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ABSTRACT

Data collected at the Super-Kamiokande detector have been used to make
observations of the flux and spectrum of neutrinos that originate in the fusion
reactions inside the center of the Sun. Previous observations of solar neutri-
nos have resulted in fluxes that are one third to one half the values predicted
by solar models, a situation that has been labeled “the solar neutrino prob-
lem”. The phenomena of neutrino oscillations is investigated as a possible
solution to this problem. The Super-Kamiokande detector, located in Gifu,
Japan, is a ring-imaging Cherenkov detector that detects the scattered elec-
trons from neutrino-electron elastic scattering in the water of the detector.
Recoil electrons with energies greater than 5.5 MeV are used to measure the
total flux and spectrum of solar neutrinos. The observed scattering rate is
found to be 15.58 +0.31(stat.) events/day in the 22.5 kton fiducial volume.
This is a factor of 0.458 £0.009(stat.) *00s7(sys.) of the expected rate pre-
dicted by the solar model of Bahcall and Pinsonneault, verifying the previous
observations of the solar neutrino problem. Observations of the spectrum of
recoil electrons and variations in the neutrino flux in different times of the
day and different seasons of the year are also performed. A comparison of
the neutrino fluxes measured during day and night time periods is consistent
with no difference, % = —0.041 + 0.039(stat.) + 0.007(sys.). The ob-
served spectrum and flux variations appear to be consistent with the results
predicted in the absence of neutrino oscillations. These results are there-
fore used to generate exclusion regions in the neutrino oscillation parameter
space. This dissertation describes in detail the analysis which generated these

results.
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CHAPTER 1

INTRODUCTION

Energy is produced in the Sun through nuclear fusion. For a star such as
the Sun, this involves turning 4 protons into a helium nucleus to tap the «
particle binding energy by:

4p — *He+2v, + 2e* +26.73 MeV. (1.1)

This 26.73 MeV of energy is primarily released as photons, which slowly
diffuse their way to the surface of the Sun over the course of ~10° years. This
energy is eventually emitted from the surface of the Sun with a black body
spectrum (7 face = 5780 K'). All information these photons might contain
regarding the nuclear reactions that created them is lost in the repeated
interactions these photons undergo as they percolate out of the Sun.

On the other hand, the neutrinos created in these nuclear reactions have
very small reaction cross sections, even in the highest density regions of the
Sun. They travel freely, essentially undergoing no interactions, from the re-
gions of the Sun where they are created to detectors here on Earth, where a
small fraction are detected. These neutrinos still contain information regard-
ing the nuclear reactions going on inside the center of the Sun, providing a
window to the internal mechanisms of the Sun. Therefore, the study of solar
neutrinos can serve as an important test for theories of stellar evolution and
structure.

The study of neutrinos is also interesting from a particle physics perspec-
tive. Neutrinos are weakly interacting particles, that are known to come
in three flavors, one for each of the massive leptons that they are associ-
ated with, the electron (v.), the muon (v,), and the tau (v,). Neutrinos are
associated with the weak interaction, and are created in nuclear decays (for
example, beta decay), nuclear reactors, high energy particle accelerators, and
the fusion reactions that power the Sun.

It has long been assumed that neutrinos are massless, but recent evidence[1]

would indicate that at least some flavors of neutrinos are massive. Neutrino



mass naturally leads to interesting effects like oscillation of neutrino flavor,
where neutrinos change from one flavor state to another as they propagate
through space. The possibility of neutrino oscillations increases the diffi-
culty associated with studying neutrinos for information on the solar interior.
With neutrino oscillations, any effects seen in the observed neutrinos, such
as a deficit of neutrinos or a distortion of the energy spectrum, could be a
result of neutrino oscillations, interesting solar physics, or both.

The Super-Kamiokande (SK) detector is a water Cherenkov detector built
to search for, among other things, the interaction of solar neutrinos. Neu-
trinos of sufficient energy (26 MeV), are detected in real-time by the elastic
scatter of electrons. These scattered electrons are used to measure the flux
of solar neutrinos, any distortion in the spectrum of these neutrinos, and any

short or long term time dependence of the flux.

1.1 Solar Models and Neutrino Fluxes

The production of energy inside the Sun is not as simple as Eqn 1.1
would indicate. In reality, complex models of the Sun are used to predict
the rates and types of neutrinos produced. These solar models start with a
homogeneous composition of gases, with hydrogen burning taking place in
the center of the star. The models then evolve the state of the star to the

present age, using the following assumptions:

e The Sun is in hydrostatic equilibrium. This implies the Sun is rela-
tively stable, and is no longer using gravitational collapse as a source

of energy.

e The energy transport inside the Sun occurs only by photons and con-

vection.
e The Sun’s source of energy is nuclear fusion.
e Changes in elemental abundances are only caused by fusion reactions.

The inputs to this solar model include the nuclear cross sections for the
reactions occurring in the center of the Sun, the radiative opacities for pho-

tons, the initial elemental abundances (fixed by observations of the current



Table 1.1: Observed solar parameters[2, 3, 4].

‘ Parameter ‘ Value ‘
Radius (6.96 + 0.01) x 108 m
Mass (1.9889 £ 0.0003) x 10% kg
Luminosity | (3.84 £ 0.02) x 10 ergs/sec
Age (4.57 4 0.02) x 10° yr

values at the solar surface), and the equation of state for the solar interior.
The model is evolved in time to the current age of the Sun, and the observed
solar parameters (Table 1.1) are compared to the modeled results. An accu-
rate solar model will result in a radius, mass and luminosity that agree with
these observed parameters.

These solar models also treat the fusion reaction which power the Sun. For
a star such as the Sun, 99% of the energy produced by nuclear fusion proceeds
through the proton-proton (pp) chain, shown in Figure 1.1. The reactions
are labeled with relative probabilities, as well as the names of the neutrinos
produced. Nearly 100% of the time, the pp chain starts with primary proton-
proton reaction, two protons forming a deuterium, a positron and a neutrino.
These highly abundant, yet low energy neutrinos are the “pp” neutrinos. The
other source of deuterium is the rare three body reaction labeled “pep”, also
producing a neutrino. The deuterium produced quickly picks up a proton
to form 3He. The chain branches from here into three competing reactions,
each with a unique endpoint. 86% of the time, the 3He will find another like
particle and creates a helium nucleus (*He, an « particle) and 2 protons (pp-
I), which will re-enter the chain from the top. A very small fraction of the
time (0.00002%) the 3He will pick up another proton to form *He with the
creation of a “hep” neutrino (HeP). The remaining 14% of the the *He will
react with a previously formed *He nucleus to create “Be. The majority of
"Be undergoes an electron capture to form Li, and the so-called “Be neutrino
(pp-11). The "Li quickly captures a proton and forms two a particles. A small
fraction of “Be will capture a proton to form 8B, which quickly beta decays

to an excited state of ®Be, releasing the energetic B neutrino (pp-III). The



[ p+p— D+e'+ V.| (pp) [p+e+p — D+ V| (pep)

(pp: 99.75%) | : [ (pep: 0.25%)

‘D+p — He + y‘

l l

‘3He+3He—> +2p‘ 3He+4He—>7Be+Y‘ *He+p —= 0 + e++Ve‘ (Hep)
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(pp-111: 0.02%)

Figure 1.1: Schematic overview of pp chain fusion reactions that turn 4
protons into a helium nucleus (o).

8Be* quickly decays to two a particles.

The remaining 1% of energy results from the CNO cycle, where carbon,
nitrogen and oxygen present in the solar interior serve as catalysts for the
conversion of 4 protons into a helium nucleus. As this represents such a small
fraction of the energy produced by the Sun, it is not discussed further here,
but is included in the solar models.

For this analysis, the solar model of Bahcall and Pinsonneault (BP98)[11]
is used as the standard solar model (SSM). This model includes the effects
of helium and heavier elements diffusion to the center of the Sun[3]. This
model is used to obtain the overall flux of each type of neutrino in the pp chain
(Table 1.2), as well as the spectral shape of each neutrino (Figure 1.2). This
solar model also makes predictions for the density profile as a function of solar
radius, and is shown in Figure 1.3. The distribution production points for
each type of neutrino as a function of solar radius is shown in Figure 1.4. The
neutrino fluxes and energy spectrum are used to make detailed simulations
of neutrino interactions in the detector, while the solar density profile and

neutrino production distributions are used in models of neutrino propagation



Table 1.2: Total solar neutrino fluxes from the BP98 solar model[11]. In-
cluded are the 1o uncertainties.

‘ Reaction Source ‘ Flux (XlOlocm_Qs_l) ‘

pp 5.96 + 0.06
"Be (4.80 4 0.43) x 1071
pep (1.39 £ 0.01) x 1072
B (5.1510:25) x 107
hep 2.10 x 1077

in the Sun.

Super-Kamiokande, as a water Cherenkov detector, is only sensitive to
the 8B and hep solar neutrinos, as shown in Figure 1.2. The pp, "Be, and
pep neutrinos all have energies below 2 MeV, and are undetectable in a
water detector given their low energy, and the detector background rates at
these energies. 8B and hep neutrinos are the only types energetic enough to
create recoil electrons above the high energy threshold of a water detector,
and this analysis will concentrate exclusively on these two neutrino types.
Unfortunately, the 8B and hep are the rarest and most uncertain of the solar
neutrinos produced.

