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ABSTRACT

The Sudbury Neutring Observatory [SNO) is an underground heavy water Cerenkov
Detector capable of detecting bursts of neutrinos released by nearby core collapse
supernovae. The burst of neutrinos precedes the optical display of the supernova by
as much as several hours, which provides a unigque opportunity for astronomers o
be forewarned of the impending supernova and to prepare for detailed observation.
To help realize this opportunity, a program of real-time burst monitoring has been
developed at SNO.

The burst monitoring system consists of successive levels of detection, analysis,
and notification. Burst detection is accomplished by monitoring a datastream received
from the SNO data acquisition system. Bursts are analyzed automatically and the
results are made available online. Notification of the analysis is provided o the
detector operator and a group of ‘supernova experts’ by audic-visual alerts, emails,
and/or automated phone calls, depending on the analysis results.

After being in operation for over a year, the performance of the system has been
evaluated. To date no supernovae have been detected, and no known galactic su-
pernovae have gone undetected. Hesponse time to supernova candidate bursts was
found to be well within the desired 20 minute window identified by the international
supernova watch community. Identification of bursts caused by known pathologies

was studied and some Improvements are suggested.
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Chapter 1

Introduction

Now it is the characteristic of thought in physics, as of thought in natural
seienee generally, that it endeavors in principle to make do with “space-
like” concepts alone, and strives to express with their aid all relations
having the form of laws. The physicist seeks to reduce colours and tones
to vibrations, the physiologist thought and pain to nerve processes, in
such a way that the psychical element as such i3 eliminated from the
cansal nexus of existence, and thus nowhere occurs as an independent

link in the cansal associations.

| wished to show that space-time i3 not necessarily something to which
one can ascribe a separate existence, independently of the actual objects
of physical reality. Physical objects are not in spece, but these objects
are spalially extended. In this way the concept of “empty space™ loses its

Mmeaning.

- A Einstein 1952

It is easy to lose perspective when focusing on a small part of something large,
missing the forest for the trees, so to speak. This work concerns many forests and
many trees, and perspective can easily be lost. This introduction attempts to deseribe

the current understanding of very small things and very large things, through particle



physics, and neutring astronomy.

1.1 Particle Physics and Neutrinos

Crwver 2400 years ago, Democritus suggested that an understanding of the laws of
nature could be found by investigating the laws governing the building blocks of the
natural world. This school of thought was termed atomism, and assumed that there
was a fundamental limit to which matter could be subdivided and classified. In this
tradition of looking ever closer at the building blocks of our world, we have developed
the fields of solid state physics, atomic physics, nuclear physics, and now particle
physics, which is the state of the art in atomism. This section is meant to be a broad
overview of the field of particle physics, and the reader is directed to one of many
university level texts for a more detailed treatment of the subject. [1], [2]

In particle physics, all of physical reality is composed of a set of elementary par-
ticles. The game 18 to discover what all the particles are, and how they interact.
The rules governing the particle interactions are written as renormalizable gquantum
feld theories, such as the Electroweak Theory of interaction, and Quantum Chromo
Dynamics. In the Standard Model of particle physics there are fermions which have
half integral spin I:i % g ...}, and bosons which have integral spin (0,1,2,...). The
universe is manifest through the exchange of varicus types of bosons between various

types of fermions.

1.1.1 Constituents of Matter

The elementary fermions are the basic constituents of matter, and consist of 6 leptons
and 6 quarks, arranged in three generations of quark and lepton doublets as shown
in Figure 1.1. Leptons and quarks of the first generation are stable, and represent

matter fields which constitute ohjects in the physical world. The way in which they
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Figure 1.1: The universe is manifest through the interaction of matter and forces.

combine with each other is governed by their interactions via the forces. For example,
the quarks can combine in threes forming protons and neutrons, which bind together
to form nuclel. Electrons can combine with nuclei forming atoms, which bind together
to form amorphous and erystaline structures which make up the macroscopic objects
of the visible world.

The role of neutrings in the construction of the physical world is a subtle one as
they are not subject to either the strong or the electromagnetic force, and they have
an excesdingly small mass. They are not bound into confined systems like the atom
im which they can be studied closely. The only way that neutrinog can interact with
other matter and be perceived!, is through the weak force. Though they are not

easily detected, they constitute a large fraction of the physical world, accounting for

!depends on what one means by pereeptlon



0.1% to 18% of the critical density of the universe.[3)

1.1.2 Elementary Forces

The elementary bosons are the vehicles of interaction between matter, and are each
associated with a foree of nature. Properties of the fermions such as charge or mass
determine which bosons can be exchanged, and thus which forces the particles are
subject to. The gluon (g) is associated with the strong nuclear foree and affects par-
ticles which have a colour charge; this is the force which binds the quarks to form
nucleons. The photon () is associated with the electromagnetic foree and affects
particles with an electric charge; this is the foree which binds electrons to the nucleus
to form atoms. The graviton (G) (which has not yet been directly observed) is asso-
ciated with the gravitational force and affects particles which have mass; this is the
foree which binds matter to form the objects of the solar system. The intermediate
vector bosons (W= and Z) are associated with the weak force, and affect all parti-
cles. The effects of this force are difficult to perceive, but are seen for example, in

radicactive decay.

1.1.3 Fundamental Interactions

The concept of fundamental particle interaction is often hard to grasp, as our per-
ception is dominated by electromagnetism and gravitation. Although these forces act
through the discrete exchange of bosons, these exchanges take place very frequently
and only involve the transfer of small gquantities of momentum. The interaction is
not perceived as discrete events, but rather as a continuous force. These continuous
interactions take the form of orbits, closed and elliptical for attractive forces or open
and hyperbolic for repulsive forces. Discrete interactions are described by an initial
and final state, and can be VOTY different depending on the nature of the interaction.

In particle physics, Feynman diagrams are used to depict fundamental interactions,



and represent formal rules for caleulating the probable result of an interaction.

Further confusing one's intuition is the weak foree, which through the exchange
of a charged W* boson can transfer not only momentum but charge as well. By
exchanging charge, the fundamental identities of the initial particles can be changed.
It is difficult to envision the discrete interaction of two indivisible objects in which
their fundamental properties are changed.

The ranges of forces are also very different owing to the mass of the exchanged
boson. In the transmission of a force, an exchange boson is spontaneously emitted
from one fermion and absorbed by another. The spontanecus emission of a particle
violates energy conservation, and is only allowable within the limits of the time-
energy uncertainty relationship. In this limit, a massless particle such as a photon
can exist for an indefinite time and travel an infinite distance before being absorbed
by the second particle, while a massive Z% or W= particle can only travel a very short
distance. For this reason the electromagnetic force has an infinite range, while the

weak force has an exceedingly short range.

1.1.4 Neutrino Interactions

The neutrine, being a charge-leas and almost® mass-less lepton, is effectively subject
to only the weak force. That is to say that neutrinos can interact with all parti-
cles, but only through the exchange of the intermediate vector bosons (W and 2%).
Interactions involving the exchange of a charged W* particle are called charged cur-
rent interactions, and those involving the exchange of a Z7 particle are called neutral
current interactions. Figure 1.2 shows some examples of Feynman diagrams for neu-
tring interactions with quarks and leptons through charged current (CC) and neutral
current [NC) interactions.

