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Abstract of the Dissertation

A Study of v, <+ v; vs. v, <+ v, Neutrino

Oscillation In Atmospheric Neutrinos Using a
K2K Near Detector Measurement

by
Christopher Michael Mauger
Doctor of Philosophy
in
Physics
State University of New York at Stony Brook

2002

Super-Kamiokande has reported evidence for v, <+ v, or v, <
v, neutrino oscillation from studies of atmospheric neutrinos. One
way to distinguish between the two hypotheses is by looking at
the neutral current (NC) rate. Single-7° production is a clean NC
signal in large water Cherenkov detectors for neutrino energies ~
1GeV like atmospheric neutrinos. Since the energy spectrum of the
K2K beam is similar that of atmospheric neutrinos, measurements

of m° production in the 1 kton water Cherenkov near detector at
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K2K are used to lower the systematic error on a v, <> v, vs.

v, < U, atmospheric neutrino analysis at Super-Kamiokande.
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Chapter 1

Introduction

Of all the known particles in the universe, we know the least about neu-
trinos. They are extremely light and do not interact via electromagnetic in-
teractions making them quite difficult to detect at all. Their discovery by
Reines and Cowan [1] came twenty-five years after they were first postulated
by Wolfgang Pauli to solve a problem with nuclear S-decay [2]. At the time,
there were three known nuclear decay processes labelled «, § and ~. The first
process occurs when an a-particle, a helium nucleus, escapes from a larger
atomic nucleus. Since it is a two-body decay, the a-particle has a well defined
momentum. The last, y-decay, is also a two-body process where a high-energy
photon is emitted from a nucleus. While only two bodies were seen in 3-decay,
the B-particle, an electron or positron, was not emitted with a well defined ob-
served momentum. In 1930, Pauli proposed a third particle was involved in
the decay. The particle had to be light, since the S-decay momentum end-
point seemed to account for all of the energy loss of the original particle, and
it had to be neutral, or else it would be seen in the experiments studying (-
decay [3]. Enrico Fermi called the postulated particle a neutrino — Italian for
small neutral object.

The neutrino was not discovered until twenty-five years later, when Freder-
ick Reines and company put a detector with a mixture of water and cadmium
chloride close to the nuclear reactor at Savannah River, South Carolina, to
measure:

v+p— et + free neutron

The positron emitted in the inverse [-decay is detected when it annihi-
lates with electrons in the detector medium. The neutron slows down until
it is captured by a cadmium nucleus about 15 us later. There are several
~v-ray associated with the capture. Scintillation light from both the y-rays



from positron-electron annihilation and those from the capture are detected
by photomultiplier tubes (PMTs). Since the signal has a delayed coincidence
structure, the background can be kept very low - a requirement of all neutrino
experiments since neutrinos are so difficult to detect. Similar experimental
signatures are used in current experiments to measure neutrinos of energies on
the order of several MeV'.

In the Standard Model of Particle Physics, which incorporated the strong,
weak and electromagnetic forces, all elementary particles into three categories:
quarks, leptons and force mediators. The quarks and leptons are all spin one
half fermions while the mediators are all spin one bosons. The quarks interact
via the the strong, weak and electromagnetic forces and the charged leptons
interact via the weak and electromagnetic forces. Neutrinos are neutral leptons
and interact exclusively via the weak force. A schematic of the model is shown
below:

QUARKS

() ()6)

LEPTONS

From the [-decay experiments which puzzled Pauli into postulating its
existence in the first place, it is clear neutrinos are very light. In addition,
helicity measurements indicated neutrinos are always left handed, while anti-
neutrinos are always right-handed [4], consistent with a massless neutrino.
Direct searches for neutrinos mass use particle decays where a neutrino is
present and look for inconsistencies with the zero neutrino mass hypothesis at
the kinematic limit of the decay. No evidence has been found for neutrino mass
using these methods. The only evidence for neutrino mass so far comes from
an indirect approach - experiments examining neutrino oscillation hypotheses.
Direct searches and neutrino oscillations are described in the next sections.

1.1 Direct Searches for Neutrino Mass

In this discussion of direct searches, there is an underlying assumption the
neutrino mass eigenstates and weak eigenstates are the same. As Shrock has



pointed out [5], this is not correct if there is neutrino mixing as described in
the next section. The limits derived here would be for a superposition of mass
eigenstates.

The best limits on electron neutrino mass come from measuring the end-
point spectrum of the tritium S-decay:

H— *He' +e +v

A thin film tritium source is placed in a large spectrometer where the S-decay
electrons are guided toward a detector. For example, the Mainz Neutrino Mass
Experiment uses a device called MAC-E-filter, magnetic adiabatic collimation
followed by an electrostatic filter, shown in Figure 1.1. The non-uniform mag-
netic field is designed to convert the transverse momentum of the electrons
into longitudinal momentum as the electrons pass through the cavity. The
electric field acts as a high-energy pass filter. Electrons without enough en-
ergy are reflected. Those with enough energy are re-accelerated toward the
detector. By tuning the electric field, the tritium S-decay endpoint spectrum
is measured. The Mainz and Troitsk experiments have been recently operated
and yield the following results on the electron neutrino mass:

m,c* < 2.2eV (6]
m,c* < 2.5eV 7]

With the current detectors and more data, it might be possible to reach
my,c? ~ 2eV; however, with a much larger spectrometer the groups hope to
probe the sub-eV range of neutrino mass.

Charged pion decay yields the best limit on the muon neutrino mass be-
cause it is a two-body decay:

™ = u+y,

The momentum of the muon is measured and the total energy is calculated
and compared with the rest mass of the charged pion. An experiment carried
out at PSI in Switzerland measured the muon momentum to be:

Pp = (29.79200 £ 0.00011)MeV/c [9].
The mass limit derived from the measurement is:

m,c®> < 170keV  [10].



At collider experiments at CLEO and LEP, 7’s are produced copiously.
By looking for 7 decays of high multiplicity, the experiments can approach the
kinematic limit. Events where a 7 decays into three or five charged particles
and zero or more neutrals are called three-pronged or five-pronged events,
respectively. By reconstructing the mass of the 7 from these decays, limits
are set on the tau neutrino mass. The higher the multiplicity of particles, the
more likely it is the decay will be close to the kinematic limit; however, the
cross-sections are lower. CLEO used three-prong decays of the 7:

™ = o ata (7).
At LEP, ALEPH uses both three-pronged and five-pronged decays:
77 = 3 + 21t (7).
The resulting mass limits are:

my,c? < 28MeV for CLEO (3-prong) [11]
m,c®* < 18.2MeV for ALEPH (LEP) (3,5-prong) [12]
m,c®> < 15.5MeV combined [13]

1.2 Neutrino Oscillation Phenomenology

While there is no evidence for massive neutrinos from experiments search-
ing directly, there has been more success using an indirect method. In 1969,
Gribov and Pontecorvo suggested if neutrinos have mass, then like quarks,
their mass eigenstates might not be the same as their weak eigenstates and
they could mix, or oscillate [14]. If we represent the three known neutrino
flavors with ¢, then the relationship between the weak (flavor) eigenstates and
the mass eigenstates can be expressed by a unitary matrix, U:

3
|va) = ZUM vy, for a =e,p, T

i=1

where the |v;) are the mass eigenstates.

Since neutrinos are created by weak interactions, when a neutrino is born,
it is in a flavor eigenstate. The energy of a free neutrino is v/p? + m2, so if we
propagate a free neutrino in time by applying the quantum mechanical time



evolution operator we get:

[Va(t)) =D Ui exp (—U:It) |v;)

i=1

where we have used natural units, s, c = 1. We start with a flavor eigenstate,
but the propagation through time is through states of definite energy, that is
definite mass.

At some later time, we make a measurement to determine if the state is
still the same flavor by examining the survival probability of the flavor state:

P v, = | <Va|’/a(t)) |2

To get a flavor for oscillation, let us assume one of the mass eigenstates is

a pure flavor eigenstate. For example, if |v,) = |v3), the simplified structure

of U is then:
cosf sinf 0

—sinf cosf 0
0 0 1

and the only mixing possible is between two flavors:

Ve \ cosf sinf V1
v, ] \ —sin@ cosf vy

Let us make a beam of neutrinos in a pure |v,) state, let them propagate
in time, and calculate the survival probability. We know neutrinos are very
light, so if we make the assumption p > mq, my,

m? m?
2 2 = 1+ — = —
VP2 +m p,/ + 2 (p+ 2p)

We then have:
Welve(t)) = e ™(cos?f e ™% 4 sin? et/

Since the neutrinos are ultra-relativistic, ¢ is equivalent to L, the distance from
the production to the detection point. The survival probability then becomes:

L
P, .. = [{ve|ve(®)) | = 1 —sin®20sin® (1.27AmZE)

where Am? = m% — m? | and following the ultra-relativistic assumption we



have equated the neutrino momentum p with its energy E. The 1.27 comes
from a factor of 1/4%c and in the conversion of L and E to km and GeV, while
Am? is in units of eV2.

The parameters sin? 2 and Am? are given to us by nature. The survival
probability above reveals we must design experiments where L and/or E are
varied if we wish to search for neutrino oscillation. Also, if Amz% < /2,
flavor change by neutrino oscillation cannot be observed. If Am?% ~ 7 /2 and
the experimental precision is sufficient, the oscillation might be observable. If
Am?L > 7/2 it is likely the oscillations in the survival probability will be
washed out by finite resolution of a detector and the energy spread of the
beam, so:

sin? (1.27Am2§) — 1/2.

For an arbitrary number of flavor and mass eigenstates, the transition
probability (P, ,,) is:

Pua—> vg — 5aﬂ - Z UﬁaniUﬂjUaj SlIl2 (127Am22.7§)
1<J

The discussion above has been for free neutrinos traveling through a vac-
uum; however, many experiments measure neutrinos after they have passed
through a considerable amount of matter. The matter creates a weak potential
which alters the Hamiltonian of the otherwise free neutrino. Since ordinary
matter contains a lot of electrons, but no muons or 7’s, v.’s and 7,’s feel a
different potential than v,’s, v,’s, v;’s, and v,’s. Figure 1.2 shows the neutral
current (NC) interaction which causes this forward scattering potential. Fig-
ure 1.3 shows the charged current (CC) interaction which contributes to the
potential for v,.

Since the potential is the same for v, and v,, if we consider oscillations
between these two flavors, the matter effect cancels out and we have the same
equations governing their behavior as for the vacuum case. If, however, we
consider flavor oscillations which include v,, matter effects can have an im-
portant role. In addition, if we consider oscillations from any active flavor of
neutrino to a “sterile” neutrino (ie. one which is an isosinglet of the weak in-
teraction and thus does not interact via the CC or NC), we must also consider
matter effects. This issue will be discussed in more detail later in this chapter.



1.3 Experimental Evidence for Oscillations

There are two general types of neutrino oscillation experiments.

e Appearance experiments are those where one searches for the appearance
of a flavor not produced in the original beam. For example, if we start
with a pure v, beam and are testing a v, <+ v, hypothesis, we would
search for events induced by v, in excess of experimental background.

e Disappearance experiments are those where one starts with one flavor
and measures a deficit of neutrinos with the same flavor as the beam.
For example, if we search for v, <+ v; oscillation with a v, beam using
CC events, we could be below the energy threshold to make a 7. In
this case, the evidence for v, <+ v, oscillation would be “missing” v,
neutrinos.

1.3.1 Solar Neutrinos

Solar neutrinos are produced in the core of the sun in the fusion reactions
which power the star:

p+p— 2H+ et + v, (pp neutrinos)

OR
p+e—+p— 2H +v, (pep neutrinos)
H+p— *He+1v
SHe+>He — o +2p
OR
*He+* He — "Be +v
"Be+e” — "Li+ v, ("Be neutrinos)
"Li+p— 20
OR
"Be+p— %B+7y
8B — ®Be* + et + v, (®B neutrinos)
8 Be* - 2a

OR



He+p— *“He+ e + v, (hep neutrinos)

The resultant spectrum of electron neutrinos is shown in Figure 1.4. All solar
neutrinos are v,’s. The “Be and pep neutrinos give us three lines in energy,
"Be has two, and the pp, 8B, and hep neutrinos give a wide spectrum up to
almost 20 MeV. The wide energy spectrum and long baseline from the core
of the sun to the earth allows us to explore a large area of the Am? - sin? 20
parameter space. By far the most numerous are the pp neutrinos, but these
are hard to detect because their energies are very low.

The first experimental hint that neutrinos might undergo flavor transfor-
mation came with measurements by Ray Davis and collaborators in 1968 [15].
Davis had developed a technique to separate argon from large volumes of
perchloroethylene (cleaning fluid), C,Cly. To search for the inverse fg-decay
37Cl+v, — e~ +37 Ar from solar neutrinos, Davis put a tank of 100,000 gallons
of perchloroethylene in the Homestake mine in South Dakota. Figure 1.4 shows
the energy threshold of several experiments including Homestake (Chlorine in
the figure). Though there are several available channels, B and "Be are the
primary sources of neutrinos detected in Homestake. The first results put an
upper limit of 3 SNU (Solar Neutrino Unit: 10~*captures/second/atom), in
conflict with the theoretically predicted value of 7.5 £3 [17].

In the 1980’s and 1990’s, several other experiments observed solar neutri-
nos and confirmed the deficit. Radio-chemical gallium experiments, Gallex [18]
and SAGE [19], are the only ones to have observed the pp neutrinos. They
have confirmed the sun is shining. Kamiokande [20], a 3 kiloton(kt) water
Cherenkov detector located in the Kamioka mine in Japan, was the first ex-
periment to see solar neutrinos in real time. Kamiokande observed Cherenkov
light from elastic scattering, v, + e — 1, + e. Since at these energies, the
electron direction is correlated with the neutrino direction, Kamiokande was
able to point back to the sun and confirm the events were indeed due to solar
neutrinos.

