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University of Washington

Abstract

A Search for Astrophysical Point Sources of Neutrinos with

Super-Kamiokande

Andrew Lawrence Stachyra

Chair of Supervisory Committee:
Professor R. Jeffrey Wilkes
Department of Physics

Using a data sample of 2037 upward-going muons gathered by the Super-Kamiokande de-
tector during 1479.6 days of average effective live time between April 1, 1996, and December
8, 2000, a search for evidence of astrophysical point sources of neutrinos is attempted. The
results of two different types of all-sky surveys are presented, as well as 90% upper level
confidence limits on the maximum observationally consistent neutrino flux that might be
coming from selected source candidates, and the data is also examined for the possibility
of a time correlated excess of muons associated with the 1997 extended flaring episode of
Markarian 501. No evidence for astrophysical point sources of neutrinos is found. In addi-
tion to explanations of the data analysis procedures and results, discussions of the detector

design and the upward-going muon data reduction are also included.
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Chapter 1

Current Status of Neutrino Astronomy

1.1 Introduction

In 1960, Greisen[1][2], Markov[3] and Zheleznykh{4] proposed the idea of using liquid-filled
underground Cherenkov detectors to make directionally sensitive flux measurements of
neutrino-induced upward-going muons. Among other goals, it was the intent of those au-
thors that such devices would be used to usher in a new kind of astronomy, based on the
detection of high energy neutrinos rather than of optical or radio wavelength photons, which
were the two primary modes of observation in use at the time. This dissertation is about an
experiment and ensuing analysis, just one among an ongoing series by a small community
of researchers, which has been performed in response to that initial vision.

At the time of this writing, two astrophysical point sources of neutrinos have so far been
observed: the sun([5][6][7](8][9][10] and, for the few seconds immediately following its initial
explosion, supernova 1987A[11][12][13]. This thesis, however, will address itself toward
neither of those two objects, concentrating instead on a search for evidence of extrasolar,
non-cataclysmic sources.

Although the existence of detectably bright sources, unlike that of, for example, the
Higgs boson or of cosmologically significant dark matter, is not so strongly expected that
discovery would provide the missing piece to a long-standing scientific puzzle, there are
nevertheless compelling reasons to suppose that a sufficiently sensitive search might one
day yield results. The argument in favor of attempting either high energy neutrino or y-ray
astronomy, as it is typically presented[14][15], begins by pointing out that the cosmic ray

energy spectrum varies over at least 13 orders of magnitude, from primary particles of less



than 107 eV[16] total energy to those with more than 10%° eV[17]. They are known to
consist primarily of positive ions, and there is some consensus(18][19][20] that supernova
remnants are the most likely candidate sources of particles up to about 10'> eV, but there
is as yet little direct evidence to confirm this hypothesis, and little is known for sure about
what is powering the rest of the spectrum, except that a combination of several different
mechanisms is probably needed in order to account for the full range of observations over
all energies.

It is noteworthy, furthermore, that cosmic rays are extremely abundant, in the sense
that they provide a substantial contribution to the energy balance of the galaxy([21][22]: at
an energy density of ~1 eV /cm?3, they are as significant a presence in interstellar space as
starlight, or the galactic magnetic field, or the cosmic microwave background radiation, all
of which are estimated to have energy densities in the range 0.1 to 1 eV/cm®. That there are
unknown natural celestial objects out there accelerating cosmologically significant quantities
of ions to create the cosmic rays observed on Earth is seen as an important justification
for attempting to observe astrophysical neutrinos: it has long been understood that cosmic
rays striking the atmosphere (and ions accelerated at man-made facilities as well, for that
matter, striking a target at the end of a beam pipe, under suitable circumstances) create
copious quantities of neutrinos{23] in air showers through the decay of the secondary mesons
that arise from the initial interaction of the primary particle. It seems quite plausible that
perhaps some fraction of the cosmic ray ions are never even reaching us, interacting instead,
via the same mechanisms, in agglomerations of matter much nearer to the sources, so that
the sources produce not just the cosmic ray ions but also a flux of neutrinos as well.

This line of reasoning can be fleshed out further by pausing to consider a few of the
meson decays which figure most prominently in the production of cosmic ray showers on

the Earth:

= 5 ot +v,(T,) (1.1)
70 o v+ (1.2)
l‘i - e+ Ve(Te) + Uu(”u)- (1.3)

In practice of course, real cosmic rays generate not only pions, but also modest quantities



of other mesons as well, such as kaons and so forth, so the model implied by the equations
above is a bit of an oversimplification. But qualitatively, the behavior of a more realistic
model including all of the relevant physics would not be all that much different: the pro-
cess of meson decay ultimately results, inevitably, in large numbers, roughly comparable in
overall scale, of electrons, neutrinos and y-rays. The implication of this, therefore, is that
any celestial object which emits neutrinos through the production and subsequent decay of
mesons as it has been outlined above must also release roughly comparable amounts of en-
ergy as y-rays. Optimism about finding such sources of neutrinos is further bolstered by the
fact that several point sources of TeV v-rays, the energies of which fall well within the sen-
sitivity range of Super-Kamiokande to neutrino-induced upward-going muons, have indeed
been discovered[24] with atmospheric Cherenkov telescopes in just the last few years. Of
course, it’s also possible that other power mechanisms which do not produce a correspond-
ing emission of neutrinos, such as inverse Compton scattering on relativistic electrons(25],
might instead be at work in these cases, but nevertheless, that any phenomenon consistent
with astrophysical neutrino production has been observed at all is seen as encouraging.

The utility of both high energy neutrinos and photons as astronomical tools lies in their
lack of electrical charge. The point of origin of the cosmic ray ions in general cannot be
discerned because they do not travel in straight lines: they are bent by the magnetic field of
interstellar galactic space, which is estimated to have an average value of around 3 pG[26],
corresponding to a gyroradius of about 10 x R c¢m[27], where R is the rigidity in units of
volts. The height of the galactic gascous disk is about 5 x 1020 c¢m, so ions with rigidities of
less than ~10'7 V have a gyroradius smaller than the thickness of the galaxy, and probably
loop around through the magnetic field many times before reaching Earth. Neutral particles,
on the other hand, travel straight from their source, unaffected by those fields, and thus
offer a unique investigative opportunity.

Furthermore, the neutrino’s extremely small interaction cross section, the same prop-
erty which makes detection so technically challenging, instead works to an experimenter’s
advantage in studying possible extragalactic point sources: the radiation fields between the
Earth and the remotest sources are opaque[28]{29](30] to v-rays, because the <ys are very

likely to pair produce with photons in those fields as they travel over cosmologically vast



distances. The cross section[31] for this interaction has a kinematic threshold governed by
E,e(1 — cos8) > 2(mec?)?, (1.4)

and peaks when
E. e = 2(mec?)? = 0.5 (MeV)2, (1.5)

where 8 is the encounter angle between the two photons, E. is the energy of the -y-ray, € is the
energy of the soft photon in the radiation field, and m, is the mass of an electron. Thus, the
cosmic microwave background radiation, with e ~ 2 x 10~ eV, has its greatest cffect on s
of around 10!® eV, while ordinary starlight, concentrated primarily around the visible range
of ~2 eV, exerts its greatest effect on s of ~10!! eV. Experiments like Super-Kamiokande,
which are sensitive to upward-going muons induced by neutrinos in this energy domain,
have the potential to make a unique contribution, by observing astrophysical neutrinos at
energies at which photons may not be able to reach the Earth.

Despite all of their advantages, neutrino detectors do also have some inherent limitations.
The neutrino interaction cross section rises without bound as neutrino energy increases, and
at neutrino energies of 10s to 100s of TeV, the cross section becomes large enough that travel
through the diameter of the Earth starts to cause non-negligible attenuation{32]. Thus, an
analysis such as this one, which identifies neutrino-induced muons by their upward-going
direction, is mostly limited to neutrino energies of less than perhaps a PeV or so, except
as the direction approaches the horizon, where the path length through the Earth becomes

much shorter.

1.2 Favored Types of Candidate Source Objects

The current and recent theoretically oriented literature on neutrino astronomy is rich in
speculation about what types of celestial objects would present the most favorable conditions
for generating significant numbers of neutrinos. In the loosest view, one can justify placing
on the initial, first guess list of neutrino source candidates any object for which evidence
of significant non-thermal emission has already been observed, simply by appealing to the

many uncertainties in the taxonomy of the astronomical zoo: the internal dynamics of most



such objects are understood only conjecturally at best, and that by itself leaves a fair amount
of room for the possibility of neutrino production. The goal of this section, however, will
be to pare down the long initial list into a much shorter one, containing only those types
of objects for which there is broad consensus among the experts that special attention is

merited.

Two of the objects which will be discussed below, pulsars and the expanding shells of
young supernova remnants, exist within our galaxy, and the third, active galactic nuclei
(AGN), are found only in other galaxies. When considering objects within our own galaxy,
it’s worth noting that the galactic center, simply by virtue of its large contribution to the
overall galactic mass, is particularly likely to contain neutrino emitting objects if any exist,
so in addition to the types of objects listed below, it should also be considered a promising

source candidate.

1.2.1 Pulsars

Pulsars are assumed to be rapidly spinning neutron stars formed from the collapsed core
material remaining after a supernova explosion. They usually have strong magnetic fields,
typically ~10'2 G at the surface at the time of formation; small radii, typically ~ 10% cm; and
rotation periods that vary from ms to s, becoming progressively longer as the pulsar ages([33].
Pulsars derive their name from their characteristic emission of short, pulsed bursts of radio
waves, by which they were first discovered. They are dynamically complicated objects,
consisting of rotating magnetic dipoles, relativistically rotating plasmas, and sometimes in
binary systems, disks of matter accreting gradually from the partner to the neutron star.
A small number of different models are proposed, each of which predicts a different kind of
mechanism capable of accelerating the ions in the magnetosphere into some target medium,
thereby producing charged pions, the decays of which eventually result in a flux of neutrinos,

as well as neutral pions, which produce a commensurate flux of ~s.

In one scenario[34], the pulsar’s angular velocity and magnetic moment are parallel, and

the dynamics of the magnetosphere result in an electrostatic potential capable of accelerating



a positively charge ion up to

3
1018 &B.e

\%
P b

Ema.z =3 x

where Z is the ion’s charge, R is the radius in units of 10° cm, B is the magnetic field
at the polar surface of the star in units of 10!2 G, and P is the period in units of ms.
For a typical case like the Crab Pulsar, Emqz is estimated to be about 2 x 10'® eV. If the
pulsar’s angular velocity is instead more perpendicular to the magnetic moment[35], the
rotating magnetic dipole will give rise to intense, yet slowly varying induction fields which
may be capable of accelerating ions to significant energies over time scales which are short
compared to the characteristic ~ms period of rotation. The maximum possible energies for
particles accelerated by the Crab in this scenario are estimated to be about 10'3 to 10'6
eV. In either of these cases, the likely target material against which the accelerated ions
would collide would be the supernova nebula surrounding the pulsar, especially during the
period of relatively high density immediately following the explosion[36][37]. It is worth
noting that the «y-ray astronomy results in the energy range of this neutrino analysis seem
to support at least the general notion that a unary (i.e., not part of a binary system) pulsar
might be capable of such acceleration: three of the four known galactic point sources of
TeV ~-rays[24] (Crab, Vela, and PSR1706-44) appear to be plerions, which are a specific
subclass of supernova remnant that contain a pulsar at the center.

X-ray binary systems form the other major class of pulsar-powered neutrino production
models. These are systems in which the neutron star exerts some kind of strong, profound
influence on the atmosphere of a non-compact partner star orbiting nearby. The extreme
conditions in the plasma flowing off of the companion are ideal for the production of shock
fronts, which may give rise to shock acceleration(18]. In one scenario, matter accreting
from the companion onto the compact object[38] (which technically, in some models[39]
at least, need not be a neutron star; in this one case, a black hole will also work) could
provide the driving mechanism. In another, the collision of a relativistic magnetohydrody-
namic wind[40] of electron and positron plasma originating in the pulsar’s magnetosphere,
impinging upon the solar wind of the companion[41], may create the shock front necessary

for acceleration. As with the unary systems discussed above, there is some experimental



evidence supporting the hypothesis of very high energy <-ray production in x-ray binary
systems. Several experimenters[42][43][44][45] working independently in the late 1970s and
early 1980s reported observation of a statistically significant excess of air showers apparently
coming from the direction of Cygnus X-3. Subsequent observations by other researchers,
however, failed to corroborate those results, so if the earlier results are to be given any

credence at all, one must assume that such emission is only sporadic at best.

1.2.2 Young Supernova Remnants

Another object considered a likely candidate site for the production of significant neutrino
flux is the expanding envelope of gaseous debris blown off by a supernova, during the short-
term aftermath of the explosion. In a manner analogous to that of the binary system
discussed above, it may be possible for a pulsar wind colliding with the inner envelope of
the young expanding supernova shell to create a shock front capable of accelerating ions to
significantly high energy, which might then interact within the volume of the shell to produce
neutrinos(46]. In this scenario, the window of opportunity for point source detection would
probably lie somewhere between a few and a few 10s of years, during which time the majority
of neutrinos would be produced.

Given the current consensus in the field that expanding supernova nebulae are the likely
production site of most of the cosmic ray ions that we see on the Earth below about 10'°
eV, it is natural to suppose that such environments might make good candidate neutrino
sources as well. Indeed, such a model[47] has been developed, but it predicts that most
of the neutrino flux would be produced on a characteristic time scale of perhaps 10 to 100
days after the initial explosion, so it is not a favored production mechanism for purposes of
this analysis, since no supernovae have been documented near the Earth during the time
period covered by or immediately preceding the data set. A notable feature of this model
is that the time scale for significant neutrino production is small compared to the time
scale for significant cosmic ray acceleration: the accelerative capabilities of supernova blast
waves are estimated to dissipate on a comparatively much longer time scale of roughly a

few hundred[18] to a thousand[48] years or so. Intriguingly, two of the four known galactic



sources of TeV v-rays[24], Crab and SN1006, are known to be associated with supernova
remnants that fall within this longer age range. On the other hand, however, certain
detailed features of the observations appear to be most readily explainable by appealing
to production models based on inverse Compton scattering[25][24], rather than the decay
of hadronically produced pions; this undermines support for the possibility of a significant

flux of neutrinos since only the latter process can produce them.

1.2.3 Active Galactic Nuclei

An active galaxy is defined as any galaxy which apparently emits a substantial fraction of
its total energy via mechanisms other than the normal processes of stellar and interstellar
evolution. The luminosities of many of these objects are observed to vary significantly on
time scales ranging from hours to weeks to years[49], and the shortest observed variability
time scale for a given object, t,, places an upper limit r on the physical size of the energy
production region, because the luminosity due to one zone could not be causally related to
the luminosity from another zone unless they were physically separated by distances such

that

r<c-ty,

i.e., 7 must be no greater than the distance which could be covered by moving between the
two zones at the speed of light in the time ¢,. This line of reasoning, combined with the
other astronomical observations of these objects, leads researchers to conclude that some
of them are radiating energy at rates as high as 10* times that of the typical ~kpc-sized
galaxy in volumes (presumably the galactic nucleus) measuring much less than 1 pc3{50].
The most widely favored explanation to account for the incredibly high luminosity in
such a compact area, as well as other attributes, is that the active galaxies are powered by ac-
cretion onto supermassive black holes of masses ranging from about 108 to 109 Mg[51][52].
As with the smaller scale accretion-powered models already discussed as possible galactic
sites of neutrino generation, the flow of accreting matter in an active galaxy is also consid-
ered a likely site of standing shock fronts[53], across which hadrons might be accelerated.

Building on this idea, several workers predict that a significant flux of neutrinos[54][55, 56]



might be generated in the central engine of an AGN; a notable feature of the models is
that pion photoproduction (e.g., p+v — n+ 7*) on the thermal radiation field of the core
region would contribute significantly to the overall generated flux.

In addition to the astonishing luminosities generated by AGN, another prominent feature
is also evidently associated with many of them: the emission of radio waves from long,
narrow lobes which are commonly understood to consist of jets of relativistically moving
plasma[57] being expelled from the core region. Like the matter swirling about in the
accretion disk, the relativistically flowing plasma in the jets is also considered a prime
candidate environment for the pion production needed to produce neutrinos, and a model
exists[58] that describes the processes involved.

The current picture in ~TeV v-ray astronomy is that all known extragalactic sources(24]
appear to be BL Lacertae objects, which are believed to be simply those AGN which happen
by chance to be oriented with their relativistic jets pointed almost directly toward the
Earth[59]. Thus, if the y-ray observations support either of the two neutrino production
hypotheses, (and one must bear in mind that the hadronic origin of these vs is not yet
certain) one supposes that they are more favorable to the jet-based models, since these
seem to include directionality more naturally as a feature than do the diffusive central

engine models.

1.3 Other Experiments

A number of other experiments have either published results of searches for astrophysical
neutrino sources in recent years, or else are in stages of active construction and development,
and should be reporting results within the next few years. Those of greatest current interest

are acknowledged here. Their most basic specifications are summarized in table 1.1.

1.3.1 KGF

The KGF experiment was performed in three distinct phases at vertical depths of 7000,
and later, 6045 m.w.e. (meters of water equivalent), in the Kolar Gold Fields mine in India.

Originally designed as a proton decay experiment, it was constructed of iron absorber layers
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Table 1.1 These are the basic specifications for most of the neutrino telescope experiments
of current or recent interest to the field. Listings are limited to experimental groups which
have either published a neutrino astronomy analysis considered comparable to this one, or
appear to be imminently about to do so, based on recent conference proceedings or theses.
There are a few collaborations, such as SNO, which probably have the capacity to produce
analyses similar to this one, but have not yet shown any evidence of significant effort on this
front, presumably because their experiments were built primarily to address other physics
topics; cases such as these have been omitted from the list. Dates of operation refer to
total known run time, while the number of v,s refers to the total size of the data sample
on which the published results were based; in some cases data acquisition continued after
initial results were reported, but an updated official astrophysics analysis was not necessarily
presented.

Detector Location Interval of v, Effective Thresh. Depth Number
Operation Area (m?) (GeV) (mwe) of v,s
KGF India 1980-1993 30 1 6500 243
Baksan Caucasus 1980- 200 1 850 700
Fréjus France 1984-1988 100 1.5 4900 49
IMB Ohio 1981-1990 300 2 1600 172
Kamiokande Japan 1983-1995 150 1.6 2700 146
MACRO Italy 1989-1999 800 1 3700 1100
Super-Kam. Japan 1996-2001 1000 1.6 2700 2037
Baikal NT-96 Siberia 1996- 200 10 1100 ~10s
AMANDA B10 Antarctica 1997- 5000 10 2000 ~100s

in phases I and II, and no absorber layers in phase III, interleaved with proportional counter
tubes for particle tracking. Due to the slow timing response of the proportional tubes,
reconstructed tracks suffered from antipodal degeneracy: track direction vectors could only
be determined up to within an overall positive or negative sign. Because of the unusually
deep location of the experiment, a very wide swath of solid angle, extending up to 30°
above the horizontal in phase I (7000 m.w.e.), and 25° in phases II and III (6045 m.w.e.),

was sufficiently shielded by earth so that all atmospheric muons were screened out, and
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any muons coming from those directions could be identified with certainty as having been
produced by a neutrino interaction in the surrounding rock. Thus, even though the antipodal
degeneracy meant that the experiment had no ability to distinguish between upward-going
and downward-going particles, events fitted near the horizon could still be identified with
certainty as neutrino-induced, since both possible track solutions lay in an angular region
which could only be penetrated by neutrinos. A point source search was attempted[60],
taking into account that each event could have come from either of two directions; flux
limits were associated with various celestial objects, but no significant evidence of sources

was discovered.

1.3.2 Baksan

The Baksan scintillation telescope is located inside a mountain in the Caucasus region of
southern Russia and is constructed of 3132 tanks of liquid scintillator, each viewed by a single
photomultiplier tube (PMT). The modular tanks are arranged adjacent to one another like
bricks to form the six faces of an approximately cube-shaped structure, with two additional
internal horizontal planes intersecting the four walls at intervals of one and two thirds of
the height of the structure. Tracks are reconstructed from small numbers of collinear tanks
firing in unison, and the timing response of the individual tanks is fast enough to allow the
detector to distinguish between upward-going and downward-going particles. Neutrino flux

limits due to various source candidates have been calculated(61].

1.3.3 Fréjus

The Fréjus detector, a fine grain tracking calorimeter that was located in a side cavern off a
highway tunnel through the French alps, was one of several experiments built originally to
search for evidence of proton decay. It was constructed of sets of long, narrow flash chambers
which first were grouped together in parallel to form planes, and then, with plates of iron
absorber interleaved periodically, the planes were sandwiched together in alternating layers,
rotated 90° with respect to each other about the common normal, so that the axes of the flash

tubes would be oriented orthogonally. The post-trigger recovery time of the flash chambers
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was very slow, on the order of seconds, so, like KGF, the reconstructed track vectors of
particles crossing the entire detector were antipodally degenerate, but unfortunately the
slant depth near the horizontal was not great enough to employ the KGF solution in this
case, and Fréjus was therefore unable to make use of such particles in its analysis. Fully
contained events, those with interaction vertices within the volume of the detector, could,
however, still be identified as neutrino-induced, and the Fréjus collaboration made use of

this data sample to place limits on the neutrino flux[62] from various sources.

1.3.4 IMB

IMB, the Irvine-Michigan-Brookhaven detector, built in the Morton-Thiokol salt mine in
Ohio, was another experiment originally designed to look for proton decay. It was an
immediate predecessor, in multiple ways, of the instrument used for this analysis: not
only was it an underground water Cherenkov detector, but also, moreover, the 2048 PMTs
which originally lined its walls were reused to make the outer veto shield now in operation
in Super-Kamiokande. Confidence limits on point sources of extraterrestrial neutrinos have

been reported[63].

1.3.5 Kamiokande

Kamiokande, the Kamioka Nucleon(Neutrino) Decay(Detection) Experiment, another un-
derground water Cherenkov detector, was the other immediate predecessor, besides IMB,
to the apparatus used in this thesis, and the two Kamioka experiments were located only
a few hundred meters away from each other in the same mine. In most respects, Super-
Kamiokande was simply a scaled up version of this original detector: the inner detector
PMTs were of nearly the same type, made by the same company, most of the inner detector
data electronics were the same, and the basic geometric features of the current detector, like
its cylindrical shape and its segmentation into inner and outer subdetectors, were the same

in the prototype experiment. A published neutrino astronomy analysis is available[64].
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1.3.6 MACRO

MACRO, the Monopole Astrophysics and Cosmic Ray Observatory, located in the Gran
Sasso underground physics laboratory in Italy, was a multipurpose detector intended to
help address a number of different physics topics. The detector consisted, for the most
part, of vertical and horizontal arrays of streamer tubes, interspersed with passive absorber
layers of crushed rock and iron, surrounded by tanks of liquid scintillator. The streamer
tubes provided fine grain particle tracking, while the scintillation detectors provided the
fast timing which was necessary in order to be able to distinguish between upward-going
and downward-going muons. The MACRO collaboration enjoys the distinction of having
published the most thorough astrophysics analysis available from any neutrino detection

experiment to date[65].

1.3.7 Baikal

The Baikal project[66] is a large water Cherenkov detector at the bottom of Lake Baikal, in
Siberia, which has been undergoing sporadic development and construction since the 1980s.
PMTs are attached to vertical strings of cables anchored to the lake bed and accessed for
maintenance and hardware upgrades during a 5 to 7 week period in winter when the thick
ice sheet that forms on the surface can be used as a staging platform. Physics results have
been reported[67] for a modest sample of atmospheric neutrino-induced upward-going muon
events which has been culled from 70.3 live days of raw data acquired with configuration
version NT-96, a set of 96 PMTs mounted on four strings. NT-200, a set of 192 PMTs

mounted on 8 strings, has been operational since 1998.

