[*; Am? sin*20, f) x [[ PDFu(E}; Am? sin*20, f), (10.3)
i=1 j=1

where Nf(};}’g_lb and Ng”fg_n are the number of 1Ry events in K2K-lb and K2K-II, respectively, and

E7°¢ is the reconstructed neutrino energy of the :-th 1R, event. Since the number of PMTs is different
between SK-1 and SK-II, the probability density functions are different. PDF and PD F1y, represent
the probability density functions of 1R, events with a certain oscillation parameter set for SK-I and
SK-II, respectively, as

PDFx (E’;sin 20, Am?, f)
= / dE™® - Bk (B sin” 20, Am?, £) Y o (B, f) - rT(EL, B, f),  (104)
T
where each term is defined as follows.

e z : Indexes of SK-I or SK-II.

E®rue : The true neutrino energy.

dgk : The neutrino energy spectrum at SK with the oscillation effect.
e 7 : Index of each neutrino interaction channel.

oZ : The neutrino-nucleus cross-section.

rZ . The probability density function to be observed a the 1R, event with E£™® as neutrino
energy of E7% by SK.

The neutrino flux, ®sk (E,), in Eq. 10.4 is defined as
Dk (B Am?,sin? 20, f) = f7 - £, /N . P(E™; Am?2, sin? 20) - 20kA (Eirue) - (10.5)

where 7 and 5 show the indexes of the corresponding energy bin for the ND energy spectrum (Table 7.7)
and the Far/Near flux ratio (Table 8.1), respectively. P is the neutrino oscillation probability defined as

- . . 2-
1 — sin? 26 - sin? %T"ZL for CC

10.6
1 for NC, (106)

P(EUe; Am?, sin? 20) = {
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where L(= 250 km) is the neutrino flight distance. @%Ef?kA is the neutrino flux predicted by the MC
simulation. The neutrino cross-section term o7 is defined as

o (B, f) = £ MBS, (10.7)

v

where f7 is a fit parameter to vary the cross-section for each interaction channel, and ™€ is the
neutrino cross-section evaluated by the MC simulation. The definition of f7 is

1 T = CC-QE
ff={ fromQE T — CC-nonQE . (10.8)
fNC Z=NC

The function of the detector response, Z, is estimated by the MC simulation. To implement the error

E—scale

on the energy scale of SK, the reconstructed neutrino energy with 7 is scaled by f&; %%

10.1.2 Normalization term

The normalization term, Lporm, iS given by the Poisson probability to observe N°bS events with the
expected number of events, NP, as

[NeP(Am2, sin? 20; £)]N°*

Loorm = Aobs] - exp[— NP (Am?, sin® 26; f)], (10.9)
N©°bs and NP are defined as follows.
N°* = Ng3_1a + N3k + Nisk—n = 112, (10.10)

NOP(Am?,sin20; f) = NOB_,.(Am?,sin’ 26; f)
+  Niox_p,(Am?,sin” 26; f) (10.11)
+  Ngox_un(Am? sin® 26; f),

where each experimental period is indicated by the subscript. The expectation number of events with
neutrino oscillation for each period (K2K-la, K2K-Ib, K2K-1I) is defined as

Neg(Am? sin? 20; f)

Mgk POTgN X

Mikr POTK2K X

detrue (I)KQK X(Etrue Am SlIl 29 f) EI O.I(Eltjrue’ f) . egK—X (Elt/rue)
f dEtrue . @ﬁ% X (Btrue; £) - Yy oZ(Elrve, f) - b (Eiree)

— fpnorm int
= JK2K-X ° (NlKT)K2K7X

. Cue

norm _ ( eXp)null
1KT SK /K2K—X

detrue cI)K2K X(Etrue Am?2 ,sin 29 f) EI UI(E,tfue, f) . 6%}( X(Etrue)
detrue . ¢K2K X(Etrue 0,0, f) EI UI(Etrue,f) ESK X(Etrue)

v

. (10.12)

where each term is defined as follows.

o fRoK. x - Defined by Eq. 10.2.
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. (N{II%T)IQK_X : A number of interaction in 1KT estimated in Section 8.2.2.

¢§§ﬁ¥5§) : The neutrino flux at SK (1KT) defined by Eq. 10.14 and 10.14.

e o7 : Defined by Eq. 10.7.

. egK—x(u(T) : The detection efficiency for SK (1KT) estimated by the MC simulation.
e Mgk@kr) : The fiducial mass of SK (1KT), which is 22.5 ktons (25 tons).

. POTIS%I&(% : A number of protons on target for SK (1KT).

e C,, : The correction factor for the v.component in the beam as described in Section 8.2.2.

o (NG sl 1 Aexpected number of events at SK without neutrino oscillation as shown in Table

8.3.
SN and 12K are defined as
B . P(Etrue. AmZ Sin2 20) . QQOOkA (Etrue) X = la
K2K—X ¢ zotrue, 2 2 — v ’ SK v
s (B Am”,sin” 20, f) —{ Equation 10.5 x = b, 1t 1013
(I)ZOOkA (Etrue) X =la
@K?K*X Etrue, = 1KT v 10.14
1KT ( v vf) fz¢ . (I)%%(QIT{A(EIEme) X =1Ib Il , ( )

where ®23%kA ($29%kA) s the neutrino flux obtained by the MC simulation for the horn current of 250
kA (200 kA), respectively.
10.1.3 Constraint term

The constraint term (Lgys) restricts the systematic parameters (f) within their systematic errors assum-
ing the Gaussian probability. Ly is given by

[ t ¢,nonQE ¢,nonQE\—1 ¢,nonQE (A-]‘.NC)2

Esyst = exp|— Af ’ . (M ’ ) . Af ’ — W (1015)

X exp [~'AFTN . (MPN)TE A TN (10.16)

o | g BETT)? (AR (ASRSR X (1047)

P | T sk x2 7o B scaleys 02( norm 2| :
(o ) 2(ogx>%°) OKIK— X
where A f is defined as

Af=f—={f) (10.18)

which is the deviation of f from its central value (f). The systematic error of each parameters is
summarized as follows.

f? : The central values and systematic errors are the results of the ND spectrum measurement as shown
in Table 7.7.

fronQE - gince fmonQE s determined by the ND spectrum measurement, it varies around the best fit
value in terms of the error matrix together with ff’. The error on f°"QF js approximately 20%.
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fNC . The central value of the NC cross-section parameter (fN°) is unity, whose error is estimated as
15%. The error is the compilation of the error on the NC single-7® measurement by 1KT (11%) [99]
and the error on the other NC channels (30%).

fF/N': The center values and systematic errors are quoted as the measurement results obtained by
PIMON as shown in Table 8.1.

fesK . The systematic errors on the selection efficiency for FC1Ry events is estimated as a function
of the incident neutrino energy, which is divided into six bins, corresponding to that of PIMON. The
systematic errors come from the uncertainties of the particle identification, ring counting, and energy
scale. The estimation results are shown in Table 10.1.

fg%gscale . The systematic errors on SK energy scale is assigned to 0.020 and 0.021 for SK-1 and SK-II,
respectively, as describe in Section 9.4.

S : The systematic error on Nyoi ;. is estimated by taking into account of those on the ND

spectrum (f¢) and the Far/Near flux ratio (f¥/N), since the two systematic parameters are not prepared
for K2K-1a in the oscillation analysis. In total, the systematic error on N5 ;. is obtained to be
t155%. By using Eq. 10.12, the central value and the error of N, . are calculated to be 4.675:39
events in the null oscillation case. Although the number of events and its error is expected to become
smaller in the oscillation case, o ="05 event is used in this analysis.

Since the uncertainties in the Far/Near flux ratio, the neutrino energy spectrum, and the cross-section
for each interaction channel are introduced as the systematic parameters, the errors on fg9e* ;) and
JR9% 11 are the quadratic sum of the other uncertainties, which comes from the 1KT event selection,
the SK event selection, the POT normalization, and the statistics. The systematic errors on f5:" 1, and

JRYR 11 are estimated as £5.1% and £5.1%, respectively.