Super-Kamiokande [21], a larger version of Kamiokande with a 5 MeV
energy threshold, also sees a large deficit of v,’s coming from the sun. De-
tails of the detector are described in Chapter 3. The SNO experiment [22],
which began running in 2000 employs D>O. In addition to elastic scattering
measurements like those of Super—-Kamiokande, SNO also measures inverse
[B-decay which is only sensitive to v,.

Vetd — e +p+p

By comparing these results with Super-Kamiokande’s elastic scattering results



(sensitive to all flavors), SNO has shown solar neutrinos oscillate into another
active flavor(s) [23].

Figure 1.5 shows the allowed region for two-flavor mixing combining results
from all solar neutrino experiments. The allowed region is 3 < Am? < 25 x
1075 eV?% and 0.21 < tan?6 < 0.67 [24].

1.3.2 Atmospheric Neutrinos

When cosmic rays collide with nuclei in the upper atmosphere, the interac-
tions create hadronic showers resulting in many charged pions. Since charged
pions decay:

= 4y,

followed by:
pt = e+, + ve,

one expects a large number of atmospheric neutrinos where the ratio, % ~
2. Atmospheric neutrinos are described in more detail in Chapter 2.

Originally, the IMB [25] and Kamiokande [26] experiments studied atmo-
spheric neutrinos as backgrounds to an expected proton decay signal. The
signal did not show its face, but the “atmospheric neutrino anomaly” became
the strongest indication for neutrino flavor oscillation. IMB was an 8 kt water
Cherenkov detector located in the Morton salt mine near Cleveland, Ohio.
Both IMB and Kamiokande measured a double ratio:

R Hdata / 12316
€data / epmc

where p represents events which appear to be the result of a CC v, interac-
tions, and e represents events which appear to come from CC v, interactions.
MC is the Monte Carlo simulation program. The double ratio compares the
flavor ratio predicted by simulations to that measured in the detector. Both
IMB and Kamiokande measured the R value significantly lower than 1. Later
experiments, NUSEX [27], Frejus [28] and Soudan [29], using iron calorimeters
did not initially measure significant deviation from 1, though Soudan 2 later,
with a much larger event sample also measured a low R [29].

In addition to the total double ratio, Kamiokande measured a zenith angle
dependence of R in its high-energy sample. The individual samples for Super—
Kamiokande, measured to much higher precision, are shown in Figure 1.6. The
red line is the MC prediction for no oscillations. The green line is the best fit
using these data to the v, <+ v, oscillation hypothesis. Clearly something is



“happening” to the v,’s on their way to the detector.

As shown in Figure 1.7, the zenith angle of a neutrino corresponds to
L, its distance from the production point of neutrinos. Thus, by measur-
ing zenith angle distributions, atmospheric neutrinos experiments “vary” L.
Consequently, Figure 1.6 represents the most convincing evidence for flavor
oscillation. The allowed region obtained by analyzing these data for neutrino
oscillation parameters is shown in Figure 1.8. Atmospheric muon neutrinos
seem to undergo maximal mixing with 1.9x 10 3eV?2 < Am? < 3.9x 10 3eV2

To confirm the observations of Super—-Kamiokande and other atmospheric

neutrino experiments, long-baseline neutrino experiments have been constructed.

The first long-baseline experiment to test the Super-Kamiokande allowed re-
gion is the K2K (KEK to Kamioka) experiment. A beam of muon neutrinos
with an energy spectrum similar to atmospheric neutrinos is created at KEK
and steered through the earth toward Super-Kamiokande, 250 km away. Pre-
liminary results confirm the Super-Kamiokande result and data will be col-
lected until 2005. More details of this experiment are discussed in the rest of
this thesis.

1.3.3 LSND

The Liquid Scintillation Neutrino Detector (LSND) was operated at Los
Alamos National Lab from 1993 to 1998 to search for v, — . oscillation.
The detector was an approximately cylindrical tank filled with 167 metric
tons of mineral oil doped with 0.031 g/l of b — PBD. The low concentration
of scintillator allowed the measurement of both Cherenkov and scintillation
light. The proton beam created large numbers of charged pions which were
then passed through a beam dump, leaving mostly 7%’s and p™’s which decay
to make a neutrino beam consisting of v,, v., and v, with almost no v,. If,
v, 4+ U, oscillation is occurring, The 7.’s can be detected by inverse -decay:

Vo+p — et +n

where the neutron gets captured with a capture time of 186 us. The capture
on a proton creating a deuteron causes the emission of a 2.2 MeV gamma ray,
and this delayed coincidence keeps background low.

LSND observed an excess of 87.9 + 22.4 + 6.0 7, -like events. Figure 1.9
shows the allowed region by interpreting this excess and neutrino oscillation.
The Am? allowed is in the range 0.4 ~ 10 eV? [30]. Also shown in the figure are
the excluded regions for other experiments. Notably, the Karmen experiment
which has a sensitivity similar to that of LSND has excluded a large fraction
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of the LSND allowed region.

1.4 Sterile Neutrinos

In summary, assuming these experiments are correct, we have three sets of
experiments favoring three different Am?’s, which imply at least four neutrino
mass states. Let us define active particles to be ones interacting via Standard
Model interactions and light particles to be ones with mass less than half of
the Z boson mass. If there were four generations of light, active neutrinos, the
fourth generation would contribute to the width of the Z mass. By measuring
the width, LEP experiments have shown the number of active neutrino flavors
to be three [31]. Thus, if there is a fourth generation of light neutrino, it
must be a sterile neutrino (v ) - one which does not interact via Standard
Model interactions, especially, the weak interaction. It is important to note a
“sterile” neutrino could interact with matter via non-Standard Model forces.

Clearly, the neutrino oscillation experimental signature from active to ster-
ile flavors must be disappearance, but how can active to active and active to
sterile hypotheses be distinguished when all one observes is active flavors dis-
appearing? The reason active flavors can “disappear” is the oscillation takes
place at neutrino energies where the new active flavor is below threshold for
CC interactions. The same is not true for NC interactions because a charged
lepton is not produced. We can distinguish the active-active vs. active-sterile
cases in a disappearance experiment by looking at the rate of NC interactions.
If the oscillation is active-active, the NC rate should be the same as if there
were no oscillation. In the active-sterile case, there should be an attenuation
of the NC signal.

Another way to distinguish between the two cases is looking for matter ef-
fects. In section 1.2, it was noted the forward scattering potential for electron
neutrinos is different from the potential for muon and tau neutrinos. Since
by definition, sterile neutrinos do not interact at all via the weak force, the
potential is different for active flavors than for sterile ones. For v, <+ v, , the
matter effect modifies the oscillation probability:

) 2
20 LA
P(v, = vy) = S X sinQ(W%),
vR
where R = (q:% — c0s 26)? + sin® 20, N, is the neutron density of the

medium, G is the Fermi constant
Super-Kamiokande has exploited these differences to distinguish between
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the v, < v, and v, <> v, hypotheses using atmospheric neutrinos. While
the cross-sections of NC interactions at atmospheric neutrino energies which
produce identifiable signals are not well known, high-energy NC events carry
directional information of the parent neutrino. The distance to the point
of production for neutrinos produced above the detector is only ~ 15km,
while the distance for neutrinos produced below the detector is ~ 13,000km.
Therefore, for high neutrino energies, the down-going neutrinos have not had
time to oscillate. If the v, <> v, hypothesis is correct the expectation of
the up-down ratio of high-energy NC events is near-symmetry, while if the
v, <> v, hypothesis is correct the ratio should be less than one. For the
neutron densities of the earth, v, <+ v, oscillation becomes suppressed for
neutrino energies of ~ 15G'eV due to the matter effect. Below these energies,
the probability is similar in both the matter and vacuum case. By selecting
event samples produced by high-energy muon neutrinos, one can search for
matter effects. In this case, one expects near-symmetry for the v, <+ v, case
because oscillation of high-energy neutrinos is suppressed. Super—-Kamiokande
has used up-down ratios of a high-energy NC sample and two CC v, samples
produced by high energy neutrinos to exclude the v, <+ v, hypothesis at the
99% confidence level [32]. Figure 1.10 shows up-down ratios for the three
samples with predictions for v, <+ v, and v, <> v, .

Another way to discriminate between the two hypotheses is to measure the
ratio of a NC rate with respect to a CC rate and compare it with predictions
for each possibility. Single-7° production by atmospheric neutrinos is a clean
NC signature in Super-Kamiokande. Until recently, the systematic error on
NC to CC ratios due to single pion cross-section uncertainties was larger than
20% [33], while the predicted difference between v, <+ v, and v, < v, oscilla-
tions at Super—Kamiokande’s best-fit point is on the order of 20%. Since the
K2K beam neutrino energy spectrum is similar to the atmospheric neutrino
energy spectrum, we can measure a NC to CC ratio at the K2K near detector
and use it to lower the systematic error for a v, <+ v, vs. v, <+ v; analysis
using the Super-Kamiokande atmospheric neutrino sample.

K2K uses a pure v, beam, so we define a ratio (7°/u) using the single-
7% sample and the fully-contained (FC) single-ring muon-like events. We then
define a double ratio R, = Wﬁ This thesis describes the measurement of
R0 made in the K2K 1-kiloton water Cherenkov detector and the v, <+ v, vs.
v, <> Vs analysis of atmospheric neutrinos using the single-7° measurement at
Super—Kamiokande.

12
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Figure 1.1: The MAC-E-filter detector [8]. As the /3 electrons pass through the
detector, the magnetic field weakens adiabatically, converting the transverse
momentum of the electrons to longitudinal momentum.
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Figure 1.2: The Feynman diagram of the NC interaction which creates the
forward scattering potential for v, v, and v, (as well as the charge conjugates
of each).
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Figure 1.3: Since matter contains electrons, there is an additional contribu-
tion to the potential for v, from this CC interaction. There is a similar CC
contribution for 7.
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Figure 1.7: Different zenith angles imply different L, which allow atmospheric
neutrino experiments to probe neutrino flavor oscillation. In the figure, the cir-
cle is the earth and the cylinder is the (not-quite-to-scale) Super-Kamiokande
detector.
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Figure 1.10: The figures on the left are zenith angle distributions, while the
figures on the right are up-down ratio plots. In the zenith angle distributions,
the solid lines are the v, < v, oscillation hypothesis, while the dashed lines
are the v, <> v, hypothesis. In the up-down ratio plots, the solid horizontal
line is the measured value and the dashed horizontal lines represent the 1 o
error bars. The v, <+ v; and v, <+ v, predictions for the ratios are shown as
a function of Am?. Black dots correspond to the v, <> v, prediction while
open squares show the v, <+ v, prediction. The top figure is the NC enhanced
sample. The middle figure is PC events. The bottom figure is upward-going
muons. For the upward-going muons, the ratio is horizontal vs. upward-going.
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Chapter 2

Neutrino Sources

While neutrinos can be created through a variety of processes, the neutrino
beams used in this thesis are primarily from charged pion decay. The charged
pions are produced by smashing nucleons into target nuclei at high energies.
While the resulting cascade includes other mesons, pions are by far the most
numerous.

2.1 Atmospheric Neutrinos

When cosmic rays (primary) pass close to the earth, they interact with the
nitrogen, oxygen, carbon, helium and hydrogen nuclei of the upper atmosphere
and create hadronic showers. Large numbers of charged pions are produced.
Since they almost always decay into a muon and neutrino, large numbers
of muons and muon neutrinos are generated. When the muons decay they
produce another (anti)muon neutrino and an electron neutrino. Thus, naively,
one would expect a 2:1 ratio of muon-type neutrinos to electron-type neutrinos
in atmospheric neutrinos.

2.1.1 Primary Cosmic Ray Flux

While the origin of primary cosmic rays is not very well known, many
measurements have been made of their energy and composition. They were
discovered in 1912 when Victor Hess found evidence for penetrating radiation
in a balloon at 5000 meters.

Cosmic rays consist primarily of protons with the remainder is mostly he-
lium ions. For neutrino production it is the total number of nucleons which is
relevant. The composition of ~ 10 GeV primary cosmic rays is 4/5’s hydro-
gen and 1/6 helium. The rest is from carbon, nitrogen, oxygen and heavier
nuclei [34].
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In order to measure the primary cosmic ray flux, detectors are either flown
on high altitude balloons or on Space Shuttle flights. A summary of current
measurements is shown in Figure 2.1. Below 100 GeV, measurements are
made with magnetic spectrometers [35, 36, 37, 38, 39, 40, 41, 42]. Above 100
GeV, measurements have been made using calorimeters [43, 44, 45, 46, 47].

The sun emits a magnetized plasma called the “solar wind”. Cosmic rays
must pass through the solar wind to reach the earth. High energy particles lose
energy, while very low energy particles do not reach the earth. The strength
of the solar wind changes over the course of the solar cycle. At solar maxi-
mum, the flux of particles from the sun is at its peak, which prevents large
quantities of low energy particles of cosmic origin from reaching the earth.
The spectrum and flux of cosmic rays at high energies is stable with respect
to solar modulation, but at low energies (below 10 GeV/nucleon) the flux and
spectral shape of cosmic rays changes dramatically. At 1 GeV, for example,
the proton flux changes by more than a factor of four between solar minimum
and solar maximum [48].

Since the earth has a magnetic field, particles with a low momentum will
be deflected. Except for these geomagnetic effects, the flux of cosmic rays is
isotropic to 0.1% [49].

2.1.2 How This Makes neutrinos

When cosmic rays enter the atmosphere, they interact with atmospheric
nuclei and create hadronic showers. The hadronic end-products of these show-
ers which are responsible for most neutrino production up to at least multi-7eV
neutrino energies are pions and kaons:

™ = Ni + Vu(ﬂu)a
followed by:
P = €+ ve(We) + (V).

Neutral kaons contribute via:
K} = n +p* + V()
K — 7% + e +v.(v),
K) —»7nt+7 +7°,

Ky —7nt+7.
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Charged kaons contribute via:
K* — ™+ AUNE
K* = p* +v,(v,) +7°,
K* — e +v,(7,) + 7°,
K* > rt+ 7°,
K* - nt 4 7%+ 7,
Kf—srf+at+7n.

Production of charmed mesons dominates the neutrino flux at very high ener-
gies - somewhere above 10 to 100 TeV [34].