1.3.8 AMANDA

AMANDA[68] is another large Cherenkov detector, but one which uses the Antarctic polar
ice cap as the detection medium rather than water, the more usual choice. This experiment
has been undergoing development since the early 1990s and has been built in three stages,
AMANDA-A, AMANDA-B, and AMANDA-IIL. The 130 live day sample of data available
from AMANDA-B, a set of 289 PMTs mounted on ten strings, is the subject of current
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analysis efforts[69]; several hundred neutrino-induced upward-going muon events have been

identified, and official, published results are expected soon.
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Chapter 2

The Detector

This chapter will address the design and operation of the experimental apparatus which,
over a five year period of operation between 1996 and 2001, provided the data for this
analysis. During the summer of 2001, in order to perform a scheduled hardware overhaul,
the 50 kton water tank, which held the interaction medium for the detector as well as
all of its light-sensing photomultiplier tubes (PMTs), was drained for the first time since
the initial commissioning of the experiment. In autumn, following the repair work, as the
detector was being refilled with water, a sudden, violent, and spontaneous chain reaction
resulted in the successive implosion of about 7800 of the PMTs, destroying somewhat more
than half of the experiment’s photosensitive surface area. Although there are already plans
to redesign and rebuild, the unfortunate event is still so recent that the exact configuration
in which a more robust future version of the project will continue to run is not yet certain.
The descriptions contained in this chapter of the major detector components and how they
operated together should be understood, therefore, as limited in their validity to the time
period when the original version of the instrument was fully intact. In the interests of

succinctness, other references will be cited for technical details wherever possible.

2.1 Cherenkov Radiation

The Super-Kamiokande experiment did not “see” neutrinos directly; rather, it did so by
observing the Cherenkov radiation emitted by charged particles created by or energized
through the interaction of the neutrinos in the matter in and around the tank. Specifically,

the reactions of interest in this analysis were of the type

vu(D,) + X — p~ () + hadrons,
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where X represents, potentially, any nucleon in the rock below or adjacent to the detector,
and it should be understood, furthermore, that the hadrons created in the rock did not in
general penetrate appreciably into the detector; the outgoing muon was the only measurable
product of the interaction. At the neutrino energies of interest to this analysis, the outgoing
muons were generally very forward scattered, and were for the most part aligned with the
parent neutrino arrival directions to within a few degrees. It was this tendency toward
forward scattering that formed the basis of the method for distinguishing muons induced
by neutrinos in the rock surrounding the detector from the principle background events in
this analysis, namely, atmospheric muons, so called because of their origin in the decay of
mesons induced by cosmic rays in the upper atmosphere. To be able to make this distinction,
and thus screen out non-neutrino events that might otherwise have contaminated the data
sample, the directions of the outgoing muons (and thus, by extension, the directions of
the incoming neutrinos) in reactions like 2.1 had to be limited to those that would have
required the neutrinos to travel through enough earth in order to reach the detector so that
a neutrino would have been the only particle which could have penetrated that deeply. In
practice, this ended up meaning that upward-going muons were identified almost exclusively
as neutrino-induced, while downward-going muons were assumed to be almost exclusively
atmospheric, and were presumed to be just simply those muons which happened to be
energetic enough that they were able to penetrate the relatively thin (as compared to the
diameter of the Earth) ~1 km or so of mountain that shielded the detector from above.
Thus it was in this restricted sense that Super-Kamiokande “saw” the neutrinos asso-
ciated with the upward-going muons: it recorded the intensity and timing of Cherenkov
light emanating from the muons as the light splashed upon the wall-mounted PMTs, then
the recorded information was used to estimate the set of muon track parameters which
would most likely have generated the PMT data that were secn, and finally, the inferred
muon track direction was accepted as approximately representative of the neutrino arrival
direction, to within some modest uncertainty, due to the aforementioned close alignment
between them. From this description it can be seen that the generation of the Cherenkov
radiation is fundamental to the detection process, and because of this fundamental role, the

Cherenkov mechanism itself merits some discussion, which is developed below.
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Wavefront

Figure 2.1 The circles in this diagram represent spherical “wavelets” of field information
propagating through the medium at speed c/n, each one corresponding to a successively
earlier labeled moment in time. At particle speeds above 8 = 1/n, the particle begins to
move faster than the wavelets, and thus they pile up on each other to form a kind of shock
front, which is observed experimentally as Cherenkov radiation. The relationship between
8, B, and n in equation 2.1 follows as a simple consequence of geometry.

Cherenkov radiation can only be emitted if charged particles are traveling through a
transparent medium at speeds greater than that of light in the medium: c/n. The radiation
is emitted symmetrically about the axis of travel of the emitting particle, in a cone-shaped

pattern with an opening angle such that
cos(f) = 1/pn. (2.1)

The magnitude of the opening angle can be derived from first principles[70] by calculating
the electromagnetic fields at far away points in the dielectric medium as the particle travels
through it, but such a discussion is intensely mathematical and beyond the scope of this
document. As an alternative to this, figure 2.1 offers a qualitative comparison between
Cherenkov radiation and the shock wave created by the bow of a fast moving boat in

water or a supersonic airplane. In pure water, for which n =~ 1.33 at the wavelengths and
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temperatures relevant to this experiment, a muon which penetrated any significant distance
into the detector traveled all but the last meter or two with 8 = 1, and thus 8 was about
41.4°, along most of its path.

Equation 2.1 ceases to define a real physical angle if 8 drops below 1/n, for then cos(f) >
1. Thus, Cherenkov radiation can only be emitted when B is above this threshold, and
as particles lose energy, near the end of their trajectories they will cease to emit light,
but continue to travel a little farther before stopping completely. In water, this threshold
corresponds to a relativistic v factor of 1.52; a muon of this energy will typically travel a
few 10s of cm before stopping.

Besides its transmission angle, Cherenkov radiation also exhibits a few other noteworthy
characteristics as well. The light is coherent, and it is also linearly polarized, along the plane

containing the observation point and the particle trajectory. It emits energy per unit length

dF 22e2 1
== - S . dw. 2.
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For muons, or for any particle with z = 1 traveling through water in the g8 = 1 limit,

this expression gives about 500 eV/cm in the visible range (400 to 700 nm) of light, which
corresponds to roughly 200 photons/cm. To give a sense of scale to these numbers, a
minimum ionizing muon in water loses about 2 MeV/cm due to ionization, so the Cherenkov

light used by the detector represents only a very tiny fraction of all of the energy lost.

2.2 Physical Description

Figure 2.2 shows a cut away view of the detector that summarizes its physical layout. The
basic components of the experiment were the water tank, the PMTs, their attendant elec-
tronics, the data acquisition computers and software, and the clean air and water systems.
All of these will be described briefly in the subsections which follow.

The detector was located inside of Mt. Tkenoyama in Gifu Prefecture, Japan, at about
137°18™37° east (WGS 84) longitude and 36°25™33° north latitude, in a mine owned by the
Kamioka Mining and Smelting Company. The underground location offered a fairly uniform
shield of about 1 km of rock in all directions above the horizon, which was equivalent to

about 2700 m of water. The flux of cosmic ray particles at sea level[71] from all 27 steradians
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Figure 2.2 The basic features of the detector location and architecture are shown here:
it was under a mountain, the water tank and photomultiplier tubes were arranged in a
concentric cylindrical geometry, a large dome was hollowed out of the rock in the space
above the detector and held most of the calibration equipment and fast readout electronics,
and a side cavern housed a control room.

was about 2 x 102 m~2 s~!, and the downward-going muon rate in the detector was about
2 Hz over a directionally averaged effective area of about 103 m?, thus the rock shielding
afforded a background reduction factor of about 10%, without which the experiment would

not have been technologically feasible.

2.2.1 The Tank and Photomultiplier Tubes

The water tank measured 41.4 m in height by 39.3 m in diameter and held about 50,000
metric tons of water, supplied by an underground spring from within the mine. It was

sheathed in welded stainless steel plates, backed by a layer of concrete to smooth out the
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uneven, excavated rock walls of the surrounding cavern. It was divided by a 50 cm thick
layer of scaffolding into an inner detector, or ID, which measured 38.2 m in height by 35.8
m in diameter, and an outer detector, or OD, which formed a cylindrical shell around the

scaffolding of 2.1 to 2.2 m in thickness.

2.2.1.1 Inner Detector

There were 11,146 ID PMTs (Hamamatsu model number R3600-02), each measuring 50.8
cm in diameter, mounted on this scaffolding mostly in racks of twelve, as shown in figure 2.3,
providing the ID with 40% photocathode coverage. The areas between the PMT faces were
covered with black polyethylene sheets to minimize reflection of any light which was not
absorbed on a photocathode, and to help create an optical barrier between the ID and OD.
Besides their unprecedented diameter, the PMTs themselves, which were an improved(72]
version of a model originally developed for the Kamiokande[73] experiment, had two other
noteworthy characteristics that distinguished them from ordinary, generic tubes: a special
bialkali (Sb-K-Cs) photocathode chosen especially for its high sensitivity to the Cherenkov
spectrum, and carefully tuned, high-gain initial amplification stages. Paying special atten-
tion to the design of the initial amplification stages was important for good performance at
the lowest light levels, because the amplification mechanism of a PMT involves accelerating
a cascade of electrons through a series of dynodes held at ever-higher voltage levels, and the
statistical variability of the cascade at the earliest stages, where the numbers of electrons
are smallest, profoundly influences the charge resolution at the anode, and thereby, the
energy resolution of the experiment. This, however, was a point mostly relevant to solar
neutrino analyses, and not to this one, since the upward-going muons generally deposit large
amounts of energy in the detector, and only the minimum threshold energy of the sample is
known anyway, rather than the total energy on an event-by-event basis. A summary of ID
PMT characteristics is available in reference [74]. Just outside of the ID, the PMT support
scaffolding was surrounded by Helmholtz coils, which canceled enough of the Earth’s 450
mG geomagnetic field to bring the ambient fields in the ID PMTs within the operating

specifications of 100 mG.
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Black seat

20" PMT

Figure 2.3 To construct the detector, the PMTs were mounted on modular stainless steel
frames, ID tubes in groups of twelve on one side and OD tubes in groups of two on the other.
Then the modules were, in turn, bolted together to form a continuous support structure.

2.2.1.2 Outer Detector

On the opposite side of each rack of twelve ID PMTs were two outward-facing OD PMTs,
each measuring 20 cm in diameter, mounted on a line along the diagonal. Since there were
in total only 1885 of these, and they were much smaller than the ID PMTs, they provided
only about 1% photocathode coverage of the OD inner wall (i.e., the outer surface of the
support scaffolding), which was itself less than half of the surface area of the OD, since

there was an uninstrumented outer wall as well. The OD PMTs, which were recycled from
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IMB, a previous generation water Cherenkov detection experiment, were much older than
the ID PMTs and were therefore expected even at the time the experiment was designed to
suffer a much higher failure rate. Since the OD was crucial to some of the analyses as a veto
shield, it was important to ensure as much as possible that the clusters of dead PMTs which
were expected to develop randomly did not lead in practice to holes through which particles
could slip from outside of the detector; this concern, coupled with the comparatively sparse
coverage, made it necessary to resort to additional measures to increase the light collection
efficiency of the OD, so that the remaining neighboring PMTs would be able to compensate,
as much possible, for the dead ones. One of the strategies adopted was to cover all of the
walls of the OD with white Tyvek®), a kind of thin fibrous polyethylene sheeting with about
80% reflectivity to photons in the Cherenkov wavelength range; this strategy degraded
position resolution of course, but at the same time also ensured that at no position in the
OD did particle detection depend on the reliable operation of only one or two PMTs. The
Tyvek®) served, additionally, to help separate the ID and OD optically from one another.
Besides the use of reflective Tyvek®), the other light collection strategy adopted was to
augment the collection capability of the OD PMTs themselves by optically coupling them
to 60 cm x 60 cm wavelength shifting plates[75], which were transparent plastic panels doped
with a compound capable of absorbing Cherenkov light and re-emitting it isotropically at
a slightly longer wavelength. An appreciable fraction of the light eventually made its way
to the photocathode via total internal reflection, effectively doubling the OD photocathode

coverage, at a small expense in timing resolution.

2.2.1.3 On Top of the Tank

On top of the tank, in a 15 m tall domed cavern, there were five electronics huts. Four of
them, the quadrant huts, held power supplies and readout electronics for all of the PMTs,
and the fifth, the central hut, held mainly trigger electronics plus some additional OD-related
readout hardware. The top of the tank was also used as a staging area for myriad calibration
exercises, and served as a storage area for all of the attendant equipment. The walls and

ceiling of the cavern were sealed with a thick polyurethane resin which was impervious to the
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radon that emanated constantly from the surrounding rock, and would have compromised

the solar neutrino analysis if it had been allowed to contaminate the experiment.

2.2.2 Data Acquisition Electronics

Figures 2.4 and 2.5 show block diagrams of the data flow through the ID and OD electron-
ics, respectively, and the first few stages of real-time computer processing. The next few

subsections will explain the function of each of the components in the diagrams.

2.2.2.1 Inner Detector

When a PMT fired, it generated a transient signal of mV magnitude lasting for nanosecond
time scales, which traveled down 70 m of cable to arrive at a custom-designed circuit board

called an analog timing module (ATM)[76]. The ATM had several distinct parts: a 0.2 pC

TKO crate VME crate
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. 12 :X2
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Figure 2.4 The major components of the inner detector electronics, with arrows showing
path of flow of the data, are shown here.
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resolution charge-to-analog converter (QAC), which integrated the current of the PMT out-
put pulse; a 0.3 ns resolution time-to-analog converter (TAC), which registered the relative
arrival time of the pulse against that of the detector trigger signal; and a discriminator,
which generated a 200 ns logic pulse that was summed with those of all the other 11,145 ID
PMTs to monitor their overall activity level, and trigger the detector when necessary. The
ATM had one other noteworthy feature: there were two QACs and TACs for each input
channel, in order to be able to register two events occurring in rapid succession, (for exam-
ple, a muon which stopped in the detector and generated a decay electron) as compared to

the us time scales on which the digital readout occurred.

The ATMs were housed physically in Tristan/KEK online (TKO)(77] standard electron-
ics crates, 20 modules per crate, with 12 channels per module, and there were two other
modules included in each crate which aided in the orderly transfer of data to the next stage
of processing. One of them, the go/no-go (GONG) module, accepted detector trigger sig-
nals, generated by a suite of electronics modules in the central hut, and distributed them
to the ATM modules via the TKO crate’s backplane. This module also latched the unique
event number associated with each trigger, with which the data from each event had to
be tagged in order to permit the data from all the different parts of the detector to be
assembled into a single unit further down the chain of flow. The other module, the super
control header (SCH), was used to read out the events stored in ATM memory, and send
them to the next stage of processing.

From each SCH, data were transferred to a super memory partner (SMP) module, which
plugged into a VME crate. There were 6 SMP modules per VME crate, and 2 VME crates
per quadrant hut. The SMPs in each crate were read out by an Sbus/VME interface board,
which transferred the data to a real-time data acquisition computer. There was one such

computer, a Sun Sparcstation, specially devoted to each VME crate.

2.2.2.2 Quter Detector

The OD data flow began at the paddle cards, which were both power distribution and signal

extraction modules for the PMTs. Each paddle card powered 12 PMTs at a single high
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Figure 2.5 The major components of the outer detector electronics, with arrows showing
path of flow of the data, are shown here.
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voltage setting, and the transient electrical pulse that was emitted by the anode of the PMT
when it fired traveled back along the power supply line for that PMT to the card, through a
capacitor, and on to the custom-built charge-to-time converter (QTC)[78] modules. The job
of the QTC modules was to transform the raw PMT signals into differential ECL signals, so
that they were readable by the time-to-digital converters (TDCs), while preserving both the
relative timing and brightness information that the PMT measured. The QTC modules did
this by producing the leading edge of the output pulse at a fixed time after the PMT input
was received, so that the relative timing of all the channels was preserved, and producing
the falling edge after some delay which was proportional to the integrated current (and thus
the total collected charge at the PMT anode) of the signal. The QTCs also produced a
200 ns logic pulse, which was summed over all channels in the QTC, and eventually over all
1885 channels in the OD, to be used for a trigger.

The TDCs were fastbus modules, and operated within a fastbus crate. They had 96
channels each, and five TDCs were required per quadrant hut. The fastbus crates held
three other modules as well: an event number latch, a fastbus smart crate controller (FSCC)
which read out the signals recorded by the TDCs, and a custom-built interface board, which
was used mainly to relay control signals from the dedicated OD real-time data acquisition
computer.

From each of the four FSCCs, the TDC information was transferred, via a two module
combination called the DM-115/DC-2, to a pair of VME memory boards in the central hut,
which swapped back and forth between accepting data and being read out. The OD VME
crate also contained several modules for incorporating the absolute times of the events into
the data stream, via 2 km of fiber optic filament, from a GPS receiver located outside of the
mine. The absolute event times were important because they were expected to be quantities

of considerable interest if the experiment ever detected a supernova.

2.2.2.3 'Triggers

There were only two ways that the detector could generate its own trigger, without external

prompting from some outside source such as a calibration apparatus: either the number
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of ID PMTs firing in some time interval had to exceed some threshold, or the number
of OD PMTs firing had to do so. As has already been mentioned, discriminators in the
ATMs and the QTCs both produced 200 ns logic pulses. The outputs of all of the ID
and OD discriminators were joined together into two global sums, which were monitored
constantly by more discriminators. The ID trigger logic was slightly complicated: it had
three different threshold settings, which corresponded to progressively greater numbers of
PMTs firing nearly simultaneously. The triggers they produced were, of course, functionally
indistinguishable from one another, as well as from those generated via any other method,
as far as the detector hardware was concerned, but the number of thresholds exceeded was
recorded in the data as a bit flag in a special variable which encoded what part of the system
(ID, OD, calibration apparatus, etc.) initiated the trigger. This special data word in the
event header could be used as a quick and simple way to distinguish between higher and lower
energy events, so that data reduction programs could make rapid decisions about how to
treat each event without wasting a lot of CPU time. Only the highest ID trigger threshold,
which corresponded to 31 PMTs firing within 200 ns of each other (i.e., a simultaneous
overlap, at some instant in time, of 31 of the 200 ns ATM output logic pulses), was of
interest to this analysis; the lower thresholds were used mostly by investigators performing
solar neutrino analyses. The OD trigger logic had only one threshold, corresponding to 19

PMTs firing together in the time window.

2.2.3 Real-Time Computing

The real-time computers at the experimental site had two primary tasks: sorting the data
which were streaming in asynchronously from the many different detector subcomponents
into an ordered series of events, and re-organizing the data from the format used by the
online software into the format recognized by much of the analysis software. In addition,
a computer outside of the mine, in a nearby office building, performed two auxiliary tasks
in real time: translating the raw ADC counts of the data acquisition system into standard
units like photoelectrons (p.e.) and ns, and running data reduction programs on this fully

calibrated data set.
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Figure 2.6 This illustrates the sorting problem that the real-time computers addressed:
the data, in small batches of ordered events, streamed in from various detector subcompo-
nents, (ATMs, TDCs, etc) labeled simply as “units”, and had to be re-ordered so that all
the data from the first event came first, all the data from the second event came second,
etc.

The first of these problems, sorting the data into a series of events, is common to all
large, multiple-channel physics experiments, and is illustrated in figure 2.6: the data were
read into the data acquisition computer, ordered at the primary level by detector unit and
sub-ordered within the detector unit by event, and had to be re-ordered by event first,
and unit second. The detector unit represented different things in different situations: for
the eight computers interfaced to the ID VME crates, it was an ATM, for the OD data

acquisition computer, it was a TDC, and since the VME interfaced workstations themselves
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eventually funneled their pre-sorted data into a main host computer for final sorting and
event assembly, they too formed a set of detector units in the above sense.

After all of the data from a batch of events were completely sorted by the main host,
it was sent on to another machine to be recast into an alternative internal format, called
ZEBRA[79]. The need for the different formats arose because the real-time computing soft-
ware was mostly C-language based, in order to be compatible with various vendor-supplied
software libraries, while most of the off-line data analysis software was Fortran-77 based,
because of a desire to be able easily to take advantage of pre-existing libraries of analysis
software, developed for use on earlier experiments, and also because a sizable minority of
senior collaborators were not adept at writing analysis programs in any other way. The ZE-
BRA system made it possible to create and manipulate efficiently the complicated dynamic
data structures, such as linked lists, which arose naturally in a large multi-channel physics
experiment, but which had no analogue in Fortran-77.

From the reformatting computer, the data were sent out of the mine via fiber-optic link
to another computer which applied calibration constants from periodically updated tables to
translate the raw ADC counts of the ATMs and TDCs into real numbers of photoelectrons
and nanoseconds. In addition, many of the analysis working groups had data reduction
processes that worked on these data while they resided temporarily on hard disk. After
these processes finished, the calibrated times and charges were deleted in order to save on
file space, and the raw ADC counts for each event were archived to tape, where they could

be retrieved later and expanded again into calibrated events for re-analysis, if desired.

2.2.4 Clean Air and Water

The experimental facility included systems to supply both clean air and water. The purpose
of the clean air system was primarily to limit the concentration of radon in the detector,
because radon B-decay events were a major source of background in the solar neutrino
analysis. Its presence had little impact, however, upon this analysis, and it will not be
discussed further here.

The presence of the clean water system, on the other hand, did appreciably affect this
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analysis, for its purpose was not only to reduce the levels of radon in the tank, but also to
maximize the water transparency. The water purification system had nine main components,

presented here in order of flow:

1 um Filter: Removed large dust particles.

Heat Exchanger: Cooled the water to 14° C, in order to suppress
bacteria growth. The PMTs and the pumps which circulated
the water through the purification system generated enough
heat that they could have raised the temperature of the tank

significantly over time, if this hadn’t been in place.
Ion Exchanger: Removed metal ions.
UV Sterilizer: Killed bacteria.

Vacuum De-gasifier: Removed dissolved gas, including 99% of the

oxygen and 96% of the radon.

Cartridge Polisher: Acted as a second stage, high performance ion

exchanger.

Ultra Filter: Removed particles down to ~10 nm in size, but in the
course of normal operation diverted about 10% of the input
water away from the primary output. The remaining 90%
was considered clean at this point, and was returned to the

tank.

Buffer Tank: Temporarily held the water diverted by the ultra fil-

ter.

Reverse Osmosis Membrane: Performed additional filtration on the
water in the buffer tank, then sent it back to the heat ex-

changer.
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The system processed about 50 tons/hour, and regularly maintained the mean attenuation

length for the relevant light wavelengths at or above 70 m.

2.3 Calibration

In order to relate the raw ADC counts in the ATMs and TDCs to an absolute energy de-
position and direction of particle travel in the water, there was a series of three distinct
relationships, between a series of four different types of quantities, that had to be param-
eterized each in terms of the next earlier one up the chain of reactions in the detector.
Working backwards up the chain, starting with the raw ADC counts, one first had to re-
late those values to the actual arrival times and light intensities at the photocathodes; this
relationship was called the timing and gain calibration of the PMTs. The next job was
to relate the reduced quantity of light that actually reached the PMTs to the quantity of
light originally generated by the Cherenkov emitting particle; this was called measuring
the light’s attenuation length. And finally, there was the task of relating the amount of
Cherenkov light emitted to the absolute energy deposition (and thus making a quantitative
statement about the absolute energy scale) of the particle; this relationship was called the
absolute energy calibration.

The PMT calibrations and the water transparency measurements were equally impor-
tant to all analyses, since they affected how particle interactions in the detector were re-
constructed. It may be argued that the energy calibration, on the other hand, was not
as crucial to this analysis as it was to many of the others, because it was not as usable:
unlike the energies of most other categories of neutrino-induced events acquired by the de-
tector, the energies of the upward-going muons weren’t known on an event-by-event basis,
for in general, the full energy of an outgoing lepton exiting an interaction vertex could be
estimated only if the entire path of that lepton were contained within the detector. Since
upward-going muons generally deposited a large and randomly variable fraction of their
energy in the rock outside of the detector, the kinds of event-by-event spectral analyses
that were typically applied to the fully contained atmospheric and solar neutrino data sets,

which were the main point of energy calibration in the first place, were impossible to per-
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form on the upward-going muons, thus the energy calibration would seem to be of lesser
value to this analysis than to the others. Nevertheless, despite its diminished role in this
particular case, the energy calibration was not completely without significance: it was inti-
mately connected with the minimum energy threshold requirement, which was used to veto
below-threshold candidate events from the final data sample, and which furthermore must
of course be well-defined in order to be able to compare the results of this experiment to
those of any others. Ultimately, all of the many, many different kinds of calibration exer-
cises that were carried out had some influence on the final results of this analysis, and so a

synopsis of those calibration activities is included below.