An atom, consisting of neutrons, protons, and electrons, possesses an electric field

%the subject of neutring mass s currently an active tople of Investigation
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Figure 1.2: A few of the fundamental electroweak interactions
through which neutrines can interact with matter.

and a much smaller weak field. Seeing only the weak and not the electromagnetic
Gelds, a neutring is far less likely to interact with the atom. This difference is so
large that a newtring may pass through on the order of one light vear (10'% meters)
of solid lead before striking (interacting with) any of the lead nuclei or electrons.
This makes the presence of neutrines very difficult to detect. The topic of neutring
interactions is revisited in chapter 2, specifically in section 2.1.3 where the specific

neutring interactions used by the SNO detector are discussed.

1.2 Astrophysics and Supernovae

The sun-centered model of the solar system is an early example of an astrophysi-
cal theory, This resolved astronomical observations of the sun, moon, and planets’

miationg with terrestrial observations of gravitation and mechanics through the math-



ematics of calculus.

Much of astrophysics today is concerned with the study of stars, attempting to
understand how they radiate energy and evolve with time. Detailed study of the sun,
combined with knowledge of nuclear and particle physics, has led to an understanding
of how energy is produced in the sun's core through thermonuelear fusion, mainly of
hydrogen to form helium. Studying stars of different ages and compositions has led
to models of stellar evolution, describing how a star progresses through various stages
of nuclear burning. Although these models do not completely describe the initial
condensation from the interstellar medium and the Onal fate of some stars, they

describe much of & star's evolution Very wiz]] 3

1.2.1 Stellar Evolution

As a star ages and its internal compesition and processes change, its outward temper-
ature and lumincsity change as well. The Hertzsprung-Russell (HR) diagram shown
in Figure 1.3 is useful when describing stellar evolution. By observing many “maodel
stars” (those not in rapid rotation, subject to strong magnetic felds, or in a tight
binary system), snapshots of various stages of stellar evolution are captured. When
plotted on the HR diagram, more than 90% of stars observable from the earth are
found arcund the line running from upper left to lower right labeled Main Sequence,
with many other stars found in the regions labeled Giant and Dwarl. These regions
represent. prolonged periods of stability in the evolution of stars.

After condensing from the interstellar medium and initiating nuclear burning, a
star quickly attains hydrostatic equilibrium with temperature and luminesity that
place it on the main sequence. This phase cceupies most of the star's thermonuclear
evolution, during which energy is produced through the fusion of hydrogen to form

helium. For low mass stars with less than twice the mass of the sun (< 2 M), this

For a full developroent. of stellar evolution consult an astrophysies textbook.[4], [5]
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The observable properties of a distant star include tem-
perature and luminosity which vary as it evolves. Stars
begin on the main sequence burning hydrogen to helinm,
and can end up as large cool glants, or small hot dwarls.



occurs mainly through the proton proton (p — p) cyvele, while in higher mass stars the
hotter core temperature allows hydrogen burning through the carbon-nitrogen-cocygen
(CNO) eyele as well. The temperature dependence of the CNO eyele compared to the
p—peyele canses higher mass stars to develop a convective core in which the burning
hydrogen fuel and the helivm ash become well mixed, while low mass stars develop
an isothermal radiative core of inert helium surrounded by a convective hydrogen
burning shell [4] This difference in core configuration has an important effect on the
future evolution of the star.

An inert isothermal core can only support a mass fraction (g) which depends on
the relative molecular weights of the core {py) and envelope (p,). Above this limit,
called the Chandrasekhar-Sehdnbery (C-8) limit, the core must contract to maintain
equilibrinm. [35]

M,

_ Moo
= — = 0I7({— 1.1
9c-5 S {.uﬂ} (1.1)

A low mass star develops an inert helium core quickly, and is partially supported
by electron degeneracy pressure before reaching the C-8 limit. Electron degeneracy
pressure arises when electrons cannot be packed any cloger due to the Pauli exclusion
principal. When the temperature of the degenerate core reaches approximately 100
K, runaway helinm burning takes place until the degeneracy 18 removed in what is
called the helinm Qash. After this short violent period, the star enters a stable period
of core helium burning cecupying the giant region of the HR diagram. During this
phase, the hydrogen burning shell is supported by radiation pressure from the helium
burning core. Eventually the helium fuel is depleted and the fusion rate decreases. No
longer supported by radiation pressure, the hvdrogen burning shell becomes unstable
and is extinguished. A white dwarf star is left to slowly cool. This marks the end of
the evolutionary path of a low mass star.

Higher mass stars (> 5M;) develop a mixed helium-hydrogen core, and approach



the C-5 limit without becoming degenerate. The predominantly helium core contracts
and ignites helium fusion in a more orderly fashion. As core helium burning sets in,
hydrogen burning continues in a convective shell around the helium burning region.
This is similar to the giant phase of the low mass star, although in this case, the
hydrogen burning shell is convectively coupled to the helivm burning core.

Very massive stars (> TMg) continue this process of contraction and ignition
of other nuclear reactions, forming concentric burning regions of inereasingly dense
nuclei. Each successive phase of burning occurs more rapidly than the former, with
the initial hydrogen burning lasting several million years, and the final ones lasting
only days. If the star is massive enough (> 8M) fusion reactions producing iron are
permitted, and an iron core beging to form. Iron s the most tightly bound nuclens,
and no further fusion reactions in the core will release additional energy. The inert
core continues to grow, supported by electron degeneracy pressure.

These stars reach their end when gravitational pressure overcomes the electron
degeneracy pressure, and the core undergoes a rapid and violent gravitational collapse.
This collapse may result in a massive release of energy which completely destrovs the
star in a supernova explosion, or in the continued collapse of the core into a black

hele,

1.2.2 Supernovae

Supernovae are among the most brilliant events in the universe, marking the sudden
end of a star with an enormous release of energy in the form of light and neutrines.
From the earth a supernova appears as the sudden brightening and eventual disap-
pearance of a star in our galaxy, or the brief appearance and disappearance of a star
in a distant galaxy as one previously unnoticeable star briefly out shines its entire
home galaxy. The light reaches its maximum brightness in a period of just hours or

days, then gradually fades and expands in size over the course of months and vears.

10



Although other events have been sugpested, the frst clearly recorded observation
of a supernova was circa 1054 AD by Chinese astronomers, who deseribed it as a
brilliant celestial display called the guest star, stating that it was visible for many
months. This event was only confirmed by western astronomers (seience) in the mid
20th century after examining the Crab Nebula, which was eventually concluded to be
the remnant of a supernova from around AD 1054, Other brilliant nearby supernovae
have been observed by Schuler, Hainzel, Lindaner, Brahe [1572), Kepler (1604), and
most recently lan Shelton (1987). Supernovae in distant galaxies are now routinely
observed by modern deep space observatories at a rate of several per night.

Estimates of supernova rates can be made by several different methods. First by
extrapolating from the observation rate since recorded history, second by studying the
number and age of nearby supernova remnants, and finally by studying the supernova
rate in many distant galaxies. Depending on what method is used, the estimate of
the rate of supernovae within our galaxy ranges from one every 30 to 50 years.[6]

The apparent brightness of a supernova depends on the distance from the earth,
and the amount of intervening dust or gas. The guest star of 1054, located 2.0 kpe
from earth, would likely have been as bright as Venus (very bright), and clearly
vigible to the naked eyve. Betelgeuse is a star in the constellation Orion, located
about 0.13 kpe from earth. Were Betelgeuse to go supernova (being a red super-giant
it is susceptible 1o gravitational collapse), it would likely be far brighter than the full
moon, visible in broad daylight, and remain visible for vears as it slowly dimmed from
a bright point into a large glowing disc.