Theoretical calculations of the absolute flux vary by ~ 20%, mostly due
to differences in the pion production models used. With the BESS and AMS
data [41, 42|, the primary cosmic ray flux uncertainties are down to 5 % below
100 GeV/nucleon for the proton fluxes and 15 % for the helium fluxes. This
is the range of primaries which produces most neutrinos with energies below
10 GeV [34]. The ”’:i’j" ratio is known to 5 % over a broad range of neutrino
energies, 0.1 ~ 10 GeV, since they are dominated by charged pion decay.
The v/v ratio, which depends on the proton/neutron ratio of the primaries is

known to 10 % [50]. The resulting neutrino fluxes are shown in Figure 2.2.

2.2 K2K Beam

In the late 1980’s and early 1990’s, Kamiokande and IMB atmospheric
neutrino data indicated there might be v, <+ v; or v, + v, flavor oscilla-
tion [25, 26]. The KEK to Kamioka long-baseline neutrino oscillation experi-
ment (K2K) was built to study this question using accelerator-produced neutri-
nos. K2K uses an intense, high-purity wide-band muon neutrino beam (98.2%
Yy, 1.3% ve, and 0.5% 7,,) with an average energy (E,) ~1.3 GeV [52] to in-
vestigate neutrino flavor oscillation. The K2K neutrino energy spectrum was
designed to be similar to the atmospheric neutrino energy spectrum and is in-
deed produced using similar physical mechanisms. The primary beam for K2K
is the 12 GeV kinetic energy proton beam from the KEK proton-synchrotron
(KEK-PS)[53]. Every 2.2 s, approximately 6 x 10'? protons in nine bunches
are fast-extracted in a single turn, making a 1.1us beam spill. It is smashed
into an aluminum target creating large numbers of charged pions which are
focused down a decay-pipe using a horn magnet system. (Figure 2.3). The
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pions decay into a u* and a v,. The muons are filtered out by a beam stop.
The resultant neutrino beam passes through a series of near detectors before
making the 250km journey to the Super-Kamiokande detector. Using Global
Positioning System satellites, interactions due to the K2K neutrino beam can
be tagged and analyzed. More information about the near neutrino detectors
is found in the next chapter.

2.2.1 How Is It made?

The KEK Proton Synchrotron (PS) injects its protons into the neutrino
beam line every 2.2 seconds by fast extraction. The nine bunches are about
120 ns apart, so one beam spill is about 1.1 us. The bunch structure is shown
in Figure 2.4.

After being guided down the beam line, the protons are focused onto the
target, an aluminum rod 66 c¢m long and 3 c¢m in diameter. The target is a
current-carrying element of the first of two horns. The first horn is a hollow
shell of aluminum with the target rod inside and is 0.7 m in diameter and
2.37 m in length. A pulsed current is supplied to the shell and returned
an inner conductor and the target rod creating a toroidal magnetic field. The
field focuses positively charged particles inward and deflects negatively charged
particles out of the beam. The second horn is also a hollow shell and inner
conductor of aluminum with diameter 1.65m and length 2.76m. It is designed
to collect positively charged pions and focus them toward the decay-pipe.
Both horns are pulsed every 2.2 seconds in time with the beam spill reaching a
current of 250 kA. The total pulse duration is 3 ms. They are pulsed to avoid
thermal melt-down and to minimize energy consumption.

After the second horn is a region where calibration detectors can be placed,
followed by the decay-pipe. Beam monitors which are not in place during
normal running, are described in the next subsection.

The decay-pipe begins 19m downstream from the target. The first section
is 10m in length and 1.5m in diameter, followed by 90m section 2m in diameter
pipe, and finally a 100m section 3m in diameter. The pipe is filled with
helium gas to minimize absorption losses and secondary uncontrollable pion
production.

At the end of the pipe is a beam dump consisting of 3.5m of iron, 2m of
concrete and 60m of soil.
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2.2.2 How Is It Measured/Calculated?

While there are many instruments used to measure the intensity and size
of the primary proton beam, there are two systems used to measure the pi-
ons and protons after the target and horns. These systems are not in place
during normal running because they would change the beam characteristics.
There is an additional system at the end of the decay-pipe which measures
the muons produced from pion decay. This system of detectors collects data
during normal operation.

The pion monitor is a gas filled vessel with a wedge of a spherical mirror
mounted inside (Figure 2.5). When the monitor is rolled into place, the mirror
is in the beam at an angle of 30° rotated about its long axis with respect to
the beam-line. During running, the mirror reflects Cherenkov radiation from
pions in the beam toward an array of 20 photo-multiplier tubes (PMTs). The
purpose of the detector is to measure the momentum and polar angle of the
pions after the horn system. Once these secondary pion production properties
are measured, the neutrino energy spectrum can be deduced using simple
pion kinematics. Azimuthal symmetry of the pion beam is assumed in this
measurement.

Cherenkov radiation is an effect similar to a sonic boom. When a particle’s
speed is faster than the speed of light in the medium in which it travels, a cone
of light is emitted with the following properties:

1
cosBcp, = B
where 5 = v/c, the speed of the particle divided by the speed of light in
vacuum, n is the index of refraction of the medium, and cosf¢ is the half-
angle of the cone of emitted light.

Light incident on a spherical mirror is reflected onto a point on the focal
plane of the mirror based on the angle of incidence on the mirror, independent
of the position of incidence on the mirror.

If we make the assumption for the moment the only particles in the beam
are charged pions and the magnitude of momentum is the same for all of them,
measuring the intensity of light across the focal plane would be a measurement
of pion flux as a function of polar angle. If we make a complementary assump-
tion, all pions are collinear, since the Cherenkov angle depends on momentum,
measuring the intensity of light across the focal plane would be a measurement
of the momentum distribution of pions in the beam. Changing the gas pressure
in the vessel changes the index of refraction, which changes the Cherenkov an-
gles for a given pion momentum and the momentum threshold for Cherenkov
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radiation. By varying the gas pressure, the momenta and polar angles can be
de-convolved.

Since protons are more massive than pions, their Cherenkov threshold
is higher. The highest gas pressure used is such that the proton Cherenkov
threshold is 13 GeV. Since the beam energy is 12 GeV/, we are assured protons
do not contaminate the measurement of the pions. However, this puts a lower
limit on the visible pion momentum and therefore pion monitor studies are
only useful to reconstruct the neutrino flux for E, > 1GeV'.

In order to obtain the information on neutrino energy below 1 GeV, beam
Monte Carlo studies and quasi-elastic neutrino interaction studies using near
detector data are used. For the purposes of this thesis, precise knowledge
of the neutrino spectrum below E, ~ 1GeV is unnecessary since single 7°
events, which are mostly NC induced, are measured in a ratio with single
muon events, which are mostly CC induced. Figure 2.7 shows the neutrino
spectrum calculated by beam MC with input from pion monitor data at the
near detector.

The pion monitor relies on the azimuthal symmetry of the beam. The sym-
metry is measured by the next detector down the beam-line, the ionocopter.

Two ionization chambers are mounted on a wheel which is rotated over a
range of 220° (Figure 2.8). Each chamber has 22, 5¢m square pads organized
in a 2x11 grid. Since the chambers are 180° apart from each other, by rotating
through the full range of motion of the wheel, the chambers can be calibrated
relative to each other.

Data are not collected during normal running since, like the pion monitor,
the ionocopter measurement is destructive. The sample data in Figure 2.9
show good azimuthal symmetry.

Since neither the pion monitor nor the ionocopter can be in the beam
during normal running, it is useful to have a way of monitoring neutrino pro-
duction during normal runs. At the end of the decay-pipe are a collection of
detectors which measure the muon flux from pion decay. The measurements
provide both flux information and monitoring of the pointing accuracy of the
neutrino beam and are used to select good spills - those which will be used for
data analysis.

The muons monitors are placed downstream of the 3.5m of iron and 2m of
concrete. All hadronic particles are filtered out by this material and only high
energy muons penetrate to the detectors. There is a segmented plate ionization
chamber (p-SPIC) and a solid silicon detector (SSD) array as shown in Figure
2.10. The p-SPIC covers a 1.75m x 1.9m area and measures the horizontal
and vertical projections of the muon profile. The SSD is a silicon pad detector
where pads are arrayed in the shape of two concentric crosses covering an area
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2.8m x 2.8m. The 17 pads on the horizontal and vertical axes are 1em X 2cm
and spaced 35c¢m apart, while the diagonal axes (u and v) use 9 larger pads
3.4ecm x 3.05¢m (Figure 2.10). The SSD gives two dimensional beam-profile
information.
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Figure 2.1: A Summary of Cosmic ray data with predictions from [34]. The
references for the data are: crosses [35], upward triangles [36], open circles [37],
vertical diamonds [39], downward triangles [40], circles [41], squares [42],
horizontal diamonds [43], downward open triangles [44], upward open trian-
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Figure 2.2: The fluxes we use at Super-Kamiokande. Honda is from [50] and
Bartol is from [51].
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Figure 2.6: Cherenkov radiation.
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Chapter 3

Super—Kamiokandeand K2K 1kt Water
Cherenkov Detectors

Both detectors used for studying R0 are large water Cherenkov detectors.
Super—-Kamiokande (SK) is the largest water Cherenkov detector in the world.
It has been used to study a variety of topics from particle physics, cosmic ray
physics and astrophysics. The 1 kiloton water Cherenkov detector (1kt) is a
smaller version of SK and is part of an array of near detectors for the K2K
long baseline neutrino experiment.

3.1 Water Cherenkov Methodology

The primary advantage of water Cherenkov detectors is their size. Water
is inexpensive and its transparency makes it an excellent optical medium.
Since photo-detectors arranged on the surface can detect light produced in the
center, one can increase the mass of a detector while only incurring a (mass)?/3
increase in the cost of photo-detectors.

Cherenkov radiation was described in the previous chapter as arising from
a charged particle traveling faster than the speed of light in a medium. Since
water has an index of refraction of ~ 4/3, when particles have a speed 5 > 3/4,
they will produce Cherenkov radiation at a characteristic angle, 6, with the
following distribution:

sin” 6,

d*N  2no ) 1 _ 27a
ded\ X B2n2(\) A
where « is the fine structure constant, A is the wavelength of the emitted light,

and z is the path of the particle. While 6 depends on the 3 of a particle, in
practice, we observe particles which are very energetic such that 8 is almost
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Figure 3.1: Super-Kamiokande while being filled in 1996.

always ~ 1. In water, the maximum Cherenkov angle with g =1 is 42°.

3.2 SK Detector

Super—Kamiokande is a 50 kiloton water Cherenkov detector located in the
Kamioka Mine in Kamioka Town, Gifu Prefecture, Japan. Kamioka is a small
town in the foothills of the Japanese Alps and borders the town of Osawano
in Toyama Prefecture. Most people working at the experimental site live in
Osawano.

A stainless steel cylindrical tank, 41.4m high and 39.3m in diameter con-
tains the water. Figure 3.1 shows a photograph of the detector while under-
going water filling.

Inside, the tank is divided into three concentric cylinders by a stainless
steel frame about 2m from the walls of the tank (Figure 3.2). The inner detec-
tor (ID) employs 11,146 inward facing 20 inch PMTs mounted on the inside
of the frame to monitor an inner volume and is 36.2m in height and 33.8m
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Figure 3.2: Super-Kamiokande.

in diameter. The outer detector (OD) employs 1885 8 inch PMTs mounted
on the outside of the frame and facing outwards towards the wall of the tank.
The volume of the 55¢m thick frame is called the dead zone. To optically
separate the three volumes, the surface between inner PMTs is covered by
black, opaque, plastic sheeting as shown in Figure 3.3. The photocathode cov-
erage in the inner side is 40 %. The OD photocathode coverage is only 1 %,
so several methods are employed to increase light collection in the OD. The
large spaces between PMTs are covered with tyvec sheeting with polyethylene
coated on one side. The coated side is black and is on the side of the sheeting
facing the inner volume. The uncoated side is white to reflect light and max-
imize its collection. The outer walls of the detector are covered with white
tyvec. To increase light collection even further, mounted onto each PMT is a
60cm x 60cm wavelength shifter plate. Since the intensity of Cherenkov radia-
tion increases with decreasing wavelength, there are many Cherenkov photons
in the UV range. The wavelength shifter plates collect many of these photons
and convert them to the visible light. By total internal reflection, many of
these photons then strike the photocathode of the PMTs. Figure 3.4 shows
the top portion of the outer detector with the OD PMTs, the wavelength
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Figure 3.3: The Inner PMTs with black sheeting.

shifter plates and everything else covered in white tyvec. Figure 3.5 shows a
portion of the wall of the OD underwater.

The fiducial volume for the atmospheric neutrino analysis is defined by
a cylinder concentric with the inner volume such that its boundary is 2m
away from the plane of the PMT faces, which comprises the 22.5 kton fiducial
volume. Most physics measurements are made using this fiducial volume. The
OD is used primarily to veto incoming charged particles and tag outgoing
charged particles.

3.2.1 The PMTs

A schematic of the custom-built 20 inch ID PMTs is shown in Figure 3.6.
The PMTs are coated with a bialkali (Sb-K-Cs) material on the inner surface
of the hemispherical face and is kept at ground because of its proximity to
the water. Near the neck of the PMT is the 11-stage, Venetian blind dynode
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Figure 3.4: The OD PMTs on the top.

structure. The end of this structure is the anode. When photons strike the
surface of the PMT, they free an electron about 22 % of the time (the quantum
efficiency is 22 % for A = 390nm). The electron is then accelerated toward the
dynode structure by the applied high voltage. The ratio of applied voltage is
8:3:1:...:1, where 8 is from the photocathode to the first dynode, 3 is
from the first dynode to the second and 1 is for all subsequent stages. The
Venetian blind structure allows for high collection efficiency ( ~ 70% ) while
maintaining good timing resolution. At the operating voltage of ~ 2000V, the
gain is 107 and the transit time from cathode to anode is 90ns with a spread of
o ~ 2.8ns. The PMT was custom designed for SK. More details of the design
of this PMT can be found in Ref. [54].