For f¢monQE and fF/N  the correlations between the parameters are taken into account by using the
error matrices (M #°nQE and M F/N), respectively. The central values and the errors for the systematic
parameters are summarized in Table 10.1.

10.2 Fitting results

10.2.1 The best fit value

The maximum likelihood fitting with £ is performed to obtain the oscillation parameters, Am? and
sin? 26. The best fit value is obtained as

(Am?,sin? 20) = (2.6 x 1073[eV?],1.2). (10.19)

The value of sin? 26 is larger than the upper limit of the physical condition (0 < sin?26 < 1). If
sin? 26 is restricted within the physical region, the best fit value becomes

(Am?,sin? 20) = (2.8 x 10 2[eV?], 1.0). (10.20)

The fitting with only shape likelihood (Lshape) is also performed. These results are summarized in Table
10.2 with those of only K2K-I and K2K-1I data. Since the normalization likelihood (£ o:m) IS @ Single
Poisson probability, the fit result with only £,,,, cannot determine two parameters simultaneously.
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Table 10.1: A summary of the central values and the errors for the systematic parameters.

Center Error Center  Error
f00-05Gev) | 1712 +0.421 FEKT(0.0-05GeV) | 1.000  +0.041
£ (05-0.75 GeV) | 1.095 +0.073 FEK1(05-1.0 GeV) | 1.000  +0.034
££(0.75-1.0 GeV) | 1.146 +0.059 $SK-1(1.0-1.5 GeV) | 1.000  +0.036
f£(1.0-1.5GeV) | 1.000 +0.000 FOK1(15-2.0 GeV) | 1.000  £0.049
f(1520Gev) | 0917 +0.040 FE¥1(2.0-25GeV) | 1.000  +0.049
f¢(2.0-25GeV) | 1.051 +0.053 FEK1(25GeV-) | 1.000  +0.049

6 6
¢ (2.5-3.0 GeV) 1.179 +0.136 b scale 1.000 +0.020
f? SK-1I
7 (3.0Gev-) 1.242 +0.180 FS%-11(0.0-0.5 GeV) | 1.000  +0.062
fnonQE 0.958 +0.035 FESK-11(0.5-1.0 GeV) | 1.000  +0.046
e 1.000 +0.421 £33 (1.0-15GeV) | 1.000  +0.042
F/N (0.0-0.5 GeV) | 1.000 +0.026 FOK1(15:20GeV) | 1.000  +0.043
FI/N (0.5-1.0 GeV) | 1.000 +0.043 €SK-T1(2 0-2.5 GeV) | 1.000  +0.043
2 5
TN (1.0-1.5 GeV) | 1.000 +0.065 FE1(25GeV-) | 1.000  £0.043
FEN(15-2.0 Gev) | 1.000 +0.104 flscale 1.000  +0.021
FE/N(2.0-25 GeV) | 1.000 +0.111
FEN(25Gev-) | 1.000 +0.122
TR 1a 1000 oG (o)
fhorm 1.000 +0.051
norm 1.000 +0.051

Table 10.2: A summary of the oscillation parameters at the best fit point for each fitting condition. Since
the best fit point is unphysical, the best point within the physical region is also listed.

all region physical region

Am? [eV?] sin?20 | Am? [eV?] sin?26
K2K-I1+Il | shape + norm. | 2.6 x 10~3 1.2 |28 x10=3 1.0
shapeonly | 28x10™% 13 |29x10~% 1.0
K2K-I shape +norm. | 2.8 x10™% 11 |29x10~® 1.0
K2K-II shape +norm. | 2.4 x 1073 13 |26x102 1.0
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Figure 10.1: E7*cdistribution of 1Ry samples at the best fit point in the physical region. K2K-1+11 data
is plotted in the left figure. Center and right figures show K2K-1 and K2K-II sub-samples, respectively.
Open circles with error bars are data, and the red lines are the best fit spectra. Blue lines show the
spectra in the case of null oscillation.

Table 10.3: A summary of the KS probability for each E7*¢ distribution.

Best fit  Null oscillation
K2K-1+11 | 40% 0.051%
K2K-I 43% 0.062%
K2K-I11 35% 0.052%

10.2.2 EI*¢ distribution

Fig. 10.1 shows the reconstructed neutrino energy distribution measured by SK for the K2K-I1+I1 data
set. In this figure, the fit function with the best fit value and null oscillation case [(Am?2,sin? 26) =
(0,0)], are overlaid. The clear dip around 0.6 GeV can be seen in the data, which is expected by the
neutrino oscillation hypothesis.

10.2.3 Kolmogorov-Smirnov test

Consistency check with data and the fitting results is performed by Kolmogorov-Smirnov test (KS-test)
[98]. The confidence probability is summarized in Table 10.3. The KS-probability is 40% for the
spectrum shape of the best fit value, and 0.05% for null oscillation case. Each sub-sample favors the
best fit point.

10.3 Null oscillation probability

The probability for null oscillation case is calculated with the maximum likelihood in the physical
region (£PR#) and that of null oscillation case (£yun).

max
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Table 10.4: A summary of the null oscillation probability.
K2K-1+11  K2K-lonly K2K-II only
Shape + Norm | 0.0029% 0.025% 0.069%
Shape only 0.55% 8.6% 5.7%
Norm. only 0.18% 0.87% 3.9%

If Aln L., is defined as

Lo h
AlnLygy =In o= In L2 — In Loun, (10.21)

max
null

the probability for the null oscillation case is calculated as
probability = ezp(—AlIn L), (10.22)

assuming the likelihood (£) follows a two-dimensional Gaussian of the (Am?2, sin?26). From the
logarithm of the likelihood ratio (A 1ln L£,,; = 10.4), the null oscillation probability is evaluated to
be 0.0028%, corresponding to 4.3 standard deviations. The null oscillation hypothesis is excluded
with 99.998% confidence level (C.L.). The null oscillation probability for each sub-sample or for each
likelihood term is summarized in Table 10.4. Both the fitting with the likelihood of the shape only and
normalization only, reject the null oscillation hypothesis with 99% C.L.. This strong rejection power of
the E7°¢ shape term is an indication of the E,, dependence on the oscillation probability.

10.4 Allowed region for oscillation parameters
The allowed region is evaluated by using the logarithm of the likelihood ratio,

: Loy :
Alln LPYS(Am?,sin? 20) = In <£(Am2, Zin2 20)) = InLyax — In £L(Am?,sin?20), (10.23)

where £(Am?,sin? 20) is the likelihood at (Am?, sin? 20) and LPYS is the maximum likelihood in

physical region of [(Am?2,sin? 20) = (2.8 x 1072,1.0)]. The certain probability corresponding to the
Aln £ threshold (C') covers the parameter region for

Aln £(Am?, sin? 26) < C. (10.24)

Since the best fit value for sin? 26 is out of the physical region, the coverage probability is calculated
in the physical region. Fig. 10.2 shows the allowed region for the oscillation parameters. The al-
lowed region is studied by using log-likelihood for the normalization and spectrum shape separately,
as shown Fig. 10.3. The both 90% C.L. allowed regions contain the best fit point for the physical
region, (Am?, sin? 20) = (2.8 x 1073, 1.0). Fig. 10.4 shows the AL behavior as a function of Am? at
sin? 26 = 1.0, and that of sin? 26 at Am? = 2.8 x 1073,
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Figure 10.2: Allowed region for the oscillation parameters for K2K-1&I1, K2K-1 only, and K2K-11 only.
Blue, green, and red lines show 68%, 90% and 99% C.L. contours, respectively.
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Figure 10.3: Allowed region for the oscillation parameters for the fitting with the likelihood of the
normalization only and shape only. Blue, green , and red lines show 68%, 90% and 99% C.L. contours,
respectively.

10.5 Summary of the neutrino oscillation study

The effect of the muon neutrino oscillation is studied with a maximum likelihood method. In the
likelihood function, the uncertainties in the ND measurements, Far/Near flux ratio and SK systematics
are properly taken into account, including the error cancellation in the normalization term.