The dominate uncertainty in the ®B flux is in the cross section for the

"Be(p,7)®B reaction. At low energies, this cross section is parameterized

by[6]:
o(E) = Sy7(E)E~ e~ 2B (1.2)

where E is the center-of-mass kinetic energy, Si;7 is the S-factor for the
"Be(p,7)®B reaction, n = Z;Z.e*v™!. and v is the relative velocity of the
reaction partners. The value of (S;7) is measured in the laboratory at ener-
gies much higher than those present in the center of the Sun. The solar value
of Si7 is obtained by extrapolating these measurements to lower energies, and
this extrapolation results in the largest source of uncertainty for the ®B neu-
trino flux. The BP98 solar model has adopted an S;7 value of 191$eV b (with
30 errors)[7]. The uncertainty in this value represents a ~10% uncertainty
in the 8B flux. As this termination of the pp chain occurs only 0.02% of the

time, this uncertainty does not impact the total solar luminosity. The only
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Figure 1.4: Neutrino production in the Sun as a function of solar radius for
the 4 types of neutrinos produced by the pp chain[4].

observable impact of changing this cross section is to change the expected
8B neutrino flux.

Although the contributions from the hep neutrinos are expected to be
much smaller than the 8B, the uncertainties in the hep flux are much larger.
The source of this uncertainty is in the cross section for the *He(p,e™ + v,)*He
reaction. No uncertainty in the hep flux of solar neutrinos is provided for the
BP98 flux, but some estimates of this uncertainty indicate that a factor of
~20 in the hep flux would not be unreasonable[8]. Since the hep neutrinos
extend to higher energies (~19 MeV), beyond the endpoint of the ®B neutri-
nos (~15 MeV), they can complicate measurements of the neutrino spectrum
at high energies. This complication is typically accommodated by treating

the hep contribution as a free parameter.

1.2 Previous Solar Neutrino Observations

Prior to the observations at SK, three distinct types of solar neutrino
experiments have been operated. Each type of detector is sensitive to a
different range of neutrino energies, due to the different energy thresholds of
the target material used. These different target materials include chlorine,

water and gallium.



Since the cross section for neutrino interaction by the weak interaction is
small, large number of targets are required to obtain just a few interactions.
This requires that the detectors for solar neutrinos be large to allow detection
of these elusive particles. These detectors are also built deep underground
to shield them from the large cosmic ray flux at the Earth’s surface which

would otherwise obscure the detection of neutrinos.

1.2.1 Homestake Chlorine Detector

The first successful measurement of neutrinos from the Sun was performed
by the Homestake chlorine detector[9]. The detector is located in the Homes-
take gold mine in Lead, South Dakota at a depth of 4200 mwe (meters water
equivalent). The detector consists of a cylindrical tank containing 615 metric
tons (390,000 1) of liquid tetrachloroethylene (C2Cly), a dry cleaning fluid.
The detector is sensitive to solar neutrinos through the inverse beta decay

reaction:
TCl4+v, — 3TAr+e. (1.3)

This reaction has an energy threshold of 0.814 MeV, making the detector
sensitive to B, "Be, pep, and hep neutrinos. The natural abundance of 37Cl
is 24.2%.

To make these measurements, data are collected in runs of 1-3 months
in length. During these runs, 3"Ar is allowed to build up in the detector
and at the end of the run, the 3"Ar produced is swept from the detector by
bubbling He gas through the tank volume. The 37Ar is chemically isolated
in a cryogenically cooled absorber and is counted in a proportional counter,
as it decays by emission of Auger electrons with a 35 day half life. During
each run, a small amount of 3®Ar or 3®Ar carrier gas is added to the detector
to measure the extraction efficiency, which is typically about 95%.

The Homestake detector has been measuring the flux of neutrinos since
1970. As of 1994[10], the detector had found a measured rate of 3"Ar pro-

duction of
0.478 £ 0.030(stat.) 4 0.029(sys.) *" Ar atoms per day.

Or in terms of solar neutrino units (SNU),
2.56 £+ 0.16(stat.) £ 0.16(sys.) SNU,



where:
1 SNU = 1 capture per 10% targets per sec.

The expected rate from the BP98 solar model is:
7.711% SNU.

The measured signal is only 33% of the expected rate. This deficit of the
observed solar neutrino signal when compared with solar models is known as

the “solar neutrino problem”.

1.2.2 Kamiokande Water Cherenkov Detector

The solar neutrino problem stood for almost 20 years before another ex-
periment was able to make an independent measurement of neutrinos from
the Sun. The Kamiokande detector[12] was upgraded in 1987, lowering the
detectors threshold enough to allow the detection of solar neutrinos. Kami-
okande was located in the Kamioka Mine, in Gifu, Japan at a depth of 2700
mwe. The detector contained a fiducial mass of 680 metric tons of water.
This volume was monitored by 948 photo-multiplier tubes, each 50 cm in
diameter, located on the walls of the cylindrical detector. Since Kamiokande
was a water Cherenkov detector, it was only sensitive to the highest energy
8B and rare hep neutrinos. Kamiokande detected neutrinos by the elastic

scatter of electrons in the water,
v4+e — 1V 4e€. (1.4)

The scattered electron is detected by the emission of Cherenkov light. As
the direction of the electron is well correlated with the arrival direction of
the incoming neutrino, measurement of the solar neutrino flux is performed
by observing the excess of events over background coming from the direction
of the Sun. In Kamiokande III, the minimum electron energy detectable
was 7.5 MeV. Kamiokande II and Kamiokande IIT performed solar neutrino
observations covering all of solar cycle 22 (Jan 1987-Feb 1995) and found a

measured B neutrino ﬂux[13] of

2.80 4 0.19(stat.) + 0.33(sys.) x 10°/em?/sec

The expected flux from the BP98 solar model is
5.151095 x 10%/em?/sec
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The Kamiokande observations are significant for two reasons. First, they
confirmed the existence of the solar neutrino problem, by measuring ~50%
of the expected rate. Second, by the nature of the observation, they con-
firmed that these events are truly coming from the Sun. The design of
Super-Kamiokande was based on knowledge gained during the operation of

Kamiokande.

1.2.3 The Gallium Detectors
The chlorine and water detectors have been unable to measure the most
predominate part of the solar neutrino flux, the low energy pp neutrinos.
With an endpoint of 420 keV, the pp neutrinos require a different detection
method. Two detectors using gallium, the SAGE and GALLEX experiments,
began taking data in the early 1990’s. Both experiments detect solar neutri-
nos by the inverse beta decay reaction:
TGa+rv, — "Ge+e . (1.5)

This reaction has an energy threshold of 233 keV, making it sensitive to a
large portion of the primary pp solar neutrino flux. The *Ge decays with a
half life of 11.43 days.

The SAGE detector[14] located at the Baksan Neutrino Observatory in
the Northern Caucasus Mountains of Russia began taking data in 1990. The
detector uses nearly 60 tons of metallic gallium. As in the chlorine detector,
a quantity of "*Ge is allowed to build up in the detector over an exposure
period of ~1 month. The "Ge is chemically extracted and counted in a
proportional counter to measure the flux of solar neutrinos. After nearly 8
years of operation, the observed "*Ge production rate is found to be[14]:

67.2f;:3(3tat.)f§:8(sys.) SNU.

The overall efficiency of the measurement has been checked with an in-
tense neutrino source of >'Cr. 5'Cr decays by electron capture to 'V with
neutrino energies of 751 keV (90.1%) and 426 keV (9.9%). The source ac-
tivity used is 517 kCi. The ratio of the expected to the measured "'Ge
production rate is used as the measure of the overall efficiency and is found

to be 0.95 & 0.11(stat.) 553 (sys.)[15].
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The GALLEX experiment[16] is located in the Gran Sasso underground
laboratory outside Rome, Italy and began taking data in 1991. The detector
uses 30.3 tons of gallium in a GaCls-HCI solution. Exposures of ~20 days
are taken before a chemical extraction is performed. The extracted "'Ge is
counted in a proportional counter. The measured "*Ge production rate after

5 years of observation is found to be[17]:

77.5 + 6.2(stat.)T33(sys.) SNU.

The overall efficiency of the GALLEX detector was also checked using a °'Cr
neutrino source, and is found to be 1.04 &+ 0.12[18].

The expected rate from the BP98 solar model for the gallium detectors

is:
12913 SNU,
with 69.6 SNU from the primary pp neutrinos alone.

The gallium detectors measure ~50% of the expected rate and again
confirm the existence of the solar neutrino problem, even when the flux of pp
neutrinos is measured. The measured rates are only large enough to account
for the expected pp neutrino contributions, the rate of which is strongly tied

to the solar luminosity.

1.3 Solutions to the Solar Neutrino Problem

Four experiments have now verified the existence of a “solar neutrino
problem”. Solutions to the solar neutrino problem typically fall into one
of two types. The first type of solution involves changing the solar model,
and adopting a model with different input parameters, or different dynamic
prescriptions. The second type of solution involves changing the physics of
neutrinos, not the solar models. In this case, the standard model is altered

to allow non-conservation of neutrino flavor, and neutrino oscillations.

1.3.1 Modification of Solar Models

The modification of solar models, to create so-called non-standard solar
models, has been suggested as a solution for the solar neutrino problem. This
involves modification of model inputs, such as the Si7 factor from above, or
modification of model dynamics, such as reducing the central temperature of

the Sun, to decrease the expected flux of neutrinos from the Sun.
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Hata and Langacker[19, 20] have compared the resulting fluxes from a
group of these non-standard solar models to the measured rates from the
four experiments described above. Their analysis uses the dependence of the
8B and "Be neutrino fluxes on the production of "Be and the resulting com-
petition between proton capture and electron capture for “Be. The relative
amounts of these two neutrino fluxes should be related, depending on the
central temperature of the Sun. The hep neutrinos are not considered in
this analysis, as their contribution to the measured fluxes is too small to be
relevant. Figure 1.5 presents the results of their analysis, showing the ratio
of modeled "Be flux to the SSM value versus the ratio of the modeled B flux
to the SSM value for many non-standard solar models. These solar models
typically follow a predicted trend based on a central temperature power law,
meaning if the central temperature is reduced, both the "Be and B neutrino
fluxes are decreased.