The quantum efficiency as a function of wavelength is shown in Figure 3.7.
While the intensity of Cherenkov radiation is higher for lower wavelengths, the
quantum efficiency of the PMTs drops to zero for UV wavelengths.

The OD PMTs and the wavelength shifter plates were recycled from the
IMB experiment. The OD PMTs were also made by Hamamatsu and are
similar to the ID PMTs, but the transit time spread is about 11ns. This is
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Figure 3.5: The OD PMTs on the side while under water.

further smeared because of the wavelength shifter plates. The plates increase
the collection efficiency by about 60 %.

3.2.2 The Water System

A defining feature of Super-Kamiokande is the ultra-pure water which
is the active target. Beginning as spring water inside Mt. Ikenoyama, it
is filtered of particles large and small and cleansed of radioactive elements.
Water is mostly recirculated with a small amount of new water added each
cycle to replace losses. Water is taken from the top of the detector and fed to
the bottom. Figure 3.8 shows a schematic of the water system which circulates
about 50 tons per hour. The key elements are:

e 1um Filter: Removes small particles.
e Heat Exchanger: Maintains water at 14°C.

e Jon Exchanger: Removes ions.
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Ultra-Violet Sterilizer: Kills any bacteria.

Vacuum De-gasifier: Removes dissolved gases, primarily oxygen and
radon.

Cartridge Polisher: Second stage of ion reduction.

Ultra-Filter: Very fine filter removes particles to ~ 10nm.

Reverse Osmosis: Water which doesn’t make it through the Ultra-Filter
is put through reverse osmosis before being returned to the system.

3.2.3 Electronics

The quantities important from each PMT are the time the light arrived and
amount of light which struck the surface. This is recorded as time in nanosec-
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onds and charge in units of photo-electrons (p.e.) - the number of electrons
ejected by photons at the photo-cathode. The ID electronics are designed to
record and process this information. A schematic of the ID electronics is shown
in Figure 3.9. Signals from the PMTs are processed by a custom electronics
module called an ATM (Analog Timing Module). The PMT signal is fed into
the ATM and split. One branch is fed into a discriminator with the level set
at 1/4 (p.e.). If the discriminator threshold is exceeded, a HITSUM signal is
produced and sent to the global trigger module. In the meantime, the other
branches of the split PMT signal lead to a charge to analog converter and a
timing to analog converter. If a global trigger is issued, these signals will be
digitized and sent to a VME memory module called Super-Memory-Partner
(SMP). From there, they are collected by workstations and finally collected by
the online host computer which creates an event.

The HITSUM signals are 200 ns in length and 15 mV high. When the
sum of HITSUM signals exceeds 320 mV, a global trigger is issued. This cor-
responds to 29 PMT hits which is equivalent to a 5.7MeV electron event.
While trigger efficiency is an important issue for solar neutrino analyses, at-
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mospheric neutrino events used for analysis have minimum visible energies of
~ 100M eV, so the trigger efficiency is 100 %.

It is important to note, for each PMT, there are two channels on the ATMs
labelled A and B. Signals from two successive events, for example, a muon and
decay electron, can be digitized simultaneously to minimize dead-time.

The OD PMTs are processed by different electronics. The signals are col-
lected by QTC(charge to timing converter) modules. The QTCs emit pulses
whose lengths are proportional to the amount of charge. The timing infor-
mation is determined by the leading edge of the pulse. These signals are fed
into TDC(time to digital converter) modules which convert the leading edges
and lengths into time and charge information. This is then sent to a VME
memory module and collected by a workstation. Finally, the information is
sent to the online host computer which includes the OD information in the
events it builds.
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Figure 3.9: Super-Kamiokande DAQ with arrows showing the flow of data.

3.3 1kt Detector

Located about 300m downstream of the pion production target is the 1
kton imaging water Cherenkov detector (1kt). As one of the near detectors, its
primary purpose is to measure the v, interaction rate and energy spectrum. It
can also be used to study neutrino interactions in an energy range important
for atmospheric neutrino analyses. The K2K near detector array at KEK is
shown in Figure 3.10.

The 1kt detector is quite similar to Super-Kamiokande (Figure 3.11). The
PMTs, electronics, tyvec and black sheeting are the same. The differences are
as follows. First of all, the tank is smaller. It is a cylindrical tank 10.8m high
and 10.8m in diameter. The inner volume is 8.6m high and 8.6m in diameter
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and is viewed by 680 PMTs. Next, the outer detector is only instrumented on
the bottom and on the side in the upstream direction. The side has 42 PMTs
while the bottom has 26 PMTs. As such, the whole inner volume is offset
by about 0.5m in the downstream direction, allowing more space between the
upstream wall and the surface of the OD PMTs as can be seen in Figure 3.10.
Also, the OD PMTs are connected to ATMs just like the ID PMTs. The
electronics for the OD and ID are totally integrated.

The last major difference between SK and the 1kt is the PMTSUM, which
is the analog sum of all ID PMTs is put into a flash ADC. With a sampling
speed of 500 MHz and 8-bit dynamic range, the flash ADC is used to record
what is happening globally in the detector before and during the beam spill.
It allows us to veto spills where more than one event occurs in the detector.
The average number of events per spill - including those due to cosmic rays
and beam-induced muons - is 0.2, so about 10 % of events with at least one
event have two or more events.
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Figure 3.11: 1kt Detector.

3.4 Calibrations

While the devices and electronics of water Cherenkov detectors are fairly
simple, calibration of the detectors is crucial. There are three types of calibra-
tions carried out:

e The PMTs themselves.
e The properties of the water.
e The energy response of the detector.

Using very low light level sources, the 1 p.e. distribution is checked to find the
relationship between measured charge and p.e. Then, the timing and charge
response of each PMT is measured. Calibration of the water means measuring
the water transparency. Events which occur such that the Cherenkov light
does not go very far before being detected by the PMTs will be measured to
have more light than those where the Cherenkov light has traveled all the way
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across the detector and had more chance to be absorbed or scattered. While
this is a small effect in the 1kt detector, in SK it is a serious issue. Finally,
the energy response of the detector is measured using various sources. The
question we answer with these measurements is how do the number of photo-
electrons correlate with the visible energy of an event? The descriptions and
figures which follow are from Super-Kamiokande; however, the same methods
were used in the 1kt.

3.4.1 PMTs

To measure the 1 p.e. distribution, we employ a nickel-californium source.
The ?*2C f source provides neutrons which thermalize in the water and are
captured on the nickel which then emits a gamma ray. The spectrum of gamma
rays is 6 ~ 9MeV, so only 1 p.e. is expected for each hit tube. From this
measurement, we determined 2.055 pC' from a PMT corresponds to 1 p.e.

Using a Nitrogen-Dye laser with a 3ns long pulse, a TQ(time-charge) map
is made for each channel. The laser light is injected into a diffuser ball which
is placed inside the detector. The intensity of the light is controlled by atten-
uation filters. A sample T(Q map is shown in Figure 3.12.

Each PMT came with its own specified operating voltage from the man-
ufacturer, Hamamatsu. However, we adjust this voltage according to in situ
measurements of the relative gain. As shown in Figure 3.13, we employ a
Xenon lamp with filters to change the intensity of the light supplied to a scin-
tillator ball. The ball is placed in many locations in the tank and the charge
for each PMT is corrected based on its distance from the source, the PMT
acceptance, and the light intensity measured by a monitoring PMT located
near the Xenon source. The result from measurements at the beginning of
running in 1996 are shown in Figure 3.14. Since 1996, many subsequent mea-
surements have been made to monitor the relative gain stability. The spread
in Figure 3.14 has increased over the years by 10% to 7.7%.

3.4.2 Water transparency: direct, muons

Water transparency has been measured and monitored in a variety of ways.
The two most important are the direct measurement and the cosmic-ray muon
method. Direct measurement requires stopping data taking, while the cosmic
ray muon measurement uses events already in the data stream. Consequently,
cosmic ray muons are used to monitor the attenuation length change over time.
It is important to note, the meaning of attenuation length is slightly different
for each method, so a direct comparison of these results is not meaningful. The
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Figure 3.12: A sample TQ map. Higher T means earlier time. As light levels
increase, hits are earlier and the timing resolution is better.

cosmic ray muon method employs Cherenkov light which has a broad spec-
trum of wavelengths, whereas the direct method uses monochromatic light. In
addition, the fraction of scattered light measured by each method is different.
Among water Cherenkov experiments, the direct method of measuring
water transparency is unique to Super—-Kamiokande. The water attenuation
length is the combined effect of scattering and absorption on the intensity of
light some distance away from a source. It can be parameterized as follows:

I = Lyexp(—(Qaps + Xscat)T)-

1

/\atten =
Qgbs + seat

Figure 3.15 shows the apparatus used for the direct measurement. We use
a laser, a diffuser ball, and a CCD camera to measure Ay ;e,- The diffuser ball
is lowered into the the water and illuminated with the laser via a fiber optic
cable (See Figure 3.15). The ball is then imaged with the CCD camera.

While early measurements were made using a Nitrogen-Dye laser, subse-
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Figure 3.13: The relative gain measurement setup.

quent measurements were made using a Titanium-Sapphire laser and second
harmonic generator. The tunable Titanium-Sapphire laser is pumped with
an Nd:YAG laser. We obtained output energies of 2 to 3 mJ per pulse at a
wavelength of 420 nm. These energies are considerably higher than those we
reached with the Nitrogen-Dye laser. By using the second harmonic genera-
tor, we probed the attenuation length with wavelengths between 350 and 500
nm. The laser stability is monitored with a PMT. Measurements are made at
various depths. For each diffuser ball position, the intensity measured by the
CCD camera is divided by the total number of ADC counts from the PMT
monitor system to account for any shifts in laser intensity.

Results from one set of measurements are shown in Figure 3.16. While
results over time are shown with values used in the detector simulation in
Figure 3.17.

Despite having a protective shell of 1000m of rock overhead, there are still
2.7H z of cosmic ray muons entering the detector. They provide a useful cali-
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Figure 3.14: The relative gain measurement in 1996. The corrected charge,
normalized by the mean is plotted for all PMTs.

bration source, not only to monitor water transparency, but also to determine
the absolute energy scale.

Through-going muons, those which have an entry and an exit point in
the detector, deposit almost constant energy along their path. We use them
as a constant light source. We select muons which enter through a circular
region of the top of the inner detector which is concentric with the detector
with a radius of 15.9m. We also require them to exit through the bottom of
the inner detector through another concentric circle of the same radius. We
further require the entry and exit point to be at roughly the same position in
each concentric circle (< 5m). If we assume the light is not scattered before
arriving at the PMTs, the charge () observed at any PMT is:

fo) -l

Q:QOTGXPT
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Figure 3.15: Direct water attenuation length measurement apparatus

where [ is the path-length, L is the attenuation length, ()y is a constant, and
f(0) is the PMT acceptance function. This function is fit to data to obtain
and estimate of L. An example is shown in Figure 3.18.

3.4.3 Energy Calibration

While Super—-Kamiokande has several methods at its disposal to measure
the absolute energy scale, four are important for atmospheric neutrinos. First,
the Michel spectrum of muon decay electrons can be compared between data
and MC and is useful for visible energies up to 60MeV . Next, since the single-
70 signal is so clean, the invariant mass peak can be used as a calibration
source. Because there are many energies of 7%’s, this method tests the re-
liability of our energy scale over several hundred MeV. Next, because the
Cherenkov angle of a particle depends on its momentum, the momentum of
low energy stopping muons can be estimated independent of the total charge
of an event. Finally, the momentum of high energy stopping muons can be
calculated by their range in the detector. The entry point can be fit and
the stopping point can be found by fitting the position of the subsequent de-
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Figure 3.16: Water attenuation length results from one set of measurements.

cay electron. We compare the momentum calculated by their range with the
charge they deposit in the detector.

Figure 3.19 shows the decay electron spectrum. While the distributions
are similar for data and MC, their mean values differ by about 2 %.

While 7%’s are discussed in much greater detail later in this thesis, it is
worth mentioning here the difference of the peak positions of data and MC of
the m%peak is within 2 %.

Stopping muons with momenta below 400MeV//c have Cherenkov angles
which depend on their momenta. We make a ratio R of measured momentum
by charge to calculated momentum by Cherenkov angle. We then compare
the R values of data and MC as shown in Figure 3.20 shows a result. The
deviation is less than 1 % and the difference between data and MC is less than
1.5 %.

We estimate the momenta of high energy stopping muons by measuring
their range. For stopping muons with a path-length of greater than 7m in
Super-Kamiokande, the measured momentum by charge per unit path-length
is shown in Figure 3.21. Though the data is systematically lower than the MC
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Figure 3.17: Water attenuation length measurements (points) with the model
used in the detector simulation (lines).

by 2.5 %, the deviation over the range for each is less than 1 %.
By the above measurements including the 7° mass peak described later.
We are confident we understand our absolute energy scale to within +5%.
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Chapter 4

Simulation

Both Super-Kamiokande and K2K use a staged set of programs to simulate
real data. As discussed in Chapter 2, SK uses atmospheric neutrino flux
predictions from a few theoretical groups [55], while K2K calculates its fluxes
based on measurements and beam Monte Carlo simulations. The fluxes are
fed into the first stage of the simulation, the interaction MC. Both Super—
Kamiokande and K2K use the same interaction MC, called NEUT, which
simulates elastic and quasi-elastic scattering [56] (QE), single resonant meson
production [57], coherent pion production [58] and multi-pion production [59]
in water. The dominant components of the event samples in this analysis are
QE interactions and resonant pion production. These “production modes” are
used to generate a primary interaction. Since the interaction can take place
inside the oxygen nucleus, effects such as binding energy, Pauli blocking and
Fermi motion must be taken into account. In addition, nuclear de-excitation,
and meson re-scattering and absorption are simulated.

As will be shown, the cross-sections used for many production modes are
not well known. Where data are available, the errors are frequently large.
Sometimes our model does not agree well with the data. Sometimes the data
do not agree well with each other. This accounts for the large systematic
uncertainties which we discuss in Chapter 7.