The best fit value for the oscillation parameter is obtained (Am?,sin? 20) = (2.8 x 10~3[eV?], 1.0)
in physical region. The KS probability for the E7¢¢ spectrum is 36% at the best fit point in the physical
region, and the expected number of events (155.9) agrees with data (112) within the statistical error.
Consequently, the observation is consistent with the neutrino oscillation.

On the other hand, the observation does not agree with the null oscillation case, which is excluded
with 99.998% C.L. (4.3 standard deviations) by using the likelihood ratio method. The fitting with only
E7¢ shape likelihood also excludes the null oscillation hypothesis, that indicates the E/,, dependence of
the oscillation probability.
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Figure 10.4: The log-likelihood curve as a function of Am? along the axis of sin? 20 = 1 (left), and as
a function of sin? 20 along the axis of Am? = 2.8 x 1073 [eV?] (right). The vertical axis shows the
difference from the log-likelihood at the best fit point. Blue, green, and red lines show 68%, 90% and
99% C.L., respectively.

Finally, our results are compared with the atmospheric neutrino experiment. In the recent study of
the atmospheric neutrino by SK, the 90% C.L. allowed parameter region has been obtained as (1.5 x
1073 < Am? < 3.4x1073 [eV?], sin? 20 > 0.92). This region is consistent with our result (Fig. 10.4).
Therefore, our measurement confirms the neutrino oscillation observed by the atmospheric neutrino
experiments.
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Conclusions

The KEK-to-Kamioka (K2K) experiment is a long baseline neutrino oscillation experiment by using
an accelerator, which was performed to confirm muon neutrino oscillation observed by the study of
atmospheric neutrinos in Super-Kamiokande. In the K2K experiment, a number of the neutrino events
and the energy spectrum were measured by the near detectors at KEK site and Super-Kamiokande.
As an effect of neutrino oscillation, decrease of neutrino events and distortion of energy spectrum are
observed at SK, comparing to the expectation by measurement of the near detectors. In particular,
distortion of the energy spectrum is expected to become significant in low energy region below 1 GeV.
Therefore, precise spectrum measurement in low energy region at the KEK site is necessary for the
confirmation of neutrino oscillation. For this purpose, a full active scintillator bar (SciBar) detector was
constructed and installed in the summer of 2003. The data of 2.04 x 10'° protons on target (POT) were
taken by the SciBar detector, while a total of 9.2 x 10'? POT had been taken for the K2K experiment
from June 1999 to November 2004.

In this thesis, the neutrino oscillation is studied with the measurement of the low energy neutrino
spectrum by SciBar. The results in this analysis are described below.

¢ Selection of the low-energy neutrino events in SciBar :

To improve the accuracy on the low-energy neutrino spectrum in SciBar, the low energy events
(SciBar-contained events and EC-stopped events) are selected. Since background events synchro-
nizing to the accelerator cycle (sky-shine backgrounds) and neutral current (NC) events contami-
nate in the low energy sample, the difficulties of these events are studied. Finally, the low energy
sample is prepared by reducing the sky-shine backgrounds and NC events with the observed
range. The fraction of CC-QE events in the low energy region below 1 GeV is increased by a
factor of 30% with the low energy sample, comparing with the event sample of MRD-matching
events only.

e Study of the energy spectrum by SciBar:
The energy spectrum, especially in the low energy region, is measured by using SciBar. The
systematic uncertainty in the neutrino energy spectrum ranging from 0.5 to 0.75 GeV with the
low energy sample gets better from 25.4% to 22.3%, comparing to the previous analysis of the
spectrum measurement in SciBar. The error on the low energy region mainly comes from the
statistical error. In this study, the method to investigate the low energy region by SciBar is estab-
lished.

e Spectrum measurement at the near site :

121
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The spectrum measurement is performed with each near detector separately to check the con-
sistency of the measurement. Although 1KT has good efficiency for the low energy region, it
cannot separate QE interactions from nonQE interactions in its analysis. Therefore, estimating
contamination of nonQE interactions, the low energy spectrum measured by 1KT is confirmed
by SciBar. Since the measurement results are consistent with that of each detector, the energy
spectrum at the near site is measured by using combined data of all the near detectors.

e Study of the neutrino oscillation :
Finally, the neutrino oscillation is studied to investigate oscillation parameters observed by the
atmospheric neutrino study in SK. Our best fit parameters are obtained to be (Am?,sin? 20) =
(2.8 x 1073[eV?],1.0) in the physical region, which is consistent with the 90% C.L. allowed
parameter region obtained at Super-Kamiokande, (1.5 x 1072 < Am? < 3.4 x 1073 [eV?],
sin? 20 > 0.92).



Appendix A

The Experimental Components

Although the setup for the K2K experiment is summarized in Chapter 3 briefly, some experimental
components are supplemented in this chapter. At first the secondary beam monitors (the pion monitor
and muon monitor) are described. Then, the far detector (Super-Kamiokande) are explained. Finally,
the GPS system for the timing synchronization between KEK site and Super-Kamiokande is described.

A.1 Pion monitor (PIMON)

The momentum and the divergence of pions are measured by the pion monitor (PIMON) [96], which is
located just after the second horn magnet. In this section, the detector characteristics and the measure-
ment of the secondary pions are described.

A.1.1 Detector characteristics

The PIMON is a gas Cerenkov detector, which consists of a gas vessel, a spherical mirror, and a photo
detector as shown in Fig. A.1.

The gas vessel of the PIMON is a cylinder of 91 cm in diameter and 90 cm in length, attached to the
edge of an approximately 3 m arm. Cherenkov lights generated in the gas are reflected by a pie-shaped
spherical mirror at the beam line, and detected by a photo detector at the focal plane. The gas vessel
is made of 5 mm thick stainless steel, which has aluminum beam windows at the beam entrance and
exit. The thickness of aluminum beam windows is 1 mm, which corresponds to 0.01 radiation length
and 0.0025 interaction length. An aluminum foil of 50 xm thickness is located at 23 cm in front of the
mirror to define the fiducial area of Cherenkov light emission. The gas vessel is filled with freon gas
R-318 (C4Fg) for its high refractive index to measure pion momentum as low as possible. For rejection
of sever background from the primary protons, the refractive index should be lower than 1.00264 as
shown in Fig. A.2. The momentum threshold of the pions is determined 2 GeV, which corresponds to
1 GeV for neutrinos.

A spherical mirror focuses Cherenkov photons emitted by particles with the same beta and angle,
onto the same ring at the focal plane, being independent of its emission point. The radius of the curva-
ture is 6 m and the size is 60 cm x 15 cm. Its thickness is about 8 mm. It is made of Pyrex glass which
is partially coated with aluminum and frosted by sand to make a pie-shape.

Twenty photo-multiplier (PMTs) are used to detect the photons on the forcal plane of the spherical
mirror. PMTs are located far away from the beam line, as shown in Fig. A.1, in order to avoid the
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Figure A.1: A schematic view of the pion monitor (PIMON).

radiation damage. The PMTs are aligned along the vertical direction with 35 mm interval. The type
of the PMT is modified R5600-01Q made by Hamamatsu Photonics Corporation. The diameter of the
outer socket is 15.5 mm and that of the photo cathode is 8 mm. The radiation hardness was tested at
KEK-PS K3 beamline [96, 22].

A.1.2 Measurement of the (p,, #,) distribution

We took data with nine sets of the refractive indices. To obtain a fine Cherenkov image, data was taken
with a half PMT interval for each refractive index. Additional data was taken, removing the mirror from
the PMT array to make low background condition. The background coming from a electro-magnetic
shower is estimated by the MC simulation which is tuned by the data of the lowest refractive index. Fig.
A.3 shows the Cherenkov light distribution for each refractive index after the background subtraction
in November 1999 data.