Also shown in Figure 1.5 are the results from combining the measured
fluxes from the four experiments, shown as confidence level contours, predict-
ing a 8B flux of ~0.5 the SSM value, and a "Be neutrino flux of —0.5 x SSM.
This non-physical result of a negative "Be flux is driven by the contradictory
results found in the experimental results. The Kamiokande experiment is
sensitive only to the 8B neutrinos, and is used to fix the 3B flux. The gallium
experiments are sensitive to pp, 'Be, and 8B neutrinos, but only detect a
signal large enough to cover the pp and ®B contribution, which is required
to maintain the observed solar luminosity. The chlorine detector, sensitive
to both "Be and ®B neutrinos, detects a flux lower than the value predicted
by the Kamiokande ®B-only result. When these results are combined, a neg-
ative, and non-physical, "Be flux is the only way to reconcile these results.
This result is not significantly altered if any single detector type is dropped
from this analysis[20].

This contradiction of the solar models with the experimental results seems
to indicate that changing the solar model is not the correct answer to the

solar neutrino problem.

1.3.2 Neutrino Oscillations

The second proposed resolution to the solar neutrino problem involves
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neutrino oscillations. If neutrinos have mass, then the non-conservation of
neutrino flavor is allowed and a fraction of the electron-type neutrino flux
created in the Sun could change to another type in transit to the Earth. When
this mixture of neutrino types arrived at the detectors here on Earth, they
would register a lower flux, as these detectors are less sensitive, or completely
insensitive, to other neutrino types. This changing of flavor is known as
neutrino oscillations. Neutrino oscillations require a mass difference between
the two mixed neutrino states, which implies that at least one of the neutrino
masses be non-zero. This type of neutrino oscillation is known as vacuum
oscillations.

The presence of matter can also influence the oscillation of neutrinos. As
was first pointed out by L. Wolfenstein[21], and developed by S.P. Mikheyev
and A.Y. Smirnov[22], electron type neutrinos experience an extra interaction
potential in the presence of electrons that is not present for the muon and tau
type neutrinos. Electron neutrinos can interact with electrons by the Neutral
Current (NC) and Charged Current (CC) interactions, while the muon and
tau neutrinos are limited to NC interactions. This so-called MSW effect can
change the oscillation picture for electron type neutrinos in the presence of

matter.

1.3.2.1 Vacuum Oscillations
If there are mass differences among the neutrino types, then the flavor
eigenstate can be expanded in terms of mass eigenstates:

lve > = ai|v1 > tas|ve > +az|vs > (1.6)

where:

v; > = (i=1,2,3) neutrino mass eigenstates
a; = coupling constants, where \/a? + a3 + a3 = 1

If, as a simplifying approximation, the oscillation between only two states is
considered, then the relation between the flavor states (v, and v,) and the

mass states (v2 and v;) can be written as:

Ve B cosf sind v\ V1
(1/”> o (—sinﬂ cost9><1/2>:U (VQ) (1.7)
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where 0 is the mixing angle between the two states. If 8 is zero, then no
mixing takes place, where maximal mixing occurs for 6 of 7.
The time dependence of the mass eigenstates is obtained by solving the

time-dependent Schrodinger equation:

z%(i) :H(Z;) (1.8)

where H is the vacuum Hamiltonian operator, which is diagonal for the mass

eigenstates, with eigenvalues of:
m;

E, =/p24+m? =~ !

Vp©tm; p+ %

m
~ K ! 1.9
ury; (1.9)

It is assumed that the momentum (p) of the states are equal and that
the masses of the eigenstates are much smaller than the neutrino energy

(mi < E) The time evolution of the mass eigenstates can then be written

(20) = (7 ) (e d) am

In terms of the flavor eigenstates, this is rewritten:

(40) = u (7 S o (220

These time evolved flavor eigenstates are used to obtain the probability that

as:

a v, state at t = 0 is still a v, at some later time t:

1
P(ve = ve;t) = 1 —sin®20sin® [E(Eg — El)t] (1.12)
In terms of a distance traveled, L, and defining Am? = m% — m?:
Am?L
P(v, = v;; L) = 1—sin®20sin® l ZLE ]

Am?[eV?]|L[m]
BV ] (1.13)

= 1 — sin®26sin® ll.??

Similarly, the probability that a v, state at t = 0 is a v, after traveling a

distance L is given by:
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Am?[eV?]L[m]

P(v. — v, L) = sin®20sin® [1.27 EMeV]

(1.14)

The oscillation probabilities are functions of the distance traveled (L), the
neutrino energy (F), the difference of the squared neutrino masses (Am?),
and the mixing angle (¢). The values of L and E are set by the Earth-Sun
distance and the incident neutrino spectrum, respectively. The values of Am?

and 6 are so far undetermined. From this probability, an oscillation length
(Lose) can be derived:

ATE E[MeV]
Lose = =248—- 1.15
Am? Am2[eV?] [m] ( )

Vacuum oscillation will occur in vacuum, or in matter, but the behavior of

electron type neutrinos will be changed in the presence of matter by the

MSW effect.

1.3.2.2 MSW Matter Oscillations
When electron type neutrinos are propagating in matter, they experience
an added potential, not experienced by the muon or tau type neutrinos. This

added charged current interaction potential with electrons is expressed as:

V. = V2GgN, (1.16)

where G is the Fermi coupling constant, and N, is the electron number
density. When this potential is added to the time-dependent Schrodinger
equation for two component neutrino oscillation (Eqn 1.8), the following is

obtained:
) - o (5 2)e o (5 0))()

After the removal of a common overall phase, this can be rewritten as:

d ( ve(t) ) _ ( —Aél’gz cos 20 + v/2GrN. ALI’EZ sin 20 ) ( Ve(t) )

it vu(t) Af; sin 26 A4—7P'J32 cos 26 vu(t)
(1.17)

In the case of constant electron density, this equation can be diagonalized

and recast in the form of Eqn 1.7:
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Ve _ cosf,, sinb,, v
( Yy ) o ( —sinf,, cosb,, > < vy ) (1.18)

where v/" are the mass eigenstates in matter, and 8, is the matter mixing

angle defined by:

in 26
tan26, = ——— (1.19)
cos 20 — g
0
where L is the neutrino interaction length for CC interactions:
2m 2n
L, = Z_V2 (1.20)

V. GgN.

The matter mixing angle will become resonant when cos 26 = LL"—(“;'C This is
the resonant condition, and electron type neutrinos will experience maximal

mixing at the resonant electron density:
Am? cos 20

Ne res — T =~
’ 2v/2GrE

This maximal mixing at the resonant density can occur even for small values

(1.21)

of the vacuum mixing angle (). The probability that a v, is converted to a

v, after traveling in matter a distance L is now written:

L
P(v, — v,;L) = sin®20,,sin’ (2—) (1.22)
where: .
sin 26
L, = Lys|—= 1.23
( sin 260 > ( )

These constant electron density solutions are also valid in matter of vari-
able density if the changes in the electron density happens on a distance scale
much larger than the matter oscillation length (L,,). For the general case of
variable electron density, Eqn 1.17 is solved numerically.

Qualitatively, neutrino propagation in matter with a falling electron den-
sity (for example, as a neutrino travels from the center of the Sun to the
vacuum of space) can be viewed as a level crossing problem. From Eqn 1.18,
the relation between one matter mass state () and the matter flavor states
can be traced as a function of electron density:

|1/;" > |1/e > Density > resonance

lvy' >~ (lve > +|v, >)/v/2  Density ~ resonance

lvgt >~ sinf|v, > +cosf|v, > Density < resonance
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Figure 1.6: Level crossing of matter neutrino states. As the electron density
falls, a v, can oscillate almost completely to v,.

This is illustrated in Figure 1.6, where a v, formed in the center (high electron
density region) of the Sun will be primarily a v3* state. As the neutrino
propagates out of the Sun, through a region of falling electron density, this
vy* can adiabatically change to a near full v, state. Even for small vacuum
mixing angles, this can severely deplete the amount of electron neutrinos
reaching the surface of the Sun. This same effect can regenerate the v, flux

inside the Earth for some values of Am? and sin? 26.

1.3.2.3 Oscillation Limits

The results from the experiments shown in Section 1.2 have been com-
bined by Hata and Langacker[20] under the assumption of neutrino oscil-
lations to generate allowed regions in the parameter space of sin26 and
Am?. Each combination of sin? 26 and Am? was used in combination with
the standard solar neutrino flux to generate the flux of neutrinos received at
each detector. These fluxes are compared to the measured values, and this
comparison is used to generate allowed regions in the neutrino oscillation
parameter space. The overlap of the allowed regions from different exper-

iments defines a set of allowed oscillation parameters that can explain the
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solar neutrino deficit. These allowed regions are shown in Figure 1.7 and
Figure 1.8. Figure 1.7 presents the allowed regions for the Am? region where
MSW neutrino oscillations are expected to dominate. Two allowed regions
are found, one near maximal mixing, called the Large Mixing Angle (LMA)
solution, and one near a mixing angle of sin?20 = 1072, called the Small
Mixing Angle (SMA) solution. Figure 1.8 presents the allowed region for the
Am? region where vacuum oscillations are expected to dominate.

Each of these three allowed regions predict their own unique character-
istics on how the neutrino oscillations will be realized. The LMA solution
predicts a regeneration of the electron neutrino flux as the “night-time” neu-
trinos pass through the Earth. This will appear as a higher measured flux
at night, when compared to the day-time flux. The SMA solution predicts a
strong energy dependence to neutrino oscillations. This will appear as a dis-
tortion of the measured neutrino spectrum when compared to the expected
spectrum. The vacuum oscillation solution occurs in the Am? region where
the Earth-Sun distance is about equal to the oscillation length for solar neu-
trinos. Due to this chance coincidence of distances, these solutions are called
“Just-So” oscillation. Just-So oscillations could manifest themselves as a
seasonal variation of the measured flux as the Earth-Sun distance changes
relative to the oscillation length. This variation would have to be in excess
of the expected variation from the eccentricity of the Earth-Sun orbit.