Once particles are out of the nucleus, the detector simulators track them
using GEANT [60] and GCALOR [61]. The 1kt detector simulation uses
essentially the same SK detector simulation code with a few exceptions. The
global geometry had to be modified and the data format had to be changed. We
developed a custom electronics simulation to study multi-interaction events.
However, since we found their effect to be negligible for most analyses, we use
the less CPU-intensive SK electronics simulation for most cases.
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4.1 Coherent Pion Production

The interaction considered in NEUT which is least destructive from the
standpoint of the oxygen nucleus is coherent pion production.

v, +°%0 = v,(p) + (7)) +° 0

By definition, the oxygen nucleus remains intact. Since very little momentum

Coherent Pion Cross-Sections

o (107%®cm?)

Figure 4.1: The coherent 7° production cross-sections used in NEUT. The
solid line is for CC while the dashed line is for NC.

is transferred to the nucleus, the outgoing lepton and pion angular distributions
are forward peaked.
The differential cross-section is:

d3o G*M
[ — ﬂ X
dQ2dydi 2

1
2 42 . TN12
f7rA EI/(l y) 167T O-tot

A+ (o yeevi,,
ME+ QP

where [ is the axial vector coupling constant and is 1 for NC and 2 for CC
interactions. G is the weak coupling constant, M is the nucleon mass, f, =
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0.93m,, A is the number of nucleons (16), E, is the neutrino energy, y is the
lepton fractional energy loss, oY is the averaged pion-nucleon cross-section,
%, where f;n(0) is the 7N scattering amplitude, M, is the axial
mass, Q2 is the four-momentum transfer of the lepton, b = 80GeV 2, ¢ is the
four-momentum transfer to the nucleus, and F, is a factor to account for the
absorption of pions in the nucleus. Figure 4.1 shows the cross sections for CC

and NC interactions used in NEUT.

r =

4.2 Elastic and Quasi-Elastic Scattering

For both the atmospheric neutrino sample and the K2K beam neutrino
sample, QE scattering is the dominant contribution from neutrinos with ener-
gies below 1GeV and is of the form:

v(@) +n(p — 1707 + p(n)

The differential cross-section is:

do _ M2G? cos 0,2
dg?  8nE2

s—u
[A(¢®) F B(QZ)W
where M is the mass of the target nucleon, GG is the Fermi coupling constant,
f. is the Cabbibo angle, E, is the neutrino energy, ¢ is the four-momentum
transferred of the lepton, and s and u are Mandelstam variables [56]. The
factors A, B, and C are:

m? — ¢ ¢ ¢
Ay = Bl a- Dinp - @ D)Re
2 2 21 ¢ 2
q 22 q 49" Fy EFy
- W|£FV| (1+4M2) - e
m? 1 212 2
(S + R + | FaP)]
2
q
B@) = T(FaF) + €R)
2 1 2 112 ¢ 212
O@) = UFP + [FRP - 2 lersp)

where m is the lepton mass, { = p, — pn, = 3.71. The parameterization of the
form factors, Ft, FZ, Fy, is determined from experiments [62, 63]. The vector
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form factors are given by:

it LTI

AM? AM? M2
2 2
¢ - ¢
Fyo= U-pp) (- 3p)™
2

The axial form factor, Fy, is approximated as a dipole:

2
q \_
Fa(¢®) = —1.23(1— —)72
In the version of NEUT used for this thesis work, M, is set to 1.01.
Figure 4.2 shows the NEUT cross-section for QE scattering together with

Neutrino QE Cross-Section
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Figure 4.2: The quasi-elastic cross-section used in NEUT for neutrinos shown
with data from several experiments [64, 65, 66, 67).

data from various experiments. Figure 4.3 shows the same for anti-neutrinos.

When the target nucleus is hydrogen, the above can be used directly. For
the case of oxygen, however, effects such as Fermi motion and Pauli blocking
must be considered. Since Fermi motion contributes positively or negatively
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Figure 4.3: The quasi-elastic cross-section used in NEUT for anti-neutrinos
shown with data from several experiments (See Figure 4.2 for data references).

to the total energy available for the interaction, the outgoing kinematics are
altered. Also, since neutrons and protons are fermions, NEUT requires the
outgoing momentum of the nucleon in the interaction to be above the Fermi
surface.

NC elastic scattering cross-sections were estimated according to the rela-
tions from [68, 69]:

= 0.153 x o(vn — e p)
= 0.218 x o(vp — e'n)
= 1.5 xo(vp — vp)

= o(vp — Dp).

4.3 Resonant Single-Meson Production

As neutrino energy increases, so does the probability to create a meson.
Most single-meson production is single-pion production due to the excitation
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of a A(1232) resonance, for example:
v+p — p + AT

followed by the decay:
ATt — pt ot

In general, a A or N* resonance is created and subsequently decays into a
single meson and a nucleon. In NEUT, this process is “factorized”. Using
the Rein-Seghal model [57], we calculate the amplitude of producing each
resonance. Subsequently, we multiply each amplitude by the probability the
corresponding resonance decays into one pion while considering interference
effects between the resonances. We restrict our attention to 18 resonances
such that the hadronic invariant mass W < 2.0GeV since above this energy
we use a deep inelastic scattering model. The same procedure is also done for
kaons and 7’s.

CC Single Pion Cross-Section
€
Q
s 1 waANL \
o
° 08|
0.6 i
0.4 i
0.2
A

E, (GeV)

Figure 4.4: The cross-section for v, + p — = + p +nt. Data are from [70,
71, 72.

NEUT cross-sections with data from several experiments are plotted in
Figures 4.4 to 4.6 for CC interactions and Figures 4.7 to 4.10 for NC interac-
tions.
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Figure 4.5: The cross-section for v, + n — u~ + p + 7. (See Figure 4.4 for
data references).

The angular distribution of pions from decay of the A(1232) is taken from
Ref. [73], while for isospin 1/2 resonances it is set to be isotropic in the Adler
frame, the resonance rest frame.

If the interaction takes place in the oxygen nucleus, pions and other mesons
are stepped through the nucleus to account for elastic scattering, charge ex-
change and absorption. This nuclear effect is described later in the chapter.

In addition, in accordance with Ref. [74], we allow 20 % of A’s produced
in oxygen to decay without producing a pion.

4.4 Multi-m Production and Deep Inelastic Scat-
tering

Deep Inelastic Scattering is simulated using one of two processes. For
events with W > 2.0GeV, we employ JETSET [75], a common event generator
in high energy physics. For 1.3GeV < W < 2.0GeV, for CC interactions we
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Figure 4.6: The cross-section for v, + n — p~ +n+ nt. (See Figure 4.4 for
data references).

integrate the following equation:

d20' G%MNEV y2 2 Yy 9
dody (1-y+ o + C1)Fy(z,¢") £y(1 — ) + Cy)(xF3(x,q%)))

“ AMyE,x  2E, E? 2MyE,z
M?
G = AMyE,x

In the above, M, is the outgoing lepton mass, My is the nucleon mass, and F,
is the neutrino energy. For the nucleon structure functions F; and z F5, we use
GRV94 [76]. The variables z = —¢*>/(2My(E, — E;)) and y = (E, — E})/E,
are the Bjorken scaling variable and the fractional energy transferred to the
hadronic system respectively.

The mean multiplicity of pions is estimated using the result of the Fermilab
15-foot bubble chamber experiment [77]:

(ny) = 0.09 + 1.831og W?2.
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Figure 4.7: The cross-section for v, + p — v, +p + 7°.

For an individual event, the pion multiplicity is determined by KNO
(Koba-Nielsen-Olesen) scaling [78]. Figure 4.11 shows our simulation com-
pared with BEBC data. Also, to prevent double counting with the single-pion
code, pion multiplicities are restricted to n, > 2. No such restriction is in place
for the JETSET generated DIS events since W > 2.0. The forward backward
asymmetry of the pions in the hadronic center of mass system was including
using results from the BEBC experiment [79):

nf  0.35+ 0.411og W?

nB 0.5+ 0.09logW?2 "

NC multi-pion cross-sections in the 1.3GeV < W < 2.0GeV range are de-
termined using the following relations estimated from experimental results [80,
81]. For neutrinos:

o(vN = vX)
o(vN — u=X)

= 0.26 (for E, <3 GeV),

E, —
= 0.26 +0.04 x 5

(for 3 GeV < E, <6 GeV),
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Figure 4.8: The cross-section for v, + n — v, +n + 7°.

= 0.30 (for E, > 6 GeV).

For anti-neutrinos

o(ZN — vX)

= . v < ’
cON S i X) 0.39 (for E, <3 GeV)

E, -3

= 0.39-0.02 x (for 3 GeV < E, <6 GeV),
= 0.37 (for E, > 6GeV).

4.5 Nuclear Effect

If a neutrino interaction takes place in the oxygen nucleus, NEUT tracks
all hadrons until they exit or are absorbed in the nucleus. This is critical for
pions because they have very large interaction probabilities. All interactions
are tracked using a cascade model.

First, the location of the interaction in the nucleus is chosen using the
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Figure 4.9: The cross-section for v, + n — v, + p+ 7~. (See Figure 4.4 for
data references).

Woods-Saxon density distribution:

o) = 71+ exp (©

where p is the average density of the nucleus (set to 0.48m2 for oxygen), and
a and c are density parameters of the oxygen nucleus (set to 0.41fm and
2.69fm respectively). The 1/2 is actually from a Z/A factor in the Woods-
Saxon density distribution.

In the case of pions, mean-free-paths are calculated using the model of Oset
et al. [82]. They depend not only on the pion momentum, but the position
of the pion in the nucleus. Should an interaction occur, Fermi motion is
considered and Pauli blocking is enforced. For all interactions, the outgoing
nucleon must be above the Fermi surface:

pr = [oro(e)]

To determine the angular and momentum distribution of outgoing pions from
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Figure 4.10: The cross-section for v, +p — v, +n+ 7.

reactions inside the nucleus, we use the 7N phase shift analysis results from
experiment [83].

NEUT uses the results of two experiments to simulate charge exchange
and elastic scattering interactions for kaons [84, 85, 86].

n’s can be absorbed by nucleons leading to the N* resonances 1540 and
1650 which can decay into a nucleon and one or two pions [87]. Pions are then
tracked as described above.

Finally, using the results of nucleon scattering experiments [88], NEUT
considers elastic scattering and one and two delta production processes for
nucleons traveling through the oxygen nucleus [89]. Again, pions resulting
from delta decays are tracked as above.

4.6 Detector Simulation

The SK and 1kt detectors are simulated using almost identical GEANT
based code [60]. Particles are tracked through the detector using GEANT.
Hadronic interactions are simulated using CALOR [61] except for pions of
p < 500MeV/c where we have developed a custom program based on the
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Figure 4.11: KNO scaling.

results of 7 H,O scattering experiments [90]. In the custom simulation, we treat
elastic and inelastic scattering, charge exchange and absorption processes.

While Cherenkov photons are produced by GEANT, we use a custom pro-
gram to track them through the detector. The program includes Rayleigh and
Mie scattering and absorption as were shown in Figure 3.17. The attenuation
lengths used in the program are from the direct measurements described in
section 3.4.2. The relative proportion of Rayleigh and Mie scattering is deter-
mined by comparing MC with various calibration sources, especially cosmic
ray muons.

Simulated data are written out in ZBS format, a ZEBRA based format [91].
Real data are written in the same format so all reduction and reconstruction
programs can be run on both.
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Chapter 5

Data Reduction and Reconstruction

Super-Kamiokande developed a reduction and reconstruction to identify
several different classes of events shown in Figure 5.1. The four types of
events are fully contained (FC), partially contained (PC), entering events and
penetrating events. To be fully contained, an event must have its vertex inside
the defined fiducial volume and all charged particles must remain inside the
inner volume. PC events also have their vertices inside the fiducial volume,
but at least one charged particle exits the inner detector. Entering events are
ones where a charged track enters the inner volume from outside the detector
and stops inside the inner volume. Most of these are stopping cosmic ray
muons though if the track enters from below the horizon it is probably a
muon created by an atmospheric neutrino interacting in the rock below the
detector. Finally, through-going events are muons which enter and exit the
inner volume. Most through-going muons are cosmic ray muons, but again,
if they are upward-going, they were created in the rock below the detector
by an atmospheric neutrino interaction. Since atmospheric neutrinos detected
at SK are energetic, radioactive backgrounds cause almost no problem. The
two large sources of background which must be removed by the reduction are
cosmic ray muons and “flashers”. Flashers are PMTs which spark due to an
instrumentation problem inside of the PMT. The photons from the spark can
be detected by the surrounding PMTs and trigger the detector. If this takes
place in the ID, there may be no hits in the OD and the event might be
classified at FC.

Though the 1kt detector is not protected by a 1000m rock overburden,
cosmic rays are a manageable problem because the 1.2us beam spill comes
only once every 2.2 seconds. Flashers pose no problem. There are additional
sources of background which SK does not have. Neutrinos can interact in the
soil upstream from the 1kt detector creating beam-induced muons which enter
the detector during the beam spill. Also, the neutrino beam intensity is quite
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Figure 5.1: Super-Kamiokande event types.

large, so more than one interaction can occur in the detector during one spill.

For the analysis in this thesis, only FC events are used. The following
describes how FC events are selected in SK and in the 1kt detector, and how
they are reconstructed. Since the sources of background differ, the reductions
are not the same; however, once a final sample of FC neutrino candidates is
obtained, the same reconstruction algorithms are run on each [92].

5.1 SK Reduction

There are about 800,000 triggers per day in Super—-Kamiokande which
must be reduced by the atmospheric neutrino group down to the ten events
per day due to atmospheric neutrinos. The data reduction process is done in



five stages.

5.1.1 First Reduction

This is a collection of very simple cuts to quickly reduce the data to a
manageable size. First, the maximum charge in a sliding time window 300 ns
wide (PEj3q) is measured. All events with PF3gy < 200 p.e. are cut. The cut
corresponds to a visible energy of 23MeV'. Since the minimum analysis thresh-
old is a visible energy of 100MeV, this cut is very safe. Next, events where
the number of hits in the OD was greater than 50 in an 800 ns sliding time
window are cut. This removes some cosmic ray muons without endangering
FC events.