A 2 fitting is employed to extract the (p,, 8,) distribution from the Cherenkov light distributions
with various reflective indices. The (p,, 8,) distribution is binned into 5 x 10 bins, which are 5 bins for
pr above 2 GeV/c with 1 GeV/c step (p, > 6 GeV/c is integrated) and 10 bins for 8, from —50 to 50
mrad with 10 mrad step. A MC template of the Cherenkov light intensity on the I-th PMT (N,gflc(z',j))

in k-th refractive index, is calculated for each (p’, #7)-bin. The observed Cherenkov light distribution

™ YT

for the k-th refractive index (N,?fl‘ta(i, 4)) is fitted by the x2 function with the MC template as

Ndata(; 5) — W; ;- NMC(i, 5)
XQ _ Z (Z ; . , ’

% \i=1 Tkl

(A1)

where W; ; is a weighting factor on N,?flc(z',j) and oy, is the measurement error on the I-th PMT. W ;
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Figure A.2: Distributions of beta for protons, pions, muons and electrons after the second horn.

is a fitting parameter of the x? function.
The expected neutrino spectrum at ND (SK) (gbf;-) (SK) (E,)) is calculated with the neutrino spec-

trum of the (p%., 62)-bin obtained by the MC simulation and their weighting factor (W;,5), as follows.

5 10
PNEE,) = 303 Wiy - 8B "2

A.2  Muon monitor (MUMON)

Muon monitor (MUMON) is placed in a pit at the downstream of the beam dump (Fig. A.4). It consists
of two detector parts, an ionization chamber (ICH) and a silicon solid detector (SSD) array.

Since the energy loss in the beam dump is about 5.5 GeV for a minimum ionizing particle, only 2.1
% of muons can reach the MUMON. Fig. A.5 shows the momentum distributions of pions, muons and
neutrinos before the beam dump. The beam profile measured by MUMON works as a good indicator of
the overall beam steering towards SK, since high energy muons are more sensitive to the beam direction.

lonization chamber

The ionization chamber (ICH) is a segmented ionization chamber like SPIC in the primary beamline.
The cross section is 190 cm x 175 cm to measure the broad muon profile at the beam dump. There
are three planes inside the gas vessel filled with Ar gas. The gap between two planes is 1 cm. Each
readout plane is segmented into 5 cm x 200 cm strip lines to measure muon density distributions. The
readout planes have 36 channels in the horizontal direction and 32 channels in the vertical direction.
Each plane is divided into six sheets with a size of 60 x 90 cm?, due to the difficulty to make a large
sheet. The corresponding horizontal (vertical) readout strips in the vertically (horizontally) adjoining
sheets are connected electrically. A typical muon profiles measured by ICH after gain correction are
shown in Fig. A.6.
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Figure A.3: The Cherenkov light distribution for each refractive index (n) after the background sub-
traction in November 1999 data.

Silicon detector array

The silicon detector (SSD) array is installed for redundancy. It gives the 2-dimensional information of
the muon profile of 280 cm x 280 cm area. 17 small silicon detectors are installed along the horizontal
and the vertical axis, which is 1 cm x 2 cm with 300 um of depletion layer. 9 large silicon detectors
are installed as diagonal array, which is 3.4 cm x 3.05 cm with 375 um of depletion layer.

A.3 Super-Kamiokande

Super-Kamiokande (SK) is 250 km far from KEK, 36° 25’N in latitude and 137° 18’E in longitude. It is
located 1000 m underground below the peak of Mt. Ikenoyama, which is equivalent to 2700 m of water
level, and the detector site is about 2 km away horizontally from the entrance of the mine. The detector
is filled with natural underground water flowing plentifully near the detector site. The temperature in
the mine is about 10 °C stably all through the year.

SK is an imaging water Cherenkov detector, which detects Cherenkov light photons generated by
charged particles propagating in the water. The threshold momentum for the Cherenkov radiation are
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Figure A.4: A schematic view of the MUMON, silicon solid detectors (SSD) array and ionization
chamber (ICH).

0.58, 120, 153 MeV/c for electrons, muons and pions, respectively. The Cherenkov light is emitted in a
cone of half angle 6 toward the direction of the particle track. The Cherenkov angle, 6, is defined as,

1
0=— A3
cos np’ (A.3)
where 8 = v/c, cis the light velocity and = is the refractive index of the medium (n = 1.33 for water).
0 is about 42 degree in the water for a relativistic charged particle. The spectrum of the Cherenkov light
as a function of the wavelength X is expressed as,

dN _27ra(1 1 )1

e el R A4
d)\dz c n2p2) \2’ (A4)

where « is the fine structure constant and z is the track length of the charged particle. About 390
photons/cm are emitted in water, whose wavelength is 300 ~ 700 nm.

The SK is a cylindrical water tank whose size is 41.4 m in height and 39.3 m in diameter, instru-
mented with photomultiplier tubes (PMTSs), electronics, online data acquisition systems and a water
purification system. The water tank to be filled with 50,000 tons of pure water, is made of stainless
steel. The detector has two PMT layers, inner detector (ID) and outer detector (OD). The ID is 33.8
m in diameter and 36.2 m in height. The total mass is 32 kton. 11,146 20-inch PMTs are used for
the ID. The PMTs are placed at intervals of 70 cm grid and the gaps are lined with black polyethlene
therephthalate sheets (black sheets). The photocathode coverage is about 40%.

The OD surrounds the inner detector completely, whose thickness is 2.0 m for the side and 2.2 m
for the top and bottom. 1,885 8-inch PMTs are mounted, which have 60 x 60 cm? square collar plate
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Figure A.5: The momentum distribution of muons, pions, and neutrinos before the beam dump, which
is estimated by Monte Carlo simulation. The left figure shows the muon momentum distribution just
before the beam dump. Only the muons above 5.5 GeV/c can reach the MUMON. The right figures
show the momentum distributions of the generated pions (top) and neutrinos (bottom) in the beam line.
The hatched histogram in these figures are corresponding pions and neutrinos to the muons above 5.5
GeVlc.

of wavelength shifter to increase the light collection efficiency. Tyvek sheets cover the inner surface
of the OD to enhance the light collection efficiency. The OD is used as a veto counter for background
rejection, which identifies incoming cosmic ray muons. In addition to that, 2 m thickness of the water in
the OD, reduces gamma-ray and neutron backgrounds from the surrounding rock. These two detector
volumes are optically isolated by black sheets and Tyvek sheets.

The photomultiplier tubes (PMTs) 20-inch in diameter were originally developed by Hamamastu
Photonics Company in cooperation with members of Kamiokande. The photo-cathode is made of
bialkali (Sh-K-Cs). The quantum efficiency is 21% at the wave length A = 400 nm, which is the typical
wave length of Cherenkov light. The average collection efficiency is more than 70%. The average PMT
gain is about 107 with applied high voltage of 2 kV.

The PMT used for OD is 8-inch in diameter Hamamatsu R1408 PMT, which is recycled from the
IMB experiment. The size of wavelength shifter which collars the outer PMT is 60 cm on each side and
1.3 cm thick. It absorbs ultraviolet light and re-radiates blue light. Consequently, the light collection
efficiency increases by 60%.

The SK detector has 3 type of triggers for the ID, which are named as high energy trigger (HE),
low energy trigger (LE) and super low energy trigger (SLE). For OD, outer detector trigger (OD) is
also prepared. The HE trigger is used mainly to identify K2K beam neutrinos, cosmic ray muons,
atmospheric neutrino and proton decay candidates. The LE trigger is for solar neutrino analysis above
5 ~ 6 MeV in the energy. The OD trigger is for the rejection of the cosmic ray muons. The SLE trigger
started from May 1997 in order to push the analysis threshold of solar neutrino energy spectrum down
t0 4.6 MeV.

The water purification system circulates 50 m?3 of pure water per hour to keep its quality. The water
purification system removes the radioactive materials and bacteria from the water. After the water
purification, the concentration of radon, which is 10* Bg/m? in the mine primary water, is reduced to
less than 10 mBg/m3. The light attenuation length is kept to about 100 m at wavelength of 420 nm.
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Figure A.6: Typical muon profiles measured by ionization chamber (ICH) and silicon pad detector
arrays (SPD). Upper two figures are of ICH in the horizontal (left) and the vertical (right) directions.
Gaps shown in these figures are corresponding to the insensitive regions of ICH as described in the text.
Lower two are of SPD also in the horizontal (left) and the vertical (right) directions.