The Super-Kamiokande detector has been designed and built to obtain a
data sample with sufficient statistics to search for these effects. An observa-
tion of a measurable day/night flux difference, a distortion of the neutrino
energy spectrum, or a seasonal dependence to the neutrino flux would provide
solar model independent evidence of neutrino oscillations. In this analysis,
the spectrum, day/night flux difference and seasonal flux variations are all

measured and evaluated under a neutrino oscillation hypothesis.
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Figure 1.7: 95% allowed parameter space for neutrino oscillations in the Am?
region where MSW oscillations are expected to dominate. These allowed re-
gions are made by combining the measured results from the gallium detectors
(SAGE and GALLEX), chlorine (Homestake) and water (Kamiokande). The
shown excluded region arises from a lack of an observed day/night flux differ-
ence in the Kamiokande data. Two combined allowed regions remain. Note
that the x-axis is logarithmic.
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CHAPTER 2

DETECTOR DESCRIPTION

2.1 Neutrino Detection Principles

In order to study solar neutrinos, Super-Kamiokande (SK) operates as
a ring-imaging Cherenkov detector. Solar neutrinos interact by neutrino-
electron elastic scattering, and are capable of creating electrons with rela-
tivistic velocities. These electrons will radiate Cherenkov radiation if their
velocity, u, exceeds the speed of light in water ¢/n, where ¢ is the speed of
light in vacuum, and 7 is the index of refraction of water. Cherenkov photons
are emitted in a cone around the direction of travel of the electron with an

opening angle, 6., of:
1

Bn

where (3 is the ratio of the electron’s velocity to the speed of light in vacuum,

(2.1)

cosl, =

B = u/c. The pure water inside SK has an index of refraction (n) of 1.33
in the wavelength region where the photomultiplier tubes are most sensitive
(~400 nm). For a relativistic particle (8 ~ 1), the Cherenkov radiation is
emitted in water with an angle (6.) of about 42°. There is also a minimum
energy required for creating Cherenkov radiation. For electrons in water, this
minimum (threshold) energy is 0.768 MeV.

The number of Cherenkov photons emitted per unit of length traveled

per unit frequency is a constant:
2
d*Nphoton 2T

dLdv - c

sin’0, (2.2)

This expression can be used to find the total number of Cherenkov photons
emitted per unit of distance traveled, and for highly relativistic electrons in
SK, about 390 Cherenkov photons are expected per cm traveled.

The distance traveled before a neutrino-scattered electron goes below the
threshold energy is typically little more than a few centimeters at these ener-

gies. Therefore, the Cherenkov radiation can be treated as originating from

22
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single point in the detector and the cone-like nature of Cherenkov radiation
will appear as a ring when projected onto the walls of the detector containing
the light sensitive elements. For recoil electron events from solar neutrinos,
multiple Coulomb scattering will change the direction of the electron as it

travels in SK and blur the edges of the ring.

2.2 Detector Overview

Super-Kamiokande is located in the Kamioka Mine in Gifu Prefecture,
Japan (137.32°E longitude, 36.43°N latitude). The detector is located un-
derground (2700 m water equivalent) beneath the peak of Mt. Ikenoyama.
The rock overburden of the detector reduces the cosmic ray flux entering the
detector to an acceptable level (2.2 Hz). An artist’s representation of the SK
detector, showing a cut-away view of detector regions, is shown in Figure 2.1.

The SK detector is a cylindrical tank (41.4 m in height and 39.3 m in
diameter) filled with 50,000 metric tons of ultra-pure water. The walls of
the detector are constructed from welded stainless steel plates, backed with
concrete. The detector is divided into inner and and outer detector regions
(ID and OD respectively) by a stainless steel frame structure that serves as an
optical barrier and a mounting point for all photomultiplier tubes (PMTs),
which are the light sensing elements of the detector. The mounting structure
for both inner and outer PMTs is illustrated in Figure 2.2. A local Cartesian
coordinate system is established with the origin at the center of the tank, as
illustrated in Figure 2.3.

The ID encloses 32,500 metric tons of water in a volume that is 36.1 m
in height and 33.8 m in diameter. The fiducial volume, the portion of the
detector volume where data used in the solar neutrino analysis are collected,
starts 2 m inward of the wall of the ID and contains 22,500 metric tons of
water and is 32.1 m in height and 29.8 m in diameter. Cherenkov light in the
ID is collected by 11,146 inward facing 50 cm PMTs distributed uniformly
on the wall, providing 40% photocathode coverage. The remaining 60% of
the inner detector walls are covered by black polyethylene sheets to reduce
reflected light within the ID region, as well as to optically isolate the ID from
the OD and the insensitive region enclosed by the PMT support structure.

The OD is the shell region that surrounds the ID and mounting struc-
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Figure 2.1: An artist’s representation of the SK detector. The cut-away view
shows the inner and outer detector regions, as well as the location of the
detector within the mountain.



Figure 2.2: Schematic view of the PMT support frame used in SK.

25
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Figure 2.3: Local coordinate system used in the SK detector.

ture. The thickness of the OD is 2.05 m on the top and bottom, and 2.2 m
in the barrel region. 1,885 outward facing 20 cm PMTs collect Cherenkov
light generated in the OD region. To enhance the light collection in the OD
region, all surfaces are covered with white Tyvek sheeting, which has a re-
flectivity greater than 80% to Cherenkov photons. The OD region is used as
a veto in the solar neutrino analysis to tag incoming particles and serves as a
passive shield for gamma activity from the surrounding rock. The thickness
of the OD and the insensitive region enclosed by the PMT support structure
represent ~7 radiation lengths and ~4.5 nuclear collision lengths.

All calibration systems and the huts containing the data acquisition elec-
tronics are located in the dome region above the detector tank. The tank is
sealed to prevent mine air from contaminating the detector with radon gas.
The dome area is supplied by a fresh air system that pumps air from outside
the mine environment to reduce the radon levels in the area just above the
tank. The walls in the dome area of the SK detector area are covered with
a polyurethane material, called Mineguard, to help prevent radon gas from
diffusing in from the rock. Double doors and a positive air pressure in the
dome area help keep radon-rich mine air away from SK.

The detector is also surrounded by 26 Helmholtz coils to reduce the mag-

netic field in the detector. The large 50 cm PMTs are sensitive to external
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magnetic fields, and even in the Earth’s field of 450 mG, the collection ef-
ficiency of the tubes is reduced. The coils reduce the magnetic field in the

detector to the 50 m@G, a level low enough to allow efficient operation of the

large PMTs.

2.3 Water Purification S stem

Clean water is essential for making precise measurements of this kind.
Any impurities in the water will limit the transmission of Cherenkov pho-
tons by absorption and scattering. Any dissolved radioactive impurities, like
radon gas, will also add additional background for the solar neutrino analysis
and make signal extraction more difficult. To reduce these effects, a water
purification facility was built next to the SK detector to make and maintain
the clean water of the detector.

The water purification facility at SK cleans water taken from the SK
detector. The purification process consists of many stages to obtain output
water of the highest purity. The steps involved are illustrated in Figure 2.4.
When the detector is filled, the input water to the purification system is
taken from a natural underground aquifer found in the mine. The water

purification system consists of the following components:

e 1 m Filter: Removes large particulate contaminates, like dust.

Heat Exchanger: Cools water heated by water pumps.

e Jon Exchanger: Removes metal ions.

e UV Sterilizer: Kills bacteria in the water.

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

e Cartridge Polisher: A high performance ion exchanger, removes metal

ions.
e Ultra Filter: Removes small particles down to 10 nm in size.

e Reverse Osmosis: A portion of the water is passed to the reverse osmosis
filter, which removes additional dissolved gases, and is reintroduced to

the water system.
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Figure 2.4: Schematic view of the water purification system used in SK.

The output of the water purification system is injected to the detector. The
return water has an average resistivity of 18.20M cm, very close to the chem-
ical limit of 18.24M cm. In normal operation, it takes about 1 month to

process the entire detector volume with the water purification system

2. Radon Free Air S stem

The small air space above the water inside the SK tank is filled with
radon-free air from a special air system to prevent radon contamination of the
detector water. A slight positive pressure is maintained in this space relative
to the air pressure outside the tank to prevent radon gas from diffusing into
the detector. A schematic diagram of the radon-free air system is shown
in Figure 2.5. The radon-free air is generated by drying the input air, and
passing this warm dry air over charcoal columns. The carbon in the charcoal
absorbs the radon-gas, preventing it from entering the detector. The air is
then filtered and injected into the region above the water in the SK tank.

The injected air has a radon concentration of roughly 10 mBq/m?.
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Figure 2.5: Schematic view of the radon-free air system used in SK.

2. Photomultiplier Tubes

Photomultiplier tubes (PMTs) are the light sensitive elements of the SK
detector. These tubes convert single Cherenkov photons into electrical pulses,
which are then measured by the data acquisition (DAQ) electronics. A tube
is said to have a “hit” if a signal of sufficient size has been observed in the
DAQ electronics.

PMTs are constructed of thin borosilicate glass, and the light sensitive
surface is lined with a thin bialkali photocathode. The photocathode ab-
sorbs a photon and generates a single electron, known as a photo-electron.
Photo-electrons are accelerated through an electric field generated by a ~2kV
potential that is applied to the tube toward a series of dynodes. These dyn-
odes, when hit by a single electron, release ~3-5 more electrons, which are
accelerated toward the next dynode. This is repeated until the single photo-
electron has been multiplied to roughly 107 electrons. This multiplication
factor is the gain of the PMT. These electrons are collected at the anode of
the PMT and form the electrical signal read by the DAQ electronics.