Two broad classifications of supernovae based on optical observation are type |
and type 11, respectively referring to the absence or presence of hydrogen absorption
lines in the optical spectrum. The absorption of light by hydrogen however i3 mainly
determined by the outer compesition of the star, and does not provide much insight

into the underlying nature of the event.

11



Conditions for gravitational eollapse may come about in a number of ways, such as
the evolution of a massive (> &My ) star as described in the preceding section, or as a
result of rapid mass accretion by a white dwarf from its companion in a binary system.
It is believed that the former mechanism is associated with type 11 supernovae, while
the latter is associated with type la supernovae. 'This work 18 mainly concerned with
supernovae resulting from the collapse of the predominantly iron core of a massive
atar, as this mechanizm is known to produces neutrinos,

The condition for gravitational collapse of an iron core star is determined by the
-8 limit {equation L1}, The mean molecular weight of the core is that of iron
(p1;=55). That of the cuter envelope depends on the structure and thus the detailed
history of the star, and is certainly less than that of iron (g, < 33). The value of
1.4 Mg, for the mass of the core (M) is often referred to as the Chandrasekhar mass
limit or simply the Chandrasekhar mass. This limit is supported by astronomical
observation, as no white dwarfl stars above this mass have been observed. For a star
of mass (M) equal to 10 Mg, the mean molecular weight of the envelope is caleulated
to be around 34, which is consistent with reasonable assumptions of the structure of
the envelope.

Contraction of the core forces electrons and protons to combine through inverse
& decay forming neutrons and neuwtrinos, reducing the electron degeneracy pressure
and vielding almost no energy for support of the core. With no electromagnetic
support, nuclear matter collapses unhindered through several orders of magnitude.
In a fraction of a second the core collapses from a density on the order of 107 25 to
10" 2y contracting from about the size of the earth to just a few kilometers.

Infalling matter reaches velocities of one quarter the spesd of light and attains
tremendous kinetic energy as it falls. Eventually the fall is abruptly halted by neu-
tron degeneracy pressure, and a fraction of the infalling matter bounces back ( “core

bounce™) with comparable energy. This shock-wave ripples through the outer man-

12



tle, destroying the star in a supernova explosion. A neutron degenerate mass is left
behind to cool through neutrine emission and to form a newtron star.

In the formation of the physical world, supernovae play a major role in the creation
and distribution of the elements. All elements heavier than iron were formed in the
neutron rich environment of a supernova. These elements, along with those formed
over millions of vears of nuclear burning (including such important things as carbon
and oxygen) are released from the gravitational binding of the star and cast out into
the interstellar mediom by supernova explosions. These elements may eventually
condense [orming the satellites of a solar system (planets and moons), and other

objects (asteroids and comets).

1.3 Observing Supernovae With Neutrinos

Recently the fields of neutring astronomy and neutrine astrophysics have emerged,
allowing great new potential for astronomical observation. The path of a neutring
produced in an astrophysical process is rarely obstructed by intervening matter and is
not altered by strong magnetic felds, as can occur with other particles. This allows
for observation of processes occurring deep in the core of stars or behind distant
clouds of dust, which would be impossible with optical astronomy.

Ounly the brightest (in neutrino luminosity) phenomena can be observed by neu-
tring astronomy, due to the difficulty of detecting the tiny particles. This leaves
fusion reactions in the core of our nearby sun, and gravitational collapse supernovae
in our galaxy among the few phenomena observable by current neutring telescopes.
The gravitational collapse of a nearby massive star produces a copious amount of
neutrinos which is easily detectable above the solar neutrine background.

Several neutrine detectors were in operation on February 23 1987 when a blue su-
pergiant in the Large Magellanic Cloud, known as Sanduleak -69° 202 went supernova

(designation SN198TA)[7] Although quite sparse, these measurements consititute an

13



unambiguous signal above background, and mark the first neutrino observations of

phenomena outside of the solar system.

1.3.1 Supernova Neutrino Emission

Detailed predictions of the time and energy spectra of neutrinos emitted from a su-
pernova are based on unconfirmed models of supernovae, and must be viewed with
caution. Supernova models generally agree on the mechanism of gravitational col-
lapse, but differ on the detailed mechanism of supernova explosion. For the purpose
of detecting (as opposed to analyzing) a supernova signal it should suffice to overlook
the model specific predictions of the explosion period and focus on generic predictions
of the overall signal.

The total energy emitted in the form of neutrinos during a gravitational collapse is
approximately equal to the gravitational binding energy of the core, which is roughly
3 x 1079 ergs. [8] Neglecting the details of the explosion period, there are effectively
two distinet periods of neutrinoe emission, namely neutronization and cooling. Figures
1.4 and 1.5 are plots generated using the supernova model of Burrows et. al[9], and
display the expected features of the neutring signal. These features include 1) rapid
turn on of oneutring luminoaity forllovwed by decay over several tens of seconds, 2}
an enhancement of electron neutring luminesity at the onset of the signal, and 3) a
hierarchy of neutrino energies according to favour.

During the neutronization phase, matter in the collapsing core of the star is con-
verted to neutrons through electron capture on protons producing a large amount of

electron neutrines. This cccurs very quickly, lasting less than 50 ms.

£ =it b I:l-ﬂ]l

At the onset of collapse these neutrinos are readily emitted from the core, and the

electron neutring luminesity rises quickly. As the temperature and pressure in the
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Figure 1.4: The neutronization peak and the time scale of the cool-
ing period are generic predictions for luminosity, while
the details of the explosion period are model dependent.
oy refers to the combined luminesity of muon and tau
neutrines and their antiparticles.

core rise however, the mean free path length for neutrines becomes shorter than the
diameter of the core, and neutrines inside a diameter of about 30 km are trapped.
The boundary of this trapping region becomes a radiating surface for neutrines called
the neutrincaphere, much like the photosphere is for photons in an ordinary star.
After this core bounce (t=0 in Figures 1.5 and 1.4), the temperature and pressure
in the wake of the expanding shock-wave allow several pair production processes (Ta-
ble 1.1} to turn on. When the shock-wave passes the neutrinosphere these neutrines

are able to escape, and the luminosity of all neutring species rises suddenly (“shock
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breakout™ in Figure 1.5). After a brief period of instability during which the actual
explosion takes place, the hot protoneutron star settles into a cooling phase, during

which most of the gravitational binding energy is shed through neutring emission.

number of interaction channels available, and henee are emitted from neutrinospheres
of different radii with energies given by the radial temperature profile. Muon and tau
neutrings and antineutrines, interacting only through the neutral current have the

longest mean free path length, and are emitted from a newtrinosphere deepest in
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Figure 1.5: The hierarchy of neutring energies By, < Egp, < E:L“r“ is
a robust feature present in many supernova models. ey
refers to the average enerpy of muon and tau neutrinos
and their antiparticles.

Neutrinos of different types have different mean free path lengihs dependent on the
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Pair Annihilation: i S ot ot g b Mp o g

Plasmon Decay: | plasma excitalion —» e" + ¢ b bp e
Photoneutring: ¥+ e A
BremBirahlung: "+ (A Z) = (A Z)+e +ivp+Fy

Table 1.1: Several pair production processes create neutrino/anti-
neutring pairs. Energy is carried away by the neutrinos,
cooling the hot protoneutron Star.

the core, and hence with the highest energies. BElectron neutrinosg and antineutrinos
are emitted with lower energy due to the charged current channel of interaction. OFf
these two, the electron antineutring has a slightly higher energy, owing to the high
neutron to proton ratio in the core. The relative order of this hierarchy of energies
(Ew, < Ep, < E,, E.) is a generic prediction, while the magnitudes are model

dependent.