A4 GPSsystem

GPS is a Satellite Navigation System founded and controlled by the U.S. Department of Defense
(DOD). There are 24 satellites in six orbital planes. Each satellite has an atomic clock, which refers
to the master clock at the U.S. Naval Observatory (USNO) and steered to Universal Time Coordinate
(UTC). These satellites send information of their time and position by radio wave. A GPS receiver
calculates its precise position and time by using the information from 4 satellites at the same time.

GPS system in the K2K experiment consists of GPS receivers, a VME receiver, and a 50 MHz 32-
bit local time clock (LTC) as shown in Fig. A.7. Two independent GPS receivers (GPS1 and GPS2) in
both KEK and SK are used in parallel for the hardware backup as well as their quality check with each
other. The GPS receiver provides UTC time stamps every 1 sec and 1 Hz logic pulses, whose leading
edges are synchronized to UTC. Its accuracy is better than 40 nsec in average and 150 nsec at the worst.
UTC time stamp of GPS receiver is sent to and decoded by the VME receiver. LTC is a free-running
50 MHz 32-bit clock counter. The UTC time stamp and the current count of LTC are recorded when it
receives an event trigger signal. UTC time stamp and LTC counters are read by the online computer.
The synchronization of GPS receivers at KEK and SK had been taken by using an atomic clock. The
timing difference of these two GPS with respect to the atomic clock was measured to be 115 + 142
nsec (syst.).

The principle to determine the event triggered time is also shown in Fig. A.7. When event trigger
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Figure A.7: A schematic view of GPS system in the K2K experiment.

is generated, the LTC count at the trigger timing (IN¢,) is recorded. By looking at the latest two GPS-
data, two sets of UTC time stamp and LTC count, (7},—1, N,—1) and (T3,, Ny,), are known. The trigger
timing, T,,, is obtained by the linear interpolation as,

Nev - N'fl

T, =T, _ .
v n+Ne'u_ n—1

(A.5)

Two independent GPS were compared and agreed with each other within 100 nsec (FWHM). The
stability of the system is continuously monitored in SK site by looking at LTC count in 1 sec, N,, —
N, 1.



Appendix B

Physics Formula for Monte Carlo
Simulation

B.1 Pion production

For Sanford-Wang, Cho-ANL and Cho-CERN model, Sndford-Wang formula is employed to fit the
experimental data. In Sanford-Wang formula, the differential yield of the secondary particles is given
as follows.

d? Ca
dQZ = O™ (1 - ) P <— 0325 ~ Cs6(p — Crpps cos™ 0)) : (B.1)
P pp—1 %
d‘g—;; . Particle yield per interacting proton

6 : Angle of the secondary particle with respect to the beam axis
in the laboratory frame
p : Momentum of the secondary particle
pp . Momentum of the incident proton
C; : Fitting parameters

The fit results of the positive pion production for Sanford-Wang, Cho-ANL, and Cho-CERN compi-
lations are summarized in Table B.1. Fig. B.1 shows the differential cross-section of positive pion
production in past experiments and fitted curves with the Cho-CERN compilation.

In Sanford-Wang, Cho-ANL and Cho-CERN, the hadron production is reproduced by Eq. B.2 for
only a proton with the energy more than 10 GeV, and interactions for lower energy are simulated by the
GCALOR model. For kaon production, the parameters described in [83], are employed.

Table B.1: Fitted parameters of Sanford-Wang formula for the positive pions in Sanford-Wang, Cho-
ANL, and Cho-CERN compilations.

cCi Cy C3 Cy Cs Cg C; Cs
Sanford-Wang | 1.09 0.65 4.05 163 1.66 5.03 0.17 827
Cho-ANL 096 1.08 215 231 198 573 013 241
Cho-CERN 1.05 1.01 226 245 212 566 014 273
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Figure B.1: The differential cross-section of positive pion production in past experiments and fitted
curves of the Cho-CERN compilation.

B.2 Neutrino interaction

B.2.1 CC quasi-elastic scattering and NC elastic scattering

In Llewellyn Smith’s formula [90], the amplitude for the charged-current quasi-elastic (CC-QE) is
described as a product of hadronic and leptonic weak currents as following equation.

T= %ﬂ(/@)V“(l — °)u(k1) (N (p2)| J5|N (p1)), (B.2)

where G is the Fermi coupling constant, p1 (p2) is the initial (final) nucleon four-momentum, and k;
(k) is the initial (final) lepton four-momentum. The hadronic current, (N’|J"d| V'), can be expressed
as function of four-momentum transfer, Q2 = —¢?> = —(p1 — p2)?, as

i0, 4§ F(Q%)
2mN

(N'|J"4|N) = cos 6.a(N') [wFé(cf) + - w%FA(Q?)] u(N),  (B3)

where 6. is the Cabbibo angle, and m y is the nucleon mass. The vector form factors, . and FZ, are
represented as follows.

/2 @\ v @ v o
Fy(Q°) = <1+ 4””?\7) [GE(Q ) + MGM(Q )] ) (B.4)
Q\™
EFV(QY) = <1 + 32 ) [G1(@7) — GE(@Q)]; (B.5)
N
Gp(Q% = %7 Gy (Q%) = Lﬁza (B.6)
EE )

where &(= pp — pp, = 3.71) is the difference of anomalous magnetic dipole moments between a proton
and neutron, and the vector mass in the dipole parameterization, My, is set to be 0.84 GeV/c. The axial
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form factor, F4, is given by
—-1.23
Fa(Q*) = ——— (B.7)

2 2’
1 Q
(1+4)
where M 4 is the axial vector mass.
Finally, the differential cross section is expressed by

do B m3G% cos? 0, 9 9\ (8 —u) (s —u)?
402 = T gnE2 lA(Q F B(Q7) w2, +0(Q% mt ] (B.8)
_ (m}+ Q% Q? 2 Q? 2, Q? 212 Q?
AQY = W [(44‘ mZ, |[Fal”— (4 - m—N |Fy|” + %VKFH 1- amZ,
4 2F1 F2 2
+Qm7§v£v ot (T + EFPP 4 | P )] (B.9)
2
BQ) =—L Fu(Fl +eF?), (B.10)
mN
) 2
oQ) =, <|FA\2 Fpe 2 Y ) , B.11)
my;
(s —u) =4myE, — Q*—m}, (B.12)

where E,, is the incident neutrino energy, and m; is the lepton mass. The sign of B(Q?) in Eq. B.12 is
“—" for neutrinos and “+” for anti-neutrinos.

Fig. B.2 shows the quasi-elastic cross section as a function of E, with M4 = 0.91, 1.01, 1.11
GeV/c? [47]. They are consistent with various measurement of bubble chamber around 1 GeV [46, 47,
48, 49].

The cross section of the NC elastic scattering is derived from following relations [51].

olvp = vp) = 0.153 xo(vn — e p), (B.13)
o(vn - vn) = 1.5xa(vp— vp). (B.14)

B.2.2 Resonance production channel

The differential cross-section for the single resonance production with the mass (M) is written as

d’c 1 1 NP 2 2

J0%dE, ~ S2rmn B §-S§S|T(VN — IN*)|*- 6(W? — M?), (B.15)
where W is the invariant mass of the hadron system, and the width of the resonance decay is ne-
glected. The amplitude of the resonance production, T'(vN — [N*), is calculated according to the
FKR (Feynman-Kislinger-Ravndal) baryon model [53]. This model includes vector and axial-vector
form factors by using dipole parameterization with the same My and M 4 values as CC-QE. The dif-
ferential cross-section for the resonance production with a finite decay width, T", is derived by replacing
the §-function in Eq. B.15 with a Brei-Wigner formula as

1 r

S(W? — M?) - —

21 (W — M)2 +12/4° (B.16)
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Figure B.2: The cross-section of CC-QE interaction on free neutron in NEUT as a function of the
incident neutrino energy, together with the results of measurements by bubble chamber experiments.
The solid, dashed, and dotted lines show the calculation of the cross-section in NEUT with M4 =
1.01, 1.11, and 0.91 GeV/c, respectively. Data points are from ANL [46], BNL [47], GGM [48], and
Serpukhov [49].