2.3.1 Photomultiplier Tubes
2.3.1.1 Relative Gain

The amount of amplification, or gain, provided by the PMTs was a function of the voltage
applied to the dynodes, but the exact gain provided by a given voltage varied by a few
percent from one PMT to the next, due to minute variations in their construction. It
was desirable to have the voltages of all the PMTs set to produce about the same gain
in each, therefore, even before any water was added to the Super-Kamiokande tanks, one
of the first calibration exercises attempted was to shine a light at various positions in the
tank, at various PMT voltages, and choose the voltage for each tube which best matched
its performance to its neighbors. The light for this type of calibration exercise, which has
been repeated regularly, even after the water was added to the tank, came from a Xenon
flash lamp, piped through several optical elements to a scintillator ball, which absorbed and
re-emitted the light from the lamp at a wavelength of around 450 nm. The system was
equipped with a monitor, in order to renormalize the variation in light intensity from one
flash to the next. The calibration analysis made appropriate corrections to account for this
shot-to-shot variation in intensity, as well as for the distance between the scintillator ball
and each PMT, the acceptance of each, and the anisotropy of the light emission from the

ball, which was measured externally.
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2.3.1.2 Absolute Gain

The absolute gain of the PMTs, defined as the relationship between the number of electrons
emitted at the photocathodes and the final amounts of charge integrated in the ATMs, was
determined by creating very dim calibration events that didn’t produce enough light to fire
most of the PMTs most of the time, and then looking at the behavior of the channels that
did react, since those reactions were virtually guaranteed to have been produced by single
photons. The apparatus used for this type of calibration study was a module containing
a 252Cf source surrounded by Ni wire wool. Neutrons emitted by the decaying 252Cf were
thermalized in the surrounding water, and some of them drifted back into the module to be
absorbed by the Ni nuclei, forming excited states which decayed by emitting 6 to 9 Mev -
rays. These -rays cascaded electromagnetically in the detector, producing electrons which
emitted the actual Cherenkov light.

As a part of the gain calibration process, pedestal data, for which the ATMs were
disconnected from their respective PMTs and triggered on null inputs, were also taken
several times per day. The end result was that the mean charge produced by single p.e. hits

on the PMTs was 2.055 pC, corresponding to a gain of around 1.3 x 107.

2.3.1.3 Timing

The leading edge arrival time of a PMT output pulse as it was registered by the ATM was
influenced primarily by two things: the length of the signal cable, and the size of the output
pulse. Longer signal cables, of course, resulted in longer travel times between the PMTs
and ATMs, while the leading edges of the larger output pulses tended to rise above the
discriminator thresholds a little earlier than the smaller ones, causing them to register a
little earlier in the ATMs. The light for the timing calibration apparatus was provided by
a separate system[80], powered by a laser, which could pipe light through several different
fiber optic filaments into a network of diffuser balls located throughout the detector. The
results of the gain calibration were coupled with the timing calibration analysis to make a
time vs. charge, or “TQ” map, which was used on the real data events to correct the relative

timing of each PMT according to the size of the output signal received from it.
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2.3.2 Attenuation Length

The attenuation length of the light in the water was measured in two different ways: by
viewing a light placed in the water at various distances from a CCD camera, and by com-
paring the relative intensity of the light arriving at PMTs at various distances from its
known production point along the well-defined tracks of carefully selected through-going
cosmic ray muons. The attenuation length measured by each method varied over time, but
generally ranged between 90 and 120 m over much of the lifetime of the experiment, and
the results of the two independent methods generally agreed with each other to within a

few percent.

The first method used a tunable nitrogen/dye laser system to produce light at several
wavelengths from 337 nm to 580 nm, which was piped through fiber optic filaments to a
diffusing ball. The relative intensity was normalized from one light burst to the next with
a monitoring system, and the diffusing ball was placed at several positions ranging from
5 to 30 m from the CCD camera, which was positioned near the top of the detector. As
the ball was placed farther and farther from the camera, the light reaching the camera of
course became dimmer and dimmer, and after taking into account the effect of the camera’s

decreasing solid angle, any remaining reduction in intensity was attributed to attenuation.

The second method[81] proceeded by using the tank entry and exit point fit information
for a large sample of through-going cosmic ray muons to define a path of travel along which
all of the Cherenkov light that reached the PMTs had to have been produced. Each muon
was assumed to produce Cherenkov light at a steady angle and rate, per unit length of
travel, along its entire trajectory through the detector, and the observed intensity at each
PMT was corrected to account for its solid angle, with respect to the production point, due
both to its distance and to its acceptance at the angle of incidence for which the light was
assumed to have arrived at the PMT face. After accounting for the solid angle correction, it
was again found that the PMTs suffered an additional intensity reduction, due apparently
to attenuation because the reduction factor depended exponentially on distance; follow-
ing standard practice, the attenuation length was taken as the value of the characteristic

exponential decay constant.
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2.3.3 Energy

The ultimate goal of the final, absolute energy calibration was to be able to estimate, for
any charged particle stopping in the detector, solely on the basis of how much Cherenkov
light was emitted (including corrections for loss due to attenuation, the quantum efficiency
of the PMTs, etc.), the total amount of energy it deposited via all loss mechanisms. All of
the calibration methods relied on special classes of events about which, for one reason or
another, extra energy-related information was known or could be inferred. In some cases, the
actual energy of the individual events could be inferred directly, on an event-by-event basis;
in others, only the shape of the overall spectrum was known, and the best fit calibration
was chosen as the one which most closely matched the reconstructed energy distribution
of the real data to the theoretical prediction. Despite the added complexity it introduced,
reliance on such a variety of different techniques was desirable, because in all cases, Monte
Carlo data were used as a tool for checking the self-consistency of the entire system, and
the availability of so many semi-independent results that had to be correctly reproduced
helped to ensure the integrity of the conclusions.

It is worth noting that, for this analysis, the details of the energy calibration really only
affected which of the stopping muons made the cut into the data sample. For the through-
going muons, it was enough simply to specify a particle track length (in this analysis, 7
m) in the detector, and that corresponded to some well-defined minimum particle energy
threshold (in this analysis, about 1.6 GeV). It was only with the stopping muons, for which
the fitting algorithms did not produce reliable track lengths, that one had to resort to
estimating the total energy deposition of the event from the amount of light gathered, and

determine whether or not it exceeded the threshold.

2.3.3.1 Penetration Range of Stopping Muons

The most important energy calibration events in the upward-going muon analysis were the
downward-going cosmic ray induced muons that stopped in the detector. Specifically, the
useful events were those which, after stopping, emitted a Michel electron as they decayed via

the ut(u~) = et (e”) + ve(De) + Up(v,) reaction. Many negatively charged stopping muons
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did not do this, of course, because generally they were captured into the atomic orbitals
of the hydrogen and oxygen in the water as they came to a stop, and as a result of this
their wave functions overlapped significantly with the nuclei of their host atoms, enabling
the p~ + p — n + v, reaction to compete significantly against free decay.

But, for those muons which did decay freely rather than via capture, the production
vertices of the decay electrons could be estimated to within about 50 cm, using a specialized
fitting algorithm developed just for analyzing such short, relatively dim tracks, and as a
consequence, the total range of the parent muons could be estimated, even though they
ceased to emit Cherenkov light after their speed dropped below the production threshold.
Since the range of penetration into the tank was correlated with the total energy of the muon
at the entry point, and since the attenuation corrected total light output was correlated
with the range, an empirical relationship could be mapped out between Cherenkov light
output and particle energy. It was this relationship that provided the detector calibration:
it permitted an inference about particle range, and thus about total energy deposition in
the detector, even in cases in which no Michel electron was observed. The calibration was
checked for consistency with Monte Carlo events and was estimated to be accurate to within

better than 3%.

2.3.3.2 Other Methods

Due to the similarity between the data samples used in the two endeavors, the calibration
method described above was the one of primary interest to this analysis. Several addi-
tional methods were also used, however, by the other analysis groups, and they are briefly
acknowledged here.

The first of these used stopping muons so near the end of their range that they penetrated
only from 10s of cm to ~1 m into the detector. The velocities of these muons (and hence their
initial energies also, since the particle types and masses were not in question) were estimated
by measuring the Cherenkov opening angle at the entry vertex, which was somewhat less
than the usual saturation value of ~41.4°. The estimate of initial muon energy at the point

of entry that was derived via this technique was compared to the amount of Cherenkov light
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actually generated, and the statistical distributions of these quantities were further checked
against a set of Monte Carlo events to verify understanding of the detector’s behavior.

Another calibration method, also based on stopping muons, involved measuring the
spectral distribution of the Michel electrons, which is readily calculable from V-A theory
(71] for unbound p*, and with some corrections, is also calculable{82] for bound x~. Unlike
the two stopping muon event types discussed above, the penetration ranges and/or opening
angles of the decay electrons were difficult to measure, and therefore these events did not
offer any separate information that could be used to make an independent estimate of
energy on an event-by-event basis. Instead, this was one of the calibration methods that
was done on a statistical basis: putative electron momenta were reconstructed from the
total Cherenkov light deposited in the detector, and the correct calibration was derived
by comparing the shape of the resulting distribution as a whole to that of the theoretical
prediction.

A third method made use of the invariant mass of 7% created via v + N — v+ N +7°.
A 7° immediately decays to two v particles, and the recoiling nucleus does not generally
get above the Cherenkov threshold, so these events manifested themselves as two rings, one
from the electromagnetic cascade of each . In the rest frame of the 70, these two rings
are generated back to back with identical energies which sum to 135 MeV, the rest energy
of the n%, which has been very accurately measured by many other experiments{71]. It is
this fact that provided the basis for this calibration exercise: when the detector calibration
was done correctly, one could Lorentz boost all two ring events to their CMS frame and one
found that the remaining energy of the two particle system (i.e., the invariant mass), for
an anomalously large number of particles, was clustered near 135 MeV. This spectral peak
provided a convenient benchmark against which the Super-Kamiokande calibration could
be checked.

The calibration methods described above, taken together, gauged detector performance
in energy ranges from 10s of MeV up to a few GeV, which was certainly more than sufficient
for this analysis, since the goal was merely to discern whether candidate events for the
upward-going stopping muon sample lay above or below the 1.6 GeV energy threshold.

Although further description is beyond the scope of this document, it’s worth noting that
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several additional techniques extended the calibration another order of magnitude lower,
into the energy range of the solar neutrino analysis. The experimental facility included a
linear accelerator[83] capable of injecting single, monoenergetic electrons into the tank at
several different positions. The 3 decay spectrum of '8N, created from !6O in the water
interacting with neutrons produced by a commercial generating apparatus, was used[84]
in much the same way as the Michel electron spectrum described above. And finally, the
spectrum of the Ni/?52Cf source, although used primarily for the absolute gain calibration
of the PMTs, was also applied to this problem as well.

In summary, the absolute energy calibration of the detector was performed using many
different techniques, and the mutual self-consistency of all the results was assured by com-
paring calibration data from each method to the predictions of a single detector Monte
Carlo. Furthermore, that comparison suggested that the systematic uncertainty in the

energy calibration, in the energy range of interest to this analysis, was less than 3%.
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Chapter 3

Merged Data Reduction

In the early stages of the experiment, in order to catch mistakes, all data analysis
on upward-going muons was performed in parallel by two completely independent groups
of researchers who convened at intervals of several months to compare results. However,
because of the strain that this practice placed upon human resources, the two groups moved
to combine efforts as soon as a consensus was reached that they had arrived at substantially
the same conclusions about the data. One of the most time-consuming tasks for both groups
was data reduction: upward-going muons were observed at Super-Kamiokande at a rate of
approximately 1.4 per day but had to be separated from a background of 2 x 10° downward-
going muons per day. Computer-automated direction-fitting algorithms were employed with
tremendous success by both groups to recognize downward-going events and cut them away
by about 3 orders of magnitude, but approximately 200 events per day still remained which
had to be examined with visualization software and culled from the data sample using the
pattern recognition ability of the human mind. Fortunately, the different computerized
fitting algorithms employed by the two groups were characterized by different strengths
and weaknesses; each algorithm failed to eliminate a different subset of background events.
Therefore it was possible to reduce the number of ambiguous events (and thus the pattern
recognition workload of the human researchers) further to about 75 per day by joining the
forces of all the fitting algorithms from both analysis groups into one merged data reduction

program.

3.1 General Scheme

The general strategy of the merged data reduction program, summarized in figures 3.1, 3.2,

and 3.3, was to select events for which Qot, the total charge collected from the surfaces of the
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Figure 3.1 This summarizes the general framework of the merged reduction program.
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Figure 3.2 This was the decision tree used by 5 of the 6 fitting algorithms.
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DECISION TREE 2
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Figure 3.3 This decision tree was used only by thrumulst, which was an algorithm spe-
cialized to fitting single through-going muons using minimal CPU time. It had a slightly
higher rate than other fitters (but still extremely low) of occasional very inaccurate fits,
thercfore although it was allowed to reject events as downward-going, confirmation from
a second algorithm was required before saving an event as an upward-going candidate, in
order to ensure a minimal workload for the human muon track fitters.
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ID PMTs, fell in the range 8000 p.e. < Qot < 1,750,000 p.e., and pass such events through
each of the various track fitting subroutines in turn, until an algorithm was found which
produced an unambiguous result. Q:ot Was selected as the discriminant because in practice
it really represented more than just an amount of electrical charge: since each photoelectron
represented one Cherenkov photon which traveled through the water to interact successfully
with a PMT at the edge of the tank, Qi measured the actual amount of light that the
detector saw. Thus, the Qo cuts really were a way to ensure that the only events allowed
to pass to the track fitting algorithms were ones for which the total energy deposited in the
detector fell within a certain range.

After passing through the track fitters, events for which an unambiguous fit result could
not be found by any algorithm (a few hundred per day out of an input sample of or-
der 2 x 103) were discarded. Of the small percentage of events which were unfittable, a
large majority were not single track events-the pattern that one expects from upward-going
muons-therefore the effect of this cut on the efficiency for finding upward-going muons was

negligible indeed.

3.2 Preliminary Cuts Based on Event Brightness

3.2.1 Maximum Allowable Q.

By request of one of the Super-Kamiokande collaboration members, events with Qi >
1,750,000 p.e. were automatically saved, without running the track fitting algorithns on
them, for further research studies which were not necessarily related to upward-going muon
searches. For simplicity and convenience it was decided also to impose this same value as an
upper limit on the maximum allowable light deposition in the upward-going analysis. This
cutoff is very conservative because more than 99% of the events in the final upward-going
data sample produced below 250,000 p.e. in the detector, and the largest upward-going event
ever observed produced 950,000 p.e., therefore if an upward-going muon had ever produced
as much as 1, 750,000 p.e. it would have been extremely far out in the tail of the distribution.
Fortunately, since the events with Qo > 1,750,000 have already been culled from the raw

data sample and placed into compact data summary files, they are readily available for re-
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analysis should any future investigator ever decide to raise the analysis threshold. It should
be emphasized, however, that this is not viewed as a very likely scenario: empirically, the
high Q... events appear to be, with a high degree of purity, essentially all multiple muon

events.

3.2.2 Minimum Allowable Q.

Events with Q. < 8000 p.e. were summarily rejected unless they occurred within 30 usec
of some event with a good fit to both the upward-going and stopping hypotheses. The 30
usec window was chosen so that it would be several times as long as the 2.2 usec half-life
of a free muon, thus ensuring that essentially all decay electrons remaining after losses
due to triggering inefficiency or nuclear capture of the parent muon would be saved. The
reason that 8000 p.e., specifically, was chosen as the threshold was to eliminate events
with track lengths of less than 7 m without wasting CPU time fitting them, and without
inadvertently eliminating any events with track lengths of more than 7 m (see figure 3.4).
The 7 m track length threshold was chosen for all events in the final data sample because
earlier studies showed[85] that the angular resolution of several of the fitting algorithms was
almost independent of track length when the length exceeded 7 m, but varied strongly with
lengths shorter than this. It was possible to express the correlation between stopping muon
track length and the amount of light gathered at the walls of the detector approximately

(see figure 3.5), for track lengths of less than ~30 m, as:
p-€.
Qiot = 21.0—— - Lrgcx — 1430.0 p.e. (3.1)
cm

The relationship was linear presumably because the rate of production of Cherenkov light
per unit distance saturates as 8 approaches 1, and muons with sufficient energy to travel
more than about 2 meters through the water will do so with 8 > 0.95 during most of their
trip. The small extrapolated negative offset of 1430 p.e., which interpreted literally would
imply the absurd result that muons of sufficiently small Lrqcx must have absorbed light from
the detector, was presumably an artifact of the non-validity of the linear approximation as
Lirack approached 0, due to the fact that the Cherenkov mechanism begins to turn off in this

extreme. Additionally, of course, it’s worth remembering that Q. was really determined
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Figure 3.4 This is the distribution of the total charge, Q, for stopping muon track
lengths between 650 and 750 cm. The track lengths were estimated by selecting only
stopping muon events in which a decay electron event followed and in which the position
of the electron’s short, often convoluted path in the tank could be reliably estimated by a
fitting algorithm specialized to point-sources of light. The fitted entry position of the muon
at the edge of the tank was defined as the start of the track and the electron’s position as
the end.

not just by L¢reck, but was also modulated somewhat by the effects of light attenuation in
the water, which were ignored here because the goal was just to get a rough estimate of

event energy while using minimal CPU time.

As the initial energies of the muons increased to allow deeper penetration into the tank,
or to allow the muons to travel all the way through the detector, this approximation became
progressively poorer because the typical energies of secondary particles produced by other
energy loss mechanisms grew large enough to exceed the Cherenkov threshold, so that they

produced additional Cherenkov light of their own. The production of extra light meant that
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Figure 3.5 The fitted centroids of several Gaussian distributions like the one in figure
3.4 are plotted vs. track length, and the reduced information contained in these points and
their fitted error bars is used as the input to a straight-line fit of Qo vS. Ltrack-

any deviation in Qo for such events was always systematically higher (see figure 3.6) than
the prediction of equation 3.1 for a given track length. There were no known circumstances
in which an event of 7 m track length ever produced less than 8000 p.e., therefore the chosen

threshold was sufficiently low to guarantee a negligible rate of loss for all events of interest.

3.3 Event Classification and Track Fitting Algorithms

Events with 1,750,000 p.e. > Qo > 8000 p.e., of which there were some 2 x 10° per day,

constituted a metaphorical ore from which the rare upward-going muons had to be extracted.
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Figure 3.6 This shows measured Qo plotted against fitted L e for 956 through-going
muons. The rate of light production in the detector per unit track length is often much
higher than that observed for stopping muons (figures 3.4 and 3.5) because the energies of
the events in this sample were higher, and therefore they were able to produce secondary
Cherenkov light in a significant fraction of cases.

In order to perform the extraction, the data reduction program had to be able to identify
and eliminate events in which the z direction cosine of the distance vector traversed by a
particle within the detector was greater than 0. Ideally, such events would be identified by
following the canonical parameter estimation procedure of all physical scientists: use the
maximum-likelihood method to determine the value of the z direction cosine which would
have most probably resulted in the data set that was actually observed. In practice, it was

prohibitively difficult to calculate, quickly enough to keep pace with the data stream, for
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dozens or perhaps even hundreds of trial muon entry and exit positions, the likelihood of the
observed arrival times and intensities of the light at all of the PMTs. There were two reasons
for this: first, the fact that the detector was instrumented with nearly 13,000 PMTs, each
of which yielded two pieces of information, both time and intensity, resulted in a parameter
estimation problem with nearly 26,000 degrees of freedom, a prohibitively large number.
Second, there were complex physical processes, some of them statistical in nature, which
influenced the amount and production angle of the light originating from the parent muon,
as well as influencing the light itself as it propagated through the tank and interacted with
the PMTs, and therefore a very complicated, detailed Monte Carlo algorithm was required
in order to predict reliably the detailed response of the detector to a muon entering and
either stopping or exiting at a given pair of vertices. Although such Monte Carlo algorithms
existed, were well developed, and indeed, were an important component of much of the data
analysis performed by the experimental collaboration, they were not generally fast enough

to be usefully incorporated into a track fitting subroutine.

To write track fitting algorithms which recognized muon events and reduced them to a
set of fitted track parameters quickly enough to keep up with the data stream, a number
of simplifying assumptions had to be made. While this tactic generally greatly increased
the speed of the computer code, it also meant that all of the algorithms used in the data
reduction failed to fit a few events for which those assumptions were not sufficiently close
to true. This provided the basis for the strategy, outlined in section 3.1, of trying different
algorithms in succession, until one of them returned a non-null result: since all of the fitters
were able to return a useful result the majority of the time, even if one of the fitters failed,

the next fitter was usually able to do the job.

3.3.1 Design Principles and Underlying Assumptions

Each of the different fitting algorithms was written by a different programmer, the specific
simplifying assumptions that were adopted by each programmer varied from one to the next,
and the details of those variations are beyond the scope of this document. Nevertheless,

it is still worthwhile to offer a general sense of how the algorithms did their jobs. Many
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of the fitters took advantage of a peculiarity of the detector’s design in order to make an
initial guess at an entry point: the backs of the inner detector PMTs were transparent,
and light could get into them as the radiating muon traversed the 50 cm wide support
structure which housed them, thus very often the earliest triggered PMTs, as well as some
of the more brightly illuminated, were the ones very nearest the entry point of the muon
into the detector. This was even more likely to be true if the muon entered the detector
at a very oblique angle: then part of the Cherenkov cone was guaranteed to hit a PMT
near the entry point immediately upon entry. Thus many fitters made initial guesses about
track entry points by recognizing clusters of physically proximate, early firing PMTs. For
choosing the exit point in the case of through-going muons, a slightly different assumption
was often used: the PMTs near the exit were very rarely the latest to fire in the event, but
of course most of them usually fired at about the same time, and of the top several dozen
most brightly illuminated PMTs, usually a large fraction of them were quite near the exit,
so a nearly correct initial guess could often be made by writing an algorithm which was

good at recognizing large unusually bright in-time clusters of PMTs.

3.3.2 Events That Challenged the Underlying Assumptions

Several conditions appeared naturally in some of the events which sometimes caused the
basic design assumptions to be violated, and often caused especially the simpler fitters to

fail.

3.3.2.1 Stopping Muons

The first of these unusual conditions arose occasionally as a muon would stop inside of
the detector, and in such cases (see figure 3.8 for an example event display) the pattern
of light that splashed upon the walls was a ring surrounding a darkened region that would
have been filled in if the muon had continued all the way to the opposite wall. In those
situations, the brightest cluster of PMTs was usually on the ring, nowhere even near the
projected exit, because the projected exit in such cases always lay near the center of the

darkened region. Treating such events as if they were through-going muons thus would
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have produced egregiously incorrect results for the muon’s direction vector, a fatal flaw in

a search for upward-going muons since that is the quantity of interest.

3.3.2.2 Multiple Muons

Multiple muons were another confounding natural feature of the data: occasionally, two or
three or sometimes even more muons were produced with such narrow opening angles that
even after traveling the several km from their production point in the atmosphere to the
detector, they were separated laterally by only a few meters, and all of them were recorded
in the same event. The patterns of light they produced on the detector walls were readily
recognizable to the human eye viewing the event with a display program, but they were
also highly variable, and therefore it was difficult to program a computer to do the same.
Sometimes, the light from the different particles fell on well separated regions of the detector
wall, while at other times, the light from one muon overlapped substantially with that of
an adjacent event, so that many of the PMTs received light from several muons, creating
bright spots which were not necessarily exit points. Treating such events as though they
were only single through-going muons again carried the potential for egregious errors in the
event’s fitted direction, for the entry point of one of the muons could have gotten mixed up

with the exit point of another, or even with a region that was not an exit point at all.

3.3.2.3 Bremsstrahlung Muons

Still a third natural feature of the data that often confounded the fitting algorithms was the
existence of events in which a substantial component of the emitted light originated from
Cherenkov radiation coming from secondary particles rather than from the parent muon
itself. The critical energy for muons, the energy above which radiative energy losses grow
larger than ionization losses, is a few hundred GeV; there were certainly some through-
going muons in the data sample with energies as high as this and thus the generally ac-
cepted explanation for such events was that they were the result of the muon undergoing
bremsstrahlung in the tank and producing an electromagnetic cascade containing electrons

above the Cherenkov threshold. The radiating cascade products were prone to scattering
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through macroscopically large angles before they came to rest, with the result that the
clean edges of the projected Cherenkov cone upon the walls of the detector were completely

washed out by a brilliant flash that illuminated much of the tank.