1.3.2 Detectors

Most neutring detectors capable of detecting a supernova are designed with a differ-
ent physics objective (proton decay searches, solar neutrine flux measurements), with
the possibility of supernova detection as a secondary motivation. The widely vary-
ing detector designs provide different but complementary sensitivity 1o a supernova
neutring signal.

A neutring detector generally consists of a massive target with which neutrines
interact, and an experimental apparatus for detecting when such an interaction has
occurred. The response of the detector to neutrinos of various flavours and energies is
a Tunction of the target medivm and the detection mechanism. As with any particle

physics detector, the objective is to identily particles and to measure thelr energy
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and momentum. A detector's ability to detect and record supernova neatring bursts
can be summarized by its: 1) ability to measure time and energy spectra of the
neutring burst, 2) ability to measure the direction of the neutring burse, 3) sensitivity
to multiple neutring favours. Table 1.2 [10] lists the capabilities of detector types

currently running worldwide.

Detector Type Target Material | Energy | Time | Pointing | Flavour
Secintillation , H Vi yes 1 Ve
Water Cerenkov H. O yes yes yes v
Heavy Water D0 NC:no | yes 1) all

CC: yes | yes yes Vo, Ty

Long String Water Cerenkov H.O 10 yos 10 Py
High Z/Neutron NaCl, Ph, e 10 yoi 1o all
Radiochemical AT, 2T TIGa iTH) 1 iTH) i,

Table 1.2: A list of the existing types of neutrino detectors and their
ability to detect and record the neutrine signal from a
galactic supernova.

Radiochemical experiments rely on inverse 9 decay interactions that produce
radic-isotopes in the target medium. On an infrequent basis the target is assaved
for the product isotope using radiochemical methods. This type of detector is well
suited for measuring average Quxes over days or weeks, but can provide no information
about the time, energy, or angular distribution of the signal.

Cerenkov type detectors rely on radiation emitted by the fast moving charged par-
ticles produced in many neutring interactions. Cerenkov light is radiated in a conical
shape along the path of a relativistic charged particle as it traverses a medium above
the speed of light for that medinm. The target medivm must be optically transparent

in the range of wavelengths spanned by the Cerenkov light to transmit it from the tar-
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et volume to a detection region where it can be measured by photomultiplier tubes.
For some types of neutring interactions, the charged particle direction is correlated
with the neutring direction, giving some angular sensitivity to the signal.

Secintillation type detectors convert the energy deposited by a newtring interaction
into isotropic light which is then detected by photomultiplier tubes or other light
detectors. By using a scintillator any anpgular information about the signal is lost,
but the higher photon yield generally gives improved energy response with respect to
Cerenkov detectors.

Neutron type detectors rely mainly on neutral current interactions to produce
neutrong. These detectors use a high density target medinm to maximize the cross
section for neutral current interactions. Although sensitive to all favours of neutrines,
these detectors provide poor sensitivity to energy and none to direetion.

The only supernova neutringe data to date were recorded in 1987 from SN198TA.
Two water Cerenkov detectors, one in Japan (Kamiokande 1) and one in the United
States {Irvine Michigan Brookhaven-IMB) detected simultaneous bursts of neutrines.
Two scintillation type detectors, one in the USSR (Baksan) and one in taly [LSD),
also detected bursts of neutrines. lssues mainly concerning the synchronicity of the
events, called into question the validity of some of the observations. The twelve events
detected at hamiokande I1 and the eight events detected at IMB are considered to be
the commonly accepted neutring signal associated with SN198TA, with the Baksan
events sometimes included with an overall shift in arrival time. The energy and
time measurements of the neutrine events from Kamiokande 11, IMB, and Baksan

II:‘:-:‘]rn‘r:‘.'Lmi for offset in Li.]I.Lf‘!::I are shown in Figure 1.6.

1.3.3 Physics Potential

Detecting and analyzing the neutring signal from a nearby supernova will provide

a wealth of physical knowledge. The full potential of this ohservation cannot be
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Figure 1.6: The neutrino events recorded from SNI98TA; Energies
are of the recoill electron/positron, and the event times
are relative to their first event for each detector.

fully appreciated until after it is analyzed, vet alone be fully discussed in this short
section. Potential gains will certainly include advances in the fields of astronomy,
neutring physics, and astrophysics.

Simply detecting the neutrine signal will provide an opportunity for a unique
astronomical observation. Models indicate that neutrings produced in the collapsing
star escape up to several hours before the optical display. In order to capitalize on
this opportunity to observe the early moments of a supernova explosion, neutring
experiments must be capable of prompt detection and confirmation of a supernova

neutring signal. Notification of the signal must also be passed on to the astronomical
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community in short order. This is the primary motivation for a real time supernova
neutring monitoring program.

The maost obvious pieces of neutring physics data to be extracted from a supernova
signal are limits on the neutring masses. Several methods of mass measurements
exploit the spread in neutring arrival time as a function of energy and favor. These
methods are all limited by the uncertainty of the time and energy distributions of
SUPECIOVA neutring ermission,

First, since a neutring of finite mass travels at less than the speed of light, a
correlation between time of light and newtrine energy should be evident. Using only
one neutring species (Fy), the spread in arrival time At (8) is related to energy E

(MeV) through the particles mass my, (MeV) and supernova distance D (kpo):
My .
At :ﬂ.ﬂala[f]iﬂ (1.3)

This however assumes an instantaneous turn on of neutrines of all energies at the
source. Lhe typical mass limit mp_ < 20 eV inferred from the SN198TA neutring
signal by this method is not particularly impressive compared to laboratory mea-
surements. Hven with today's detectors, this method i8 not expected to improve on
laboratory measurements of mg, . [10]

A second method of estimating the mass of the most massive neutring species
involves the abrupt signal cutofl expected from the formation of a black hole.[11]
Assuming that the neutrine signal cutofl is uniform in time and energy at the source,
an energy dependent cutofl in arrival time is due to mass dependent time of Right, as
described above. This method may offer a more precise measure of neutring mass if
the formation of the black hole is rapid.

A third method allows an estimate of m,, . by including the data from detectors
capable of measuring both neutral current and charged current signals, or by combin-
ing data from several experiments. In this method, the delay in time of the 7, signal

compared to that of the ey, o signal is used to estimate the difference in mass of the
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species. The current limits on the mass of these flavours are 190 ke and 15.5 MeV
respectively. [12] It may be possible to improve greatly on these limits, as this method
may offer sensitivity to my,, _ on the order of tens of eV to keV [13].

In addition to the neutrine physics potential, significant improvements in the
astrophysical theories that describe the terminal phase of high mass stellar evolution
should also be possible. Several gravitational collapse supernova models have been
developed sinee the observation of SN1987A, all of which are consistent with that
single experimental observation.[9] The sparse nature of the data set allows for a large
amount of varlability between the models, and a rich signal from the next galactic
supernova should clarify the situation by confirming and rejecting different aspects
of the various models.