2. .1 Inner Detector cm PMTs

The PMTs used in the inner detector of SK are Hamamatsu model R1449
50.8 cm (20 inch) photomultiplier tubes. These tubes are an improved version
of the 50 cm tube used in the original Kamiokande experiment[23]. As most
PMT hits for the solar neutrino analysis only contain one photo-electron
(p.e.), these tubes are designed to have a clear separation between dark
noise hits and the 1 p.e. peak. The single p.e. peak for these tubes is shown
in Figure 2.6, and shows clear separation between the dark noise and 1 p.e.

peaks.
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Figure 2.6: An ADC histogram demonstrating the single photo-electron peak
for the 50 cm PMTs used in the ID of SK. The dark noise hits are located
near the 0 ADC count bin[23].

A schematic view of a typical PMT is shown in Figure 2.7 and their
characteristics summarized in Table 2.1. 11,146 of these tubes provide 40%
photocathode coverage in the ID region of SK. The quantum efficiency of
these tubes, which is the probability that a photon will generate a photo-
electron, is shown in Figure 2.8, and includes both the transmission of the
glass envelope as well as the photo-electron emission probability of the bialkali

photocathode.

2. .2 Outer Detector 2 cm PMTs

The OD region is equipped with 1,885 20 cm (8 inch) diameter Hama-
matsu R-1408 PMTs. These tubes were first used in the IMB detector and
were retrofitted for use in SK. The light collection of the OD PMTs is en-
hanced by the addition of acrylic plates (~ 0.4m?) containing a wavelength-
shifting additive[24]. These plates absorb ultraviolet photons and re-emit
photons in the blue wavelengths. These wave-shifter plates are attached to
the face of the PMTs so that wave-shifted light is transmitted directly to the
photocathode. These tubes typically operate at gains near 10% with ~2kV
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Figure 2.7: Schematic view of the 50 cm (20 inch) PMT used in SK.

Table 2.1: Summary of characteristics for the 50 cm PMT's used in the ID of

SK.

Photocathode area
Shape

Window material
Photocathode material
Dynodes

Pressure tolerance
Quantum efficiency
Gain

Dark current

Dark noise rate
Cathode non-uniformity
Anode non-uniformity
Transit time

Transit time jitter

50.8 cm (20 inch) diameter
Hemispherical
4-5 mm thick Pyrex glass
Bialkali (Sh-K-Cs)
11 stage, Venetian blind-type
6 kg/cm? water pressure
22% at 390 nm (peak)
107 at ~2kV.
200 nA
3 kHz

10%

40%
100 ns
2.8 ns RMS at 1 p.e. levels
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Figure 2.8: Quantum efficiency of the 50 cm PMT's used in the ID of SK as
a function of photon wavelength.

supply voltages.

2. Data Ac uisition Electronics

The data acquisition system is responsible for taking the stream of electri-
cal pulses from every hit PMT and recording the time and size of each pulse.
The DAQ system must also be smart enough to recognize when collected hits
are the result of dark noise, and to throw away these hits, or when hits are
the result of real physics, generate a trigger and save the data as an event.

The ID and OD DAQ systems are different, due to different design goals
and budget constraints. The ID DAQ’s primary focus is dead-time-free data
collection. Dead time results when the DAQ) system is busy reading out data
and is unable to take new data. To avoid dead time in the ID, only PMT's that
contain hits are read out for each event, and each channel is equipped with
dual signal processing hardware, so a single channel can collect information
from new hits while being read out.

The primary job of the OD DAQ is to efficiently detect incoming parti-
cles, like cosmic ray muons. The OD DAQ is designed to have a long data

acquisition period, collecting hits before and after the collected hits in the
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ID. The hits before and after the ID activity are used to determine if particles
entered or left the ID region during an event. In the solar neutrino analysis,
the OD is used as a veto, and any event with more than noise PMT hits in

the OD is rejected as a possible solar neutrino candidate.

2. .1 Inner detector DA

The signal cables from the 11,146 PMT's are attached to a single channel
of an Analog Timing Module (ATM). The ATM functions as a combination
charge-to-digital and time-to-digital converter, recording the charge received
and the relative time of each hit in one of two sub-channels. Each channel is
self enabling, with a threshold of 0.32 p.e. required for a signal to be recorded.
When a signal in a channel is recorded, an -11mV, 200 ns wide hitsum pulse
is generated. This hitsum pulse is added with all other channels, and if the
sum exceeds a set threshold, a global detector trigger is issued. When this
global trigger is issued, all channels that have been enabled with hits are
digitized, and all ATM channels that have hits switch to their other sub-
channel, to allow dead-time-free data taking. If no global trigger is issued in
1.1 sec, the hit information is lost, and the channel is reset. The digitized
data is sent to a Super Memory Partner (SMP) module for transfer to the
online computer system. The ATM channels have a 450 pC dynamic range,
with a 0.2 pC resolution in charge, and a 1,300 ns dynamic range, with a 0.4
ns resolution in time.

ATM channels are placed in groups of 12 on a Tristan-KEK-Online (TKO)
card, which is housed in a TKO crate. ATM cards are placed 20 cards to
a TKO crate. Each TKO crate also contains a GO-NoGo (GONG) module
to distribute global trigger information, and a Super Control Header (SCH)
module to transfer the digitized data to the SMP module in the VME crate.
There are 12 TKO crates in each of the 4 electronic huts located on the top
of the SK detector. Each hut has two VME crates, each containing 6 SMP
modules (one for each TKO crate of ATMs), as well as an interface card. The
interface card is a Bit3 VME-SBUS adapter card and is used to send the data
from the SMP modules to the memory of a Sun workstation. The data from
the 8 Sun workstations are transferred via a dedicated FDDI optical network

to the online host computer, where the data from each hut are assembled into
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an event. Environmental data, event time, trigger and OD PMT information
are added from the appropriate electronic system located in a 5th, central
electronics hut.

Each event in SK has two independent time records, used for relative and
absolute event times. Relative timing between events is measured with a
48-bit counter driven by a 50 MHz clock. This clock can be used to measure
the time between subsequent events to an accuracy of ~20 ns. The absolute
time of each event is obtained from a GPS receiver which gives each event a
UTC stamp. The accuracy of this absolute GPS time is a about 10 sec.

An overview of the ID DAQ) used at SK is presented in Figure 2.9. More
details for the ID DAQ can be found in Reference [25].

2. .2 Outer detector DA

Since the PMTs in the OD do not have a separate signal cable, the signal
from each tube is extracted from the high voltage supply line by a high voltage
capacitor. This signal is sent to a custom-built Charge-to-Time Converter
(QTC) module. If the height of a pulse from a PMT exceeds ~0.5 p.e., the
QTC module generates an Emitter-Coupled-Logic (ECL) pulse. The start of
the ECL pulse represents the hit time of each PMT signal, and the width of
the ECL pulse is proportional to the log of the charge in a channel. The QTC
module also generates a 200 ns wide pulse for triggering that is proportional in
height to the number of hit channels in each QTC module. The ECL pulse is
digitized by a Lecroy 1877 Fastbus Time-to-Digital Converter (TDC), which
records the start and stop time of the ECL pulse. Outer detector data are
recorded if a global trigger is received from the central hut. Hits from the OD
tubes are saved in a window that starts 10 sec before and ends 6 sec after a
global trigger. The TDC data are sent via a Fastbus Smart Crate Controller
(FSCC) module to a Sun workstation, where it is sent to the online host for
addition to the event data.

More details of the QTC modules can be found in Reference [26], and more
details about the remainder of the OD DAQ can be found in Reference [25].

2. .3 Tri ers

There are numerous trigger types that are used at SK during data taking,
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Table 2.2: Summary of trigger thresholds for the self-generating trigger types.

Trigger Type

Run Period

Date of Run Period

Trigger Threshold

HE

LE

0D
Pre-SLE
SLE1
SLE2
SLE3

1742-8058

1742-4141
4142-7333
7334-7858
7859-8058

May 1996-Oct 1999

May 1996-May 1997
May 1997-May 1999
May 1999-Sep 1999
Sep 1999-Oct 1999

340 mV (31 Hits)
320 mV (29 Hits)
19 OD Hits in 200 ns
None
260 mV (24 hits)
250 mV (23 hits)
222 mV (20 hits)

including special triggers for calibration data. The most common triggers
are the self-generating ones using the hitsum information from the ATM
and QTC modules. The hitsum information from each ATM modules are
summed, and then AC coupled, to reduce the effects of the constant dark
noise contribution. This hitsum signal is distributed to many discriminators,
which are set to different thresholds, and is used to generate the HE, LE and
SLE triggers. The OD trigger is generated in a similar manner using the OD
QTC hitsum signal. The OD DAQ is only read out for events that contain
a HE and/or an OD trigger. The SLE trigger threshold has changed twice
(being lowered each time) since its inception. The trigger threshold for each
trigger type (HE, LE, SLE, OD) are summarized in Table 2.2, including the
time dependence of the SLE trigger. Additional triggers are available for
special run conditions (calibration) and for special event classes (unbiased
clock trigger) and all trigger types are used to form a trigger word. The bits
of the trigger word are summarized in Table 2.3. The LE and SLE triggers

are the thresholds primarily used in the solar neutrino analysis.

2. SLE Online Reduction

After an event is built in the online host computer, the data are prepared
to be sent out of the mine over a dedicated high speed network and written to
tape. All events that have any trigger bit in addition to the SLE trigger are
automatically passed out of the mine. SLE only data, that is data which only

has the SLE trigger bit set, is collected at very high trigger rates, ~100 Hz
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Table 2.3: Summary of bits that compose the trigger word.