In NEUT, A(1232) and the other 17 resonance states with W < 2.0 GeV/c?, are taken into account.
Fig. B.3 shows our calculation results of the cross-section for each fianl state with M 4 = 1.01 GeV/c?
and experimental data [54, 55, 56].

The decay kinematics of A(1232) is calculated by the Rein-Sehgal model. For the other resonance
states, the angular distribution of generated mesons is set to be isotropic in the rest frame of the reso-
nance state.

B.2.3 Coherent pion production

The coherent pion production has been measured in a number of experiments [58, 59, 60, 61], providing
a test of the partially conserved axial-vector current (PCAC) hypothesis [62]. The existing data agree
with the Rein and Sehgal model [57] based on the PCAC hypothesis in the neutrino energy region from
7 to 100 GeV, while there is no measurement available at lower energies. Therefore, the coherent pion
production in a few GeV region, was searched for by using SciBar [63] detector with K2K-I1b data.

Fig. B.4 shows the reconstructed ¢ distribution for SciBar CC coherent pion enriched sample. For
MC simulation of CC coherent pion production, Rein and Sehgal model is employed [57] in NEUT. In
low ¢? region less than 0.1 (GeV/c)?, clear discrepancy between data and MC simulation is observed.
The cross-section ratio of CC coherent pion production to the total CC interaction is measured to be
(0.0440.29(stat.) 032 (syst.)) x 10~ 2. This result is consistent with the non-existence of CC coherent
pion production at K2K neutrino beam energies, and hence we set an upper limit on the cross-section
ratio at 90% C.L. to be

o(CC coherent 1) /o (v, (CC)) < 0.60 x 1072 (B.17)

The obtained upper limit is inconsistent with the model prediction by Rein and Sehgal of 2.67 x 10 2.
Assuming the cross-section relation o(CC) = 20(NC) derived from isospin relations,
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Figure B.3: The cross-section of CC resonance production channel in NEUT, together with experimen-
tal results. Solid lines show our calculation, and dashed lines show the cross-section scaled by +30%,
where M4 = 1.01 GeV/c?. The experimental results are from ANL [54], BNL [55], and GGM [56].

B.2.4 Deep inelastic interaction

The cross-section of CC-DIS is calculated based on Bjorken scaling [65] as follows.

2 2
L . G (1 -yt Ly + 0B 130 - Lyt G)eR@)], B9
o, — my=2 myzy m
AmnyE,x 2E, 4E2’
m2
% _4leE,,m’
z = Q/2mn(E, — E,) +m%)
(B, — E)/E,

mpy . Nucleon mass

my. Lepton mass

E,: Neutrino energy

E;: the energy of the final state lepton,

where z and y are the Bjorken scaling parameters. The nucleon structure functions, Fy and xF3, are
given by GRV94 [66], which is modified by Bodek and Yang [67]. The Bodek-Yang modification
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Figure B.4: The reconstructed ¢? distribution for SciBar CC coherent pion enriched sample.

effectively changes the cross-section by a Q?-dependent factor as

d’c R Q? d’c
dedy ~ Q% +0.188 dzdy

(B.19)

This treatment reduces the cross-section in low @? region, which is favored by our previous analysis.

The kinematics of the hadronic system is simulated by two different methods depending on the
range of its invariant mass, W. For 1.3 < W < 2.0 GeV/c2, only pions are considered as outgoing
mesons. The mean multiplicity of pions, (n.), is estimated from the result of 15-foot hydrogen bubble
chamber experiment at Fermilab [68]. Assuming (n,+) = (n,-) = (n,o),

(ng) =0.09 +1.83In W2 (B.20)

The number of pions for each event is determined by using KNO (Koba-Nielsen-Olesen) scaling [69].

The forward-backward asymmetry of pion multiplicity in the hadron center-of-mass system is included

according to the results from the BEBC experiment at CERM-SPS [70] as
(nf)  0.3540.41ln W?

™

(nBY — 0.50 +0.09In W2’

(B.21)

In the region of W > 2.0 GeV/c?, the kinematics of the hadronic system is calculated by JET-
SET/PYTHIA package [71].

For the NC deep inelastic scattering, the ratio of NC to CC is assumed by the experimental results
[72] as,

0.26 (E, < 3GeV)
={ 0.26+0.04(E,/3—1) (3<E, <6GeV) . (B.22)
0.30 (E, > 6GeV)




Appendix C

The Spectrum Analysiswith Near
Detectors

The neutrino energy spectrum at the near site is measured by using all near detectors with measurement
results of PIMON. In this chapter, we describe the event selection criteria and the definition of the x 2
function for the spectrum fitting by the other detectors than SciBar.

C.1 1KT part

C.1.1 Event selection

Since the proton momentum in CC-QE is usually below the Cherenkov threshold, only one-ring muon-
like events are suitable for CC-QE selection. In addition, the muon should be fully contained within the
inner detector of 1KT to measure the muon momentum. Therefore, fully-contained single-ring muon-
like (FC1Rp) events are used for the measurement of the neutrino energy spectrum. Fig. C.1 shows an
event display of a typical FC1Ry event. The selection efficiency for the CC-QE interaction is estimated
to be 53%. The fraction of CC-QE in the FC1Ryu sample is 58%. The selection procedure for FC1Ru
events is summarized below, and more detail description is found in [82].

Energy threshold

To reject low energy background events such as a muon decay of a cosmic ray, the threshold of FADC
pulse height is set to 1000 photo-electrons, equivalent to the electron energy of 100 MeV.

Fiducial volume cut

The reconstructed vertex is required to be within a fiducial volume. The fiducial volume is defined as a
cylindrical volume with a radius of 2 m and a length of 2 m,. as shown in Fig.C.2. It is oriented along
the beam and shifted by 1 m upstream from the center of the tank. The fiducial mass is 25 tons.

Ring reconstruction

Using the charge and timing information of each PMT, Cherenkov ring image is obtained by recon-
structing the ring direction, the outer edge of the most energetic ring, and the vertex position. For a

137
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Figure C.1: Event display of typical FC1Ry event for 1KT.

single-ring event, the another vertex finding algorithm is applied to improve the precision of the vertex
position.

The vertex resolution is estimated by the distance between a reconstructed vertex and a true vertex
by using the MC simulation. The angular resolution is similarly obtained from the angle between a
reconstructed direction and a MC true direction. The vertex and angular resolutions are 17.3 cm and
1.8 degree for FC1Ry events.

The vertex and angular resolution are also estimated by using cosmic ray. The vertex is found to
be shifted by 10 cm toward the particle direction only for data. The angular resolution of the MC
simulation is 2.5 degrees, and that of data is 4.1 degrees.

Fully-contained one-ring p-like event selection

For the analysis, fully-contained one-ring p-like (FC1Ryu) events are selected. The selection procedure
is summarized as follows.

e Fully-contained event selection :
To identify FC events, the number of photo-electrons in a PMT located within 20 degrees around
the particle direction, POMAX20deg, is used. Fig. C.3 (left) shows the POMAX20deg distribu-
tion. POMAX20deg less than 200 photo-electrons is identified as fully-contained (FC) events,
because the number of Cherenkov photons becomes larger at the exiting point of an outgoing
muon.

e One-ring event selection :
With likelihood method, the number of rings (Nying) is determined. Fig. C.3 (right) shows Nying
distribution of 1KT FC sample. Only one-ring events are used for the analysis.

o u-like event selection :
A ring is identified as u-like or e-like by using the ring image and opening angle. Both a muon
and charged pion make a sharp ring edge (u-like), since it travels almost straight in a matter. On
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Figure C.2: The definition of the fiducial volume of 1KT. It is a cylindrical region which has a radius
of 2 mand a length of 2 m.
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Figure C.3: The POMAX20deg distribution (left) and the number of ring, Ny, distribution of 1KT
FC sample (right).

the other hand, both an electron and a gamma ray make a fuzzy ring (e-like), because a cascade
shower is created. According to MC simulation, 0.7% of muon neutrino events with single ring
is mis-identified as e-like events, and 3.7% of electron neutrino events with single-ring are mis-
identified as u-like events.