The remainder of this thesis is structured as follows: Chapter 2 containg a de-
seription of the Sudbury Neutring Observatory, with emphasis on the ability to detect
supernova neutrines. Chapter 3 describes the implementation of the supernova moni-
toring system, including a detailed description of the SNO data stream. In Chapter 4,
the performance of the supernova monitoring system is studied, and finally in Chap-
ter 5 the thesis is concluded with a summary of accomplishments, and a look to the

future.
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Chapter 2

Supernova Neutrino Detection in SNO

All 18 atomes and vodd — Demoeritus

All is flux — Heraclitus

The Sudbury Neutrino Observatory (SNO) is a heavy water Cerenkov detector,
built primarily to address the solar neutrino problem by independently measuring the
°B solar neutrino flux. Whereas the solar neutring detection rate is of the order of
events per day, the neutring burst accompanying a nearby supernova will produce of
the order of hundreds to hundreds of thousands of detectable newtring interactions
within seconds. A Monte Carlo simulation has been developed|[14] to study the re-
sponse of the detector to the expected signal. Background and instrumental sources
give rise to bursts in the detector signal rate, and the character of the burst is the

main identifier of a supernova signal.

2.1 Neutrino Detection

2.1.1 Overview

The overall structure of the Sudbury Neutrino Observatory|[15] is shown in Figure 2.1,
The detector is located in INCO's Creighton mine near Sudbury, Ontario, under 6800

It of mostly norite rock, providing 6000 meters water equivalent depth. The center
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of the detector consists of a 1,000 tonne heavy water [Du(0) target contained in a
clear acrylic vessel of 12m diameter. The vessel is suspended within a barrel shaped
cavern which is coated with a water and gas tight liner, and filled with ultra pure
H;0). Suspended in the HyO and surrounding the acrylic vessel, is a stainless steel
gecdesic PMT support structure (PSUP) on which photomultiplier tubes (PMTs) are
mounted to observe the Do) volume and a portion of the HeO volume.

The PMT array consists of 9438 PMTs fitted with light concentrating reflectors
housed in hexagonal cells. Together the PMTs and concentrators effectively provide
approximately 539% coverage of the geodesic sphere. Each PMT is capable of detecting
single photons of light in the visible and near ultra-violet range. Light generated in
the detector is registered by some number of PMTs and recorded as an ‘event”. The
number of tubes hit is called the “NHIT" of the event, and for physics events is
related (through peometry, optics, and physics) to the energy of the interaction. The
primary hardware detection threshold requires 16 tubes to be hit within 100 ns, which

corresponds to an energy of approximately 2 MeV.

2.1.2 Particle Detection

Particles that can be detected by SNOQ include energetic charged particles (e fe™),
gamma rays, and free neutrons (through neutron capture).

Charged particles are detected by the Cerenkov radiation thev emit. When a
charged particle traverses a medium at a velocity greater than the speed of light
in that medium, the electromagnetic equivalent of a “shock wave™ is produced. This
penerates photons which are emitted at a characteristic angle o relative to the particle
direction. For the relativistic velocity # of the particle, and refractive index n of the
mmgsdinem:

1
OO8 i = In (2.1)

For electrons of a few MeV in Dy, this results in a cone of light in the near UV
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Figure 2.1: The SNO detector is a heavy water Cerenkov detector,
located 6300 . underground in Sudbury.

range, with an opening angle of approximately 42°. This cone of light shines on the
PMT array striking a number of tubes in a circular pattern. The detection threshold
for electronsg is about 2 MeV of kinetic energy.

Gamuma rays travel a short distance before interacting through the photo-electric
effect, Compton scattering, or pair preduction, depending on their energy. Through
Compton scattering or pair production, an energetic electron, or ¢* /e~ pair may be
created. Electrons or positrons with sufficient energy 1o produce Cerenkov light are

detected as described above. The detection threshold for gamma rays s slightly higher
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than that of an electron, as the Compton scattered electrons (which is the dominant
process at the relevant energies) have somewhat less energy than the incoming gamma
ray.

Neutron detection 18 critical to SNO's solar neutring measurement, and three
methods of neutron detection are planned over three 1 year phases of running. In the
pure Da0) phase, neutrons are detected by the single 6.25 MeV gamma ray produced
when neutrons capture on deuterium. The neutron capture efficiency on pure Do()
is quite low (24%), and the mean capture time is quite long (40 ms). In the salt
phase, NaCl is added to the Dy0 to increase the neutron sensitivity. Neutrons are
readily captured on *Cl, and detected by the multiple gamma rays produced (total
8.6 MeV). The capture efficiency for this process is much higher (83%), and the mean
capture time is much shorter (4ms). In the NCD (Neutral Current Detector) phase,
dedicated YHe neutron counters are deployved in the Dy() to measure the neutron fux
independent of the PMT array. The neutron capture efficiency of the NCD array is

approximately 37%, with an average capture time of 16ms[15].

2.1.3 Neutrino Interactions

Neutrings can interact with electrons, deuterons, and oxygen nuclel in the D0, and
electrons, protons, and cxygen nuclei in the H;O to produce detectable particles. The
majority of the detectable interactions occur with electrons, deuterons, and protons
due to the high energy threshold for the oxygen interactions. Table 2.1 shows a list of
neutring interactions detectable by SNO, including the interaction energy threshold
and the detectable secondary particles. The neutring interactions are often grouped
into three classes, charged current (CC), neutral current (NC), and elastic scattering
(ES).

Charged current interactions involve the exchange of a charged W= particle. Only

electron neutrineg and electron antineutrines take part in the charged current inter-
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Reaction Region | Energy | Detected
Threshold | Particles
(MeV)
Charged Current:
Tet+p = n+et H. () 1.806 et
tetd = ptpte 0,0 1.442 €
Newutral Current:
by i b Ve pETL 0,0 2225 Tt
Fetd = Tpd+p+n 0,0 2.2325 Tt
Elastic Seattering:
Ly o+ £ b e 0,0 0.0 e
P+ & b TptE 0,0 0.0 e
Vot T H;( 0.0 €
Fp + & b Tpte H,0 0.0 e

Table 2.1: Detectable neutring interactions in the HoO) and DsOQ
are classified as Charged Current (CC), Neutral Current
[NC), or Elastic Scattering (ES).

actions. MNeutral current interactions involve the exchange of a neutral Z¥ particle.
Neutrines of all Havours {10 electron, muon, tau) can take part equally in the neutral
current interactions. BElastic scattering interactions are neutring electron scattering
interactions, and occur through both the charged current and neutral current pro-
cesses. All Havours of neutrinos take part in elastic scattering equally through the
neutral current process, but electron neutrinos can also take part through the charged
current interaction. The net result is that the combined elastic scattering eross section

for v, and v, is approximately 15% that of v,
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2.2 Supernova Neutrino Signal

2.2.1 Supernova Monte Carlo

In order to understand the response of the SNO detector to the expected supernova
neutring signal, a Monte Carlo simulation program has been developed by Jaret
Heise[14]. The simulation consists of a supernova generator which creates a list of
neutring interactions and detected particles for a model supernova, and a SNOMAN
analysis (SNOMAN is the SNO detector Monte Carlo software[16]) which describes
the detector responae to the list of particles.

In the generator, neutrings are emitted from a supernova with time and energy
spectra given by one of several different models, including those of Burrows[3], Beacom
and Vogel[13], Bruenn[17], and Liebendorfer[18). The distance from the source to
the detector 1s specified, and the luminoesity is scaled appropriately. The number of
interactions cocurring in the detector through a given detection reaction (those listed
in Table 2.1} then depends on the interaction cross section and the number of target
particles for that interaction.