These two cuts reduced the event rate to 4,000 per day.

5.1.2 Second Reduction

Here, the OD cut is tightened to just 25 hits in the 800 ns window. In
addition, a simple cut is introduced to get rid of some flashers. Sometimes a
PMT flashes because of a problem with the dynode structure such that there
is a spark. The PMT which sparks records a very large charge. P E3y is used
again. If for any PMT the following is true:

PEsingle PMT > 05
P E3y -

the event is discarded.
After these cuts, there were about 500 events per day.

5.1.3 Third Reduction

With 500 events per day, the reduction algorithms become more sophisti-
cated. The six cuts in this reduction level deal with the following background.
There are still stopping and through-going cosmic ray muons as well as flashers
and low energy events. Some of the cosmic ray muons enter through a dead
area of the OD. The cables from the detector are collected in bundles and
brought to the top of the detector through twelve cable holes. Four of these
are in a position to block a portion of the OD. To compensate for this dead
area, four 2 x 2.5m plastic scintillation counters were placed over the bundles
in April of 1997 and are used to veto some cosmic rays which pass through the
OD undetected. In addition, there are accidental events where two or more
unconnected interactions take place in a single event.
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Since through-going muons are very energetic, they deposit a lot of charge
in the ID. When they exit the ID, the area around the exit point is lit up
like a Christmas tree. The ADC channels connected to these PMTs tend to
saturate. Events where the charge on any single PMT in the event is larger
than 230 p.e. and where the number of hit PMTs is greater than 1000 are
passed to a special through-going muon fitter. The fitter selects an entrance
and an exit point for the event. The entrance point is at the position of the
earliest hit PMT with two more neighboring hit PMTs. The exit point was
determined to be the center of the area of saturated PMTs. If more than 9
OD PMTs within 8m of the defined entrance or exit point were hit in a 800
ns window, the event was labeled a cosmic ray muon and cut.

A stopping muon fitter is applied to remaining events. It defines an en-
trance point in the same manner as above. If more than 9 OD PMTs satisfy
the conditions described for the through-going muon fitter or if more than 4
OD PMTs satisfy those conditions and the goodness of fit is larger than 0.5,
the event is classified as a stopping muon.

Events still surviving are passed to a low energy fitter which defines a
sliding time window of 50 ns. If the maximum number of hit PMTs in the
window is less than 50, the event is tossed.

Next, more complicated algorithms are applied to cut flashers. Events due
to cosmic ray muons or neutrinos have a relatively sharp timing profile while
many flashers have a profile which is very broad. By looking at an from the
event trigger, take place for longer than a typical event. The number of hits in
a 100 ns window which runs in an off-timing region from 300 to 900 ns away
from the event trigger is recorded. If it is at least 15 hits for events with > 800
ID hits or at least 10 hits for events with < 800 ID hits, the event is cut.

Remaining events are checked for accidental coincidence. If an event sat-
isfies both of the following criteria, it is removed:

e at least 20 OD hits in the 500 ns time window from 400 to 900 ns after
an event trigger.

e ID has more than 5000 p.e. in the same time window

Finally, events are checked to remove cosmic ray muons which passed
through the cable bundles. If a cable hole veto counter fires and the track
reconstructed by the through-going or stopping muon fitter passes within four
meters of the hit veto counter, the event is discarded.

After the third reduction, only 30 events per day remain.
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5.1.4 Fourth Reduction

When flashers are found, the high voltage on the PMT is turned off to
prevent further contamination of the data. However, some flashers mimic the
timing signature of neutrino events. While these can be removed by eye, there
is one final algorithm applied to remove these events. Since flashing is an
instrumental problem with a PMT, it is likely to repeat. PMTs in the same
region of the detector will be hit with the same charge several times over the
course of hours or days. Neutrino events, of course, are extremely unlikely to
repeat in such a way. This algorithm searches for events with a similar pattern
of charge distribution and marks them for disposal.

After this stage, we are left with about 20 events per day.

5.1.5 Scanning

The remaining events must be scanned by physicists to remove any re-
maining flashers or cosmic ray events. After minimum visible energy cut of
30MeV and a vertex cut requiring all vertices to be at least 2m from the wall,
the background level in the FC sample is negligible.

5.2 1kt Reduction

Unlike SK, which has a separate reduction for FC and PC events, the 1kt
makes the FC/PC separation after the reconstruction. The primary reason for
this is there are no OD tubes on the downstream side of the detector. The 1kt
reduction is much simpler than the SK reduction since we can look for events
during the 1.2us long beam spills. In the first stages of reduction, some very
basic cuts are in place. First, only events which take place during the beam
spill are selected. Next, only spills where there is no detector activity for at
least 1.2us before the spill are kept to prevent cosmic rays from occupying the
electronics. Finally, events must have a minimum charge of 200 p.e.

5.2.1 Good Spills

As it is important to have a good understanding of the neutrino beam,
spills are rejected if the quality of the beam is in doubt. Specifically, all of the
the following criteria must be met for a spill to be called “good”:

e All beam-line components must be working properly

e The beam-line DAQ must be functioning
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e The proton intensity must be greater than 1 x 10'? protons per pulse
e The current in both horns must be greater than 240 kA

e The 1kt must be alive

e SK must be alive

The final item is not important for this analysis, but is necessary for all long
baseline neutrino studies. Since it results in very little loss of live-time, it is
required for live-time consistency with the other analyses.

5.2.2 FADC

The analog sum of the PMTs is input into a flash ADC as described in
Section 3.3. Each interaction makes a peak in the FADC data. If the peak
contains more than 1000 p.e., it is considered a valid peak. This corresponds
to about 100MeV of visible energy. Events used for analysis must be from
spills which have exactly one valid peak.

If a low energy event triggers the detector but subsequently there is a higher
energy interaction, an event can be tagged as a one-peak event but actually
contains two interactions. The TWIN cut requires the peak to coincide with
the trigger time.

5.3 Reconstruction

The same reconstruction algorithms run on SK data are also run on 1kt
data. Not only are both water Cherenkov detectors with the same instrumen-
tation, but for studying long baseline neutrinos, having a near and far detector
with similar detector and reconstruction systematic uncertainties is an advan-

tage. Here is a description of each. A detailed description can be found in
Ref. [94].

5.3.1 Vertex Fitting

The first stage of reconstruction is finding the event vertex. It is a three
stage process. During all three stages, the assumption is all events are single-
ring events. For multi-ring events, the practical outcome is the most energetic
ring is usually fit. First, a rough vertex is found by minimizing the timing
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residuals of the PMTs assuming a point-like light emitter. The goodness, G,
is maximized:
Gy — L S exp(- )
p N - P 202
where N is the number of hit PMTs, ¢; is the time residual, and o is the timing
resolution. After finding a rough vertex, the direction is estimated by vector
summing the charge-weighted directions from the vertex to each hit PMT.

Second, using the vertex and initial direction found above, a smoothed
charge map is made as a function of the polar angle from the initial direction
and the Cherenkov ring edge is found. By changing the direction slightly, this
process is repeated to find the sharpest Cherenkov ring.

Finally, finite track lengths and scattered light are considered by redefining
the goodness with portions corresponding to light inside and outside of the
Cherenkov cone. Figure 5.2 shows the difference between the real and fitted
vertices for single-ring and multi-ring events in SK. This is the final vertex for
multi-ring events. Single-rings undergo one more fitting algorithm described
in Section 5.3.4 which improves their vertex resolution.

Figures 5.3and 5.4 show vertex and directional resolutions for 7° events in
the 1kt detector.

5.3.2 Ring Finding

After the event vertex and first ring are established, the next task is to
find any other Cherenkov rings in the event. In order to accomplish this task,
we apply an algorithm which uses a Hough transformation [93]. The Hough
transformation takes a ring finding problem and turns into a peak search. The
basic idea is shown in Figure 5.5. In practice, we map the charge on all the
PMTs onto a sphere with the vertex position at the center. Next, we remove
from the map charge expected from the ring already found. We then search
for peaks in this two dimensional space of polar and azimuthal coordinates
(0 9).

Once Cherenkov ring seeds are found, they are tested using a likelihood
method. If a seed is found to be a valid ring, a new charge map is made and
the process is repeated. This procedure is iterated until no seeds produce a
valid ring.

5.3.3 Particle Identification

All particles are classified as showering, e-like, or non-showering, pu-like.
Compared with showering events, non-showering events produce Cherenkov
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Figure 5.2: Super-Kamiokande A position distribution for the first stage fitter.
The upper figure shows FC one-ring events. The lower figure shows FC multi-
ring events.

rings with sharp edges as shown in Figure 5.6. In addition, when a muon loses
energy, its  becomes less than 1 and the Cherenkov angle gets smaller. For
electrons, this does not happen until they have very low energies. Our PID
algorithms exploit these differences to categorize rings as e-like or p-like.

Using a MC simulation of electrons and muons with perfect water trans-
parency, a standard direct photon distribution is defined on an imaginary
sphere for each particle type at several different energies. Next, using real-
istic water transparency, the amount of scattered light is estimated. Using
the above, for any given vertex, direction and visible energy of a ring in the
detector, an expected number of p.e.’s can be determined for each PMT for
each particle type. An event is then compared with the standard distribution
for e-like and p-like events and a probability for each case defined.

Next, a probability using the opening angle is defined for each case. The
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Figure 5.3: The fit - true vertex distribution for 7° events in the 1kt. The
left figure shows the distribution along the track while the right figure shows
the distribution perpendicular to the track. The red line on each shows the
mean deviation from the true vertex position, while the blue lines show the
resolution around deviation.

pattern and opening angle probabilities are multiplied and an event is classified
as e-like if P, > P, and p-like if P, < P,. Figure 6.11 shows the PID likelihood
distributions for 1kt data.

5.3.4 MS Vertex Fitter

Since the first stage fitter uses only timing information, the resolution for
single-ring events is not optimal. By using the expected light distribution for
an event from the PID algorithm, the MS Vertex Fitter modifies the position
of the vertex in the longitudinal direction. It then uses the same distribution
to modify the direction of the event. After a new vertex and direction are
found, the vertex is then moved perpendicularly to the particle direction using
the first stage (timing based) fitter.

This process is iterated until the change in the vertex position is less than
5cm, and the change in angle is less than 0.5 degrees. The vertex resolution
becomes 34cm for e-like events and 25¢m for u-like events.
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Figure 5.4: The angular deviation from the true direction in radians for 7°
events. The red line shows 1 o deviation.

5.3.5 Momentum Reconstruction

The momentum of each ring is based on the total corrected charge associ-
ated with that ring in a cone defined by the ring direction with a half-angle of
less than 70 degrees. The raw charge is selected in a 300 ns timing window and
converted to corrected charge by taking into account the water transparency
and the PMT acceptance.

5.3.6 FC Selection

The fiducial volume in SK is defined as the concentric cylinder 2m from the
surface of the ID PMTs. FC events are selected during the reduction process.
In the 1kt, the fiducial volume for 7° events is defined by a 4m diameter, 4m
long cylinder (~ 50t) along the beam axis, while the fiducial volume for single-
ring p-like events is the upstream half of the 50t volume as shown in Figure 5.7.
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Figure 5.5: The cyan circles represent PMTs. The blue ring is a Cherenkov
ring. Red circles denote some of the hit PMTs. By putting circles of a radius
characteristic of the pattern expected from a Cherenkov ring emanating from
the vertex centered on each hit PMT, we create a constructive interference at
the center of the actual Cherenkov ring.

FC events are selected after the reconstruction is applied because the OD is
not instrumented all the way around. To select FC events, we use a technique
similar to the one used to identify the exit point of a through-going muon as
described in Section 5.1.3. We look in a cone around the direction of each ring
with a 20 degree opening angle to find the PMT with the most charge. The
charge on that PMT is labeled pomax20deg. If pomaxr20deg < 200p.e., the
event is classified as FC. The pomaz20deg distribution is shown in Figure 5.8.
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Figure 5.6: The figure on top shows a single electron, while the

bottom shows a single muon.

one on the
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for FC muons.
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Chapter 6

1kt 7Y

The K2K beam gives us an unprecedented opportunity to make relative
cross-section measurements in the £, ~ 1GeV regime. Back in Chapter 1, the
quantity R,0 was defined as follows:

_ (Wo/ﬂ)data
fize = (m/w)mc

In Super-Kamiokande, R0 is useful to study v, <> v, vs. v, <> vy neutrino
oscillation. In the context of Super-Kamiokande, it would be more natural
to use electron-like events rather than muon-like events as the denominator
because the 1v,’s are not participating in the oscillation. We use muon-like
events because the K2K beam is almost pure v,. This chapter explains the
event selection, describes the systematic error analysis, and finally states the
results of the measurement of R0 at the 1kt. Its use in the Super—-Kamiokande
analysis is described in Chapter 7.

6.1 7° Events

In large water Cherenkov detectors, °’s are easy to find. With a lifetime

of 8.4 x 107175, they decay “instantaneously” as far as we are concerned. With
a mass of 134.98 MeV/c?, they are the lightest mesons and they decay elec-
tromagnetically to a pair of gamma rays 98.8 % of the time. Each gamma ray
creates electromagnetic shower which makes a fuzzy ring. Our PID algorithms
identify the rings as e-like. As such, our selection criteria are as follow:

e fully-contained

e event vertex is in the 50t fiducial volume
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e two reconstructed rings
e both rings identified as showering (e-like)

e invariant mass is in the range 85 - 215 MeV/c?

The result of the first four cuts is shown in Figure 6.1. A 7° peak is clearly
visible.