3.3.2.4 Strategy of Specialization

All of these natural features of the data presented different challenges, and they proved
sufficiently difficult that none of the collaboration members who worked on developing
fitting algorithms were able to surmount all of them. Many of the fitters therefore were
specialized to do a good job on only one or two types of events, and this provided a further
explanation of why so many different algorithms were needed in the merged reduction: each
brought with it a special skill that most of the other algorithms did not possess. The
author of each muon fitting algorithm gave his code a nickname for ease of reference, and
these routines plus one event classification algorithm are listed by name in order of their
appearance in the merged data reduction program in table 3.1, along with some information

about the abilities and efficacies of each.

3.3.3 Goodness of Fit

To estimate whether or not the fit parameters were accurate guesses about the true values
of underlying variables, a goodness of fit statistic was needed. Ordinarily, in the context of a
more standard parameter estimation formalism, this role would be played by a quantity such
as x>, which directly represents the value of the likelihood function. In this case, however, to
reduce the complexity of the problem, alternative measures had to be used. Unfortunately,
these measures varied from one fit algorithm to the next, depending arbitrarily on how each
programmer chose to design his code, so there was no easy way to compare the goodness of
each fit to that of any other algorithm, because unlike x>, these goodness statistics didn’t
have any universally recognized meaning. The goodness of fit statistics were generally
classifiable into two types: those that relied on timing information and those that relied
on light intensity. The timing-based goodness of fit parameters typically made use of PMT

timing residuals, defined as the observed arrival time at each PMT minus the expected
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Table 3.1 This table shows what types of events each muon fitter was primarily used to
fit. The numbers in the third column show the percentage of events that were not yet able
to be rejected following each stage, for any of the different reasons mentioned in the main
text: a null result, an ambiguous result, or an upward-going result. The numbers in the
fourth column give the additional reduction factor compared to the immediately previous
stage. Reduction factors for all fitters after muboy are low because this table shows fitter
performance in situ in the reduction, without accounting for the fact that the most easily
fitted events were removed already by the earlier stages. The smf fitter is treated as a
special case, since it only received events for which muboy failed if they were classified as
possibly stopping, whereas other fitters were allowed to operate on all events for which no
decision had yet been made. The numbers in parentheses refer to how it operated on only
those events it actually received, as opposed to those not in parentheses, which state the
results as if smf had received all events but returned a null result for those not classified as
stopping. The numbers at the very bottom show the percentage of events remaining after
rejecting events for which none of the six fitters were able get an acceptable fit result.

Name Specializations Percent of Additional
Initial Events Reduction
Remaining Factor
After Cut
stopmulst Classified events according to - -

type (stopping, through-going,
etc.) but did not attempt to
fit.

muboy Through-going, stopping, mul- 3.8 26.2
tiple, and also classified events
according to type

smf (stopmu2nd) | Stopping (87)3.7 (1.15)1.02

thrumulst Single through-going 2.2 1.7

fstmu Single through-going 1.5 1.5

hutl (thrumu2nd) | Multiple 0.41 3.5

nnfit Very bright (bremsstrahlung) 0.25 1.6
muons

Final number of events saved after null result cut 0.067 3.8
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arrival time for a set of trial fit parameters. For a perfect fit, the answer would be 0 for
every PMT, and for real, imperfect fits, the answer was always positive for some PMTs
and negative for others. Thus, the width of the residual distribution gave a measure of the
goodness of the fit; distributions which were more tightly clustered around 0 were generally
better. The light intensity-based methods were predicated on the notion that all of the light
in a muon event should lie cleanly within a cone of about 41.4°, the approximate opening
angle in water for a singly charged particle with § =~ 1. The typical tactic was to assign
points, for a given set of trial fit parameters, to all of the PMTs which were triggered in a
42° cone about the putative track, and subtract points for all of the PMTs which fired in a
conical annulus drawn immediately outside of the borders of the inner one, since that area

would be expected to be dark if the trial parameters were indeed the correct ones.

3.3.4 Final Event Categorization and Resultant Action

After being processed by each fitter, an event was typically placed into one of four categories.
Most often it was classified as downward-going, in which case it was immediately rejected
and processing continued to the next event. Somewhat less often, the fitter returned a
null (unfittable or extremely poor fit) result, in which case the program continued onto
the next fitter to try to get a result. In a few cases, the reduction returned conflicting,
ambiguous, or borderline information. One example of such ambiguity was when events
were classified as multiple muons but fit as upward-going; these were unexpected from a
theoretical standpoint since all upward-going muons were assumed to come from single
neutrino interactions producing only one outgoing charged lepton. Another example would
be an event fit as downward-going but too near the horizontal to cut safely. In a very few
cases, an event was categorized as a good fit to an upward-going muon; when this happened
it was saved to disk for human inspection without further processing, so as to parallel the
treatment given to downward-going muons, for which an immediate rejection decision was
also made if the fit was good. At the end of the process, any events for which none of the
fitters were able to return a non-null result were rejected, on the assumption that if they

were simple, single muon events, at least one of the fitters would certainly have recognized
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it by that point and flagged the event. Events for which an ambiguity arose but could not

be resolved were saved to disk for manual inspection using event visualization software.

3.4 Manual Fitting of Events

After events were pre-screened by the data reduction process, typically about 70 or 80 events
per live day remained which could not be eliminated by the programmed algorithms. These
remaining events had to be further screened using the slow but extremely powerful pattern
recognition capabilities of the human mind. Of these events, about 1.4 per day eventually
proved to be real upward-going muons. Of the many other saved events which did not
ultimately prove to be upward-going, about half turned out to be shallow, nearly horizontal
downward-going events which, due simply to the constraints of the fitter resolution, were
fit too close to the horizon to be eliminated. Finally, there were also a few dozen events per
day for which the data reduction program simply returned wildly incorrect results. These
events did not appear to be drawn uniformly from the raw data sample; rather, they could
usually be categorized into one of three or four particular types. Typically, there were a
few multiple muons, some anomalously bright events, and some corner clipping events, in
which a muon entered the tank through the cylindrical wall, traveled a few meters, and
exited through the bottom. These types of errors happened, presumably, because some of
the fitters suffered from biases which made them prone to occasional failure on a few types
of events with very specific patterns of light distribution, and these few rare types of events
were simply misfit over and over again. Since these events only numbered a few dozen out
of approximately 2 x 10° per day, this is not evidence of any significant systematic bias in
the reduction.

A crucial part of the manual event selection process was manually fitting the entry point
and direction of the event. This segment of the data reduction was performed by having
a human being select trial entry and exit points (or projected exit points, in the case of
stopping muons) on the walls of the inner detector, using a mouse and an interactive event
display program. (Example screen images depicting two events from this data sample, as

rendered by one of the more commonly favored visualization programs, are shown in figures
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3.7 and 3.8.) After the human researcher made an initial rough guess about the entry and
exit points, the trial points were iteratively refined with the mouse until the fit was deemed
acceptable. The primary means of judging fit acceptability was by having the event display
program draw the projected edges of the Cherenkov cone upon the wall of the detector.
The Cherenkov light patterns which shone upon the wall in the vast majority of upward-
going muon events had very clear, distinct edges: the illuminated areas were often tens of
meters across and yet dropped off in intensity by an order of magnitude or more in under a
meter as one approached the edge. Fitting the events therefore became a problem of edge
recognition for the human researchers: the primary means of selecting a fit was to find the
pair of entry and exit points for which the resulting projected Cherenkov cone’s outline lay
most nearly at the edge of the illuminated section of the wall all around its perimeter. This
method of manual fitting took only light intensity information into account; an alternative
visualization-based method using timing information was also developed and frequently was
employed as a backup. To do a timing-based manual fit, the event visualization program
displayed a false color image of the timing residuals (defined in section 3.3.3) for a given pair
of trial entry and exit points. Since the basis of timing residual dependent fitting methods
is the assumption that the best fit will be one in which the residuals for all PMTs have
about the same value, the human being chose the best fit by selecting the entry and exit
points which resulted in the most uniform color for the false color display.

In order to guarantee that the vagaries of the human attention span would not unduly
compromise the efficiency of the process for identifying upward-going muons, a double scan
procedure was adopted, and any event that was selected by either of the two human scanners
was sent on to a third scanner for final evaluation. Thus, by using both a two-tiered (i.e.,
involving both initial and final scans) as well as a two-pronged (i.e., involving two completely
independent initial scans) approach, the procedure ensured that the inevitable human errors
which were bound to occur from time to time would eventually be ferreted out and would
ultimately have a negligible impact on the final event sample.

A major drawback to this entire process was that, unlike the automatic fitting algo-
rithms, quantitative measures of goodness of fit were not employed, with the result that,

given two different manual fits, there was no systematic way to choose which one was bet-
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Current: Q INNER

Date: 980306 Time: 140910

Run: 5666 Event: 26471

Prev Event: 0 microsec

TotalPE ID/0D: 81541.3 606.4 K
NumH:ts ID/0D: 8199 295

Trig ID: OxOF S

Entry point: (1410.931.-1038)

Exit point: (-411.816.16810
cos(z)/angle: ~0.842032 / 147.4 deg.
dir./track_len,: 266 / 33.8 m

filter: None
_T_HIST 1103-/-71

o .
560 1930

Figure 3.7 The main portion of this display depicts the ID as if it had been cut vertically
down its cylindrical wall and unrolled into a flat sheet. with the top and bottom end caps
folded outward. Each pixel represents a single 50 cm ID PMT. The false colors represent the
number of photoelectrons gathered at each PMT: a scale is available at the bottom of the
image. The inset at the upper right represents the OD. The event shown here is a through-
going muon which entered the detector near the bottom of the cylindrical wall and exited
through the ceiling; note the two clusters of PMT hits near the entry and exit points in the
OD. The black outline that separates the blue (~ 10 p.e.) from purple (~ 1 p.e.) colored
PMTs represents the edge of the Cherenkov light cone for the selected pair of trial entry
and exit points; assuming a Cherenkov angle of 41.4° and perfect detector performance. no
light should be visible outside of this cone.
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Current: Q INNER
Date: 990222 Time: 12803
Run: 7014 Event: 1196050

Prev Event: 4.69705e+09 microsec
TotalPE ID/OD: 46688.0 1558.2
NumHits I0/0D: 7941 161
Trig ID: 0xOf

Entry point: (364.-22.-1810)
Exit point: (754.1016.1810)
cos(z)/angle: -0,956149 / 163.0 deg.
dir./track_len.: 20 / 21.5 m

Filter: None
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Figure 3.8 This figure shows a stopping upward-going muon which entered through the
bottom end cap and would have exited through the top if it had not come to rest inside
of the tank first (for details on how to interpret some of the features of this image, see
the caption in figure 3.7). Two characteristics distinguish this event as stopping: first. the
Cherenkov pattern in the ID has a large. unilluminated hole in the center. because the
muon stopped in the detector before it could reach the ceiling and fill in the rest of the
ring; and second, the OD shows only one cluster of hit PMTs. at the bottom of the tank,
and no corresponding cluster near the top. The black curve which roughly traces the inner
edge of the ring shows the inner edge of the Cherenkov cone. assuming that the muon had
traveled in a straight line from the selected entry point. and stopped generating light after
21.5 m. The curve does not lie as perfectly along the border between light (blue) and dark
(purple) areas as does the one that circumscribes the pattern on the outside: this is common
among stopping muons and indicates that the simplistic assumptions used to calculate the
cone’s inner edge are violated to a modest degree: stopping muons often scatter around a
bit during the last few meters of travel, making thin wispy rings of light that fill in parts of
the darkened inner circle slightly.
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ter. There were two important advantages, however. One was that the human mind, being
much more complicated and intelligent than an automatic fitting algorithm. was less prone
to making egregious mistakes, and therefore manual fits tended to have fewer outliers (that
is, fewer events in which the final result was off by many times the typical uncertainty for the
process) than automatic ones. The other advantage was that manual fits had slightly better
resolution than any of the automatic algorithms that collaborators were able to devise: by
all accounts[86](85] (besides the references. see also section 4.4 of this work) and measures
(i.e., comparison either to Monte Carlo truth data or between pairs of independent human
fits), manual fits were typically correct to within 1.5° or better; the best automatic algo-
rithms could only achieve somewhere around 2° to 3°. These benefits were felt to outweigh
the drawbacks, therefore manual fits have been used in this and all other upward-going

muon analyses for this experiment.
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Chapter 4

Preliminary Calculations

Much of the data analysis that will be performed in the chapter following this one will be
shaped by, or will require as a basic input, the results of some fundamentally simple calcu-
lations which broadly characterize the data or the detector used to gather it. Quantitative
statements about how long the detector had to operate in order to acquire the observed
number of neutrino-induced events, about the relative sensitivity of the experiment to var-
ious regions of the sky, about background events that might obscure a signal, and about

detector resolution are developed below.

4.1 The Live Time

In order to make a quantitative statement about the existence or strength of an astrophysical
point source, one must take into account the length of time that one has spent observing
the sky in any given direction. Since the detector was mounted rigidly in the earth, its
field of view of the cosmos was constantly changing as the earth rotated about its axis, and
therefore, in principle at least (in practice, it will turn out not to have mattered very much in
this case; see figure 5.10), to be able to do the analysis properly, one should have kept track
not only of how long the detector was in operation while acquiring a particular data set,
but also when it was in operation. To this end, each event which triggered the detector was
stamped with a time, as well as various status information which encoded the operational
state of the detector when that event was acquired, in order to identify occasional periods
when the detector was partly functional but not acquiring data that were useful to the
analysis.

The experimental apparatus acquired data with approximately a 90% duty cycle during

most of the time period of this analysis, meaning that it was turned off for routine mainte-
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nance and for certain types of calibration exercises for roughly 10% of the time, and was left
running at all other times. Additionally, while the detector was active, there were occasional
interruptions which had to be subtracted from the data-taking time in order to calculate
the live time. The most frequent of these was the acquisition of pedestal data, a routine
calibration exercise which was more fully automated into the data acquisition scheme than
any of the others; it consumed around 2.5% of the data-taking time on average. Other types
of dead time such as data loss due to equipment malfunction were also monitored, but did
not detract significantly from the live time after the initial start-up phase of the experiment.

The live time for a given interval of data-taking time containing n events was counted by
examining each of the n — 1 pairs of consecutive events and adding the small time interval
between them either to the live or dead time depending on the operational status of the
detector encoded in the data for each event. The final results were summarized in intervals
of roughly one minute each, which corresponded to many hundreds of events. This time scale
was chosen so that the angle of rotation of the Earth about its axis in that time (~0.25°)
would be small compared to the angular resolution of the experiment, and therefore the
granularity in the measured live time would not have contributed significantly to the overall
uncertainties in the analysis of, for example, the relative exposure of the experiment to
different regions of the sky, had that turned out to be important (section 5.3 includes a
discussion of why it did not).

The total live time for upward-going muons in this analysis was different for stopping
and through-going events, because the first several hundred days of the data sample were
garnered from a different data reduction program than the rest, which were accumulated
using the improved algorithm described in chapter 3. The part of the earlier data reduction
that was used for identifying stopping muons did not work very well on raw data that
was missing information from the outer detector, while the part of the algorithm used
for identifying through-going muons was fairly insensitive to this problem, which happened
frequently in the weeks and months immediately following the commissioning of the detector,
due to occasional failures of the early prototype versions of the data acquisition system that
were in use at the time. A decision was made in the initial phases of the experiment

to make use of all available upward-going muon data, rather than throw away data in
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the interests of having equal live times for both the stopping and through-going samples.
Although the data acquisition software became more reliable later on, and furthermore the
analysis practice was modified so as to impose identical ID and OD availability requirements
on all additional events appended to either sample, nevertheless, other collaborators have
continued to include the few missing-OD events from the earlier data reduction in their
analyses, despite the inconvenience of the live time asymmetry. To expedite comparison
with the work of others, the same practice will be adopted here. The live time of the
stopping upward-going muon sample used in this analysis was 1458.3 days, and of the
through-going sample, 1485.0 days. In some of the studies presented in chapter 5, the
through-going and stopping samples will be combined, and some sort of average effective
live time for the two will be required. Since the difference between the two results is less
than 2%, taking an intermediate value will, of course, not yield a very different result than
arbitrarily choosing either of the two extremes, but technically it seems like the most correct
way to treat the data, so it will be incorporated into the analysis anyway. In cases where
an effective combined live time is needed, it will be estimated by requiring that the total

effective combined event rate equal the sum of the separate event rates, i.e.,

TLs + T n e

Bs T _ DBs : 4.1
Ttot Ts Tt ( )
or
ns+n
Tiot = 7oy Tﬁ (4.2)
s t

where n and T refer to the event numbers and live times, respectively, and the s and ¢
subscripts refer to stopping and through-going muons. This convention is appealing for two
reasons: first, because of its natural tendency to conserve the estimated event rate, which
is important because the rate of atmospheric neutrinos (and thus the overall event rate in
the case of the null hypothesis) must be a well-defined experimental constant, just like the
rate of the cosmic ray primaries; and second, because this convention yields the intuitively
reasonable result, as T approaches T}, that Ty, = Ts = T;. For this analysis, ny; = 403 and

ne = 1634, thus T,, = 1479.6 days.
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4.2 The Effective Area

The inner detector was a cylinder measuring 33.8 m across and 36.2 m tall; its most nat-
ural mode of use was therefore as a volume detector which was sensitive to events arising
from particle interactions within the central region. This analysis, however, uses Super-
Kamiokande as a flux detector: all of the events are required to have been triggered by
particles which were produced outside of the detector and traversed some distance into it.
Analytic expressions for the effective area subtended by Super-Kamiokande, in both the

horizon and the equatorial coordinate systems, are derived below.

4.2.1 The Effective Area in Horizon Coordinates

The effective area may be written in terms of the following variables and parameters:

Symbol | Meaning Nominal Value
h inner detector height 36.2 m

T inner detector radius 16.9 m

[ minimum track length in the inner detector | 7 m

a altitude angle —-90° < a < 90°

One can calculate the effective area for a given altitude angle a and minimum track length
! by imagining all of the different ways that a rigid pole or rod of length [ inclined at an
angle a could have fit inside of the inner detector, subject to the constraint that one end of
the rod, which symbolizes the entry point of a particle into the detector, had to have been
touching the detector’s edge. For downward-going tracks entering through the top end cap
of the inner detector, or for upward-going tracks entering through the bottom end cap, the
shape traced out by the most extreme possible locations of the midpoint of the imaginary
rod, which of course encloses the set of all possible locations, is a pair of back-to-back lunes

(see figure 4.1.a) of width r — ’“’% and length 2y/r2 — % From appendix A.l, the

area of the two lunes together must be

lcosa) lcosa

Agna = 2 |72 arccos ( or 2
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Figure 4.1 a.) This view is along the z-axis. The black lines distributed at intervals along
the upper portion of the diagram represent tracks, or alternatively, imaginary rods of length
[, inclined at an angle a, entering through an end cap at various locations, at one specific
azimuth angle, chosen arbitrarily (they are all equivalent due to the rotational symmetry of
the detector) to lie in the yz plane. The midpoints of the tracks trace out the curved edge
(the dashed circle segment which passes through them) of one of two back-to-back lunes
which enclose all the possible locations for the midpoint of any track entering through an
end cap. For simplicity, only one of the lunes is drawn here; their common edge is defined
by the dashed line, and the second lune is just the reflection of the first about this axis.
b.) This view is along the y-axis. The dashed rectangle is a projection of a curved surface
which encloses all the possible locations for the midpoint of any track entering through the
side wall. The foreshortened rod is still oriented in the yz-plane.
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For tracks entering through the cylindrical side wall, the shape traced out by the most

extreme possible locations of the midpoint is a cylindrical segment which projects (figure
4.1.b) as a rectangle of height h —[|sin a| and width 2,/r2 — ﬁ%i—‘i The effective area due

to particles entering through the side wall is therefore

/ 12 cos?
Agat = 24/12%2 — %(h — l|stinal).

The total effective area is simply the sum of A.pq and A,y together, with each multiplied
by an appropriate trigonometric factor in order to account for the foreshortening of those

areas from the point of view of the entering particle.

A = Aend|sinal + Ayau cosa

2| sinal |2 (lcosa) lcosa [, (2cos?a
ina| | r*arccos ( —- 5 T 1
12 cos?
+2cosay/r? — L?:—a-(h — l|sina). (4.3)

The expression for the effective arca given in equation 4.3 is plotted for —1 < sina <1 in

figure 4.2.

4.2.2 The Effective Area in Equatorial Coordinates

Equation 4.3 is readily transformed to equatorial coordinates using the expression[21]:
sina = sin d sin ¢ + cos § cos ki cos ¢

where ¢ is the declination, ¢ is the geographic latitude of the experiment (36.4257° N, WGS
84), and h is the hour angle. Since the substitution is direct and the final expression is
long it is not written down here, but the result is plotted for upward-going tracks (for all
8,h such that —1 < sina < 0) in figure 4.3. Because the detector was left running for
almost 90% of the time over the course of several years, and because the Earth swings
through a full 360° of hour angle in only one sidereal day, it means that over the time-scales
of this analysis there was a quite thorough time-averaging effect over all hour angles for

any region of the sky. This average is plotted as a function of declination in figure 4.4.
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Figure 4.2 The effective area of Super-Kamiokande in m? vs. the sine of the altitude
angle.

To the extent that the detector acquired its data uniformly in time, with interruptions
spaced randomly throughout the sidereal day, the relative exposure of Super-Kamiokande
at different declinations will turn out to approach a relative proportionality which scales to
the values plotted in figure 4.4, and the exposure at a given declination will approach being
identical for all right ascensions. The degree to which the assumption of sidereal uniformity

actually approximates the data is examined more closely in section 5.3, and in figure 5.10.
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Figure 4.3 A cut-away view of the effective area of Super-Kamiokande for upward-going
tracks which are longer than 7 m is plotted as a function of the sine of the declination
angle and the hour angle. The function is symmetric about A = 180°. The part of the
surface which is drawn as a flat plane at 900 m? is in a region corresponding to sina > 0,
or downward-going tracks, and thus the effective area for upward-going tracks for é and h
in that region was really 0, which is off the bottom scale of the plot.

4.3 Background Events

4.3.1 The Background in Astrophysical Neutrino Induced Upward-going

Muons Due to Atmospheric Neutrinos

Presumably, most of the upward-going muon events acquired at Super-Kamiokande were

induced by atmospheric, rather than astrophysical neutrinos; to search for evidence of an
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Figure 4.4 This shows the function plotted in figure 4.3, averaged over all hour angles.

astrophysical component means that one must look for a small signal hidden in a large
background. Although the flux of the cosmic ray primary particles entering the atmosphere
is isotropic, the flux of secondary particles and their decay products, including neutrinos,
is not: it varies with altitude angle, and at sufficiently low energies, with azimuth as well.
Therefore, to estimate the background present in an on-source region of sky, which is posited
to contain both signal and background counts, one cannot simply pick just any region of the
sky arbitrarily to serve as an off-source, background-only area. Rather, one must recognize
that if the on-source region is imagined as depicted in figure 5.9a, as an area which moves
through a band of local horizon coordinates as the Earth rotates, then the off-source region

must be chosen symmetrically, as an area or series of areas within the same band, cycling
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around once per day at the same rate, just ahead of or just behind the on-source region.

4.3.2 The Background in Upward-going Muons Due to Downward-going

Muons

The muon events fitted into the upward-going region were themselves not a truly pure
sample of neutrino-induced events at the most shallow angles: a few of them were actu-
ally slightly downward-going atmospheric muons which were misfit into the upward-going
region. This problem occurred because the shape of the mountain above the experiment
was irregular, and was thin enough in some azimuthal directions that a fairly large number
(relative to the greatly reduced flux of upward-going muons just a few degrees lower in alti-
tude angle) of nearly horizontal downward-going muons were able to penetrate the natural
radiation shielding afforded by the rock and trigger the detector. Although the directions
of the overwhelming majority of these downward-going muons were fitted correctly into the
downward-going region, the disparity in the numbers of events just above and just below
the horizon was apparently large enough so that the small fraction of events misfit into
the upward-going region was not adequately compensated by upward-going events leaking
out in the opposite direction. Studies by other collaborators(86] suggested that the degree
of the contamination in the upward-going sample was at the level of a few percent in the
narrow slice of angular space between the horizon and about 2° below it. The angular spec-
trum of this background has not been quantified more precisely, however, than by drawing
an estimated boundary broad enough to surround the contaminated region loosely, there-
fore any algorithm which operates on data from this region will have a small bias from
the downward-going muon contamination which can’t be corrected. For tests such as the
two-point correlation function, described in section 5.1, which don’t make any numerical
statements about upward-going muon flux, the contamination is simply an additional source
of background events and its presence does not compromise the validity of the analysis. But
in the case of the flux limit analysis of section 5.3, since it attempts to say something ex-
plicit about the possible number of astrophysically induced neutrino events in the data,

technically one ought to know, in order really to do the analysis properly, how likely it was
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that each event analyzed was even a neutrino event in the first place. Therefore, in order to
avoid dealing with this extra complication in the flux limit analysis, care is taken to avoid

using the small fraction of the data set which comes from the contaminated region.