For an interaction with cross section o E,) and N targets, the number of interae-

tions in the detector (Nyy) for a supernova with neutrino time and energy fux £ Ve

dEdi 1
ccourring at a distance D, is given by:
1 L L d“N
New=Nigpz | [ olB) B, dt 2.2
det 14]1_1]2 a o |_'.r[ ﬂ-':] dEul'.Ei l‘d [: ::I

For each detection reaction, Ng,, neutrino interactions are generated, choosing
time and energy randomly sampled from the supernova model fux distributions.
The fnal state particles from each neutrino interaction are then sampled from the
differential cross sections of the interaction, with the energy, time, and direction
governed by the kinematics of the interaction.

The interaction positions are distributed randomly within the appropriate detector
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volume, and the response of the detector 18 simulated by the SNOMAN program.

2.2.2 Distance Sensitivity

Using Burrows 10 M, model as a nominal supernova, Figure 2.2 illustrates SNO's

sensitivity to supernovae as a function of distance in terms of number of events de-

tected. Also highlighted are some points of reference for the stars in our galactic

neighborhood.
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Figure 2.2: Number of events detected for a nominal supernova dur-
ing salt and D0 neutron detection phases, and some
highlights of the Milky Way galaxy.

The Milky Way galaxy is approximately 30 kpe in diameter, with our star {and

earth, the planet) located towards the edge, approximately 8 kpe rom the eenter.
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The nearest supernova candidate star is Betelgeuse (Alpha Orionis), a scant 130 pe
away. A supernova at this distance would produce several million events in SNOQ. Ae
about 24 kpe, the most distant stars in the galaxy are on the far edge of the galactic
dise. A supernova at this distance would produce on the order of 100 events in SNO.

Outside of the Milky Way galaxy there is a large expanse of relatively empty space
(star wise) before encountering the first of two small satellite galaxies called the Large
and Small Magellanic Clouds (LMC and SMC). A supernova in one of these clusters
of stars {the LMC was the location of SN198TA) would produce a few tens of events
in SNC.

Bevond the Magellanic Clouds there are effectively no stars until reaching An-
dromeda, the next neighboring palaxy at a distant 890 kpe. A supernova at that

distance would produce less than 1 event in SNO.

2.2.3 Signal From a Nominal Supernova

Using Burrows 10 My model at a distance of 10 kpe as a nominal supernova, the
supernova generator indicates total event eounts of 620, 795, and 683 depending on
the newtron detection scheme being used; De0), Salt, and NCD respectively. Ta-
ble 2.2 shows the contributions to the counts from neutring type, interaction type,
and interaction region. Some of the generic features expected of a supernova signal
are illustrated in Figore 2.3, including the vertex position, angle, time, and energy

distributions of the events.

Interaction Vertex Distribution

The neutring signal arrives as a plane wave, exposing all parts of the detector to the
same neutring dux, Differences in the cross sections as well as the overall volumes of
the Hy() and Dy0) regions lead to differences in the number of events oceurring in the

two volumes, Aside from this difference between the DyO and HoO valumes, event
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Reaction Total Detected Counts
D50 | Salt NCDs
Charged Current: 4592 [ 543 aln
Neutral Current: 06 220 140
Elastic Scattering: 31 3l 3l
Total SNO 11, Events 111 | 128 118
Total SNO v, Events 430 | 498 454
Total SNO v, Events TR 168 110
Total SNO D0 Events 280 | 455 343
Total SNO H: O Events 339 | 339 339
Total SNO ¢ Events 484 | 484 484
Total SNO n Events 136 | 311 198
Total SNO Events G620 | 795 683
Total SNO Events (with O) | 632 | 807 695

Table 2.2: Number of events detected for the three neutron detec-
tion phases. The events are roughly evenly distributed
between the heavy and light water, with slightly less than
half in the heavy water during the pure Dy() phase, and
alightly more than half during the salt phase.

positions are distributed more or less evenly and randomly throughout the detector.

Angular Distribution

Elastic scattering interactions exhibit an energy dependent correlation between inci-
dent, neutring direction and scattersd electron direction, favouring electron scatter in
the forward direction. The contribution to the signal from elastic scattering gives rise
Lo & spike in the angular distribution in the opposite direction to the supernova. The
charged current interactions also exhibit a weak correlation with neutring direction,
and give rise to a slight overall gradient in the angular distribution. As well as help-
ing to recognize a supernova burst, the angular distribution of events can be used to

determine the location of the supernova.
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Figure 2.3: Many of the features of a generic supernova are noticable
in the Meonte Carlo data generated for a supernova at 10
kpe using the Burrows model. Figure courtesy J. Heise.
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Time Distribution

Crverall, the event rate rises quickly and decays over most of a minute, with roughly
50% of the events oceurring in the first 1-2 seconds. Some features of the time distribu-
tion are model dependent, and the fine details of the st second during the explosion
are not shown in Figure 2.3. The enhancement of 1, Hux due to neutronization is

however noticeable in an expanded plot of time.

Energy (WHIT) Distribution

The energy distribution exhibite a large peak at around the neutron capture energy
(8.6 MeV or about 48 NHIT) during the salt phase of running. A broad distribution
extending up to several tens of MeV underlying the neutron peak is also evident. This
high energy tail extends well above the solar neutrino spectrum, and distinguishes

the events from the solar neutrine background.

2.3 Supernova Backgrounds

Sources of background in SNO are usually discussed with reference to the solar neu-
tring signal, which is on the order of events per day. Backgrounds of this magnitude
are negligible to the supernova signal which is on the order of Hz to kHz. Although
there are few natural backgrounds of this magnitude, there are several indueed by
instrumental effects,

The only sources of background known to give rise to multiple synchronous physics
events in the detector are high energy cosmic ray moons. A high energy muon may
penetrate the overburden of rock, and arrive in the detector volume with a consid-
erable amount of energy. The energy of such a muon is sufficient to dissociate an
axygen nucleus in either the HyO or Dy0. This can give rise to multiple spallation

products which are detected as a burst of events with neutron capture energies, and
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a rate falling off in accordance with the neutron capture time.

A muon may also undergo deep inelastic lepto-quark scattering in which a high
energy muon interacts directly with a proton, completely dissociating it and creating
multiple pions. Pions quickly decay to muonsg, which quickly decay to electrons and
neutrings. This causes a large number of events to be detected, many with neutron
capture energies, and some with higher energies due to muon decays, with the rate
falling off as a combination of the neutron capture time and the muon decay time.
Both types of muon induced bursts can be identified by the high NHIT muon event
immediately preceding the burst, as well ag by the characteristic NHIT and time
distributions.

Since continuous supernova monitoring is carried out in SNO, sources of instru-
mental background attributed to calibration activities must be considered. Several
calibration sources are pericdically deployed into the detector using the source ma-
nipulator system. This system consists of a source mounting head connected to an
umbilical for deplovment in the Dy(0 and in the Hy (). The umbilical containg lines for
instrumentation, gas transport, and light transmission.

Calibration scurces give rise to an increased rate of real physics events, and two
methods of coping with this increase are used in the supernova monitoring system.
Some sources provide an independent tag of calibration events through the detector
trigger system, allowing these events to be discarded at a low level. Sources which
do not tag calibration events require the supernova monitoring system to discard all
events below an appropriate NHIT during the souree deplovment.