The data peak position (148.6 4+ 0.3 MeV/c?) is shifted relative to the
MC peak (146.0 & 0.4 MeV/c?) position and both are shifted relative to the
nominal 7° mass. The data and MC relative shift is only two percent, well
within our quoted systematic uncertainty in the energy scale of five percent.
The shift from the nominal value is due to two reasons. First, when a 7° is
produced in oxygen in resonant production, a nucleon is usually ejected from
the nucleus. The remaining nucleus is often left in an excited state and will
then emit de-excitation gamma rays which add light (ie. energy) to an event.
Second, there is a known reconstruction bias which causes higher momentum
7%’s to be reconstructed with a systematically higher invariant mass. This
happens as follows. During the reconstruction, once the first ring is found, the
vertex remains fixed during the search for subsequent rings. Since the gamma
rays do not convert in the water right after the decay, the vertex tends to
be pulled into the event. This causes the reconstructed opening angle to be
slightly larger than the true opening angle. While this is a very small effect, as
the momentum of the 7° increases, the opening angle becomes smaller because
of the Lorentz boost. The relation for the 7° invariant mass in a two-body
decay to massless particles (gamma rays) is:

M, = \/2E1E3\/1 — cos (6)

where E) and E, are the energies of each gamma ray and cos () is the cosine
of the opening angle. The important part is the /1 — cos (). For a given
difference between the fitted and true cos (6), its relative importance increases

as cos (f) approaches 1 because as (/1 — cos (§) approaches 0, its derivative
becomes larger. Figure 6.2 shows there is no discernible change in the bias of

cos (oreconstructed) — COS (etrue)

as a function of momentum, but shows a large change in

\/1 — COS (ereconstructed)
1 — cos (otrue)
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Figure 6.1: The invariant mass distributions of events with two e-like FC rings
for data (black dots) and MC (boxes) in the 1kt detector. The arrows show
the invariant mass cut. The MC is normalized to the data by entry.

91



Difference

1

0.5

—0.5

! !
0 200 400

Cosine Opening Angle Differences

o[[0e-

UDDDUU
0o
0 [

v 0000

ERL N IIEERE

=
—
=
—
—

.
600 800
Momentum (MeV/c)

Root Cosine Ratio

2.5

0.5

Invariant Mass Ratio Bias

0.99 1.02
1.01

= =

— 3

= [
s =5
- [ ]

1.05

o000 oe .

1.08

v 0000000 v

1.11

000000 e

1.12

0000 o

1.29

!
0 200

L -
400

.
600 800
Momentum (MeV/c)

Figure 6.2: The figure on the left is the difference of the reconstructed and
true opening angle of the gamma rays as a function of momentum. It shows

. ] - arecons ructe
no momentum dependence. The figure on the right is V1 Cols( T : )t 2 as
—COS (Utrue
a function of momentum. The mean values are also plotted and exhibit a

momentum dependence.

as momentum increases. Accordingly, the reconstructed invariant mass in-
creases as the 7 momentum increases.

Figure 6.3 shows the efficiency to reconstruct a single 7° in the fiducial
volume as a function of momentum. The total efficiency is estimated to be
about 47 %. The efficiency drops off as a function of momentum for two rea-
sons. First, the asymmetry of the decays in the lab frame increases. Second,
the opening angle between the two gamma rays decreases. Figure 6.4 shows
the true opening angle of the gamma rays as a function of true 7° momentum
for events reconstructed and not reconstructed as 7°’s. From Figure 6.4, we
see smaller opening angle events are being preferentially reconstructed in the
middle range of momenta. The smaller the opening angle, the more symmet-
ric the decay. As the momentum increases, large opening angle decays have
asymmetric momentum ratios and the reconstruction might miss the low en-
ergy second ring. For the highest momenta, however, the opening angle is so
small the rings overlap and are mis-reconstructed as one ring.

Figure 6.5 shows the reconstructed momentum ratio and opening angle of
7% candidates, and Figure 6.6 shows the reconstructed vertex distribution along
the beam axis and perpendicular to the beam axis. Both figures demonstrate
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Figure 6.3: The efficiency to reconstruct a single 7° in the fiducial volume as
a function of momentum.

good agreement between data and MC.

Table 6.1 shows the fraction of the single 7° sample due to each production
mode. The 7° sample has an NC fraction of 83%. The dominant contribution
to the sample is from NC resonant single-pion production. In these inter-
actions, either a 7° is produced and escapes the nucleus, or a charged pion
is produced and charge exchanges before leaving the nucleus. In NC coher-
ent pion production, by definition the ¥ is produced as a free particle. In NC
multi-pion reactions which contribute to the sample, an accompanying charged
pion(s) is(are) either below Cherenkov threshold or absorbed in the nucleus.
A small fraction of the sample comes from NC elastic interactions where the
recoiling nucleon creates a 7° in the water. The CC induced events are mostly
resonant single-pion production with a muon below Cherenkov threshold or
multi-pion production where the muon is below Cherenkov threshold and, as
in the NC case, accompanying charged pions are absorbed in the nucleus or
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Figure 6.4: The figure on the left is the true opening angle of the gamma rays
vs. the true momentum of the 7° for events reconstructed as a 7°. The figure
on the right is the same for events which were not reconstructed as a 7.

below Cherenkov threshold. The left side of Figure 6.7 shows the invariant
mass plot with production mode information. As the invariant mass increases,
the contribution of “Others” - mostly CC events - becomes larger. The right
side of the figure shows the invariant mass distribution with events with a 7°
in the final state shown in blue, and those without shown in green. Events
accepted by the invariant mass cuts which do not have a 7° in the final state
are less than 0.5 % of the sample.

Figures 6.8 and 6.9 show that the MC reproduces the overall shape of the
data angular and momentum distributions reasonably well. However, there
are some differences and a close examination of the primary production modes

NC Coherent 14 %
NC Resonant | 46 %
NC Multi-pion | 19 %
NC Elastic 4 %
CC Resonant | 8 %
CC Multi-pion | 7 %

Table 6.1: The underlying interactions producing the 7° sample.
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Figure 6.5: Momentum ratio and opening angle distribution of the gamma
rays. The data are shown as red dots and the MC blue squares.

reveals simply changing the admixture of each mode (ie. changing the rela-
tive cross-sections) cannot account for the discrepancy between data and MC.
The more likely cause is the uncertainty in the width of the A in oxygen. A
different event generator, called NUANCE [95], with a different treatment of
the A width and decay and final state interactions has been shown in ear-
lier stages of this analysis to better reproduce the shapes of the momentum
and angular distributions. However, the R0 measured with NUANCE is
far from unity indicating a problem with the single pion to QE cross-section
ratio. In addition, NUANCE has not been used to make a simulated FC atmo-
spheric neutrino event sample at Super—-Kamiokande and so a comparison of
R0 between the 1kt and SK is not yet possible. Much discussion of the issues
concerning neutrino event generators in the E, ~ 1GeV energy regime has
taken place around the Nulnt ’01 Conference at KEK in Tsukuba, Japan [96].
The authors of both NEUT and NUANCE participated in the organization of
the meeting and further conferences are planned. We look forward with great
anticipation to this series of conferences and surrounding discussions to nail
down the solution to this and other issues.
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Figure 6.6: Distribution of 7%’s in the fiducial volume. Data are red dots, MC
is shown with blue squares.

6.2 FC Single Muons

As mentioned in Chapter 1, the first studies of atmospheric neutrinos
focused on determining the v, /v. flavor ratio. As such, the original Super—
Kamiokande atmospheric neutrino reconstruction was designed specifically to
find single ring events and classify them as e-like or pu-like.

The fiducial volume for the K2K 1kt FC muon sample is the upstream half
(25t) of the fiducial volume used in the 70 analysis [52]. The selection criteria
for FC muons are:

e fully-contained
e single reconstructed ring
e ring is identified as non-showering (u-like)

Figure 6.10 shows the FC muon momentum distribution. The data and MC
agree well.

The FC muon sample has a charged current (CC) fraction of 97% , where
53% of the sample is due to QE scattering and 44% of the sample is due to CC
pion production with the pions absorbed in the nucleus or below Cherenkov
threshold. Three percent of the sample is due to NC interactions where a
charged pion in the final state is above Cherenkov threshold. Energetic charged
pions mimic muons with regard to PID.
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figure on the right shows events with a 7° in the final state in blue, and those
without in green.

6.3 Systematic Uncertainties

We list the sources of systematic uncertainty we have identified on our
measurement of R0 in Table 6.2.

Ring Counting 6 %
Particle ID 5%
Fiducial Volume Cut | 3 %
Flux 2 %
Energy Scale 1.5 %
FC Selection 1.5 %
MC Statistics 1%

Table 6.2: The systematic uncertainty on R,o .

The systematic uncertainties on R,o due to the fiducial volume cut, the
FC selection and the flux uncertainty were evaluated directly on the double
ratio.
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Figure 6.10: The FC muon momentum distribution. Red dots are data, blue
squares are MC. The data and MC agree well.

e Flux The uncertainty was evaluated by independently varying the flux
values in each neutrino energy bin of Figure 2.7 and determining the

change in (7°/u) e

e FC Selection As described in Section 5.3.6, FC events are selected by
cutting events where the PMT with the most charge has a charge above
200 p.e. Since the energy scale is uncertain to +5%, the cut value was
varied by +£5% and the change in R0 evaluated.

e Fiducial Volume Cut The fiducial volume was shifted by +37cm, the
fitting resolution for 7°’s, perpendicular to the beam axis (vertically)
and along the beam axis and the maximum change in R0 was defined
as the systematic uncertainty.

The uncertainty on R0 due to the energy scale uncertainty was evaluated
on each sample separately. After scaling the energy by +5%, the number of
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events in each class was calculated and the effect on R,0 determined. The
effect on FC muons was negligible; however, because of the invariant mass cut,
the number of 7%’s changed by 1.5%.

The dominant sources of systematic uncertainty on R,o are ring counting
and particle identification (PID). Both were evaluated for the 7% and FC muon
samples separately and then combined on the double ratio assuming no corre-
lations. The ring counting and PID uncertainties on R0 are almost entirely
due to the systematic uncertainties from the 7° reconstruction. For the 7°
sample, the PID and ring counting systematic errors are both 5 %, while for
the FC muon sample, they are 1 % and 4 % respectively. All four are described
in more detail below.

6.3.1 Particle ID FC u

The PID likelihood distribution is shown in Figure 6.11 for FC single-ring
events. Events on the positive side of the PID parameter scale are classified
as p-like, while those with a negative PID parameter are classified as e-like.
The peak positions on the PID parameter scale differ by about 0.25 between
data and MC. To define a systematic error, we change the cut by 0.50 in each
direction and measure the change in the total number of u-like events. For
both data and MC, in either direction, all changes are below one percent. We
then define the systematic error on the number of FC muons due to PID to

be 1 %.

6.3.2 Particle ID #°

Particle ID for multi-ring events is more difficult because with more rings,
there are more opportunities for failure and also because assigning charge
to a particular ring for overlapped rings is a difficult business. Initially the
systematic uncertainty was evaluated in a similar fashion to FC muons (instead
of a cut line, there was a two-dimensional cut region). Subsequently a different
method was found which has allowed us to reduce the systematic error for the
7% sample due to PID from six percent to five percent.

If all rings are assumed to be e-like for purposes of momentum reconstruc-
tion and no PID cut is made on the data, from all two ring events in the 1kt
event sample, a plot of invariant mass still reveals a large 7° peak. The right
side of Figure 6.12 shows this distribution. The left side of the figure shows
the distribution with PID cuts in place. We compare the ratio of the number
of 7° events with PID cuts to the number of 7% without PID cuts for data and
MC and define this as the systematic uncertainty due to the PID cuts on the
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Figure 6.11: The PID likelihood distributions for MC (above) and data (be-
low). Muon-like events are positive, electron-like events are negative. The
middle line on each plot shows the nominal cut value. The lines to either side
show alternative cuts used to define a systematic error. The total number of
FC single-ring muons changes by less than one percent for each case.

7% sample. We define the efficiency:

0
Ly
€= NPID
=0 —
NNo PID

and the systematic error on the efficiency:
5. = |€data — €n1C|

€
EMcC

Instead of counting events within invariant mass cut values, we fit the peak
and the background and integrate the fit function for the peak. To account
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Figure 6.12: The invariant mass distributions for standard cuts on the left,
and no-PID cut on the right. The upper figures are for data, while the lower
figures are for MC. The continuous lines show the fits for the background and
background plus signal.

for possible differences in the MC cross-sections with reality, we create several
MC distributions with cross-sections re-weighted according to their systematic
uncertainties. We define the PID systematic uncertainty using the largest
difference of §, which was 5 %.

6.3.3 Ring Counting FC u

To simulate a systematic difference between data and MC which would
confuse the ring counting algorithm, we chose to add more light scattering to
events. Muons were generated at 100/ eV intervals from 100MeV to 1.2GeV .
Since Cherenkov radiation and photon propagation have large variations event
to event, generating a statistically relevant sample of events at each energy is
very difficult. Instead, with an existing set of events for a given energy, we
developed software to operate on the existing distribution of tube hits with a
scattering model and rewrite the event. Each set of data was then run through
the reconstruction algorithms and the efficiencies compared. We define our
systematic uncertainty on the efficiency due to ring counting for muons to be
largest measured change in efficiency for the above event samples. This was
for E, = 600MeV and the efficiency change was 4 %.
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6.3.4 Ring Counting 7"

At first, the method described for FC muons was used for 7%’s as well and
yielded an estimate of 6 %. However, this has since been partially replaced by
a new method inspired by the example of PID for 7%’s. During ring counting,
sometimes, a ring will be split into two, such that an event with a single 7°
which decays to two gamma rays will be classified as a three-ring event. Usually
the energy is shared among the rings in such a way that if one reconstructs
the invariant mass of the event, it is near the 7° mass. The right side of
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Figure 6.13: The invariant mass distributions for standard cuts on the left, and
three-ring e-like events on the right. The upper figures are for data, while the
lower figures are for MC. The continuous lines show the fits for the background
and background plus signal.