4.3.3 Estimating the Background Using Statistical Resampling

The observed direction of an event in local horizon coordinates is a function of its arrival
time at the Earth and its final direction of travel, in equatorial coordinates, at that time of
arrival, regardless of how much it may have wandered around or changed its direction during
its journey from the point of production. There isn’t really much underlying astronomical
significance for the atmospheric neutrino events in that final arrival direction, however,
because the cosmic ray primaries that produce those neutrinos wander around and change
their direction so much, and become so scrambled while in transit, that ultimately they
bombard the atmosphere uniformly from all directions at all times. Therefore, using the
observables of those events (their times and local horizon coordinates) to calculate their
arrival directions in equatorial coordinates can’t possibly yield any astronomical insight,
because such events can never point back to a source. Neutrinos from modest numbers of
strong astrophysical point sources, on the other hand, (assuming for the moment that they
exist) would tend, after translation from local horizon back into equatorial coordinates, to
be reconstructed into clusters around the directions of the source objects, rather than the

isotropic distribution of the atmospheric neutrinos.

This difference can be exploited by using a common statistical device known as a boot-
strap[87] in order to help characterize how closely the data set resembles a pure sample of
atmospheric neutrinos, as opposed to a sample with a small number of astrophysical neu-
trinos from a few point sources mixed in. This technique, which is borrowed from the more
general formalism of statistical resampling(88], is implemented by choosing event times and
local horizon directions, separately and at random, from the original data set, and pairing
them to create a fake data set, then calculating the equatorial coordinates of the fake events
just as if they were real. This exercise produces a data set whose experimental observ-

ables are distributed, by construction, in the same way as the real one, but whose derived
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variables, the equatorial coordinates, are scrambled. Since the equatorial coordinates of
atmospheric neutrinos must be broadly distributed throughout the sky to begin with, shuf-
fling them does little to change the overall qualitative appearance of that component of the
data set. If there are any astrophysical neutrinos mixed in with the data, however, their
original celestial directions must be closely distributed about the direction of their source,
and redistributing them randomly about the sky will completely defocus the point source
induced events to random right ascensions, within the band of declination subtended by
the source. (See figure 4.5 for a diagram that illustrates the difference.) In the limit that
astrophysical neutrinos are a small component of the data set, as they must be here if they
are even present at all, the equatorial coordinates of the resampled data sets provide an esti-
mate of the relatively dominant atmospheric neutrino background, against which the point
source induced upward-going muons from the original, unresampled data set will appear as

anomalously tight clusters of events.

4.4 Angular Resolution

The correct angular scale at which to search for a point source signal is determined by the
overall angular resolution for the entire chain of events leading up to the final measurement
of a set of track parameters in the detector. That chain, for purposes of this analysis, would
involve an astrophysical neutrino traveling in a straight path from the source, interacting
in the rock below the detector to produce a muon inclined at some angle to the parent
neutrino, the trajectory of which would suffer further angular degradation with respect
to the neutrino as it propagated through the rock to the detector, and finally would be
measured only as precisely as the intrinsic resolution of the manual track reconstruction
process. As a cross-check of other collaborators’ earlier work, the portion of the overall
angular uncertainty due to manual track fitting has been estimated independently in this
document by measuring the distribution, plotted in figure 4.6, of the space angle difference
between pairs of independent manual fits. The result is about 0.9° for the plane-projected
angular resolution of the manual fit process. The typical space angular resolution, the

quantity of real interest, is best estimated by adding this value to itself in quadrature,



71

1

Suppose that... Then...
Original Equatorial Coord. Resampled Equatorial Coord.

Figure 4.5 The points plotted at the upper left side of this diagram are the reconstructed
equatorial coordinates of the real data set of 2037 upward-going muons. Below it are plotted
127 events generated artificially from the direction of the galactic center, with sidereal times
chosen to be uniformly random during the period when the artificial source was below the
horizon. Times associated with both the real data events and the fake source events were
concatenated together to form a single list, and then individual times were paired at random
with the local horizon coordinates (not shown here) of those events to generate the two sets
of artificial equatorial coordinates shown at right. Some of the analysis exercises of chapter 5
will end up, essentially, comparing a diagram like the one on the upper left hand side to one
like that on the upper right, with the operational idea being that, if the apparently isotropic
real data actually contains a small admixture of anomalously clustered events like those on
the lower left, they will tend to stand out in relief when compared to a data set comprising
an isotropic background plus a small admixture of longitudinally defocused events like those
on the lower right.
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Figure 4.6 The distribution of the space angle between pairs of manually fit upward-
going muon track directions for a 353 event subset of the data is plotted here, with a fit
to the functional form of equation A.7. The plane-projected RMS angular deviation of a
single manual fit from its true value, represented by o in the notation of appendix A.2, is
represented by P2 in this plot, and has a fitted value of 0.89° £ 0.02°. P1 is just a relative
normalization parameter between the event distribution and the fit function; its final value
is influenced by such details as the number of events in the data sample and the size of
the bins into which it is divided, and it is therefore of little fundamental significance. Only
track fits separated by less than 5° were used in the fit shown; the small number of outlier
events near 6° and 7° were ignored.

since there are two orthogonal planes in which the fitted track direction is free to wander
independently. That result, 1.3°, is within the range of the other estimates (0.9°[85] and
1.5°[86]) offered by collaborators for muons which traverse more than 7 m in the detector.
The additional contributions to the overall angular resolution, from the muon production
angle and from the scattering as the muon propagated through the rock, were not verified
independently for the studies presented here. For purposes of this analysis, the value of 4.1°

quoted in reference [86] will be accepted as the agreed upon result.

Technically, because the contributions to the resolution from muon production and prop-

agation are energy dependent, while the energies of the individual upward-going muons (and
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thus, their parent neutrinos) aren’t known on an event-by-event basis, the angular resolution
for a particular source of neutrinos, whether it be astrophysical or atmospheric, must be
estimated by averaging over an assumed energy spectrum, and thus the estimate is some-
what model dependent. Most discussions of neutrino astronomy usually assume that the
astrophysical neutrinos, if they exist at all, will be more likely to have a harder spectrum
than atmospheric neutrinos, meaning that astrophysical neutrinos will become relatively
more prominent at higher energies. If this is so, then 4.1° will be an upper bound on the
angular resolution of the astrophysical neutrino events, since the muon production angle
and the angular scale of the multiple scattering in the rock tend to decrease as the energy
of the parent neutrino increases. Of course, the opposite could hold true: astrophysical
neutrinos might have a softer spectrum than atmospheric neutrinos and therefore tend to
predominate at lower energies, in which case their overall angular resolution would be some-
what broader than ~ 4°, but if that were the case then this analysis, focused as it is on
the highest energy sample of neutrino events from the Super-Kamiokande detector, would
be examining the wrong data set anyway, and the possibility is not considered further for
purposes of this work. While the overall angular resolution for astrophysical neutrinos is, by
the above reasoning, unlikely to be any worse than 4.1°, on the other hand, no matter how
parallel the trajectory of the initial neutrino and its resulting muon may be, the directional
uncertainty can never be lower than the intrinsic resolution of the detector, therefore 1.3°
will be taken as a lower bound. The analysis which follows will respect these bounds, and
generally will assume that the typical angular resolution of astrophysical neutrinos, if they

are present, is likely to be about the same as that of the atmospheric neutrinos: 4°.
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Chapter 5

Data Analysis

Figure 5.1 shows the apparent direction of origin, in equatorial coordinates, of the
entire 2037 events in the upward-going muon sample. Other investigators in the Super-
Kamiokande collaboration have shown[89] that the observed angular distribution may be
adequately predicted (in the sense that one can find some set of parameters that lead to a
reduced x? of approximately one) by a model in which neutrinos are created by the decay
of pions and kaons produced by cosmic rays impinging upon the upper atmosphere of the
Earth, and in which the v,s and T,s oscillate periodically to some other flavor state which
is not as observable as the muon-type state because it does not produce an upward-going
muon when it interacts in the rock below the experiment. That analysis shows clearly that
atmospherically generated neutrinos constitute the majority of the parent neutrinos of the
upward-going muons. But what evidence may be extracted from the data to support or
refute the notion of a small astrophysically generated component of the data sample, in
addition to the dominant atmospheric contribution? The existence of so many other ex-
periments, described briefly in chapter 1, which have published or hope soon to publish an
attempt to answer this question, is testament to the current level of interest by the neutrino
community in the answer. This chapter describes some searches for evidence of astrophysical
point sources of neutrinos in the upward-going muon data sample from Super-Kamiokande,

with results compared whenever possible to those of other experiments.

5.1 The Two-Point Correlation Function

Astronomers need, from time-to-time, to distinguish between cases in which the angular
positions of an entire catalog of astrophysical objects are randomly distributed throughout

the sky and cases in which most of the objects are randomly distributed throughout the
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Figure 5.1 These points represent the right ascensions and declinations of 1634 through-
going and 403 stopping upward-going muons. The angular distribution of this data set can
be adequately explained by assuming that the events all come from neutrinos produced by
interactions of cosmic rays in the Earth’s atmosphere. The goal of this analysis is to search
for evidence of a small additional astrophysical component of the neutrino flux, assumed to
be too small to be identified by any but the most sensitive and carefully designed search
algorithms, and report that evidence or lack thereof in the most quantitative and succinct
terms possible.

sky but a few of the objects are clustered together. Such information can be extracted from
the angular positions of a collection of Super-Kamiokande events by borrowing one of the
standard analysis tools of conventional photon-based astronomy: the two-point correlation

function[90].

This function, w(8), is defined by counting the number of pairs of events in the data
sample with space angle between § — 66/2 and 6 + §6/2, and then quantifying the degree to
which that number departs from the value that one would expect if all of the events were
drawn randomly from a particular background distribution. This background, b(«, §), would
be proportional in a conventional astronomy analysis to the solid angle and observation time

of an area of sky, but in this case comes from atmospheric neutrinos, which do not arrive
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at the detector in strict proportion to the exposure in a given celestial direction, due to
various physical effects which exert their influence after a cosmic ray primary interacts in

the atmosphere.

5.1.1 Derivation of the Function and of its Uncertainty

To make the definition mathematically explicit, suppose that there are N events in the data
sample. Imagine picking one event, the ith event, and drawing a half ring around its right
ascension and declination, as shown in figure 5.2, which is bounded by an inner radius of
f — 80/2 and an outer radius of 6 + §6/2, and is oriented in a specific direction: for example,
imagine that it lies entirely to one side of the great circle defined by the north celestial pole
and the event’s right ascension. The background exposure of each of the two half rings will
be notated as db; ;(6) and dbs ;(8), their sum as db;(8), and the total integrated background
exposure, over all regions of the sky and over all times, willbe B = [ [,  b(a,6,T)da dé dT.
For brevity, the 6 dependence which appears in some of the above quantities and in others
soon to be introduced will be left implicit in most of the discussion that follows below.
Any single event which is drawn at random from the background distribution has a
probability db; ;/B of ending up inside of the first of the two half rings and a probability of
1 — dby ;/ B of ending up outside of it; the probability for observing n, ; events in one of the

half rings around the ith event is therefore governed by a binomial distribution:

N —1)! dby \ ™ dby ; \ (N —D=n1a]
P(ny; N —1,dby ;) = nl »'[(1(\/' — 1))_ m— ( Bl ) (1 - —Bl—) . (8.1)

In the limit that db; ;/B — 0, that N -1 = NN, and that n,; <« N, this binomial distribution

is well approximated by a Poisson distribution,

ny,.

m .
P(ny; N — 1,dby;) = ;“"—f,e-"“--, (5.2)
L0

with the mean expected number of events measured in the ith half ring defined by the newly
introduced quantity m,; ; = N(db, ;/B). (In practice, in this analysis, it will turn out to be
the m, ; and mo; that are of real interest, since they are used to gauge whether statistically
anomalous values of the n;; and ny; have been observed, and the m;s will be estimated by

statistical resampling, rather than bothering with trying to determine the actual values of
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Figure 5.2 This shows a projection of a small portion of the celestial sphere, and each
real data point represents the arrival direction of one upward-going muon. To carry out
the analysis, rings of width 68 are drawn about all data points over the whole range of 6,
although only rings for two data points, at one value of 8, are actually shown here. As
explained in the text, m; = N(db;/B), which one needs to know in order to gauge whether
or not statistically anomalous values of n; have been observed, is estimated using statistical
resampling.

b(a, 8, T), db;, and B: these last three quantities are therefore of little further interest to
the discussion.) Equation 5.2 can be simplified further by recognizing that the convolution
of two Poisson distributions is also a Poisson distribution (see appendix A.3), and thus the
probability distribution for finding a total of n; events in all of the half rings of radius 8

drawn about all N of the events is also Poissonian,

mn

P(ny; N,dby 1,dby o, ... ,dby ) = nll, e”™! (5.3)
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with the global mean for the entire data set given by

N N dbli
m; = E my; = E NT' (5.4)
i=1 i=1

The quantity n; is just a count of the number of pairs of events separated by an angle
between 8 — 68/2 and 6 + §0/2, but because the problem was formulated using half rings,
one conveniently avoids the double counting which would have occurred in the sum over
all events if full rings had been used. The pairs could just as well have been counted
using the second, oppositely oriented set of half-rings, but because the final answer must
come out the same, one may drop the subscript and simply write the number of pairs as
n, where n = n;] = no = (n; + n2)/2. Such logic does not apply to m; and my; since
these quantities essentially count exposure, which may vary across the sky, it means that
in general m; # my. Alternatively, thinking in terms of what the bootstrap is doing to the
data, this is equivalent to saying that the scrambling does not preserve the double-counting
symmetry of the real data, since the only reason that the symmetry exists in the first place
is that the rings are all drawn with the real data points at the center, rather than being
centered on the bootstrap points, or on none at all. That m; and m2 are not constrained
to be identical implies that if one defines

=t (5.5)

- 1

2
it may be used as a more precise estimator of (n) than either m; or mz alone.
At this point, w(8), the two-point correlation function, may now at last be defined, using
the equation
n =m(l + w),
or alternatively,
n(8)
w(f) = -1
©) m(6)

The value of w(8) which one calculates from the data using counted values of n(8) and

(5.6)

m(8) measures the degree to which the data set seems really to have been drawn from the
assumed background distribution in the sense that if all of the events in the data sample are
indeed drawn from that background, without any anomalous clustering, then w(8) should

be measured close to 0, within errors, over all 8, because the n = m for all 6.
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In a conventional astronomy analysis, the uncertainty in w comes from the statistical
uncertainty in n, plus whatever uncertainty is introduced into m by b(a, 8, T), which would
usually be measured by keeping track, in terms of solid angle and time, of how much the
telescope had been pointed at various regions of the sky. In this analysis, however, the
calculation of b(c, 8, T) will be ignored, essentially, and m(68) will instead be equated with
the total number of bootstrap events that fall between 8 — 66/2 and 6 +36/2 of a real event.
So, forgetting about the precise values of db; and B, and using the definition of m from
equation 5.5, one finds that, because the sum m; +m2 is a simple, counted, integer quantity,

m also contributes an additional statistical uncertainty,

a_m_(\/m1+m2)/2_ 1 1
m (mi+m2)/2 ~ Vmi+m2 V2m’

to w(f) as well. It should be emphasized that, strictly speaking, for purposes of this analy-

(5.7)

sis, the only case that will be considered is the one in which resampling is performed exactly
once, i.e., just a single alternative fake data set, of the same size as the original, is generated
in order to estimate the background. In principle, there is a small advantage to be gained
by iterating the resampling process several times, however, including this possibility com-
plicates the presentation somewhat, while failing to deliver very much added benefit to the
analysis, since the total uncertainty on w(#) is fundamentally limited by the uncertainty in
n, (calculated using equation 5.9 below) which contributes most of the overall uncertainty
anyway. Therefore, for the two-point correlation analysis at least, the possibility of iterative
resampling will not be considered further in this work.

Because m is drawn, assuming that the null hypothesis of no extra clustering is true,

from a Poisson distribution of mean m, its uncertainty is just the width of the distribution:

On = Vm (5-8)

In this analysis, m was generally large enough so that one would expect the distribution of
n to be narrowly peaked about m, i.e., n(8) should be within a few percent of m(@) at all 6,
assuming the null hypothesis is true. Therefore, approximating n &~ m, one may justifiably
write, for the null hypothesis, that

On

—
~~

n m

q

A

n

(5.9)
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Recognizing that the uncertainty in the two-point correlation function, o,g), is just the
uncertainty in n/m, and also that n/m itself should always be approximately 1 in the null

hypothesis, the relative errors of equations 5.7 and 5.9 can be added in quadrature to find

Tw(6) = O(n/m) = (;?;) \/(%")2 + (%")2 =~ (1) - % (5.10)

The error derived in equation 5.10 gives the magnitude of the fluctuations that one would

that

expect in w(@) if the experiment were repeated a large number of times, and therefore one

may judge the significance of a non-zero w(f) by calculating w(6)/oy(g)-

5.1.2 Results and Interpretation

Although the two-point correlation function is defined over the entire interval 0° < § < 180°,
a significant non-zero result for w(f#) would be expected only at very small angles, at least
for the special case of non-random clustering centered, specifically, about a small number
of points. The angular scale at which one would expect to see an effect, if any were present,
is determined by the angular resolution of the entire detection process, estimated in section
4.4. Figure 5.3 shows w(6) plotted in increments of 2°, with error bars calculated according
to equation 5.10, for the real data set of 2037 neutrino induced through-going muons, as
well as for a number of different partially fake data sets, with point sources artificially
superimposed on top of the 2037 real events, in order to illustrate graphically the efficacy
of this algorithm for identifying cases of anomalous clustering. Additionally, in order to
help give the reader some physical intuition about how the algorithm’s capacity to identify
anomalously clustered data sets compares to that of a human, the equatorial coordinates of
the events from one of those fake data sets are plotted in figure 5.4.

Figure 5.5 shows the distribution of w(#) over the entire 180° range of 8, renormalized to
units of standard deviation for each annular bin, for the real data set of 2037 events. If the
error bars for each annular bin have been estimated correctly, then w(8), when renormalized
against them in this way, should be normally distributed about zero with a characteristic
width of one (assuming that the null hypothesis is true). The closeness of the width of

the fitted normal distribution in the plot to this theoretically expected value confirms that
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Figure 5.3 a.) The two-point correlation function, w(@), plotted for the real data set
of 2037 upward-going muons shows no significant upward deviation at small angles, nor at
any angle for that matter. b.) The correctness of the algorithm which was used to make
the plot on the left was checked in order to see if inserting a point source artificially into
the data could induce the search algorithm to return a non-null result. Several fake data
sets were generated, with signal sizes chosen to be large enough to result in roughly a 3 to
4 sigma deviation in at least one of the annular bins near the angular spread of the source.
The first data set consisted of 34 fake signal events with angles distributed normally on a
characteristic scale of 2° about the galactic center, superimposed upon the real experimental
data. The second data set consisted of 58 signal events from the same general direction, but
distributed with a width of 4°, superimposed in the same way. The signal for the third data
set (likewise superimposed) was 163 events drawn from 10 normal distributions of width
4° each, but with mean directions chosen at random, with the stipulation that the source
position must have been at a low enough declination to be visible by Super-Kamiokande.
The equatorial coordinates for the 163 events used in this last case are plotted in figure 5.4.
Evidently, the algorithm correctly produces non-null consistent deviations at small angles
if clustering is present.
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a.) Real Data b.) 10 Fake Sources

Figure 5.4 a.) This shows the equatorial coordinates of 2037 real data events, by them-
selves, without any signal added. b.) The equatorial coordinates of 163 fake signal events,
distributed in 10 smaller clusters, each of which represents a point source, are plotted here.
Each fake source is allotted the same number of events initially, with random sidereal times
chosen uniformly, but only those events which would have actually been seen as upward-
going by the detector are plotted here. Thus, while the sources are chosen to have equal
strength, those in the southern sky generally contribute more events to the data set, since
the exposure tends to be greatest at those declinations. c.) This shows the superposition
of the real data set with the artificially generated point source signal events. Figure 5.3b
demonstrates that the two-point correlation function formalism can recognize this case cor-
rectly as one of anomalous clustering, although it may be difficult for a human being to do
SO.
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Figure 5.5 This shows the distribution of the two-point correlation function over all
angles, for the real data sample of 2037 data events. The excursion of w(f) away from zero,
on the horizontal axis, is plotted after being renormalized at each annular bin against the
uncertainty for that bin. The fitted width of the distribution demonstrates that the error
bars used for the renormalization have been calculated correctly.

equation 5.10 does indeed calculate those error bars correctly. As can be seen in figure 5.3.b,
any clustering effects due to point sources are overwhelmingly likely to be found in the first
few annular bins above 0°. The two-point correlation function for real data, figure 5.3.a,
does not deviate substantially from its expected value of zero at any point along its entire
range, and in particular it does not do so at small angles, therefore, this test returns a null
result: there do not appear to be any astrophysical point sources of neutrinos hidden in the

data, at least on the basis of this simple test.

However, a fair treatment of the data requires full disclosure of the inadequacies of
any algorithm used to analyze it. In this analysis, the statistical resampling method used
to estimate the background has a flaw worth noting: it does a poor job of shuffling the
directions of events near the celestial poles, because the process described in section 4.3.3
only randomizes the right ascension of the resampled data set, while the declination always
remains the same as in the original. Thus, any signal events near the poles are much more

likely to end up resampled back into the signal region than events near the celestial equator.
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Since the background estimation method relies on the premise that the resampling process
will strongly tend to throw events out of the signal region into a random position in some
much larger patch of sky, it will tend to yield artificially inflated background estimates for
astrophysical signals near the poles, where the premise does not hold true. Unfortunately,
as depicted in figure 4.4, the south celestial pole is the region of the sky with the greatest
exposure. Therefore, the two-point correlation function analysis, and indeed, any other
search algorithm which relies for estimation of atmospheric background on a resampling
technique like the one used here, gives its weakest results in exactly the same place where

the experimental apparatus is most sensitive.

5.2 Tiled Solid Angle All-Sky Survey

Apart from considerations about the efficacy of statistical resampling at low southern de-
clinations, the two-point correlation function itself has at least two drawbacks as well: first,
it returns only a global measurement of the amount of clustering in the data set, without
giving any detail about its variation as a function of direction, and second, the geometric
construction of hundreds of overlapping rings of different sizes, upon which the method relies
in order to produce its results, does not lend itself well to interpretation by human physical
intuition, even though the basis of the test is fundamentally quite simple. Therefore, some
other type of test which does not suffer from these deficiencies is still desirable. Such an
alternative, inspired by a similar tiled all-sky analysis originally performed on a data set of
downward-going muons acquired by the MACRO(91] experiment, but modified somewhat in
order to account for the necessarily much smaller statistical size of a neutrino data sample,

is described in this section.

5.2.1 Description of the Search Algorithm

The basic structure of the algorithm is simple: to perform the search, the sky is tiled into
angular bins, the number of upward-going muons in each bin is counted and compared
to an average background estimate, and improbably highly populated bins, if any were

found, would be taken as evidence of anomalous clustering, implying neutrino point sources
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somewhere near the directions of those bins. The optimal bin size for a point source discovery
would be one near the angular spread of the signal events coming from the source: selecting
a much smaller size would tend to dilute the significance of the bin closest to the source by
spreading the signal events thinly over many adjacent bins, while selecting a much larger
size would tend to dilute the significance by juxtaposing an unnecessarily large number of
background events against the signal. Because more energetic incoming neutrinos will tend
to produce more collimated outgoing muons, the angular spread of a point source would
depend on its energy spectrum, but for purposes of this analysis, an angular resolution of
about 4°, commensurate with that of the atmospheric neutrinos, will be assumed. The bin
edges are chosen so that each bin will measure, as nearly as possible, 8° x 8° in space angle,
and an integral number of them will fit within the declination limits of —90° and 53.58°
which are accessible to upward-going muons at the latitude of the experimental site.