C.1.2 Definition of x?
(P, 8,) distribution

The bin width of the (p,,6,,) distribution of 1KT is the same as that of SciBar, except that the events
above 90 degrees are integrated into one angular bin. The contents of the ith p,and the jth 8,,bin for
MC simulation, is given by

8
NMC(,5) = PYT - S7 2 - INMSE + Ruqe - NMCkmonan], (C.1)

Norm
k=1

where PIKT s a free parameter for the normalization.

Norm
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To implement the systematic error on the muon momentum scale, that of the MC simulation is
modified into

__ Dbu
Py = PIKT (C.2)
p—scale
where PJET | is a fitting parameter.
x? function
The x? of 1KT data is defined as
. . KT
VT o B i UF) A o= D' (cy)
KT = — — — ) :
2 TR, )P + NS + [oam i) | (0K y)?

where o332 (; ;) and o)< (4, §) are the statistical errors of data and MC simulation, respectively. The
bin-by-bin systematic errors, ogys; (7, j), are also put into x%. The second term in Eq. C.3 is the
constraint term for the momentum scale.

Systematic term 1KT

The central value of PIXT,_ is unity, and the error, o IKT . is T5:3%. The error sources of oy (i, )

are summarized below.

Vertex reconstruction : In cosmic ray data, a discrepancy of the reconstructed vertex position between
data and the MC simulation is found, whose the difference is 10 cm. Therefore, changing the size and
position of the fiducial volume by 10 cm, the systematic error is estimated to be the deviation of each
bin content.

Angle resolution : The angular resolution of data is worse by 1.6 degrees than the MC simulation.
The systematic error of 2.0 degrees, are assigned to the angular resolution. 8, is smeared for the MC
simulation by 2.0 degrees, and the systematic error is evaluated as the difference by the smearing.

Ring counting : To select single-ring events, events with the ring counting likelihood is used. The
systematic error which comes from discrepancy of the likelihood between data and MC simulation is
estimated, changing cut position within the uncertainty. The systematic error is quoted as the function
of each bin.

Particle identification : The particle identification is applied to select a u-like ring. Removing this
requirement, the difference is quoted as the systematic error.

C.2 <ciFi part

Two data sets, K2K-Ib (with LG), and K2K-Ila (without LG), are used for SciFi data. In K2K-lla, there
was a four-layer prototype of SciBar (Mini-SciBar) instead of LG. Although K2K-IlIb and K2K-llc
(with SciBar) is not used in the present analysis.
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Figure C.4: Event display of typical CC-QE candidate for SciFi.
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Figure C.5: Schematic view for each event type of SciFi in K2K-Ib (left) and K2K-Ila (right).

C.2.1 Event sample
Event selection

The charged current (CC) events of SciFi are selected with the similar way as SciBar. A typical CC-QE
event is shown in Fig. C.4.

Fig. C.5 shows the schematic view for each event type of SciFi. Two types of MRD-matching
events, “MRD 3D track (MRD3D) matching” and “MRD fist layer (MRD1L) matching events”, are
used for SciFi data, whose definition is the same as SciBar. If a SciFi track matches to an LG cluster
without any associate MRD hits, the track is identified as an “LG-stopped” events. For K2K-1b, MRD-
matching events and LG-stopped events are used for K2K-1b. For K2K-Ila, only MRD-3D events are
used, since hadrons contaminate in the other event samples due to a small amount of material between
SciFi and MRD.

The fiducial volume is defined as the 2.2 x 2.2 m? region of X-Y" view and the first to seventeenth
layer of the water tank, corresponding to 5.9 tons. However, for 1-track events of LG-stopped events,
the vertex is required to be only from the first to fourteenth tank, for rejection of backward neutrino
events occurred in LG to enter SciFi.
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Table C.1: Summary of the number of events in each event category of SciFi for the spectrum fitting.

K2K-Ib K2K-lla
Detector Configuration | SciFi+LG+MRD | SciFi+MRD
MRD3D 6,935 5,188
MRD1L 1,403 -
LG-stopped 2,666 -

The detail descriptions of SciFi events selection are found in [94, 95].

Muon energy reconstruction

The muon energy is calculated as the summation of deposit energy in each detector.
e K2K-Ib MRD-3D, 1L : E, = EECiFi + EEG + E{;G + E}Y[RD,
o K2K-Ib LG-stopped : E, = E; + EJC  FCeluster,
e K2K-1laMRD-3D: E, = EECiFi + EEG + E})’ﬁni*SCiBM + E})/[RD,

where E5CiF, FTG, BLG, ENIRD and E)lini=5ciBar are the energy deposit in SciFi, the trigger counter,
LG, MRD, and Mini-SciBar, respectively, which are obtained by the muon range. EﬁGd“Ster is also the
energy deposit in LG, which is measured by the pulse height information of the cluster.

Event classification

The SciFi events are classified into 1-track, 2-track-QE, and 2-track-nonQE samples in the same way as
SciBar. 2-track events are divided into QE-like or nonQE-like by using cos A, as shown in Fig. C.6,
respectively. If Af,of a 2-track event is less than 25 degrees, it is classified as the QE enriched sample.
If Ad, is more than 25 degrees, the event is categorized as the nonQE enriched sample. Table C.1
summarizes number of events for each event category. In total, 16,192 events are prepared for the
spectrum fitting.

C.2.2 Definition of x?

(pu, 6,,) distribution

The (p,, 6,,) distribution for SciFi is binned into the same intervals as £, (Table 7.1) for p,and every
10 degrees for 4,,.
The definitions of MC (p,,, 6,,) distributions are as follows.

, MC, 1tk MC, 1tk
NMOLrk 5y = PRAET . Z £V i (5,5) + Raqe - Ny nonqi (6, 1)), (€4)

MC,2trk—QE /.
NMC,2trk— QE(Z j) = PpSciFi Zfl(f [NkQEtr Q (i,7)

Norm
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Figure C.6: The cos A, distribution for SciFi 2-track data.

RSCiFit SciFi MC,2trk—QE
Tesca ,2trk— ..
T Hﬁ(l _Preglcalt) 'Nk,QE (1,7)
rescat
MC,2trk—QE [ .
+ RnQE ’ Nk:,nonQrE e (17.7)]7 (C5)
. . 8
N MC,2trk—nonQE (Z,]) — nglr}:é . Z f;f . [Nllc\:[(gé%rk_nonQE(i,j)
k=1
RSCiFit SciFi MC,2trk—nonQE
resca iFi s — ..
+ 7 peert (1~ Prescat) - Niqie (i, )
rescat
MC,2trk—nonQE -
+ RHQE ’ Nk,nonQrE nonq (17])]7 (CG)
where PJAE1 and p3Cili are the fitting parameters. The overall normalization is adjusted by Pk,

and the proton re-scattering cross-section is tuned by PSS, The second term in Eq. C.5 and C.6
represent the migration between 2-track-QE and 2-track-nonQE samples due to the proton re-scattering.
Here, RS9EL is the proton re-scattering probability in the CCQE interaction, estimated to be 0.33 by
the NEUT MC simulation. The proton re-scattering cross-section is found to be (87 £ 10)% of our
simulation according to an electron scattering experiment Therefore, the central value of P3SEL is set
to 0.87 with the systematic error of 0.10.

The systematic error on the second track finding efficiency is taken into account. The migration

between the three categories is implemented by

N’Mc’ltrk(’i,j) — (1 _ PQS;(liFjeﬂ?) . [NMC’Qtrk_QE(‘i,j) _i_NMC,Qtrk—nonQE(z-’j)] , (C?)
N/Mc,mkaE(,L-’j) _ é’slf(ii}iieﬂ ] NMC,2trk7QE(Z"j), (C.8)
NIMC,Qtrk—nonQE(,L-’j) — 2SIS(11F;1eff . NMC,Ztrk—nonQE(,i’j), (Cg)
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where PSCF o is the fitting parameter to vary the second track finding efficiency. The central value of
PJciFl s unity, and the systematic error on PyCiF! . is 5%.