In addition to events from the calibration source itgell, movement of the manipula-
tor system induces large bursts of events, likely from static discharge as the umbilical
cable i8 moved. The events cansed by this background can be high in NHI'T, and
must be identified as non-physical and removed by higher level cuts.

The detector is in general a very sensitive piece of equipment, and is subject to
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bursts of events from several other sources including electrical pickup, PMT failure,
electronics failure, abnormal water circulation, and selsmic activity. Several of these

instrumental burst sources are discussed further in Chapters 3 and 4.
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Chapter 3

Supernova Monitor Implementation

Even if they have the millions of dollars needed for a space station vaca-

tion, delinguents, liars, drunks and the infamous need not apply.

_ NASA [AP)

3.1 Overview

The supernova monitoring svstem works in concert with components of the SNO
datastream to detect and evaluate spikes in the signal rate and provide the appropriate
level of notification to the detector operator, the SNO supernova experts, and the
international supernova watch community. The monitoring system consists of three
levels.  Pigure 3.1 illustrates how these levels are integrated with the electronics
system, the data acquisition system (DAQH), and the data analysis soltware.

Ewvent triggering and measurement of PMT pulses are performed by the electronics
system. The time and integrated charge of PMT pulses, along with the event trigger
information, are read out by the DAQ system and built into an event record. This
event record is a brief snapshot of the overall signal, and forms the basic unit of
signal measurement. Ewvenis are recorded to tape archive for later analysis, and
‘dispatched’ over ethernet for data monitoring in near-to-realtime. The event datacan

be monitored without interfering with the archive data by accessing this dispatched
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Figure 3.1: The Supernova Monitoring System makes use of the dis-
patched datastream to monitor for bursts of events, de-
termine the source of the burst, and provide prompt no-
tification.
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datastream.

The level 1 system monitors event data through the dispatched datastream, defines
a burst criteria, and writes bursts of events to burst files. The level 2 system analyzes
the burst files, and identifies significant bursts based on the fraction of evenis passing
a set of data cleaning cuts. Notification and summary of the level 2 analysis is
provided to the detector operator and a group of supernova experts by phone, email,
and audiovisual alerts. The level 3 system performs event reconstruction on the
surviving events of significant. bursts. A summary of the level 3 analysis, including
several plots of event distributions, 13 presented to the supernova experts who perform
the final evaluation of the burst source. If it i3 concluded that supernova neutrines
are a possible souree of the burst, the astronomical community s notified through the
Supernova Early Warning System (SNEWS)[19]. SNEWS requires a coincident alert
from multiple supermova~capable detectors to alert the astronomical community.

The supernova monitoring systemn was developed by the supernova working group
of the SNO collaboration. This group includes C. Virtue {Laurentian), R. Tafirout
(Laurentian), Jaret Heise (UBC), and the authar. The contributions of the author
are mainly in the level 1 monitoring syetem, the dialout computer system, and the
audio-visual operator alerts. The evaluation of performance deseribed in chapter 4 is

also the work of the author.

3.2 SNO Data

In order to discuss the implementation of the supernova monitoring system in detail,
a fairly deep understanding of the SNO data and the tools used to study it is required.
This discussion proceeds by deseribing the format of the SNO data, starting with the

datastream shown in Figure 3.2,
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3.2.1 Datastream

Although the datastream is actually a continuous flow of data, it is logically divided
into runs for ease of analysis. Each run indicates a period of static detector configu-
ration which is controlled by a user interface program called SHaRC (SNO Hardware
and Run Centrol). Detector configuration information is incorporated into the datas-
tream in the form of the Run Record and the Trig Record.

Dalastream
HKun Reeord
= Imie
= Time
- Run HNumber
— Craie Mask
= Trigeer Wlmsk
- Run sk
Kun = First GTID
— Run Reoard = ¥irst ¥Walid GTI3
= Trig Record
= Multiple Eveni Recands
Trig Kecord
= Trigeer Mk
- Trigeer Threshokls
= Trigper fens
Evenl Keeard ALIC Reeord
= W Rewamd L= NIE]
= Mullipk: FMT Records = TriggsT Ward
= Missed Tripper
= 50 NIHz Clock
= 10 MIHz Clodk
PArL Keeord
=] NIk
= Chanmel I
—JHL
—iJH%
= o
=TAC

Figure 3.2: The SNO datastream, which is written to tape archive
and dispatched pseudo-realtime over the network.
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Run and Trig Records

In addition to the date, time, and run oumber, the Run Hecond contains three bit-
masks. The crate mask indicates which of the 19 crates of signal processing electronics
are enabled, the source mask indicates what source (if any) is deploved in the detec-
tor, and the run mask indicates which of a set of predefined run conditions are in
effect. Two GTID numbers (see Trigger System) which identify the first events of the
run are also included in the Run Record. Specifically, these GT1Ds identify the first
overall event of the run, and the first event after which all hardware changes have
taken effect.

The Trig Record containg data which describes the status of the trigger system
for the run. The trigger system is complex, and erucial to understanding the data. A
description of the trigger system, including the contents of the Trig Record is given

baelooar.

Trigger System

The trigger system is part of the electronics system, as shown in Figure 3.3. Signals
from the PMT array itsell {physics triggers), as well as those from other sources are
used to trigger the detector.

The primary physics trigger is called NHIT100, and constitutes a measure of
the number of tubes which have detected light within a sliding 100 nancsecond time
window. The signal for this trigger is constructed from up to 9438 uniform height 100
ng wide square pulses. These pulses are generated by the PMT channels when their
diseriminators fire, and are combined in a fast detector-wide analog summation. A
similar signal called NHIT20 is constructed from 20 ns wide pulses. The ESUM signal
(Energy Summation) is a detector wide summation of the shaped PMT pulses, and
forms another physics trigger. Two final physics triggers called OWLN and OWLE

are formed from the NHIT and energy summations of a amall set of tubes mounted
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on the outside of the PSUP {OutWard Looking tubes).

Several calibration sources are capable of producing suitable trigger signals, and
occupy the external triggers (EXT 3-8). A hydrophone installed in the HyO volume
is permanently connected to the EXT 2 trigger, which is now called the HYDRO
trigger. Two triggers called PONG and SYNC are used by the timing system (see
Event Timing). The PGT trigger (Pulsed Global Trigger) is used mainly for detector
diagnostics, and is triggered at a constant rate by a pulsed signal. The period of this
signal is programmed by the DACQ svstem and is recorded in the Trig Record.

The Master Trigger Card {MTC) meonitors for pulses in the trigger signals, and
consists of an analog and a digital component. The analog component of the MTC
containg many discriminators, providing up to three detector triggers per trigger signal
(e.g. NHIT100 hifmed/lo). When a trigger diseriminator fires, a signal is sent to the
digital component of the MTC. There a trigger mask is consulted, to determine if the
trigger 8 enabled. The trigger mask, the diseriminator thresholds, and the trigger
zeros, are programmed by SHaRC and are recorded in the Trig Record. When a
diseriminator fires on an enabled trigger, the MTC issues a Global Trgger (GT)
pualse,

Whenever a GT pulse is issued, a 24 bit counter on the MTC is incremented. This
number is called the GTID (Global Trigger 1D) and is the primary way of identifying
data within a run. Upon receiving a GT signal, the front end electronics updates a
local copy of the GTID counter. Any PMT measurements made within the past few

hundred nanoseconds are then stored along with the GTID.