After the boundaries of the angular bins are drawn, and the numbers of upward-going
muon track directions which fall into each are counted, the next task is to estimate an
expected background rate for each, so that one can evaluate whether or not any of the bins
show an improbably high upward fluctuation in their total numbers of events. As in the case
of the two-point correlation function, the bootstrap statistical resampling method described
in section 4.3.3 is used here, although this time it is iterated 1000 times in order to bring the
additional statistical error incurred by the resampling process down to a negligible level, as
compared to the inherent statistical error of the data set itself. Now consider the following:
whatever the true average long-term neutrino flux through each bin is, whether it is due
only to the atmospheric neutrino background or also includes a point source signal, the
observed muons are certainly Poisson distributed with respect to it. But, as emphasized
in section 4.3.3, estimating the background with a bootstrap only produces valid results
if the event times and horizon coordinates are completely uncorrelated with each other,
which would not at all be the case for point source events arriving from a specific direction
in equatorial coordinates. This fact forms the basis of the search algorithm: if there are
indeed point sources in the data, the resampling process will reconstruct their directions to
completely random right ascensions, and the background estimate near the direction of the

source will be artificially low, causing the observed number of real data events to stand out
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as an anomalous upward fluctuation.

To find such anomalous fluctuations if they exist, one must calculate something akin
to a percentile ranking for each bin and then show that some of the bins have remarkably
improbable rankings, given the total number of bins in the data set. It is here, however, that
one encounters an additional complicating factor: discrete probability distributions offer two
obvious choices of statistic to be used for this purpose: the percentile ranking could either
be the probability of observing a greater number of events than was actually observed for a
bin of estimated mean background m (i.e., P(n > mgps; m)), or it could be the probability of
observing a greater or equal number of events (i.e., P(n > ngps;m)). This distinction is not
trivial, especially for m and n.s near zero, where the two different probability choices may
differ by 10s of percentage points, and even though solid angle bins with m and mgs near
zero actually represent downward rather then upward fluctuations, nevertheless, they are
still important too, for ideally, one would like to plot the entire distribution of the percentile
rankings (including downward as well as upward fluctuations) over all bins and show that
the assumption of Poisson statistics is self-consistent throughout: for example, about 90%
of the events ought to fall below the 90th percentile, and 80% below the 80th, etc.

An acceptable method for calculating the exact percentile ranking can be reasoned out
by imagining a simpler case in which a large number of solid angle bins all have about the
same mean background expectation m, and the values of ngs = 0,1,2,3,...,00 for the
various bins are Poisson distributed, as would be expected. In such a case, for a given value
of Teps, if one labels P(n > ngps;m) = aops and P(n = ngps; m) = bops for brevity, then one
expects that overall a fraction b,ps bins will end up with n = ng,, a fraction ags will have
n > Mgps, and a fraction 1 —agps — bops Will have n < mgps. for that is the implication of saying
that n is Poisson distributed with mean m among the bins. Counting up in percentile space
from very improbably high values of n to improbably low values, the bins with n = ngs may
be thought of, collectively, as filling the entire percentile space between aops and aobs + bobs,
but since the only information available about the bins is the value of n, which is identical
for all of them, there is no way to rank them more precisely within that space. Thus, it is
perfectly valid to rank them in random order, and that will also be the adopted solution

in the context of the larger problem with many bins of different, non-identical m values:
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both P(n > ngs:m)) and P(n > ngps: m)) will be calculated for each bin, and a percentile
ranking will be chosen at random, using a pseudo-random number generator, in the interval
between the two. In this way, the percentile ranking is allowed to assume the smoothly
varying character associated with numbers drawn from a continuous distribution, yet the
artificial construction of this continuous quality does not come at the cost of having to

accept together with it the injection of any artificial systematic bias.

5.2.2 Results and Interpretation

Figure 5.6 shows the end result of this process. The histogram in the lower half of the plot
shows the number of bins versus the log of the probability associated with the percentile
ranking described above. The least probable angular bin from the map at the top, shown
farthest to the left in the histogram, which holds 8 upward-going muons with an expected
background of about 2.8, has a calculated probability ranking of about 4.4 x 103, meaning
that slightly fewer than 1 out of every 200 bins ought to show an upward fluctuation at
least as prominent. Since there were 598 bins in the map, such a fluctuation is entirely
unremarkable, and is to be taken as evidence of a null result; this test apparently finds no
astrophysical neutrino point sources. It is gratifying, furthermore, that the percentile rank-
ing (plotted as log(P) along the horizontal axis of the histogram) seems to track sinoothly
with the numbers of angular bins actually given that ranking: the two quantities can be
fitted to a line of slope one. Such a good fit is to be taken as evidence of the correctness
of the assumption that the numbers of events are Poisson distributed with respect to the

background estimates as calculated by the resampling process.

With any statistical investigation that returns a null result, it’s tempting to wonder
whether that result is genuine or whether it is due simply to some fundamental shortcoming
of the test, such that it would be incapable of ever returning a non-null result no matter what
the data looked like. Figures 5.7 and 5.8 dispel this concern by showing the output of the
algorithm when 16 and 219 fake events, respectively, clustered near the galactic center, are
added to the real data sample. The figures demonstrate unambiguously that a sufficiently

highly concentrated clustering of upward-going muon directions in some region of the sky
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Figure 5.6 The map in the upper half of this figure, in equatorial coordinates, shows 598
bins measuring roughly 8° x 8° in space angle, in the declination range —90° < § < 53.58°.
The colors indicate the integrated likelihood, assuming the observed events in each bin are
Poisson distributed with a mean value as calculated via statistical resampling, of seeing
a more upward fluctuation than actually observed. As indicated by the fitted line’s slope
of exactly one, the numbers of angular bins actually observed falling into each cumulative
probability bin of the histogram do indeed seem to be distributed with the frequencies that
were predicted, and furthermore there are no particularly unlikely upward fluctuations.
Thus the assumption of Poisson statistics apparently holds true, and the lack of outliers
indicates that there don’t seem to be any point sources hidden in the data.
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Figure 5.7 This figure shows the same data set as in figure 5.6, treated in the same way,
but with an extra 16 fake signal events, Gaussian distributed with an RMS of 4° about the
galactic center, added in. The probability of having observed. simply by chance, at least
as many events as were counted, including all the fake ones that were added, in the bin
superimposed on the galactic center, is only about one in 10,000, still relatively unlikely
even taking into account the trials factor of 598 angular bins. This plot is typical of the
type of response that it was hoped the data might have given to this type of search method.
That no such response was seen in the real data alone, in figure 5.6, reinforces the notion
that there are no point sources visible in the data.
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Figure 5.8 This figure is much like figure 5.7, but with 219 fake signal events added to the
data set, and distributed evenly about the galactic center over a circle of 20° radius rather
than in a Gaussian pattern. This slight modification in distribution helps to make the point
of the figure (that the search algorithm gives a reassuringly dramatic response to extremely
powerful signals) more obvious to the eye by allowing several bins to fluctuate upward by a
modest amount, rather than allowing only a few of the bins, nearest the source, to receive
most of the events and fluctuate very far off the probability scale along the horizontal axis
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will cause the percentile, or probability values, of the angular bins near the centroid of
the clustering to register as improbable upward fluctuations. The implication of this is
reassuring: with a suitable choice of threshold of bin improbability, the search algorithm
would indeed be able to find astrophysical neutrino point sources that were inducing upward-

going muons, as long as they emitted their neutrinos brilliantly enough and for long enough.

5.3 Upper Limits on Point Source Signal Strength

Several other detectors besides Super-Kamiokande have been built which have had the abil-
ity to detect upward-going muons. Many of them[60][61](62][63][64][65] have performed
analyses to estimate upper limits on the possible strength of neutrino signals which might
be coming from the direction of various astrophysical objects of interest. In fact, there are
by now enough confidence limit analyses published by other investigators working in this
sub-field that they may at this point arguably be viewed as providing a kind of overall
performance benchmark for each telescope experiment. In light of this, a thesis on astro-
physical neutrino point sources could not be considered complete if it did not include such
a study as well. Some algorithms for performing a confidence limit analysis, based on both
Classical and Bayesian statistical methods, are developed here.

The analysis in both cases is readily divided into three parts: first, an off-source area
is observed in order to estimate the background rate of atmospheric neutrinos; second, the
background estimate is combined with on-source data to re-estimate the combined rate of
background and signal together (assuming, of course, that such a signal even exists); and
third, a probability density describing the combined predictions for both the background
and signal is integrated to calculate a coverage probability for the signal from the on-
source direction. The analysis is complicated by the fact that the background events are
atmospheric neutrinos, therefore their flux varies with direction, and one cannot arbitrarily
choose just any area of the sky to serve as an off-source region. The proper way to choose
the off-source region is demonstrated in figure 5.9: the on-source region is defined first as an
area of solid angle centered on a putative point source of neutrinos, which cycles through a

path in local horizon coordinate space as the Earth rotates about its axis, and the off-source
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Figure 5.9 a.) The on-source region is defined as a patch of sky in the upward-going
(altitude angle < 0) region of the plot, excluding the portion contaminated by downward-
going muons, extending 12° in all directions from the test point. The test point cycles
along the dash-dotted line in local horizon coordinates once per sidereal day. The off-source
region is defined as a series of regions of the same size as the on-source region, lined up
end-to-end along that same apparent path, but observed, like the on-source region, only
at times when they are below the horizon. Thus, the off-source regions pictured above the
horizon technically are not off-source at the time to which this diagram corresponds: they
are really temporarily null regions, which are labeled off-source because they will become
off-source a short time later, as soon as the rotation of the Earth brings them below the
horizon again. b.) The same on-source and off-source regions are also shown in equatorial
coordinates, where they have a simpler form. The test point used in this example is the
galactic center.
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region is defined afterwards as a series of regions of the same angular size as the on-source
region, filling up as much as possible of the remaining angular region below the horizon,
along that same path.

Although it is easier to think about the variation of the atmospheric neutrino flux in
local horizon coordinates, and therefore also easier in that system to think about how
properly to choose off-source regions, in practice it is slightly simpler to do the analysis
in equatorial coordinates; figure 5.9.a is therefore intended mostly for use as a pedagogical
tool, while figure 5.9.b more accurately represents how the analysis was really done. The
added simplicity that one enjoys in equatorial coordinates arises because the on-source and
off-source angular cones are all fixed in that system at stationary positions in the same band
of declination, and are spaced out only by differing right ascensions, while it is instead the
27 steradians of upward-going solid angle which sweep across the coordinate system once
per sidereal day. In practice, it turns out to be much more convenient to convert 2037 pairs
of local horizon coordinates and event times to equatorial coordinates, and check to see if
each event direction falls within any of the fixed, constant boundaries as they appear in
that system, rather than try to redraw the boundaries of all of those circles as they appear
in local horizon coordinates at 2037 different event times, and attempt to perform the same
check.

In order to obtain an unbiased estimate of the atmospheric neutrino background from the
off-source region, the ratio of time spent on-source versus off-source must be the same in all
directions in the upward-going region, because the rate of atmospheric neutrino events varies
with direction. This implies that the data used in the analysis must be drawn evenly from all
sidereal times, or else the on-source and off-source regions will tend to hover preferentially in
certain regions of horizon coordinate space. Unfortunately, practical considerations dictated
that the detector had to be turned off periodically, therefore the raw data was naturally
somewhat unevenly distributed throughout the sidereal day. Figure 5.10 demonstrates that
this unevenness was small, only about +1% over the 537.8 live day subset of the data
analyzed in the plot, and of course one must bear in mind that the live time must be even
more smoothly distributed about the sidereal day when longer data acquisition periods

are included in the average. The statistical error associated with counting on-source and
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Figure 5.10 The live time was distributed slightly unevenly about the sidereal day be-
cause the detector was turned off periodically for scheduled maintenance and calibration,
and also because parts of it were occasionally turned off automatically or went dead as a
normal part of the data acquisition process. For a 537.8 live solar day subset of the data,
the RMS deviation about the mean, shown by the dashed and solid lines, respectively. was
about 1%.

off-source events will be appreciably larger than this for all potential point sources tested
in this analysis, therefore one may take the unevenness of the live time distribution as a
negligibly small systematic error, and not bother with the unnecessary complications of

making corrections for it, even though one may know how.

5.3.1 Derivation of the Classical Analysis

To calculate the maximum plausible rate of upward-going muons attributable to a specific
region of the sky, one starts by carefully outlining the parameters of the problem: there
will be a number N of upward-going muons that have been observed in an off-source area

of exposure X, and a number n of upward-going muons that have been observed in an
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on-source area of exposure z. The differing sizes of X and z could in principle correspond
(and indeed, in similar types of analyses of data sets acquired with more traditional kinds
of telescopes that have to be aimed, and view only small patches of sky at any one time,
often do correspond) simply to different amounts of time spent observing same-sized off-
source and on-source areas, but in this case will refer instead to the different angular sizes
of the two regions, as described by figure 5.9. To solve the problem, a normalized function
[(s; N,n, X,z) will be constructed which estimates the relative likelihood that the rate s
of astrophysically induced “signal” upward-going muons takes on any particular value, and

the function will be integrated over s from 0 to some value sy such that
sy
/ I(s; N,n, X.z)ds = f, 0<f<l. (5.11)
0

Then one says that sy is an upper limit on s at a confidence level of (100 x f)%. The purpose
of this section is to derive the form of I(s; N, n, X, z), using classical statistical methods.

To guide one’s thinking about the correct form of [, one may practice by posing and
solving a much simpler problem: given only N and X, form an estimator Q(b; N, X) that
states the likelihood, based on the observed data IV, that the true value for the atmospheric
background b in the off-source area takes on any value from 0 to cc. To determine the form
of Q, start by imagining that the true value of b were a known quantity, b, and ask what
would be the probability P(N; b, X), during an exposure X, for observing N upward-going
muons, where N is now understood to be a variable quantity 0 < N < oo, rather than a
measured feature of the data, like N. Because there are an enormous number of atmospheric
neutrinos streaming through the Earth compared to the number that actually interact, the
probability of observing N interactions must be described by a Poisson distribution, and
therefore o

(bX)N =X

P(N;b X) = R (5.12)

Reference [92] illustrates, through a lengthy derivation based on general principles, the
intuitive result that the form of Q must be the same as that of P, with the possible exception
of a different normalization constant due to the fact that N and b do not share the same

units, and therefore .
(bX)A e—b,\

- (5.13)

Q(b; N, X) x



96

In a similar fashion, one may construct an estimator for the sum s + b in the on-source

region:

(s + b):z:]"e“(“'b)x

, (5.14)
n.

q(s,b;n, T)

The functions Q and q may be combined together to form a joint likelihood function,
L(s,b: N,n,X.z) = C(N,n, X, z)b"Ve ¥ (s + b)"e~(s+0)= (5.15)

which gives a global likelihood that estimates the joint probability that any pair of test
values s and b are the true parameters describing the parent distribution from which the
observed data set was drawn. The value of the normalization constant, C, may be calculated
exactly by writing the (s + b)" factors in a binomial expansion and applying the definition

of the I' function,
<
D) = [~y le v dy = (m - 1),
0

as appropriate:

___r __ /oo /oo bNe PN (s + b)te~ 5+ gb ds
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= I ,2;6 ! L+ = ) (5.16)

In practice, this analysis will not be concerned with making a statement about the esti-
mated background levels associated with test points; only the signal strength is of interest.
Therefore, the likelihood function {(s; N, n, X, z) which appears in equation 5.11 will be ob-
tained by integrating L(s, b; N,n, X, z) of equation 5.15 over all possible values of b, again

applying the binomial expansion and recognizing the I' function, as above:

o0
I(s;N,n, X,z) = / L(s,b;N,n,X,z)db
0

- C Zn: __71!_'/(;00 [b(:z: +X)]N[b(z’ + X)]n—ie—b(z+,\') d[b(:z: + JY)]

—il(n —9)! (z + X)N+n—itl
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Titl
n! S (Nn—i) () X\ a(sp)ens®
= C(:L‘ + X)N+n+2 g (n _ ’L)' (1 + ;) 7!
n i,—ST
_ Z Wi:z;(s:z:).'e ’ (5.17)
P 1!
with W; defined by
o nl (N+n—i)!( X)"“
W, = C(N,TL,X,I) ($+X)N+n+2 (n—-z)' ! T

Xrvi+l (n+N=1)!
_ S (5.18)

Nl AN
Yool + £V S

The expressions defined in equations 5.17 and 5.18, substituted into equation 5.11, give an
exact prescription for determining a confidence limit on the signal strength s. The off-source
and on-source event rates and exposures, N, n, X, and z, are all known quantities that are
extracted from the data, therefore the problem of estimating sy to arbitrary precision is
reduced merely to the task of integrating equation 5.11 numerically to ever more precisely

specified sy until the value of the integral becomes arbitrarily close to f.

5.3.2 Derivation of the Bayesian Analysis

Although the classical, or frequentist, statistical approach outlined above is founded on well
accepted principles, it is not the only formalism available. Bayesian statistical analysis offers
an alternative formulation which may, in principle, arrive at different results from those of
the preceding section. As a complement to the above derivation, a Bayesian analysis was
also performed.

To estimate, in a Bayesian context, the expected long-term average rate b of atmospher-
ically induced upward-going muons in the on-source region, based only on the data from
the off-source region, (i.e., not including any knowledge about the on-source region yet) cne

begins by writing down Bayes’ Theorem for this problem:

p(N|bI)
p(NII)’

where N is the number of events actually observed during the exposure, X, of the off-source

p(bINI) = p(b|I) (5.19)

region, and I signifies the assumptions already made about b before analyzing the data. In
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this case, it shall be assumed that & is the mean of a Poisson distribution, meaning that it is
definitely positive, and that it lies between some very small number r and some very large
number R, but other than that nothing is known about its scale. The probability density
that & will turn out to lie in any given interval db, given complete initial ignorance of its
scale, must be:

p(B|I) = W ifr<b< R (5.20)

0 otherwise

because that is the density which, when integrated, gives an even probability that b may be
found between any order of magnitude and the next, i.e., for k > r, and Mk < R. with M
representing any arbitrary positive number just as long as it is small enough not to violate

the inequality, the value of:

bIn(R/r) _ In(R/T)

is independent of k. (This form for p(b|I) is called the least informative prior, and this

/M" db In(M)
k

practice is well supported in the literature[93].) Since b is assumed to be the mean of a
Poisson distribution, the probability of observing N counts in the off-source region, given

b, is just: )
_ (bX)Ne_b‘\
- N! ’

The value of p(N|I) may be calculated by marginalization, i.e., by carrying out the standard

p(N|bI) (5.21)

Bayesian procedure in which p(/N|I) is expanded in terms of a complete basis of alternative

hypotheses about b, and then summed over all of them:
R
pNID = [ (VoD db
T

R
- / p(N|bI)p(b|I) db

_ /R (bX)Ve=(X) X db
- J; N! X bln(R/T)

1 b=R N—1_—bX
= WEOW /b=r (6X)V~Le=X 4(bX)
(N = 1)! - e(r, R)]

In(R/r)N!

(5.22)

where it is understood that the only detail about the form of e(r, R) which is of interest

is the fact that imz;22 e(r, R) = 0, and where, for the integral form of I'(V), (N — 1)!

R— o0
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has been substituted, which is allowed since N is assumed to be an integer greater than
0. Combining equations 5.20, 5.21, and 5.22, and taking the limit as 7 — 0 and R — oc,
results in an explicit expression for equation 5.19:

X(bX)N—le—bX

PBINT) = = —;

(5.23)

It is easily verified that this probability density is normalized to one, has a mean of XV, /X
and a standard deviation of VN/X.

To estimate the combined rate of upward-going muon events in the on-source region
due both to point source neutrinos, if they are present, and also the atmospheric neutrinos,
by using both the off-source data, as summarized by equation 5.23, and additionally now,
folding in the data from the on-source region as well, one again begins by writing down
Bayes Theorem for this new problem:

p(n|sbi) _
p(n|)

p(n|sbi)

) (5:24)

p(sb|ni) = p(sb[i) p(s|bt)p(bl7)

Here s is the rate due to the source, n is the number of events observed during the on-source
exposure z, and i signifies all of the prior assumptions about either b or s that are already
made before analyzing the on-source data, including the results of the off-source analysis

described above. Following the example of equation 5.20, we set:

L ifr<s<R
p(slbi) = { P (5.25)
otherwise

again restricting r < s < R. It is to be understood, of course, that the r and R of
the above equation need not be the same as the ones that appear in equation 5.20: in
principle, they should carry separate b and s subscripts, but since the limit has already been
taken that 7, — 0 and R, — oo, there is no need in this case to maintain the distinction
symbolically. The atmospheric neutrino and the astrophysical point source rates are both
means of independent Poisson distributions, therefore the likelihood of observing n events

given s and b is:

:L.n(s + b)ne—(s+b)z
n! '

p(n|sbi) = (5.26)
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Since 7 in this problem includes the results of the off-source analysis, i.e., symbolically

i = N1, it means that
xY(bX)N_le_bX

=T (5.27)

p(bli) = p(b|NI) =

as derived in equation 5.23. Following the example of equation 5.22, p(n|i¢) may also be

expressed as a normalization factor, using equations 5.25, 5.26. and 5.27:

o) R
pali) = [ [ plalsbip(slbiip(i) ds db
r
nynN oo rR )
= ln(R/:) Jl{(]\/' 1)'/ / (S+b)ns—lbz\/—le—(s+b):te—b,\ ds db. (528)
n. - - JO r

Applying a binomial expansion to (s + b)", and again recognizing the integral form of the

I’ function, the integral quantity may be expressed as:

< rR -
/ / (S + b)ns—le—le-—(s-i-b):re—b,\ ds db
0 r

_ n oc [b(;I: +_X)]n+N—j-Ie—b(1:+X) d[b(:x: + X)]
B E, )'(n -J)! / (z + X)n+N-
s=R (sz)j—le—s:c d(s:z:)
x /S—r .’L‘j
_ F(n+ N—j—1) Bz (y)i~le~vdy
- +X TP Z ( ) ] /m_ L, (5:29)

where y = sz has been substituted for brevity. Combining equations 5.25, 5.26, and 5.27
together with the coefficients from equation 5.28 and the simplified integrals of equation
5.29, one obtains the result that:

(.I+X)n+N(s+b)" —1pN-1, —sre-—b(:r-{—.\')

+N—j—-1)! rRx yi—levdy °
n'Z,—o(l'*' )(n (‘n J])l rT 4 j'i £

(5.30)

p(sbjni) =

This expression gives the joint posterior probability distribution for both s and b, using
all of the information from all areas of the sky surveyed. Since only the source strength
is of interest, b is a nuisance parameter, and can be eliminated by marginalization, i.e.,
integrating over all possible values. Taking most of the denominator and labeling it

- I(n+N—j—1) [Rzyi-levdy
S () e LS (531

K

=0
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for brevity, and again applying the binomial expansion to (s + b)™ and the definition of the

[ function, we find that

p(s|ni) = /:op(sblm') db

_ (.'L' + zY)n+N6—SI i n! Si—l /Oo bn—ibN—le—b(I+/\') db
n! K = i(n —)! 0

e 5T & (E)i s Yz + X)?

% —_—

T 7!

i=0
g /°° [b(z + X)]"*'N“"le‘b(r+x) dib(z + X))
0 (n —)!
n i BRI B | e Yi— Ll ,—sT
1 (1+£> (n+ N —~i—-1)z(sz)' e

K & (n —3)! 2!

(5.32)

T

where it is understood that the 7 in p(sb|ni) is not the same as the i used to index the
summation. This expression may be rewritten as:
)i—le—sx

p(sini) = Y Wix(ﬁ—i,—— (5.33)
=0 °

W (1+%) el 530

- XY (n+N=j—1)! Rz yi~levdy
Z?:o(l‘*‘%) (n+N—j_L)t fRz y”levdy

with

(n—3)! rz !