The systematic errors on E)RD, ELG, and ELGCuster, are separately taken into account by three
fitting parameters, PSS, PG ity @Nd PEGT 4yster TeSPectively. In the fitting, the reconstructed

energy of the observed data is shifted as
K2K-Ib MRD-3D, 1L : E!, = ES¢Fi 4 FIC 4 gLC. pSati . + EMRD. pSdri

K2K-1b LG-Stopped : B!, = E;¢F  ETC 4 pGcluster . pSatl e (C.10)
K2K-llaMRD-3D: B!, = Ej9F ¢ EffG + Eﬁﬂini*SCiBar + EYRD . pReiti

Definition of x?

The 2 for the SciFi data is defined as

Nldata,T,C (’L ,7)
3

Xaawi = 23032 | NN, G) = NG ) + NTOGL ) In ey

T C 4
(PSS1ciFi _ <P5§ciFi))2
+ ) (o362 (C.11)
S S

7 = {K2K —Ib — MRD,K2K — Ib — LG, K2K — Ila — MRD},
C {1trk, 2trk-QE, 2trk-nonQE},
S = {E-scale, LG-density, LG-cluster, rescat, 2nd-eff}.

The first term represents the x2 function between data and the MC simulation based on Eq. 7.8. The
second term is the constraint term for the systematic parameters..

Systematic term for SciFi

The systematic errors on E¢, EGeluster and EYRD have the dominant error on E,,. The systematic
error on EYRD is 2.7% as descibed in Section 7.2.2. The energy deposit in LG was studied by a
beam test (KEK-PS T501). As a result, observed E{;G is 5% smaller than the GEANT MC expectation
with the error of 5% to E;S. Therefore, the factor of 0.95 is multiplied to £, and the systematic
error of 5% is assigned. Since the conversion factor of the LG pulse height to the energy deposit is
different by 30 MeV between data and the MC simulation in the T501 experiment, the systematic error
on EjGeuster js quoted as +30 MeV.

The central value ({(P£°¥")) and the systematic error of each systematic parameter (o2¢F?) are
summarized in Table C.2.

C.3 PIMON part

The information from PIMON is employed to constrain the E,spectrum shape (ff’). The spectrum
shape of F/, > 1 GeV is obtained by the measurement of secondary pions above 2 GeV/c. The PIMON
spectrum parameters are expressed as fPT™ON (; = 4, 5,6, 7), where the subscript 4 indicates the same
E,bin as f?. The eighth bin (f£™ON) does not exist, because the neutrino flux above 2.5 GeV is
integrated in the PIMON measurement. fF™ON js set at unity, so that fF™ON s written as

HPIMON /gMC

PIMON _

= , = 5,6,7 C.12
i GPTMON /GMC (i ,6,7), ( )
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Table C.2: The central values and errors of the systematic parameter for SciFi.

Parameter Central value  Error
PRt 1.00 0.027
Pgaghensity 0.95 0.05
PISJCC?:E%Cluster [MEV] 0.00 30.

Piiat 0.87 0.10
Poei ot 1.00 0.05

Table C.3: The input values to compute the x2 of PIMON. The units of ®X™ON and M€ are arbitrary.
E,[GeV] [ 1.0-1.5 1520 2025 25-

(index?) |(t=4) (=5 (@G=6) (=7
gPIMON 17630 321 101 0427

pMC 6.19 3.35 1.05 0.396
fPTMON =1 0941 0.945 1.059
x| - A +w e

where F™MON and $MC are the neutrino fluxes of the PIMON measurement and the MC simulation,
respectively. The x? of the PIMON part is given by

2 (S - fPoN)?
— 7
XPIMON = Z (oPIMONyz (C.13)
=5 [

where oF™ON s the error onn fFIMON, |n this equation, f¢ is combined into f2. The input values
into Eq. C.12 and C.13 are summarized in Table C.3.
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Appendix D

Test for Physics Beyond the Standard
M odel

The possibility of physics beyond the standard model is studied, which causes discrepancy between the
observation and expectation for muon neutrinos. In this chapter, two physic modes, “neutrino decay”
and “neutrino decoherence”, are investigated.

D.1 Neutrino decay

If 5 and v are the mass eigenstates, there are two kinds of models for the non-radiative decays of v
to v3 according to the neutrino types (Dirac or Majorana) as below.

e Dirac neutrino : vor, — 3g + ¢,
where 73 is a right-handed SU(2)-doublet and ¢ is a complex scaler field with the lepton number
of -2, isospin of 0 and hypercharge of zero. In this case, the final state particles are sterile.

e Majorana neutrino : vor, — v3g + J,
where J is a Majoron which is a Gold-stone boson followed by the lepton number violation.

If we assume 15 neutrino is the only unstable state and decay into v3 with a rest-frame lifetime 7,
the v, survival probability is

L,
Py, —»v,) = sin* @ + cos* @ exp (—@—> (D.1)
T E,
_ 26in? fcos? _ma L, Am®L,
= 2sin“6fcos Hexp( o E'u) cos ( >, , (D.2)

where mgy and T are the mass and the lifetime of v, 6 is mixing angle, and Am?(= m3 — m3) is
squared mass difference between v5 and v3. In the case of 7 — oc, Eq. D.2 becomes normal neutrino
oscillation case.

When v, decay into a new (sterile) neutrino, Am? can be very small. If Am? — 0, the survival
probability is given by

) 2 mg L, 2
P(v, — v,) = [sin” 6 + cos” O exp (—2—E—>] . (D.3)
T2 Ly

147
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Figure D.1: E7®¢ distribution of 1Ry samples at the best fit point in the physical region. Open circles
with error bars are data, and the red lines are the best fit spectrum obtained by the neutrino decay model.
Blue lines show the spectra in the case of null oscillation.

Assuming Am? — 0 with Eq. D.3, the expectation by the neutrino decay is compared with the
observation at SK. The best fit parameter is obtained as (ma/72,sin?0) = (2.7 x 1073,1.0) in the
physical region. Fig. D.1 shows the E7¢ distribution of 1Ry samples at the best fit point in the physical
region. In this model, the dip in the EJ®¢ distribution is not reproduced. The KS-probability for the
spectrum shape is 2.4% at the best fit value.

D.2 Neutrino decoherence

Decoherence effect allows neutrino to take mixing state [103, 104]. Quantum gravity suggested by
Hawiking in the context of black-hole thermodynamics [102], is possible source of decoherence. The
effect of the neutrino decoherence is parameterized by v = vo(E,/GeV)™, and the survival probability
of v, is as follow.

2
Py, »v,)=1- 1sin2 260 |1 — exp(—vL,) cos Am’Ly . (D.4)
2 2E,
~y is a decoherence term defined as
v =70(E,/GeV)", (D.5)

where 7y, is a constant value, and n is a integer number which shows dependence of  on the energy
variation. When v — 0, the normal neutrino oscillation formula is obtained.

Since n is strongly constrained in the results from SK [104], we assume the most possible case,
n = —1, and that deficit comes from only decoherence effect. If n = —1 and Am? — 0, the survival
probability is given by

1 L,
Py, —v,)=1- 2 sin? 26 [1 — exp (—fyoE—>] . (D.6)

By using Eqg. D.6, the expectation by the neutrino decoherence is compared with the observation
at SK. The best fit parameter is obtained as (7o, sin?26) = (6.1 x 1073, 1.0) in the physical region.
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Figure D.2: ET*distribution of 1Ry samples at the best fit point in the physical region. Open circles
with error bars are data, and the red lines are the best fit spectrum obtained by the neutrino decoherence
model. Blue lines show the spectra in the case of null oscillation.

Fig. D.2 shows the E7¢¢ distribution of 1Ry samples at the best fit point in the physical region. As the
neutrino decay, the dip around 0.6 GeV in the E7°¢ distribution is not reproduced. The KS-probability
is 0.49% for the spectrum shape of the best fit value.
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