Bit | Trigger Type

Low Energy (LE)

High Energy (HE)
Super-Low Energy (SLE)
Outer Detector(OD)
Clock Trigger

Calibration Trigger
Global Trigger Veto Start
Global Trigger Veto Stop

0 =1 O O i W N

for SLE1, ~200 Hz for SLE2, and ~500 Hz for SLE3, and sending this much
data out of the detector would overload the network and unnecessarily fill
tapes and disks in the computer center. Therefore, events that only possess
a SLE trigger are subjected to an additional reduction before the data are
sent out of the mine.

The background for the solar neutrino analysis that is found in the SK
detector has two noticeable features. First, this background grows exponen-
tially in rate as the trigger threshold of the detector is lowered. The change
from the SLE1 trigger to the SLE2 trigger was made by reducing the trigger
condition by one hit tube, yet this change doubled the trigger rate. Second,
this background seems highly correlated in position with the walls of the
detector, with vertex distributions being highly peaked at the walls. Fig-
ure 2.10 shows the unfiltered reconstructed vertex distribution of these SLE
events, with the strong correlation to the walls of the detector clearly visible.

Although the exact nature of this background is not completely under-
stood, the vertex positions of these events are strongly correlated with the
ID walls and PMTs and are clearly not solar neutrino events. In order to
reduce the effects of this large background, an online event reconstruction
and vertex cut has been implemented for these SLE triggered events. Only
events which pass an online event reconstruction and fiducial volume cut are
sent out of the detector and those that fail are dropped. This reduces the

event rate sent out of the detector to ~10 Hz for the SLE only events.
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2. .1 S stem Overview

The SLE online event reconstruction runs on 6 dedicated Sun worksta-
tions located in the detector control room. For each SLE-only event, an event
reconstruction is performed, and based on the reconstructed vertex, a fidu-
cial volume cut is performed. Any events that reconstruct within 2 meters of
the wall, or that fail to be reconstructed, are removed from the data stream.
Only SLE events that have a reconstructed vertex in the 2m fiducial volume
are sent out of the detector and recorded to tape. This results in a reduction
of ~20:1, meaning 20 background events are found at the wall of the detector
and are removed for every one event saved and passed out of the detector.
Additionally, about 1 event per second is saved at random that was marked
for removal in order to collect a background sample for further study and to
monitor system performance.

The vertex reconstruction and fiducial volume cut are performed in two
separate steps, with two different vertex fitters being used and a fiducial
volume cut performed based on the vertex from each fitter. This two step
process was chosen based on performance considerations. The first vertex
fitter is a fast vertex fit, and successfully removes obvious noise events located
at the wall of the detector. The second vertex fitter is a more precise fitter,
but requires more CPU time for completion. To reduce the number of events
passed to the slower, more precise fitter, a fiducial volume cut based on the
fast fitter reconstructed vertex is first performed and only events that are
found inside the 2m fiducial are passed to the precise fitter. A second 2m
fiducial volume cut based on the precise fitter results is performed, and only
SLE events that are in the 2m fiducial volume based on reconstructed vertex

positions from both fitters are saved and sent out of the detector.

2. .2 First Fit

The first fit applied to the SLE events is performed with the ! vertex
fitter, written by R. Svoboda. This fitter works in two steps. First, PMT
hits in the ID are selected to be used in the fit. Second, the optimal vertex

position is found by minimizing the timing residuals of all selected tubes.
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2. .2.1 Hit Selection

Each event is a mixture of hit PMTs resulting from Cherenkov photons
from a physical event and hit PMTs from random dark noise. The hit se-
lection is performed on each event as an attempt to separate the “real” hit
PMTs in the ID from the hit PMTs due to random noise hits. This two step
hit selection removes the ~70% of the raw number of tubes hits that are due
to PMT noise.

The first step in the hit selection process is a causality cut on all hit
PMTs. PMT hits that are associated with a single point in space-time (the
true vertex) should be correlated with each other in space and time, while
uncorrelated noise hits are going to populate space-time with a constant
density. This concept is illustrated in Figure 2.11, showing the distance in
space and time between pairs of hit PMT for a sample of events. The peak
near (0,0) and the diagonal ridge are due to correlated events, while the
constant background is from noise hits. The region within 10m in space and
time? of (0,0) is selected to contain signal events. This method provides
a way to identify noise hits without having to find an event vertex. This
reduction step removes ~50% of the tubes hits as noise hits.

The second step in the hit selection process is a time window cut. The
time window cut identifies the time window that contains the maximum
number of hit PMTs. This time window is taken to be 40 meters in size,
roughly corresponding to the size of the detector. This fixed time window is
moved throughout the distribution of hit times until the maximum number
of hit tubes is found. This time window cut removes an additional 40% of

hit PMTs (after the causality cut is performed).

2. .2.2 Vertex Determination

Once a set of PMT hits has been selected, the vertex that best represents
this set of PMT hit times can be determined. An initial vertex position is
taken to be the 1° moment of the selected hits. This initial guess is then
moved 2m toward the center of the detector, to ensure that each event has a

chance of being reconstructed inside the fiducial volume.
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Figure 2.11: Distance and time differences between pairs of hit tubes for
sample low energy events. Distance (left axis in cm) and time (right axis
in cm, based on 29.94 cm/ns in water). The causality peak is located near
(0,0). Hits are removed outside the 10 cm by 10 cm causal square.
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The vertex is determined by calculating the goodness of fit (gof) for each
vertex location considered. For each hit PMT selected, the time-of-flight
(tof) corrected hit time, which is a correction to the PMT hit time for the
time required for a photon to travel from the vertex location to the hit tube,
is determined. Then, the residual time (t,s) of each PMT is calculated by
subtracting the mean hit time of all PMTs from the tof corrected hit times.

The gof is defined as:
gof =

e ecte

se s













22



CCD/PMT

0*

X/ndf37.43 ] 26
P1 7808. + 91.34
P2 72.09 + 3.155

Distance of Camera (m)






10°

. Decay electron
direction

N; hit tubes



::i:f:;::,i,::::::6
[ 129
L o 1893
L 139
i m%a 18
[ ©o o 9=
[ 1o ®
i 5 g 73
L ooooooo V$\ .m
r &2 ° > ‘Ow,
3 > <
L %ﬂw 8w
L ooooomg i
© Qo

- 000 2 8

o0

L Oy, V 4
L @woo@ g >]
[ 5 I
[ &Moosmm I
[ o i
- %, : s
F 006 o ﬂ$‘
[ @oooooo - 7
L m 1s
L o \2
P R N B SR BT VTN Py
(=] Qo (=] o o Qo (=] (=]

2 8 2 8 3 3 3 8

(2] [} [ee] [e<] ~ ~ (=] =]

g
7

wo) Aous Jedsue | LI






BEAMPIPE CRANE

1300 cm
— ~—
"EC A |
‘e e @
,/—’/""/_/_/’
BEAM PIPE | E
'F D B o
‘e e @ IS
<
' H G
N [ ] Z
v %——x
4000 cm Y
KLYSTRON
C1 COLLIMATOR
ELECTRON GUN D1 MAGNET
ACCELERATING TUBE S1 STEERING

C2 COLLIMATOR

BEAMPIPE—~ °~
VACUUM PUMP IN ROCK



HV, signal
cables \F

VETO counter

PMT— |

HV, signal

cables\.u:

PMT ——

Trigger coung

Titanium window

818 mm




2 £
15 &
10 &
st
o Fomvee Lol bbb mens e 0 0 Lo Ao LE el 00 L
700 800 900 1000 1100 1200 1300 1400
1 electron
0T B L B L L |
s
o £
5 - E
0 Ew vonat ol ol ofwin wol \M’\ﬂnnn T N I T PR W BT
700 800 900 1000 1100 1200 1300 1400 1500
nsec
2 electron
70 T e L B B |
15 - 3
o -
5 C E
0 Eowooo ool b oo wwohon o | rr"”m g omal rwonh mllwybelen e 0w S
700 800 900 1000 1100 1200 1300 1400 1500
nsec

3 electron



Z (cm)

1500

1000

500

-500

-1000

-1500

6000
4000
2000

b

-1500

-1500 -1000 -500 0 500 1000 1500

EFprrrorproroT LIS O I O B |
ETI I I I I I RE

x(cmE
:\‘\\\\‘\\\\\\\‘\\\\‘\\\\‘\\\\‘\:

-1500 -1000 -500 0 500 1000 1500
X (cm)

3000
2000

1000

0

1000 1500

-500 0 500

-1000



800
600
400
200

1000
750
500
250

1000
750
500
250

1000
750
500
250

= L ‘ L ‘ L ‘ L ‘ L 1_:1
= 16.31MeV : =
j\ L1 ‘ L1 L1 ‘ I - L E
0 5 10 15 20 25
energy (MeV)
7\ L L L ‘ L ‘ L \7
; KGS §
;\ L1 ‘ L1 I - ‘ L1 ‘ Ll E
0 5 10 15 20 25
energy (MeV)
7\ L L L ‘ L ‘ L g
3 LE/WEK;TQQMQ/
;\ Ll l L1 ‘ I - L1 ‘ 11| E
0 5 10 15 20 25
energy (MeV)
;\ L L L ‘ L ‘ L \E‘
3 y/ﬁ\kjg%mw E
j\ L1 L1l ‘ 1 | ‘ L 111 ‘ L1 E
0 5 10 15 20 25

energy (MeV)

800
600
400
200

1000
750
500
250

1000
750
500
250

s 7.00 MeV
0 15
energy (MeV)
= T ‘ T T T T 3
E 6.03 M¢e 3
; | ‘ | | ?
0 10 15
energy (MeV)
E T ‘ T T T T 3
E 508M6V§
; | ‘ | | ?
0 10 15

energy (MeV)



o
[

o
o
o

Energy (MC-Data)/Data
o °
o o
S (=]