The result contained in equation 5.33 merits several comments. The first of these is that a
comparison of equation 5.33 to the general form of result 5.23 suggests that the posterior
probability distribution for s may be interpreted roughly as a sort of average, weighted by
the W;, of individual posteriors that correspond to the trial assignment, consecutively, of
0,1,2,...,n on-source events to the signal. Another point is that although most of the

integrals in the denominator,
Rz
/ ¥ lev dy,
rT

approach finite limits as r — 0 and R — oo, the j = 0 case does not approach any limit as
r — 0, which forces the mathematically inelegant application of a lower cutoff on the signal
strengths which may be considered in this type of analysis. Such a cutoff is justifiable on
philosophical grounds, for there is certainly an upper limit to the size of any future neutrino

telescope which will ever be built, and to the length of time for which it will be operated,
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and that places a lower limit on the astrophysical signal strength that any human scientist
could ever hope to observe. Estimating such a limit and applying it will make the meaning
of the confidence limits quoted later in this dissertation more concrete: the limits only
apply to models in which astrophysical point sources exist with strong enough signals so
that real human researchers may ever hope to observe them. Such a tactic has an intuitive
appeal, for a confidence limit may be thought of as a kind of statistical conjecture about
what truth will be discovered in the event that more data are accumulated in the future,
and applying a lower cutoff forces one to distinguish between what would be knowable with
a modest amount of additional data and what would be knowable with an infinite amount
of additional data. This analysis will apply a cutoff of rz = 0.01 to all point sources for
which confidence limits are quoted, which corresponds to a signal strength such that an
experiment 10 times as big as Super-Kamiokande, operated for 10 times as long, could just
be expected to see one signal event during its entire lifetime.

Another thing to point ont is that the precise form of the results of equations 5.33 and
5.34 follows in part from a somewhat arbitrary set of assumptions contained in equations
5.20 and 5.25. Despite the justifications that were given, those choices of prior probabilities
were not the only reasonable choices available. For example, an alternative choice, called

the uniform prior, which appears elsewhere in the literature[94] is that

Rl_r ifr<b< R

p(blI) = (5.35)

0 otherwise
and the expression for p(s|bt) is assigned a similar form. Coincidentally, if one goes through
an alternate Bayesian derivation analogous to the one above, differing only in that expres-
sions of the type that appear in equation 5.35 are substituted in place of the ones given in
equations 5.20 and 5.25, the expressions which replace equations 5.33 and 5.34 are those

derived in the classical analysis: equations 5.17 and 5.18.
At least one other variation on this type of analysis, with similar but slightly different
results, was also available in the literature[95]. In this third case, the author assumed that

p(s|ol) = ——
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for 0 < s < oo and acknowledged that such a definition is unnormalizable, but argued that
as long as the final expression for p(s|ni) was normalized, it would be acceptable to gloss
over this inconvenient fact and simply use the final result to make a statistical statement.

The results were
z( 31.)1 —sz

p(s|ni) Z W, o 1)' (5.36)

and |
(1 - %) ‘ﬂ(’\‘,‘-—’_u . (5.37)

While this result is more elegant in the sense that there is no need to require any lower

Wi =

cutoff on the possible signal strengths that one may contemplate, it does have a different
drawback which becomes apparent if one interprets the expression of equation 5.36, as was
done earlier, as a weighted sum of individual posteriors each corresponding to a different
number of on-source events attributed to the signal: there is no term which corresponds to
0 of the on-source events coming from the signal! This is, of course, a very likely, indeed
even expected possibility, and the absence of such a term is to be viewed as a defect in
the analysis. Nevertheless, it is an alternative published result, so for completeness of the

discussion it is considered here along with the others.

5.3.3 Results and Discussion

To facilitate comparison between the results, and to show that they are relatively insensitive
to the choice of assumptions used in their derivation, confidence limits based on all three
expressions, using as numerical input the numbers listed in table 5.1, are presented in table
5.2. Furthermore, the two most extreme cases are plotted in figure 5.11, along with the
results of six other comparable analyses from other experiments.

There are several points about figure 5.11 that are important enough to merit explicit
discussion. For starters, it is worth noting that the limits coming from this analysis are
mostly clustered toward the bottom of the plot, below the majority of the previous limits;
since these are upper limits, this is good: lower values in later experiments is the trend

that one would prefer to see, and it means that this analysis appears to be outperforming
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Table 5.1 The leftmost five columns of this table are self-explanatory. but the other three
demand some comment. The off-source to on-source size ratio is the number of additional
on-source sized circles which could be laid out end-to-end in the off-source region of the same
declination band as a given celestial object. It corresponds to (X/z) in the derivations of
the preceding pages. The time fraction below the horizon is the fraction of the sidereal
day for which a given object was visible in upward-going muons. This fraction, multiplied
by the effective live time as calculated by equation 4.2, and by the average effective area
for the object’s declination as shown in figure 4.4, yields a number which is nearly equal
to the exposure, except for one small correction: strictly speaking, the averages plotted
in figure 4.4 only apply to celestial objects which did not pass through the downward-
contaminated upward-going region shown in figure 5.9 as they traversed the sky. Since events
which pointed back to the downward-contaminated region were not used in the analysis,
the effective area should not be averaged over it for those objects which passed through it.

Celestial R.A. Decl. On- Off- Off-/On- Time Exposure
Object (2000) (2000) Source Source Source Fraction (cm?s)
(in °) (in°) Events Events Size Below
(in 12° (in 12° Ratio Horizon
cone) cone)
SN1987A 83.87 -69.268 34 150 4 1.000 1.61 x 10¥®
LMC X-4 83.21 -66.371 38 151 4 1.000 1.61 x 10%°
Circinus X-1 230.17  -57.17 36 271 7 1.000 1.58 x 10%°
Vela Pulsar 128.84 -45.177 32 293 9 0.758 1.17 x 10'3
Centaurus A 201.37  -43.02 37 276 9 0.735 1.13 x 103
Vela X-1 135.53 -40.555 31 276 10 0.711 1.09 x 103
Galactic Ctr ~ 266.41  -28.93 20 299 12 0.629 9.66 x 10'
Scorpius X-1 244.98 -15.640 13 333 13 0.563 8.83 x 10!
3C273 187.28  2.057 26 278 13 0.488 7.85 x 10!
SS433 287.96 4.983 23 285 13 0.475 7.68 x 10"
Geminga 98.40 17.77 16 268 13 0.420 6.84 x 10
Crab Nebula 83.63 22.014 19 236 12 0.399 6.50 x 10!
Hercules X-1  254.46  35.342 8 193 11 0.319 5.13 x 104
Markarian 421 166.12  38.213 8 178 10 0.296 4.74 x 10"

Cygnus X-3 308.11  40.958 26 165 10 0.272 4.33 x 10%
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Table 5.2 These are the upper limits, at the 90% confidence level, on the absolute number
of signal neutrino events which could be coming from selected celestial objects. The second
column uses the algorithm described by equation 5.17, the third uses equation 5.33, and
the fourth uses 5.36. Additionally, in the fifth and final column, 90% confidence level upper
limits on muon fAlux are quoted, based on the classical event limits from the second column,
plus the exposure values given in table 5.1.

Celestial Source Events, Source Events, Source Events, 90% C.L.
Object 90% C.L., 90% C.L., 90% C.L., Classically
Classical (or  Bayesian Least Bayesian Alter- Derived
Bayesian Uni- Inform. Prior native Least u Flux

form Prior) Inform. Prior (cm™!'s™!)

SN1987A 10.1 3.1 9.6 6.3 x 10713
LMC X-4 12.5 4.5 12.0 7.8 x 10713
Circinus X-1 10.4 3.3 9.9 6.9 x 10715
Vela Pulsar 10.8 3.7 10.1 9.7 x 10715
Centaurus A 16.2 8.7 15.3 1.4 x 10~
Vela X-1 13.0 5.8 12.3 1.3 x 1071
Galactic Ctr 6.9 2.0 6.4 7.1 x 10713
Scorpius X-1 4.3 1.2 4.0 48 x 10713
3C273 13.1 6.7 12.2 1.7 x 10~
SS433 10.1 3.9 9.4 1.3 x 107
Geminga 6.2 3.5 5.8 9.1 x 10713
Crab Nebula 8.4 2.9 7.8 1.3 x 107H
Hercules X-1 3.8 1.1 3.6 7.5 x 10713
Markarian 421 3.8 1.1 3.6 8.1 x 10713
Cygnus X-3 17.5 3.3 16.5 4.0 x 10~ M
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Figure 5.11 These are the 90% confidence level upper limits on anomalous excess upward-
going muon flux coming from the directions of various candidate objects which have been
favored as likely point sources by other researchers in the neutrino astrophysics community.
The values plotted with open markers, which describe the results of six underground ex-
periments which preceded this one, are taken from references [60], [61], [62], [63], [64], and
[65]. The values plotted with filled markers are the results of this analysis, as calculated
from equation 5.17 in the case of the circles, and 5.33, in the case of the squares. The limits
quoted here, being in most cases generally on the low end of the range of values quoted for
the various sources, are therefore for the most part as stringent or more stringent than the

limits that have been produced by earlier generation experiments.
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older analyses that were limited to smaller data sets, as it should. Another important
point is that the two experiments which were able to compete most successfully with Super-
Kamiokande in setting stringent limits were the two with the next largest data sets (see
table 1.1): MACRO, which had 1100 events, and Baksan, which had 700. Thus, not only
are the Super-Kamiokande results clustered generally toward the region of the plot where
one would expect to see them (the bottom), but furthermore, even in the cases in which
the results overlap, that overlap is generally with the confidence limit values quoted by the
two experiments from which one would have most strongly expected also to receive similar
final numbers.

More gratifying still is that even the declination dependence of the results appears to
be roughly correct: unlike Super-Kamiokande, both MACRO and Baksan suffered from
substantially reduced sensitivity near the horizon, as compared to that near the vertical,
and since geometry requires that upward-going events from northern declinations tend to
arrive at northern hemisphere detectors most often at shallow angles, just below the horizon,
the low horizontal acceptance of these two other detectors tended to diminish their overall
sensitivity to potential sources in the northern sky. Location exacerbated this situation
even further: MACRO, at about 42.5° north latitude, was about 6.1° further north than
Super-Kamiokande, and Baksan, at 43.7°, was 7.3° further, meaning that quite apart from
any issues of horizontal vs. vertical sensitivity, in their capacity as upward-going particle
detectors, these other two experiments were simply intrinsically more southward-pointing
than Super-Kamiokande. Because these two factors tended to augment, rather than cancel
out each other’s effects, one would naively expect that the confidence limit results from
this analysis would tend to compare most favorably to those of MACRO and Baksan at
the northernmost declinations, and indeed, the evidence in figure 5.11 appears to show that
they do.

Thus, the detailed comparison with previous results shown in figure 5.11 demonstrates
at least two important ideas: first, that the point source search capabilities offered by the
Super-Kamiokande data. set are generally of a higher or at least comparable quality to those
of other recent experiments, and second, that this analysis was for the most part probably

done correctly, since the results are commensurate with those of the other experiments in



108

the cases where one would suppose that they should be, while differing from the other results

in the expected way at high northern declinations.

5.3.4 Extrapolation to Neutrino Luminosity

The analysis of the preceding sections arrives at conclusions about the absolute upward-
going muon flux which might possibly be arriving from various sections of the sky, but this
is not the quantity of real interest. The quantity of real interest is, of course, the maximum
possible neutrino luminosity of the selected celestial objects. To extrapolate to luminosity
at the source from the flux at the Earth, three things must be known about the object for
which the calculation is being performed: the putative spectrum of the signal neutrinos, in
order to be able to convert from flux of muon particles to flux of neutrino energy through the
detector; the distance to the object; and the angular dependence of the neutrino emission.
The second of these, the distance to the source, is known to within £10% or better for
several of the selected celestial objects, and it is known to nearly that precision for the
remainder of them, on the basis of other astronomical analyses. The other two things are
unknown, and to make further progress, some assumptions will have to be made, following
the examples of other researchers who have attempted similar analyses on data sets from

other experiments before this one.

The angular dependence of any neutrinos which might be radiating from putative sources
will be assumed isotropic, because that is the most general, least model-dependent way of
performing such a calculation. Thus if R is the distance from Earth to some celestial object,
the 90% confidence level upper limit on neutrino luminosity at the source is simply 4w R?
times the 90% confidence limit on the neutrino power per unit area flowing through the
detector. Of course, it should be understood that many of the celestial objects which are
most likely to emit neutrinos might very well be emitting them in highly collimated beams
or cones, but it is not clear at this time what are the most appropriate detailed assumptions
to make about the geometric shapes of such things, so in the interest of avoiding excessively
speculative results, the relatively simpler assumption of isotropy will be favored here. In

any case, a curious reader who wishes to know how the results would differ for the case of
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an arbitrary beaming model can easily add in the effects of such beaming himself, simply
by multiplying by appropriate geometric and duty cycle scaling factors.
A power law distribution will be assumed for the spectrum of the astrophysical neutrinos

as observed at the Earth:
dN,

dE,

where z is again the exposure, discussed in the previous sections, the coefficient C sets the

= CzE; 0+, (5.38)

overall scale of the power flow per unit area at the Earth’s distance from the source, and
N, represents an absolute number of neutrinos flowing through the entire effective area of
the detector over the entire period of the analysis. This is the same type of spectrum that
describes the observed energy distribution for cosmic ray primaries. For protons in the GeV
to TeV range, v =~ 1.7. Astrophysical neutrinos will be assumed, if they exist, to have a
spectral index in some nearby range about that value, probably slightly smaller, but not
less than v = 1. To estimate a confidence limit on the maximum amount of neutrino energy

which could have flowed through the detector during the analysis period, one must calculate

o0 dN, oo —
E, dE, =Cz E, TdE,, (5-39)
Eny dE, Einr

where E,,, is the minimum energy an upward-going muon is allowed to have deposited in
the detector in order to be included in the analysis, and therefore E, also represents the
minimum energy for an observable parent neutrino. The confidence limit on the luminosity,

or absolute power output, of a source candidate will then be simply
(o o]
L(E, > Eu,) = 47R*C / E>7dE,. (5.40)
Ethr

Evidently, to do this calculation, a value for C must be determined from the confidence
limits set on the absolute numbers of upward-going muons which could be coming from the
putative source, shown in table 5.2.

To determine the value of C for a neutrino point source candidate, one can exploit the
relationship between the observed upward-going muon spectrum at the detector and the

parent neutrino spectrum, which may be expressed as

dN, Ey=o0 (dN,, dP(E,)
= dE,, 5.41
dE, /1;;'.,=E“ dE, ) dE, (©4D
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where dP(E,)/dE, represents the probability, discussed at length in reference [48], that
a neutrino which was aimed at the detector interacted in the rock below the detector to
produce a muon that traveled all the way through the rock to enter the detector with an
initial energy in the interval [E,, E, + dE,]. The probability factor is a convolution of both
the neutrino interaction cross section and the muon propagation dynamics, and since the
the cross section for 7, interactions with nucleons is about half that of v, at the lower end
of the energy range of interest, it means that technically, one should specify which case one
is attempting to analyze. Substituting the functional form of equation 5.38 for dN,/dE,,

the expression above can be integrated over E, to find that

© dN, Ey=oc Ew=x ([ dP(E,)
dE, = C':z:/ E-(r+D) / AN B, dE,, 5.42
/‘:‘?ehr dE, # E,=E, v Ey=Ew, dE, g Y ( )
and substituting more compact expressions for two of the integrals yields
E,=c
Nu(Ey > Eunr) = Cs [ E;0*VP(E,; B, > Enr)dE,. (5.43)
E,=E,

By happy coincidence, values of P(E,; E, > E,), averaged over the cross sections for
v, and Ty, are already tabulated for Ey,, = 2 GeV (the threshold for this analysis, to 1
significant figure) in the literature[48], and therefore the integral in equation 5.43 can be
calculated numerically. Those tabulated values are interpolated and plotted in figure 5.12.
After doing the integral and substituting values for N,(E, > Euw,) from table 5.2, and
z for each source candidate from table 5.1, equation 5.43 is conveniently reduced to an
equation in one unknown: C. The luminosity limits listed for selected sources in table 5.3
and figure 5.13 are calculated by solving for C, using equation 5.43, and substituting the
results into equation 5.40. For the sake of simplicity, the convention will be adopted that all
values for N,(E, > Ey,) used in this section are to be those calcuiated using the classical
likelihood-based algorithm derived in section 5.3.1.

There are at least four points that should be emphasized about the results shown in
figure 5.13. First, the neutrino luminosity upper limits are, like the upward-going muon flux
limits (as they ought to be, since the muon and neutrino results are correlated), relatively
competitive compared to those of other experiments: in several cases, for comparable choice

of spectral index, the Super-Kamiokande results are an order of magnitude or so lower
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Table 5.3 The second column in this table gives the current best estimate of the absolute
distance to each object, garnered from various external references. One of the items in
this column, the distance to 3C273, merits some special comment, since it is on a much
different theoretical footing than all of the other measurements: it was determined via the
Hubble law, D = cz/Hy. The redshift, z = 0.158[96], was very well measured in this case,
so most of the uncertainty in the distance determination came from that associated with
the Hubble constant, for which the best current value of Ho = 71 £ 3 £ 7 km/s/Mpc[97]
was assumed here. The third through fifth columns list various corresponding neutrino
luminosities, presuming that the signal spectrum is power-law distributed, and assuming
various possible spectral indices.

Celestial Distance (kpc) 90% 90% 90%
Object ¢ C.L.L, CL.L, CL.L,
v =2.2 ¥=27 v=32
(erg s7!)  (ergs™!) (ergs7!)
SN1987A 5.14+£0.12 x 10! [98] 1.1 x 10® 1.1 x 10! 5.5 x 10*
LMC X-4 5.2 £0.4 x 10! [98][99] 1.4 x 109 1.4 x 10% 7.0 x 10%
Vela Pulsar 3.2 194 x 107!{100] 6.7 x 103° 6.6 x 10%¢ 3.3 x 10*
Centaurus A 3.8 £0.1 x 10° [101] 1.4 x 10 1.4 x 10 6.8 x 10%
Vela X-1 1.75+£0.16 x 10° [102] 2.6 x 1037 2.6 x 103 1.3 x 10%
Galactic Ctr 8.0 £0.5 x 10° [103] 3.1 x10% 3.0 x 10 1.5 x 10%
Scorpius X-1 2.8 £0.3 x 10° [104] 2.6 x 1037 2.5 x10%® 1.3 x 10%
3C273 6.7 £0.7 x 10° [96]97] 5.1 x 108 5.0 x 10¥ 2.5 x 10%
SS433 4.85+0.2 x 10° [105] 2.1 x 10%® 2.1 x 10%° 1.0 x 10%
Geminga 1.6 £9% x 1071{106][107] 1.6 x 103 1.6 x 10% 7.8 x 10%
Crab Nebula 1.9340.11 x 10° [108] 3.2x10% 3.1x10%® 1.6x10%
Hercules X-1 5.95+0.05 x 10° [109] 1.8 x 103 1.8 x 103 8.8 x 10%
Cygnus X-3 1.0 £0.2 x 10! [110][111] 2.7 x 103 2.7 x 100 1.4 x 10%!
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Figure 5.12 This is the convolved probability, vs. initial neutrino energy, that a v, or
U, interacts in the rock below the detector to produce a muon, and then that muon travels
through the rock to reach the detector with at least 2 GeV of its energy still remaining.

than those produced by the others (but note that investigators working on MACRO and
Baksan apparently did not publish this kind of luminosity extrapolation analysis). The
second point is that a modicum of caution is advisable in any attempt to make comparisons
between results from different experiments, for the assumed distances to a few of the celestial
objects have varied somewhat from one analysis to another, as well as the assumed spectral
index for the astrophysical neutrinos. For this presentation, in order to report the results of
other experimenters as faithfully as possible, those results have been displayed as originally
quoted, rather than being renormalized according to current distance estimates, or to a
single choice of spectral index. An undesirable consequence of following this convention is
that in some cases, different luminosity limits for a given object are slightly less directly
comparable to each other than one might prefer, but fortunately, nevertheless, the trend

toward generally more stringent limits is still evident. The third noteworthy point about
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Figure 5.13 These are the 90% upper level confidence limits on the neutrino luminosity
of those candidate source objects plotted in figure 5.11 for which absolute distances have
been measured by other researchers. As in figure 5.11, filled markers show the results of
this analysis under different assumptions (i.e., two different choices of v + 1, the power
law spectral index mentioned in the text), and open markers show the results of previous
experiments, for comparison. Taking care to make comparisons only between results cor-
responding to nearly equal spectral indices, the general trend is again evident here, just as
it also was with the upward-going muon flux confidence limits calculated in the previous
section, that this analysis is able at least to match, and in many cases exceed, most of
the limits of previous analyses, due to the larger event sample available to it. The total
luminosities (i.e., integrated over all energies and particle types) of the sun and of the Crab
Pulsar, the standard candle of very high energy v-ray astronomy, are shown here to give a
sense of scale. The comparable sizes of the Crab luminosity and the neutrino luminosity
upper limit derived in this analysis suggest that neutrino astronomy is nearing the point in
its evolution of significant experimental relevancy, such that next generation detectors may
have a realistic chance of observing a signal.
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figure 5.13 is that, while an improvement over the previous best results is certainly evident,
fortunately, it is not implausibly large; this indicates that the calculations are probably
mostly correct.

The fourth point is perhaps the most interesting one: the latest luminosity limit for the
Crab Pulsar, the standard candle of y-ray astronomy, is starting to dip significantly below
the estimated total luminosity[112] of that object, which (making an approximate guess
about the correct value for the moment of inertia I) can be calculated from the observables
Q and Q simply by applying the fact that a pulsar emits radiation entirely at the expense
of its rotational kinetic energy Tr,, which, from elementary rotational dynamics, must
decrease as Thoy = INQ. This comparability in magnitude is an important point because
it means that neutrino astronomy is nearing the stage in its evolution at which confidence
limits on potential source strength might someday soon be stringent enough actually to be
relevant. It also suggests that a next generation experiment, rather than being limited only

to quoting confidence limits, might actually have a chance at seeing a signal.

5.4 The Prolonged 1997 Flaring of Markarian 501

There are currently only eight known astrophysical sources of TeV v-rays, which are of
particular interest to would-be neutrino astronomers because one of the mechanisms that
can produce such phenomena, pion decay, can also produce neutrinos in approximately the
same energy range to which Super-Kamiokande is sensitive. The earliest of these sources
ever to be detected[113], the Crab Nebula, is ordinarily the brightest, and serendipitously,
it is also the only one for which the rate of emission does not appear to vary with time,
hence it is often used as a natural standard candle against which all other TeV y-ray sources
may be compared. Markarian 501, a BL Lacertae object, has emitted TeV ~y-rays through
most of the second half of the 1990s at rates varying from 10% to 30% of the Crab Neb-
ula, but between February and October 1997 it underwent an unusually prolonged phase of
heightened activity in which its flux in that energy range was consistently about an order
of magnitude or more intense than usual. This flaring activity was observed independently,

over time scales of several months in each case, by at least 6 different experimental collabora-
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tions: Whipple[114], HEGRA[115], CAT[116], and TA[117], which all operate atmospheric
Cherenkov telescopes, as well as the Milagro[118] group, which operates a water Cherenkov
detector as a wide field of view sky monitor, and the Tibet air shower array[119]. At
least three other atmospheric Cherenkov experiments, CAO([120], the University of Durham
group[121], and TACTIC[122] also reported a high level of activity during part of this time,
but over shorter observation periods of about a month or so each, and unlike the others,
the last one of these three did not publish a plot of light intensity vs. time, only evidence

for a statistically significant excess when averaged over the entire observation period.

5.4.1 Analysis Scheme and Experimental Observations

The extraordinary length of the 1997 flaring period of Markarian 501, as compared to the
hours-long or days-long TeV ~-ray flares that have been observed in the handful of other
celestial objects known to produce them, suggests an additional kind of neutrino point source
search which one might attempt to carry out on the Super-Kamiokande data set: one that
uses the start and stop time of the flare, as measured by photon astronomers, as well as
source direction, to define on-source and off-source regions. In practice this plan requires a
small modification, because Markarian 501 becomes unobservable to atmospheric Cherenkov
telescopes during late autumn and early winter, as most of the time it spends above the
horizon at that time of year is only during daylight hours, therefore the precise beginning
and ending of the flare were not very well measured. In order to address this practical
reality, in addition to the usual requirement that on-source events must lie near Markarian
501 in space angle, a further constraint will be imposed such that they will also be required
to fall only within the earliest and latest 1997 observation dates, which were February 10, or
Modified Julian Date (MJD) 50489[114], and October 2, or MJD 50723[116], respectively.
The time periods from the last recorded measurement of 1996, on approximately August
17 (MJD 50312){123] until February 10, 1997, and from October 2 until the first recorded
measurement of 1998, on February 28 (MJD 50872)[114] will be treated as null periods,
neither off-source nor on-source, since there is strong reason to believe flaring may have

occurred during some of that time, but little is known for sure. The data-taking periods
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Table 5.4 This table shows the precise start and stop times of each timing correlation
analysis period, with the live time that corresponds to each. There are several small gaps
of missing runs in the data: most notably, runs 1000 to 1444, about 15.8 days of live time,
were not analyzed for stopping muons, and runs 5459 to 5499, about 3.9 days of live time,
were not analyzed for through-going muons. There were a few other small gaps as well; live
time was corrected accordingly in each case.