Figure 6.13 shows the invariant mass distribution of three-ring e-like events
and a m° mass peak is clearly visible. By carrying out a similar procedure
described for the PID systematic uncertainty estimate, we define a . for ring
counting. In the case of the PID systematic uncertainty estimate, the no-PID
sample contained the PID sample. In this case, however, the samples are
exclusive, so the definition is:
71.0
_ 2R
€= —% -
N3g + Nig
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After accounting for cross-section uncertainties, the largest difference is 1 %.
While this is exciting news, uncertainty is only good for the 2 <+ 3 case. The
1 <> 2 case is not covered by this estimate. Since we cannot reconstruct an
invariant mass for one-ring events, we define the 1 <+ 2 systematic uncertainty
as the old value of 6 %. We then define the systematic uncertainty on the
efficiency for the 7° sample due to ring counting as the average of the two
weighted by the number of events. Since the number of one-ring e-like events
is much larger than the number of three-ring 7%like events, the result is 5 %.

6.4 Results

The data described in this chapter were taken from January to March,
2000, and from January to July 2001 and correspond to 3.21 x 10'% protons
on target, yielding 5,133 7° events and 20,555 FC single-ring muons.

From the real and simulated data, we obtain:

R0 = 1.00 £ 0.02(stat.) = 0.09(sys.).
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Chapter 7

Super—Kamiokande 7’ Analysis

Single-7° production from atmospheric neutrinos is a clean NC signal in
Super—-Kamiokande. As mentioned in Chapter 1, if the solution to the atmo-
spheric neutrino oscillation problem is v, <+ v, oscillation, we expect mea-
surements to be lower than the expectation for the no-oscillation case. If the
solution is v, <+ v, oscillation, the expected NC rate would be roughly the
same as the no-oscillation case. This chapter describes the atmospheric neu-
trino R,o oscillation analysis and the use of the 1kt R0 measurement in this
analysis. The data analyzed for this analysis correspond to 1289 live-days.

7.1 7° Events

The selection criteria for 7° events at SK are almost the same as the criteria
used in the 1kt and are as follows:

e fully-contained in the 22.5 kton fiducial volume
e two reconstructed rings

e both rings identified as showering (e-like)

e no observed decay electron

e invariant mass is in the range 85 - 185 MeV/c?

Super—-Kamiokande has the capability to observe decay electrons. The fourth
criterion allows us to reject many events where there is a muon or charged
pion present in the final state, but below Cherenkov threshold. The invariant
mass distribution of events passing the first four criteria for 7%°s is shown in
Fig. 7.1. Between the invariant mass cut values are 414 events.
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Figure 7.1: The invariant mass distributions of events with two e-like FC rings
for data (red dots) and MC (boxes) in Super-Kamiokande. The arrows show
the invariant mass cut. The MC is normalized to the live-time of the data.
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NC Coherent | 21 %
NC Resonant | 48 %
NC Multi-pion | 14 %

NC Elastic 2 %
NC other 1%
CC Resonant 8 %
CC QE v, 4 %

CC Multi-pion | 2 %

Table 7.1: The underlying interactions producing the 7 sample.

For no oscillations, we estimate 86% of the 7° sample is from NC inter-
actions. The breakdown of interaction modes is shown in Table 7.1. As in
the 1kt, the multi-pion channels contribute because charged pions are either
below Cherenkov threshold or are absorbed in the nucleus. The CC pion
productions modes also contribute when the charged particles are below Che-
renkov threshold. In addition, when more than one ring is identified, either
due to misreconstruction or a hard scatter, QE v, events contribute to the

sample.
Figure 7.2 shows the 7° momentum distribution. While there is very good

agreement between data and MC, with only 414 7° events, the SK sample is
significantly smaller than the 1kt sample.

7.2 FC Single Muons

The selection criteria for FC muons in Super-Kamiokande are quite similar
to those used in the 1kt analysis:

e fully-contained in the 22.5 kt fiducial volume
e single reconstructed ring

e ring is identified as non-showering (u-like)

e muon momentum > 200 MeV'.

We recorded 3346 single-ring muon events. According to the simulation,
96 % of the muon sample is from CC v, interactions. The production modes
are listed on Table 7.2
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Figure 7.2: The 7° momentum distribution in Super-Kamiokande. The data
are shown in red dots and the MC in blue boxes. The MC is normalized to
the live-time of the data.



CC QE 68 %
CC Resonant | 20 %
CC Multi-pion | 6 %
CC Coherent 2 %
NC Resonant 3%
NC Multi-pion | 1 %

Table 7.2: The underlying interactions producing the FC muon sample.

7.3 Systematic Uncertainty on R _o

Before attempting to use the 1kt measurement to reduce the systematic
error on R5{ | let us discuss the systematic error without the 1kt. The values
are shown in Table 7.3.

Reconstruction 7%
Atmospheric Neutrino Flux | 2 %
MC Statistics 1%
Cross Section 22 %
Nuclear Reinteractions 7%

‘ Total ‘ 24 % ‘

Table 7.3: The systematic error on R before using the 1kt measurement.

The reconstruction systematic uncertainty was derived differently in SK
than it was in the 1kt. With the benefit of a lot of manpower, events could
be hand-fit and compared with the vertices, rings, and PID assignments by
computer. As discussed in Chapter 2, the ratios:

vy + 1/_“ 1%
ve+ v, | U

are only known to 5 % and 10 % respectively. The former has little effect on the
7% sample, but a larger effect on the number of FC muons. The effect on R0 is
~ 2%. The latter affects both samples and results in a ~ 0.5% on R0 . The
two combined are about 2 %. The largest systematic uncertainty on R0 is due
to ¥ cross sections and nuclear re-interaction uncertainties in the MC. Before
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the 1kt measurement, this combined error was 23% making an assessment
of the v, <> v, vs. v, < v, issue with 7%’s impossible. The cross-section
uncertainties are due to uncertainties on the cross-section of each production
mode and due to a 20 % uncertainty on the NC/CC ratio. The second column

Production Mode | Uncertainty | Error on R0
Quasi-elastic 10 % 6.0 %
Resonant 17 40 % 15.6 %
Coherent 7 50 % 13.0 %
Multi-pion 40 % 5.5 %

Table 7.4: The cross-section uncertainties and their effect on R;f({{ .

of Table 7.4 shows the nominal uncertainties for each production mode. The
error on R0 was calculated for each production mode by varying the cross-
section by the nominal uncertainty and simultaneously varying the NC/CC
ratio by 20 %. The resultant effect on R,o is shown in the third column of
Table 7.4. The uncertainty on re-interactions was estimated by changing the

7% mean path length in oxygen by 50 %, resulting in a change of R0 of 7

% [33].

7.4 Using the 1kt Measurement in SK

The first step to use the 1kt measurement is to figure out what exactly
we are measuring. In SK, the uncertainties listed on Table 7.3 from the cross-
section and from nuclear re-interactions were evaluated on the double ratio
R,o . The cross-section uncertainties for single-pion production are large, so
the error on the ratio is mostly from the 7° sample. However, it is important to
note about a third of the selected FC single-ring muons are from interactions
where a pion was produced in the nucleus (or a A which was allowed to undergo
pionless decay). These pions are either absorbed, or they are charged pions
which go undetected in the water. The R;0 measurement at the 1kt tests the
combined effect of of the cross-section and nuclear re-interaction uncertainties.
These uncertainties together total 23 % on R3{* .

The two major differences which prevent our complete replacement of 23 %
with the 9 % 1kt measurement uncertainty are differences in neutrino energy
spectra, and different neutrino compositions of each beam. The K2K beam is
almost pure v,, while the atmospheric neutrino beam contains v,’s and muon
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Figure 7.3: Energy spectrum of neutrinos producing the 7° samples at SK and
K2K. Most of the 7° sample at K2K comes from neutrinos between 500 and
2500 MeV. The ¥ sample at Super-Kamiokande has a low energy shoulder
and a high energy tail from which 20% of the sample originates. The arrows
show the region of neutrino energies where the 1kt result is applied. Details
are in the text.
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Figure 7.5: The SK composition as a function of neutrino energy. The left
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region of neutrino energies where the 1kt result is applied. Details are in the

text.
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and electron anti-neutrinos. Figures 2.2 and 2.7 show the atmospheric and
K2K beam fluxes respectively. While there is similarity in the 1 ~ 2GeV en-
ergy region, there is a higher relative low-energy neutrino flux for atmospheric
neutrinos than for K2K beam neutrinos. Even more pronounced is the high-
energy tail in the atmospheric neutrino energy spectrum, while the K2K beam
cuts off above a few GeV.

Fig. 7.3 shows the parent neutrino energy distributions for the 7° samples
selected from K2K beam interactions in the 1kt and from atmospheric neu-
trino interactions in Super—Kamiokande. While the spectrum of atmospheric
neutrinos which produce 7%’s is very wide, as expected, the spectrum of beam
neutrinos which produce 7°’s is mostly constrained within 500 MeV < E, <
2500 MeV'. Therefore, the measurement of the 1kt only tests the accuracy of
the MC prediction of R between these energies.

We estimate the uncertainty on the MC prediction by using the value
calculated in Section 7.3, 23 %, for neutrinos of energies outside the above
range and using the uncertainty on the 1kt measurement for neutrinos between
500 and 2500 MeV. The 1kt measurement uncertainty on RX*X is 9%, but
as is clear from Fig. 7.3, even for energies between 500 and 2500 MeV, the
spectra have slightly different shapes.

Figures 7.4 and 7.5 show the composition of the 7 samples for the 1kt and
SK as a function of neutrino energy. The SK distributions show the results for
neutrinos + anti-neutrinos. We estimate the systematic uncertainty of using
the 1kt measurement uncertainty in this energy range by allowing the cross-
sections to float within the uncertainties stated in Table 7.3 and such that
R' must remain equal to the measured value. With the different allowed
admixtures, the effect on RSX is calculated. The maximum difference was
3.5%. Added in quadrature with the 1kt reconstruction systematic uncertainty,
the total uncertainty on the MC prediction of R from neutrinos between
500 and 2500 MeV is 10%. The flux weighted uncertainty is 13%. The revised
systematic uncertainty on R is shown in Table 7.5.

7.5 Analysis: v, <+ v; vs. v, <> v, Discrimina-
tion
From the real and simulated data for no oscillations, we obtain:
R0 =1.49 £ 0.08(stat.) + 0.21(sys.)

To test v, > v, and v, <> v , we calculate (7°/u) pc for both oscillation
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Reconstruction 7%
Atmospheric v flux 2%
MC Statistics 1%

K2K < SK flux difference | 3.5 %
500 < B, (MeV) < 2500 | 9 %

E, < 500 MeV
E, > 2500 MeV 23 %
Flux averaged 13 %

| Total | 15 % |

Table 7.5: The systematic error on R after using the 1kt measurement.

hypotheses as a function of Am? (assuming sin?20= 1.0) and compare these
predictions with (7°/4)deta, as shown in Fig. 7.6. At Super-Kamiokande ’s
best fit point, of sin?20= 1.0 and Am?= 2.5 x 1073, v, « v, oscillation
implies R0 = 1.41, in agreement with the measured value of 1.49 + 0.22,
while the v, <+ v, oscillation hypothesis predicts ;0o = 1.17. The result using
the systematic uncertainties from Table 7.3, that is, without using the 1kt
measurement is shown in Figure 7.7.

While we cannot say definitively by this study the v, <+ v, hypothesis
is correct, by using the 1kt measurement, we can say our result is more con-
sistent with the v, <> v, hypothesis. Furthermore, since this result does not
depend on matter effects, it is an important check of the SK analysis using
predominantly high-energy muons [32].

114



0
R v, v, Cases

2 |
| DATA  Statistical
1.8 | Errors Only
/%1.6 -
3 N X
o>
K
>1.4
3
o
K12
1
Ly, &y,
| ) v, <> v
0.8 '=Z7— ““““_3 ——
10 10 10

Am?*(eV?)

Figure 7.6: For maximal mixing, these are the predictions of R0 for v, <+
vy and v, <> v, . The R0 for data is shown with statistical errors only. All of
the systematic error is shown on the predictions. The error bars are 1 0. The
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Chapter 8

Conclusions and Future

8.1 Conclusions
We have made a measurement of R o

— (WO/M)data
0 = 5 e

at the 1kt detector with neutrinos from the K2K beam and used it to reduce
the systematic uncertainty on a v, <+ v, vs. v, <> v, analysis of atmospheric
neutrinos.

Our results are more consistent with the v, <+ v, hypothesis and with
other results on this topic [32, 98]. The systematic uncertainty on R0 due to

7m0 cross-section and nuclear re-interaction uncertainties is reduced from 23%

to 13%.

The evidence is mounting the oscillation solution to the atmospheric neu-
trino problem is v, <+ v, and not v, <+ v, . Solar neutrinos also seem to
favor an active-active mixing between muon or tau and electron-type neutri-
nos. LSND was an appearance experiment and so also favors active-active
mixing. There are two possible ways out of this conundrum. Since solar neu-
trinos are v, and LSND saw v, appearance, perhaps the masses of neutrinos
and anti-neutrinos are different. This would imply CPT non-conservation.
The other way out is the excess the LSND experiment observed is not due to
neutrino oscillation.

8.2 The Near Future

Two experiments will clear up this situation in the near future. First,
the KamLAND experiment will probe the solar neutrino large mixing angle
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solution allowed region by searching for 7, disappearance. Second, the Mini-
BooNE experiment will probe the LSND allowed region by searching for v,
appearance.

8.3 Future

Many have worked hard for decades trying to detect and measure neutri-
nos. This labor bore fruit in 1998. The establishment of neutrino oscillation
and neutrino mass is, in my view, the most exciting development in particle
physics in the last twenty years. With this exciting result, we must energize
ourselves for now more than ever, there is much work to do in the field of
neutrino physics.

In the “simple” case, the LSND excess is not due to neutrino oscillation
and there are three light neutrinos with two Am?’s and three mixing angles,
we must measure all five of these parameters to great precision. In particu-
lar, we must nail down the Am?’s to design future experiments to study CP
non-conservation. As experimentalists, we must answer many fundamental
questions. We must determine if neutrinos are Dirac or Majorana particles.
We must measure the Am?’s and mixing angles precisely, and we must mea-
sure the neutrino masses. These questions will no doubt keep us busy for many
years to come.
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