0.02

-0.02

-0.04

-0.06

-0.08

-0.1

S B B BB B
F e x=-4z=0 B
L m X=-42z=+12 i
r 4 x=-82z=0 ]
F ¥ x=-8z=+12 B
r o x=-12z=0 7]
F 0O x=-12z=+12 4
L A X=-4z=-12 A
r o Xx=-12z=-12 1
Fgk 8 8 % h
[ F ]
Y S IO BN R BN RE I BRI
4 6 8 10 12 1 16 18

total energy in water(MeV)



—rOt——

combined

[t} < @ o o S} 1=l
=} (=} =} =} o o

S = =} S = =
(ereq/(era-ON)) uotrineg aeds Abeus

-0.02

)

=]
<

-0.04

-0.05

14 16
total energy in water (MeV)

12

10



0.08

((e1ep)s09-1)/(0w)s09 - (B3P)S09)

14 16 18
total energy in water (MeV)

12

10



L e e e e L e e e
L c 1
L o1 5 1
L o 4
L o 1
L O 4
L o 1
L o -
L o 1
P S T S N N S U N
o~ ) — 0 ] I} — ) ~
IS = o < < =] l =]

S = S 7 o T

eRq/Erg-OIN) 32UsRHIQ UoiNn|osay Abeug

14 16
total energy in water(MeV)

12

10









Epoxy
Feedthru

= O-Ring

PvVC
Endcap : |

Al
Endcone

Pulse
! Forming
Spacer } Electronics| !
\‘ti 7‘
Transformeri
Oil Fill
Stainless
Housing\l N —
c :
(&)
S | Accelerator
— L Head |
LeakSensor |i | ; l
Stainless
End@\.\fu—@\

Gas Reservoir

Element

Vacuum
Envelope

lon Source
— Anode

lon Source
|~ Magnet

Accelerator
| Anode

Target







10(np) 1N

@ 11415.002

$ ¢ it ob & % 5 .

L

10.0

Number of events

12.0 14.0 16.0 18.0

E, (MeV)

8

8

300

200

100

b b L TP e
10 20 30 40 50 60 70 80 9 100
Distance from target to N16 production (cm)

o
o



@

EF142MeV |
o(m,py'oN

o



25000

35000
30000
25000
20000
15000
10000

30000

25000 20000

20000 15000
1 15000
: 10000
1 10000

5000

g

L 0 A L P
-500 0 500 0

x-vertex (cm) y-vertex (cm) z-vertex (cm)

R
o
o
o
%
O
o
o
o
§ s b b b

§ 1500

8 1000
b
% 500

N

L e B R S TR T T T,

-500

et i ded

-1000
-1500

FrT T T T T T T T T

Cbe (e Bdin a L el e

-1000 0 1000 -1000 0 1000
x-vertex (cm) y-vertex (cm)







7.13s

2:T=1 0
= 16
>N

QB-:10419'0
6.5x107% 8.9
0.0012% 6.2
1.06% 4.3
4.8% 5.1
66.2% 4.5
0.012% 10.01
28.0% 9.11

0*: T=0

_ 98445 67 kev

9585
420 keV
8871.9 155 g

7116.85

0 stable




8000

7000

6000

5000

4000

3000

2000

1000

L e S e B L
Data taken ot (-388.9,-70.7,0)

- — e .
r ® Data ]
r — ]
L 15.5 MeV Analysis 4
[ Threshold ]
L 1]
2 6 8 10 12 14

Energy (MeV)




Y

MeV Analysis
Threshold

10000 —

|
g

6000 —

4000 —

2000 —

14
Energy (MeV)

12

10



o 9o
Q 9
N ®

(MC-DATA)/DATA
o
o
=3

-0.01

-0.02

o

AR RN R R RN
L]
L]

IS WA WA W R

Ll L
1000 1500
z-position (cm)

I |
-1500 -1000 -500 0 500

-0.03

o
Q
@

22.5 kton fid. vol.

o
Q
(]

o
[=}
=t

(MC-DATA)/DATA

o
Q
=

-0.02

o
A R R R R AR
L]
L]
L]
T S T PR T

03—l e b Lo Lo Lo Lo L 1
-200 0 200 400 600 800 1000 1200 1400 1600

r-position (cm)




o
Q
®

< n ]
[t C ]
S o002+ E
T £
< r ]
[s] L il
o Oor ’—5—'—5—'—§—'—§—1—§—:—§—‘_§_‘—§—¢—§—’
s —— i
TTH00L =
002 & 3
X | +\Y | A [ \E

-0.03 I L L L L L L
0 50 100 150 200 250 300 350
Azimuthal Angle (degrees)
« 008 —m e e e e e e
[} C ]
S o002+ E
I<£ 0.01 ; é
< E E|
[a) C ]
o6 OF %
> E * |
0L [ =
002 =
F Downward Upward 7
Yo < ) T S R R N RN R AL e
- -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

cos(Zenith Angle)



40000 —

35000

30000

25000

20000

15000

10000

5000

F + Data f
L — Fit to Measured half life ]
L 713 +/-0.03sec ]
[ P O R B I R

15 20 25 30 35 40 45 50

Timesince Fire (sec)







Trigger Eff.

Trigger Eff.

1E w1 1
L 1 [ ]
|- 1D - 4
08 - 12 08 B
L 1= L ]
06 [ 4 o06F 4
r ] r SLET 1
04 | 4 o4 .
02 | 4 o02f .
0:\ n \\\\\\\\\\: 0: \\\\\\\\\\\:
2 4 6 8 10 2 4 6 8 10
Energy (MeV) Energy (MeV)
R e e T R R e
1k w o 1f
r 1z r ]
|- 1D - 4
08 42 08 | B
r 1= r ]
06 4 o6 .
r SLEZ 1 r SLES 1
04 [ 4 o4 :
02k 4 o02F B
0: ] O:H‘m”m”m”:
2 4 6 8 10 2 4 6 8 10
Energy (MeV) Energy (MeV)









Z-coordinate (cm)

2000

1500

1000

500 -

-1000

-1500

-2000

Y-coordinate (cm)

2000

1500

1000

500 -

-1000

-1500

-2000

1000 1500 2000
X-coordinate (cm)

2000 Lt
-2000

1000 1500 2000
X-coordinate (cm)



Relative Proba

Q.6

0.4

Q.2

-

(A)

relative proba

®)

160

degree

180

!
80 Bl
degree









3.5

2.5

0.5

9]

1 2 3 4 5 6 7 8 9

10



140 160 180
Neff

120

100

20

L.
0 <) 0 ] 0 =} 0 w 0
ﬂ 2 7 1 2 1 7 2

5 B
(neW) AB1eu3 [er0 L uoue|3









+
+
++ 7
+
st T ++++
+F s+t L+
o7 4+t + x Reconstructed Vertex
+ L+ L+
+ + + +
+F s+t L+
N Test Verti
1mI T + ertices
+ 7t + +
+ L+ L+
+ + N +
+ +++++ i
st N
+F s+t L+
o+t + 4+t
e
++ 4+t
+ +
L+
+
Plane_L to Fit Direction N
Fit Direction
10 e e e g
cut ——  Real Dato 1
N MC Data 1

Number of Events

10

10

|

0.1

0.2

03 0

4

05

0.6

0.7

I
0.9 1
GoodFrac

0.8



Possible Vertex

PMT 1

AR+t >At + t
AR > At

AR

PMT 2



Number of Event
a 8
(=] Q
o o

1000

500

500
450
400
350
300
250
200
150
100

50

Number of Events

o
O grr

1000

Real Data (5.5-6.5 MeV)

Clusfit Vertex
Original Vertex

900
800
700
600
500
400
300
200
100

I El
Real Data (5.5-6.5 MeV)]

Clusfit Vertex

Original Vertex

O

500 1000

1500
R vertex

0]
-2000

-1000 0

1000 2000
Z vertex

MC Data(5.5-6.5 MeV)
Clusfit Vertex

***** Original Vertex

300
250
200
150
100

50

MC Data(5.5-6.5 MeV)

Clusfit Vertex

—02000

-1000 0

1000 2000

Z vertex












2

47
total crosssection 10 cm

=
o

=
o

=
o

10

; Vet € -> v+ e
",‘ ,,,,, VH+ e -> VH+ e
s o b b b b b b b b
2 4 6 8 10 12 14 16 18 20

Neutrino Energy (MeV)



AME) (MevT)

0.15

0.14

0.13

0.12

0.11

0.1

AT

o

2

4 6 8 10 12

Neutrino energy, E, (MeV)

14

16



o(BEv) x A(Ey)

x10

0.3

0.25

0.2

0.15

0.1

0.05

2 4 6 8 10 12 14 16
Neutrino Energy (MeV)



do (E)/dT (barn/MeV)

x

=

S
s

o
e

0.097

0.095

0.092

0.09

0.087

0.085

0.082

0.08

0.078

0.075

E, =12 MeV

o

6 8 10 12
Electron Kinetic Energy, T (MeV)



Number of Events

10

I

10

10

[

1

o T

2

4

6

8

10 12 14 16
Electron Kinetic Energy (MeV)






I A AN IR AP AP AR
550 600 650

700

250 300 350 400 450 500









s VT
s F ® BP98 8B MC ]
10 [ W B BP98HEPMC —> -
g F ]
o |- |
% Fo-
@ 1L e ]
8 F [ E
2 r agl ]
o L o B
o F o+ ,
g F ro+ e+ -
m -1 ro-
5 10 & E
o] L l
e} - ]
S 3 ]
= L 4
z
10t 4
[ -
0} E
F .- ]
I I N B T W N B N S

5 6 7 8 9 10 11 12 13 14 20
MeVv

x 102

9000

8000

Number of Events

7000

6000

5000

4000

3000

2000

1000

PRSI T I R |
-08 -06 -04 -02 0 02 04 06 08

cos Ogqyy

o
'
[uN
[uN









Muon Sample

6000~ Solar Neutrino
Sample

re}

SJUSAT JO JequInN

10% (p.e)

log(total charge)