Start Time Stop Time First Last Period Live Fraction Real
Run Run Type Time of Total Time
(days) Live (days)

Time

96/03/31 15:00 96/08/17 00:25 1000 2552 Off-src 94.3 0.0637 138.39
96/08/17 00:25 97/02/10 07:03 2553 3523  Null 157.2  0.1062 177.28
97/02/10 07:03 97/10/02 08:58 3524 4867 On-src  199.4  0.1347 234.08
97/10/02 08:58 98/02/28 08:34 4869 5603  Null 124.1 0.0838 148.98
98/02/28 08:34 00/12/08 06:00 5604 9599 Off-src  905.2  0.6115 1013.89

before August 17, 1996, and after February 28, 1998, will be treated as partial off-source
regions, with the rest of the off-source events coming from off-source circles as defined by
figure 5.9. For convenient management of the raw data files, the Super-Kamiokande data
acquisition system was, as a rule, turned off for a minute or two once per day in order
to change the data-taking run number; for convenient analysis, the precise boundaries of
the on-source, off-source, and null time intervals will be chosen to lie within the nearest
such dead period to the photon observation start and stop dates listed above. The data

acquisition live times of the various real time periods of interest are summarized in table

5.4.

The timing distribution of all of the upward-going muon events observed within 20° of
Markarian 501 during the entire data acquisition period is shown in figure 5.14. Disappoint-
ingly, only two events were observed during the known flaring period; even without further
exposition one may guess that almost certainly this will not turn out to be a large enough

fluctuation above the background to be significant. To make that determination for sure,
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Figure 5.14 This shows the timing distribution of upward-going muons within 20 degrees
(roughly 5 o in estimated angular resolution) of space angle separation from Markarian 501
over the entire acquisition period of the data set. The flare apparently started and ended
at times somewhere in the two hatched regions, which mark time periods when the ~-
ray emission of the object could not be characterized very precisely because the flux was
almost certainly changing quite drastically during some sub-interval of that time, yet no
observations were being recorded with atmospheric Cherenkov telescopes. The two events
observed near the source during the flare period, 8° away on February 16 and 5° away on
September 14, 1997, are consistent with the background expectation.
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a background estimate for the on-source time and direction must be provided. Drawing a
series of off-source circles of 12° opening angle again, as shown in figure 5.9, 179 directionally
off-source events are counted, as well as three off-time events in the Markarian 501 on-source
circle. At Markarian 501’s 39.755° declination, there is room for 10 such circles. Within the
on-source circle, 0.1347 of the live time elapsed while Markarian 501 was flaring, and 0.6752
of the live time elapsed while it was relatively quiet; this latter time period, although it is
associated directionally with the on-source region, should nevertheless, because of the time
correlation aspect of the study, be counted toward the off-source exposure. Thus the on-
source to off-source exposure ratio is 0.1347/10.6752 = 0.01262. Taking into account the 182
background events stated above, a reasonable first guess for the expected number of events
in the on-source circle during the time of the flare would be about 2.30, meaning that the two
observed events apparently are actually a slight downward statistical fluctuation. Arguably,
that fact alone is sufficient to demonstrate that the Super-Kamiokande experiment did not
observe any neutrinos from Markarian 501 during the 1997 flaring period. However, for
completeness of the analysis, and also to help contemplate what would have been required
in order to claim such a discovery, a brief discussion of statistical significance is appended

below.

5.4.2 Statistical Significance

There is a classic paper[124] which describes, for most cases of practical interest, how to
estimate the statistical significance of the number of particle counts n observed in a putative
on-source region, given an observation of N particles in the off-source region, and an on-
source to off-source exposure ratio o (also called z/X in some of the carlier sections of
this chapter). The details of that derivation are too complicated to repeat here, but the
conclusion is that, if n and N are both drawn from Poisson distributions, and if both
are sufficiently large, each greater than about 10 counts or so, and if the null hypothesis
of no additional signal counts above background is true (i.e., (n) = «a(N), rather than
(n) > a(N)), then in a statistical ensemble of repeated observations, the quantity

Szﬁ{nln[lza(n:N)] + Nln [(1+a) (M_LN”}UQ (5.44)
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will be distributed as the absolute value of a standard normal variable. Thus S is a measure
of the statistical significance of the observation: for a given value Sp, the probability of
drawing pairs of values n and N such that § > Sg is [g; \/2/_7re-"'2/ 2dz.

In this case, for Markarian 501, n = 2 and N = 182, so strictly speaking, n is not large
enough for S to be an ideal choice for a test statistic. Even so, S is still a useful quantity to
calculate, because this analysis is primarily concerned with upward fluctuations of n, and in
practice it is mostly for downward fluctuations that S becomes an inaccurate measure of the
statistical significance. Figure 5.15 shows the result of two Monte Carlo studies designed to
demonstrate this. To perform each study, pairs of numbers n and N were drawn at random
from Poisson distributions with averages (n) and (/N) chosen as shown in the figure, and S,
the statistical significance, was estimated for each pair using equation 5.44. For purposes of
these two studies, even though S was a positive definite quantity, it was allowed to keep its
positive value only if it was associated with an upward fluctuation of n as compared to the
expectation, i.e., only if n > a/N, and it was reassigned a negative value if it was associated
with a downward fluctuation. To confirm that S is indeed normally distributed in simulated
experimental practice (except, of course, as already mentioned, for downward fluctuations in
the low (n) limit), integral histograms were constructed from the Monte Carlo distributions
of S and compared to the analytic curves (i.e., f(S) = f_.;c-"’(l/\/ﬁ)e‘xz/2 dz for S > 0, and
f(s) = f_soo(l/\/Q;)e“Iz/2 dz for S < 0) that one would expect the integral histograms
approximately to reproduce, assuming that the claim about S being normally distributed
were true. Because the histograms represent integral distributions, the height of each bin
is calculated by counting the total number of pairs n and N for which their particular S
happens to be at least as extreme as (i.e., more positive if the bin abscissa is positive, and
more negative if the bin abscissa is negative) the value of the abscissa associated with that
bin, and then renormalizing that counted number against the total number of pairs used in
the study. Thus, the height, or ordinate, of each bin represents a kind of numerical estimate
of the total integrated probability (with the understanding that the integral is carried out
to +oo for positive S and out to —oo for negative S, in order to be able to display the
symmetry of the distribution) for actually obtaining, in a genuinely representative, albeit

simulated, situation, a value of S at least as extreme as the one associated with that bin.
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Figure 5.15 a.) The histogram in this plot gives, as described in detail in the main text,
the total, integrated empirical Monte Carlo probability for randomly obtaining a value of
S at least as extreme as the one associated with the abscissa of each bin, with S calculated
using equation 5.44 and with n and N drawn randomly from Poisson distributions of means
18.2 and 182, respectively. The superimposed curve shows the shape that would be expected
for this histogram if S were a normally distributed quantity. The close adherence between
the histogram and the analytic curve confirms that, indeed, to a good approximation, S
is normally distributed. b.) This plot shows the same quantities as the left one, but
recalculated using (n) = 2.30. For low values of (n), below about 10 or so, as opposed to the
large (n) case depicted in the left plot, negative values of S are no longer normally distributed
(nor indeed, for the n = 0 case, even mathematically defined by equation 5.44); this plot
shows an example of such distortion. Fortunately, however, the persistent adherence of
the Monte Carlo values to the predicted curve for S > 0 even in this case demonstrates
empirically the final point of this whole exercise, that the expression of equation 5.44 is still
valid for upward fluctuations of S even in the small (n) limit.
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Ultimately, the expectation is that, if the entire scheme is self-consistent, the shape of the
Monte Carlo histograms should closely follow that of the analytic Gaussian integral curves.

The first study, with (n) = 18.2 and (V) = 182, demonstrates that S is indeed normally
distributed, at least in a typical case where (n) and (V) are purposefully chosen to be large
enough to meet the criterion outlined in reference [124]. Also, the ability of the study to
reproduce the expected behavior for S confirms that the basic methodology of the study is
apparently correct, and any difference that may be witnessed in the other Monte Carlo study
between the histogram and the expectation curve will be attributable solely to the difference
in the choice of (n) for that study, rather than any kind of human error or misunderstanding
that might have crept into the computer code that was used in the implementation. The
second study, with (n) = 2.30, demonstrates the point that initially launched this whole
discussion, that values of S corresponding to downward fluctuations of n are, as expected,
not normally distributed at all, but those above zero still retain this behavior, thus the S
parameter remains a valid way to estimate statistical significance of upward fluctuations
even in the low (n) limit. In principle, of course, if it were necessary, it would still be
possible to calculate the statistical significance of the downward fluctuations correctly, even
when both (n) and (V) were very small, by computing the absolute probabilities, directly
from the Poisson distributions, of obtaining various combinations of n and N[125]. But
such accuracy is not required for this analysis, and for simplicity’s sake, the prescription of
equation 5.44 will be adopted as the method of choice for the remainder of this discussion.

Moving on from this long digression about the validity of using S in equation 5.44 to
estimate significance, and pushing forward toward a final conclusion, one may notice that
several of the event directions nearest Markarian 501 in figure 5.14 fall into the null regions,
during which time no photon observations were possible, and this presents a tempting
question: suppose a few of those points had been observed, instead, in the on-source region;
how many more would have been required in order to lay claim to a discovery of neutrino
emission? Figure 5.16 addresses this by plotting S vs. n, for several n greater than the
actually observed value of 2, under two slightly different assumptions about how n is varied.
From the plot, one can see that, in this case, about eight or nine events in the on-source

region (within 12° of Markarian 501) would have been required; even shifting the boundary
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Figure 5.16 The statistical significance S of equation 5.44 is plotted here vs. n under two
slightly different schemes: one in which NV is held constant at N = 182 while n varies, and
the other in which n + N is held constant at n + N = 184 while both n and N are varied
in opposition to each other.

lines of the on-source area by a little bit in order to include an extra event or two would
not substantially change the conclusion: there is no evidence of neutrino flux from the 1997

flaring episode.
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Chapter 6

Conclusions

6.1 Experimental Inferences

The final result of this analysis is a simple one: Super-Kamiokande finds no significant
evidence of astrophysical point sources of neutrinos. This broad, general lack of evidence
has been demonstrated by completing three different but all fairly general studies: first
and second, by performing two distinct types of all-sky searches for anomalous clustering
of neutrino events, and third, by setting upper limits on the maximum numbers of such
events that could plausibly be coming from specific favored candidate celestial objects.
Additionally, as part of a fourth study which was selected despite the limitations of its
scope because of a perceived enhanced likelihood for returning non-null results, a search
was attempted for evidence of time correlated neutrino emission from Markarian 501 during
the extended vy-ray flare period of 1997, but none was found.

The two-point correlation function analysis, which constituted the first half of the all-
sky clustering search, had the advantage of freedom from a priori bias toward any potential
source object. The results of that analysis were that, at angles near the angular resolution
of the experiment, the two-point correlation function demonstrated completely random
correlations between the directions of pairs of neutrino-induced upward-going muon events,
meaning that there was no anomalous clustering, and therefore no evidence of neutrino
point sources.

A disadvantage of the two-point correlation function is that its behavior, resulting as it
does from the interplay of overlapping and concentric rings, is not readily grasped in any
simplified form by physical intuition. Also, it says nothing at all about which areas of the
sky exhibit the tightest clustering, though such information might be desirable even if that

clustering is not statistically significant. To address these shortcomings, as well as to be
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able to have a second and completely different type of test to support the initial results, a
tiled sky map was created, showing the probability for each tile, or angular bin, of observing
an upward fluctuation in the total number of events per bin at least as large as that which
was actually observed. The results of that analysis were that the estimated observation
probabilities for the entire collection of angular bins seemed entirely consistent with chance,
with no evidence of anomalous clustering manifest.

The flux limit analysis, while producing less generally applicable results due its limited
and direction-specific nature, nevertheless offered a different advantage not available from
either of the first two studies: the chance to compare results with those of other experiments.
At least six other underground neutrino observatories have published analyses similar to this
one, and this analysis gets results comparable to theirs, yet with an increased sensitivity in
most cases, consistent with the larger data set and exposure of this experiment. In general,
the flux upper limits from most source candidates have been lowered by about an order of
magnitude relative to those of four of the six earlier experiments, and without exception
they beat the results of all six of the others at the highest northern declinations. Such
a comparison demonstrates two things: first, the relative similarity of the results shows
that no glaring errors have been made in this analysis, and second, the fact that many
of the confidence limits and extrapolated luminosities are lower than those of any other
experiment underscores the point that this detector is one of the most sensitive neutrino
telescopes currently in operation. This second point is important, because it means that
the lack of evidence that Super-Kamiokande sees for neutrino point sources is one of the
most definitive statements made on the topic to date.

Last of all, the search for time correlated neutrino events associated with the extended
flaring episode of Markarian 501 during 1997 also failed to produce a positive result. This
search was of interest because during the months of the flare period, Markarian 501 became
the brightest emitter in the sky of TeV v-rays; it was thought that if this flare were accom-
panied by a similar upward fluctuation in neutrino flux in the same energy range, such a
fortuitous occurrence would represent the best chance of this experiment ever to report a
source discovery. Instead, however, it has turned out that the null result here just serves

further to confirm those of the earlier sections.



125

6.2 Future Directions

Judging by the results of this analysis, future workers probably will not be able to lay claim
to an unambiguous neutrino point source discovery without a substantial increase of some
sort in detection capability. There is not even the barest hint in this data set, the largest
of its type, of a statistically marginal possible source, and a modest factor of five or ten in
size or observation time is not likely to make a difference in the final conclusions.

A complicating factor in building larger underground detectors of this type is that they
are fundamentally limited in how large they can get by the mechanical stability of the sur-
rounding rock. Furthermore, the recent spectacular demise, in a cataclysmic chain reaction
of successive implosions, of 6779 of the 11,146 ID PMTs used in this experiment, as well as
1017 of the 1885 OD PMTs, has demonstrated the unexpected result that despite five years
of successful operation, the overall mechanical design of Super-Kamiokande, as originally
conceived at least, turns out not to be robust in the long term against catastrophic failure.
Moreover, besides the fundamental engineering problems that must be addressed in any fu-
ture experiments, the costs and technical logistics of excavating an arbitrarily large volume
of rock scale in proportion to that volume, and impose separate limitations of their own.

Due to these limitations, benthic experiments[28][15] are seen as the wave of the fu-
ture by many in the neutrino astrophysics community, and the evident need for a large
jump in size suggested by this analysis supports the construction of such alternative types
of detectors as the best hope for an astrophysical source discovery. The typical design of
the deep underwater or ice experiments, the viability of which is currently being demon-
strated by Baikal[67] and AMANDA(69], and which will likely soon be further validated by
NESTOR[126] and ANTARES[127] as well, uses as its basis several strings of photomulti-
plier tubes placed at some depth, which are spaced apart from one another laterally to form
a lattice. If immense size is the overarching consideration, this type of design is well suited
to the problem, because all that is needed in order to increase the size of the detector at
any time is merely to add another string to the edge of the sensitive volume.

Benthic neutrino telescopes have an additional advantage also: they can be operated

at much higher minimum energy thresholds. In addition to enjoying somewhat looser con-
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straints on their lateral spread than those which are imposed upon underground detectors,
the vertical strings can be quite long as well, up to hundreds of meters, and since the thresh-
old is determined by the minimum path length required of a final data sample event through
the sensitive volume of the detector, it means that these experiments can have thresholds
orders of magnitude greater than that of Super-Kamiokande. Such a capability is seen as a
terrific advantage, since there is much speculation that astrophysical neutrinos, if they exist,
might have a flatter energy spectrum than the atmospheric neutrinos in the background(28],
and therefore even though the overall flux of both types of neutrinos must inevitably be
greatly reduced at higher energies, imposing a higher threshold would dramatically improve
the signal-to-noise ratio. The results from these future generations of neutrino detectors are

anticipated with enthusiasm.
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Appendix A

Not Quite Trivial Mathematical Facts

A.1 The Area of a Lune

Figure A.1 depicts a lune of width a and length 2b, demarcated by points JOLMN. Its area

is readily calculated by subtracting the area of the isosceles triangle JKLO from the area of

the wedge JKLMN. From the diagram, the area of the triangle is just A;xro = b(r — a).

The area of the wedge is

AJkLarN

ﬁ71'7‘2

2

2 arccos (r:a) . (A1)

Figure A.1 The lune is the shape defined by JOLMN. To calculate its area, subtract the
area of the isosceles triangle JKLO from the area of the wedge JKLMN.
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Thus, the area of the lune is just

“) — b(r — a). (A.2)

r
AJOLA[/\’ = ‘r‘2 arccos (

This relation is used in calculating the effective area of the detector in section 4.2.

A.2 Estimating Angular Resolution When the True Track Direction Isn’t

Known

An important factor affecting the final results of this analysis is the whole subtopic of the
direction of the upward-going muons tracks: how the arrival angles are measured, what
the resolution for that process is, and how that resolution is estimated. Conceptually, the
simplest way to estimate the resolution of a fitting process is to fit a bunch of events for
which directions are already very precisely known, with much higher accuracy than can be
offered by the fitting process being tested, and then simply quantify how close the fitting
process came, on average, to guessing the correct value. Such studies can and have been
done[86] on Monte Carlo data samples, but for fitting processes like manual reconstruction,
which have a randomized element to their functioning that causes them to return a slightly
different result each time they are run on an event, a second method is also available:
resolution may be estimated by quantifying how much two fit results from the same event
differ from each other, without necessarily knowing the true correct answer that should have
been returned for that event. The results of this section will be developed with the manual
fitting process kept in mind as the eventual application, but in principle they are relevant
to any fitting process which does not produce its results deterministically.

The overall scale of the angular resolution will be estimated by measuring, or fitting, a
track direction for each event twice, plotting the distribution of the space angle 8 between
each pair of track directions, and then extracting a characteristic angle of resolution o as
a parameter in some fit function, derived below, which is adjusted to match the shape of
the observed space angle distribution. The projected RMS angular deviation for each of
the two separate event track fits will be assumed to be normally distributed for each degree
nf freedom. For example, the first fit will be assumed to vary independently by two small

angles z; and y; which measure the projected angular deviation, in two directions which are
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mutually orthogonal to each other as well as to the true track direction vector v, of the event,
of the fitted direction from the true direction. So, if z; is taken as the projection, along the
first of the two orthogonal axes of deviation, of the space angle 8, = a.rccos(rvg%) between

¥, and the first fit direction vector 7, then the distribution of z, about ¥, is assumed to be

P(x,) = e~Ti/29% g (A.3)

1
oV2r
The distributions of y;, as well as zo and yo, the projected RMS angular deviations of the
second fit, are of course all defined similarly.

Because z; and the other projected angles are typically of order 1° or 2°, the space angle
difference between the fitted direction of the first fit and its true value is small enough to
be approximated simply as 8; = /z? + y?, and the same also holds true for the second
fit. To see why this is true, imagine transforming the true fit direction vector ; into a
basis in which it lies entirely along the z-axis. In such a coordinate system, the space angle
6, is just what is normally identified in spherical coordinates as the polar, or zenith angle
6, without any subscript attached; the subscript will remain in place for the remainder
of this discussion, however, because plain unadorned 6, by itself without a subscript, has
already been reserved for other use as described above. In this basis, the azimuthal angle
will be ¢;, and the projections of o1/|U:| onto the z-, y-, and z-axes will be sin#8, cos ¢,
sin @ sin ¢, and cos 8. The angles £, and y;, the projections of 8 into the zz and yz planes
in this basis, can be found by taking tangents: tanz, = sin, cos ¢,/ cosé; and tany; =
sin 0y sin ¢;/ cos #,. But, as has been mentioned earlier, zy, yi, and @, are all small angles,
thus to first order, tanz; = z, tany, = ¥y, cosf, =~ 1, and sinf; = §,, and by substituting

these approximations for the true expressions, it is seen that a:"l" +y? = Of(cos2 ¢1 +sin® @),

or 6; = /z? + y?, as claimed.

Since 6; and 6, are each sums in quadrature of two independent variables drawn from
distributions of characteristic width o, it is customary in this type of discussion to refer to
the typical size of each as V20, since that is the result of adding o to itself in quadrature.
It is this quantity, V20, rather than o itself, that is of the most interest to the rest of the
analysis, because it is the most appropriate quantity to quote as the angular resolution of the

track fitting process. In practice, of course, neither 6, nor 8, are known on an event-by-event
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basis because 7, (that is, ; as expressed in detector coordinates, rather than in whatever
system would have made ©; parallel to the z-axis) is never known for real, non-Monte Carlo

data events; what is actually measured is the space angle 8 between the two fits, which can

also be expressed in the small angle approximation, as 8 = /(z, — z2)% + (y1 — y2)*. To
extract a value of o from the fitted event directions, the shape of the distribution of 8 must
be predicted as a function of o, and the best value of o will be chosen as the one that most
closely matches the observed distribution of the data.

The theoretically expected distribution of # may be derived, essentially, by working up to
it in small steps. One may start by defining an extra variable, X = (z, — z2), and pointing
out that, like z; and z», it is also normally distributed, albeit with a slightly different width.
The probability density P(X) may be calculated by integrating over all the probabilities of

choosing values for | and z2 which differ by exactly X. Therefore,

P(X) = 3 1 - /°° e=71/20% g=(21=X)? /207 41
702 J_oo
= 1 c_‘\.z/“"”2 /00 e—(\/z—Il—a\./\/E)z/Qa’z dzl
27wo? oo
1 -X3%/40°
= ’ ; A4
2 /70 © ' (A4)

and the corresponding probability density for the y variables will be signified by P(Y').
Introducing the variables R = X? and S = Y2, one may calculate the distributions
of R and S with a simple change of variables. Noting that dR = 2X dX, and thus that

dX = dR/2R, the substitution can readily be made:

1 e_R/403 dR

2/mo 2vR
e-R/-la2

- ¢ 4R, A5
20VrR (4.5)

and again there is a corresponding expression for P(S)dS. The extra factor of 2 written

P(R)dR = 2-

explicitly at the front of the expression on the first line comes from the fact that there arc
two values of X (one positive and one negative) corresponding to every value of R.

To carry the line of reasoning one step further, one may define a third variable,

T=R+S=X>+Y?=(z1 —22)* + (1 —%2)°,
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and derive its distribution. In analogy with the probability distribution of X derived above,
that of T is just the integral over all the probabilities for choosing values of R and S which

together add up to T. Written explicitly, it is

1 T e—R/402 e—(T—R)/-icr2
P(T) = dR
aro? Jo VR (T — R)
e T/ /T dR
~ 4no? Jo JR(T —R)
e—T/-'hr2
= (A.6)

The final step is simply to recognize that 8, the space angle between the two fit results,
defined above, is just VT, and make one more variable substitution. Since dT = 28 df, the
final substitution gives

66—02/402

P(9)d6 = ——— db. (A.7)

A fit to this function of the distribution of space angle differences between pairs of manually

fitted muon track directions is shown in section 4.4.

A.3 The Convolution of Two Independent Poisson Distributions

Suppose that k; and ko are independent, Poisson distributed variables, i.e., that the prob-

ability of measuring k; counts in some kind of counting experiment is

Pkyp) = B2 (A.8)

and P(kg; p2) has the identical form. If these two variable are added together to form a
third variable, k, it can be shown that k is Poisson distributed as well.

The probability for adding randomly drawn k; and k2 together to get any given result for
k can be calculated by adding together all of the individual joint probabilities for choosing

k1 and kg such that their sum is k. This may be written as

ky=k

ki g—p1 k2 o—p2
uite nsle
P(k = kl + kz;#l!#Z) = § : lkll 2k2' * (A'g)
k1 =0, . -

ka=k—k,
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Imposing the constraint that k; = k — k; explicitly, the expression can be simplified to find

that
k kv —py =k —po
U, e By €
P(k; 1, =
(K5 1y p2) klz=o kL (k= k)i
_ i k! ek e~ (m1+u2)
o (k= k)Rt 72 k!
k o—(p1+p2)
— (ﬂl + .u'2) € , (AIO)

where it has been recognized that the quantity in square brackets on the second line is simply
the binomial expansion. This fact is applied in section 5.1.1 to justify the simplification from

equation 5.2 to 5.3.
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