TTTTTIRARY
TR
S0ttt totoresetatolete

=% %% %% %

jous event) 10" (psec)

3
Ime since prev

L
2

50 sec
log (T

Cut

400

o
=}
©

SIUSAT JO JoquinN

©
S
IS

1000
800
600
400
200






Number of Events

Number of Events

2500

2000

1500

1000

500

1200

1000

800

600

400

Random k
Vertex Events;

0.98 Cut

Normal Data

2 4 6
Likelihood spallation like —>

0.92

2 4
Likelihood spaliation like —>







Reconstructed Direction

/~ Reconstructed Vertex

7 et

1D Wall

OD wall




2000 4000
1000 2000
0 0
2000 1000 0 1000 2000 O 500, 1000 1500 2000 2500
Z-position (cm) reposition (cm<)  y10°
3000
2000 2000
1000 1000
0 0
1 -0.5 0.5 1 -1 -0.5 0.5 1

2000

1000 R

-1 -0.5 0.5 1
cﬁrz



=
o
I

=
o
w

[y
o
N

=
o

Number of events/day/22.5kt/0.5MeV

10

O After first reduction

—
o A After clusfit cut 3
i ¥ After spallation cut :
I 1
e O After gamma cut -
E —A—o— B
;j_%ivi —o— 1
g DU
L -
L —a
r e ]
|- —— -
L E2
- =
E ‘ |
14

Energy (MeV)



















Events/day/kton/bin

05

01

ot b b e b b b B b by

-1 -0.8

-0.6

-04

-0.2

0

0.2

0.4

0.6

0.8 1
€0sOsun



1

Ccos Ogyn

[ov g
[ 85 uq 3
5 o
o 6 ug
L 8 |
e z /£ uwa Jag
[zc uq 2 N
e s coug @
[8z uq =5
o 62U <t
o lz v {°
e Szug oy
[0z uq sl
[8)uq o o
y I
ovee i 61 uqg ]
[¥)ug S ‘
5 L1 g JN
g Jo
i 2 gruq ]’
i crug 1S
g 10
o e
[ 9uq ]
i 1o
o Lug 1"
[ zug e
Jo
cuq 1"
Lug Jg
P

SIUBAT JO JoquinN






o
b
o]

g contribution
o
R

0.035

0.03

Normalized bk

0.025

0.02

0.015

0.01

0.005

'
.

-08 -06 -04 -02 0 02 04 06 08 1
COSOsun






Number of events
g

8000

6000

4000

2000

E —— T i
o e b b e b b e b e e b e b b w
-1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1

€osOsun












1500 }\ T T T ‘ T T T ]
1000 £ —
500 |~ =
F 5.5-6.0 MeV+
0 R B
-1 0 1
cos Ogyy
1000 |~ J
500 [ =
E 7.0-7.5 MeV]
0 | | | | ‘ | | | |
-1
cos Ogy
800 j\ T T T T T T \i
600
400
205 55 5.0 wMev
0 Coovv b1
-1 0 1

cos Ogn

800
600
400
200

1000

500

600

400

200

0
-1

F 6.0-6.5 MeVA
Co ol 113
-1 0 1
CcoS Ogqn
T T T T T T T 7
F 7.5-8.0 MeVv
| L1 | | L1 1
-1 0 1
cos Ogn
T T T T T T T 7

9.0-9.5 MeV

0

1

cos Ogqn

1500

1000

500

1000
750
500
250

400

200

0
-1

8.0—8.5 MeV4

0

cos Ogyy

9.5-10.0 MeV]

0 1

cos Ogyy



150

100

50

60

40

20

I
o
o
|
&
o
<
@
<

-1 0

[EEY

cos Ogn

11.5-12.0 MeV

-1 0 1

cos Ogyy

[ 13.0-13.5 MeV

cos Ogyn

300

200

100

100

40

10.5-11.0 MeV

-1 0 1

cos Ogpn

£12.0-12.5 MeV

1
[y
o
[y

[ 13.5-14.0 MeV

cos Ogp

200 —

150
100

60

40

20

1 0 1

Cc0os Ogquy

12.5-13.0 MeV

1

cos Oguy

[ 14.0-20.0 MeV

cos Ogyy









SK

D5

N5

Horizon




Number of Events
3 8
(=) [e]
o o

3
8

5000

4000

3000

2000

1000

\ \
rES2 Pt
S A —
[st0) s9 s S7 s6 S5 sS4 S3 S22 ST
- MMWWMWM ]
il RN PR I O RTINS IR OO PO SOOI AP NP
-0.015 -0.01 -0.005 0 0.005 0.01 0.015

(Earth-Sun distance) - 1 AU












(Corrected-Measured)/Measured (%)

—

O -1 sigma

® +1 sigma

14 16
Electron Energy (MeV)






(Corrected-M easured)/Measured (%)

(Corrected-M easured)/Measured (%)

DTG Position dependence correction

Shift = —2.025 + 0.2782 (E)

[ =g NENE PN FEEE FRUTY NEEY FAUE IR AT

o

I
10 12 14
Electron Energy (MeV)

DTG Direction dependence correction

Shift = —0.668 + 0.0957 (E)

I
10 12 14 16
Electron Energy (MeV)



























Number of Events

2500

2000

1500

1000

500

TEntrigs

Mean
ALLCHAN

" 308486 |
8.657
0.2587E+06










Number of Trials

100 —

80 —

60 —

40 —

20 -

Input Mean -






















Number of events/Day/22.5 kton/0.5 M eV

10

'
=

10

7\ L T 1T T 1T 1T 177 T T T 1T 177 T 177 ‘ T 177 ‘ T 1T T 1T \7
- —— BPY8MC ]
= ® Data b
| 777v7 RS
L _ E Stat. Error i
L |_§_|,_§_|—!—||_!_| 77 § Total Error |
S -
r Fo 3 ]
i HoH - : ]
i +HoH — f |
L HH } i
L e — |
’ = PO
I | ‘ I | ‘ I | ‘ I - ‘ Ll ‘ I - ‘ | ‘ I - ‘ I | ‘ I -

5 6 7 8 9 10 11 12 13 14

20
MeV



Data/SSM

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

rorrrrrTT T T T T T T T T T T T T T T
; EStGUSUCO\ Error %é
; §Tot0\Error é
:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\i\\\\:
5 6 7 8 9 10 11 12 13 14

20
MeV



Data/SSM

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

N D
; ® Doy §Stoﬂsﬁco\Error :%é
; A Night %Toto\ Error T é
T T D F D R TR I P
5 6 7 8 9 10 11 12 13 14

N
o

MeVv






iii

E Total Error

o
—eo—
—o—
o
=
o
—o—

g

Ll

L gl

i «Q ™~ © L
o o o o (=}

NSS/ered

s
o

@
o

N
o

b
o

o

SOIN

VOIN

€9IN

¢9OIN

TOIN

SAVAd

YAVA

€AVA

c¢Avd

TAVA

TIVOIN

1IVAVA

11V






Data/SSM

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

C | ]
} %Toto\ Error {
E FAR NEARE
I
EFAR NEAR
L I R I O R | L]

S1 &2 S8 $4 S % ST S8 S99 S10 ESI ES2


















Data/SSM

0.7

0.6

05

04

0.3

0.2

0.1

7\ T T T T T T T T ‘ T T T T T T T T T T T T T T T T T T L \7
; E Measured Data/SSM (with total error) % {
- —— Best x2Fit/SSM .
:\ - ‘ I ‘ I ‘ I - — ‘ I ‘ I ‘ I - — ‘ I ‘ I ‘ - \:
5 6 7 8 9 10 11 12 13 14 20

MeV









do bin (100 bing)

SK Zenith Angle
(5 binsfor night flux)

dRpin
\&1@7 bins)::
AN

Neutrino Path

Earth

Earth-Sun separation
1 AU +/- dS bin (40 bins)









Number of events/Day/22.5 kton/0.5 MeV

-

® Full BP98 MC Simulation

—— BP98 Electron Fast Simulation —

6

7

8 9 10 11 12 13 14
MeVv









log(a nf)

T

T

T

Hypothesis Test

99% Excluded
95% Excluded
- 90% Excluded

-4

-35 -3 -2.5

-2 -15 -1 -0.5 0
log(siff 20)



—_ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
NE -9 N -
a I ]
(@] - i
O 925 - —
95 N
975 |- -
: - :
-10 +— T -
11025 [ -
105 -
| Hypothesis Test ]
I 99% Excluded 1
-10.75 — —
F----  95% Excluded R
oo - 90% Excluded b

_11 | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | |

-1 -09 -08 -07 -06

-0.5

-04

-0.3

-0.2 -0.1 0
log(siff 20)



log(a nf)

T~
ST
~ N e R
~ SO T — T T — —
N NN TTrTmrTmrTrTmrer e -
L o~ N -
R NN
L \2\\\ - \\ N
. N NN
~ S~o 2 AN

— W\ —
NN ;
N
‘\Q_\ /y
i NS /77
N — == A
7 TS~ -

| Distance from the y* Minimum G

F---- 99% Excluded

- 95% Excluded :
F—— 99% and 95% Flux allowed Regions :
F % x* min of 39.41 (34 dof) at (0.3,3.16E-7) 1

-4 -35 -3 -25 -2 -15 -1 -0.5 0
log(si n 20)




og( nf)

T -9.25 7

-95

-9.75

-10

-10.25

-10.5

-10.75

Distance from the x* Minimum

99% Excluded
95% Excluded
99% and 95% Flux Allowed Regions

Min of 39.41 (34 dof) at (0.3,3.16E—7)

-11 -+

-0.9

-08 07 -06 -05 -04

-0.3

p

02 01 O
log(sin?20)





