Event Record

Events must be assembled from the asynchronously acquired PMT and MTC data,
based on their GTIDs. This is performed by the Builder, a program running on a SUN

workstation as shown in Figure 3.4. The Builder acquires MTC and PMT data from
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Figure 3.3: The SNO electronies provides sub-nanosecond charge and
time measurement of 9500 PMT pulses and prepares
them for readout by the data acquisition system.



two cireular buffers, and holds it for as long as possible, waiting for late data packets.
Data which cannot be built into an event becomes orphan data, and often ends up as
an event with a GTID number of zero. This happens in high rate situations (kHz for
supernova neutrine energies) as a result of buffer overflows. A properly built Event

Record is identified by a valid GTID number, and consists of one MTC Record and

the appropriate number of PMT Records.
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The DAQ system controls the configuration and the read-
out of the front end electronics. The configuration infor-

mation and the read out data are assembled into the SNO
datastream.

Figure 3.4:

Along with the GTID of the event, the MTC Record contains trigger information,
and event timing information. The triggers which fired to form the event are indicated

by the Trigger Word. Triggers which fire after the formation of the event, but belore
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the lockout time for the next event are indicated by the Missed Trigger bit. The 10
and 50 MHz clocks contain the event timing information. Event timing is important

for supernova data, and 18 discussed in some detail below.

Event Timing

Two counters on the MTC keep track of the passage of time. One counter is inere-
mented at 50 MHz and containg 43 bits, meaning that it will roll over approximately
every two days. This counter is driven by a 100 MHz free running quartz oscillator,
and is not tied to any absolute time standard. The purpose of this counter is o
provide accurate inter-event time interval measurements, with approximately 20 ns
pOeCiEion.,

The other counter 18 incremented at 10 MHz, containg 53 bits, and will not roll
over for approximately 28 vears. When set properly, the value of this counter is equal
to the number of 10 MHz cyeles which have cecurred sinee Midnight Januvary 1 1996,
To stay in synchronization with an external time standard, the 10 MHz clock is driven
by a GPS disciplined oscillator. A commercial GPS unit located at the surface lab
building generates a 10 MHz pulse train, the fequency of which is steered to stay
synchronized with the frequency of atomic clocks on the GPS satellites. The pulse
train is transmitted from surface to underground through a fiber optic cable where it
is used to increment the counter.

A total of three fiber optic cables, and two small boards are used by the 10 MHz
clock system. The two boards, one on surface and one underground, interface the GPS
unit and the MTC to the fiber optic links. One fiber is dedicated to the transmission
of the 10 MHz pulse train, while the other two are used for synchronizing the counter
and measuring the fber delay time. In order to set the 10 MHz clock, SHaRC requests
the MTC to load an appropriate time into a register, and for the GPS unit w0 provide

a SYNC pulse for that same time. Upon receiving the SYNC pulse, the new time is
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lowuded from the register into the counter between 10 MHz pulses.

Each SYNC pulse generates a Global Trigger signal, forming an event stamped
with the newly loaded time. Upon receiving a SYNC pulse underground, the timing
boards exchange PING and PONG signals to measure the fiber delay. Upon receiving
a PONG signal underground, another event is formed. By comparing the times of
the SYNC and PONG signals, the round trip fiber delay can be measured to within
20 ns[20].

PMT Record

PMT Records form the remainder of the event record, and also the majority of the
datastream. Each PMT Record containg a GTID number, a channel identification
number, and PMT pulse measurement data. The channel identifier indicates which
tube the data i3 from, and the GTID indicates which event.

PMT pulse measurement data consists of a time measurement and three charge
measurements. These measurements are performed by a custom built chipset con-
sisting of dynamic range integrator, a fast discriminator, and a time sequencer.

Charge data 18 acquired by integration of the PMT signal after the discriminator
fires. Two high gain measures, performed over a long and a short integration time,
form the QHL and QHS charge data. The third charge measurement is performed
at a lower gain and forms the QQLX charge data. The low gain measure is performed
over either a long or short time, programmable by the DAC) The low gain measure
allows pulses to be measured when the high gain measurements are saturated.

The PMT pulse time measurement is started when the channel discriminator fires.
If a Global Trigger signal is received within approximately 200 ns of the discriminator
firing, the measurement is stopped, otherwise the timer is reset. This measurement
apecifies the PMT pulse time relative to other PMTa in the event with sub-nanosecond

resolution. This measurement forms the PMT time data called the TAC.
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3.2.2 SNO Database

A database called SNOdb containg slowly varying detector parameters not ineluded
in the datastream. This includes *static” variables such as physical constants. SNQdb
containg such things as; the geometry and composition of the detector, such as where
all the PMTs are located and where the Dy0O volume is; electronic calibrations such
as what the pedestal value of channel #4327 is; hardware information such as which
channels have been removed or physically disabled; ‘invariable’ physical properties
such as the speed of light in pure Dy0); astronomical information such as where o
fnd the sun on June 24 2023; and lots of other information of import when accurately
reconstructing the source of the signal.

Every database entry has a validity range, indicating the period of time that value
is to be considered valid. Calibration constants for example are valid only until the

next calibration is performed.

3.2.3 Offline Data Analysis

The datastream is written to disk and to tape by the Recorder as shown in Figure
3.4. It is converted to the CERN zebra [21] format before being written to “zdab” files,
which are named according to run and sub-run numbers (e.g. SNO_0000023960_001 . zdal).
The subrun numbers serve to limit the individual file size to under 176 Mb.

SNOMAN is the program used to analyze SNO zdab files. SNOMAN combines the
physical state of the detector as recorded in SNOdb, with the observed signal recorded
in the zdab files. Loading the entire database, with years of calibration data, is costly
in CPU cyeles and memaory. SNOMAN can be run without the database, instead
loading the detector parameters from text files called ‘titles’ files. This can be faster

and easier for some analyses.
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Data Cleaning Cuts

Significant effort by the collaboration was put into developing a set of cuts aimed
at removing instrumental background events. Cuts are either designed to identily a
known source of background, or to identify events with characteristics unphysical for
a Cerenkov event. These data cleaning cuts are used for off-line data reduction in the
unified solar neutring analysis and are very well documented.[22][23][24][25][26][27)
The supernova monitoring system uses a subset of the data cleaning cuts when eval-
uating bursts.

Not all of the data cleaning cuts are appropriate for evaluating bursts, as they
may cut valid supernova events (e.g. the “burst’ cut would be a bad idea). The data

cleaning cuts that are used by the supernova monitoring system system are:

AMB Cut The Analog Measurement Board [AMB) measures the peak, integral,
and derivative of the analog trigger sum at threshold crossing. The AMB cut
removes events for which the peak measurement of the ESUMHI signal is more
than 3.7¢ away [rom the average value for the appropriate NHIT. This rermoves

many types of non-physics events, including e.g. events due to a noisy PMT.

Neck Cut Four PMTs are installed in the neck of the acrylic vessel to identify a type
of event in which light is apparently generated around the neck of the detector.
The Neck cut removes events in which at least two neck tubes are hit, or only
one ig hit with slightly high charge and early time. Neck events tend to light

up tubes at the bottom of the detector.

QvT Cut The Charge vs. Time cut removes events in which the masximum PMT
charge 13 more than a set amount away from the average value, and the TAC is

more Lhan a set time carlier than the median channel gime,

FTS Cut The Fitter-less Time Spread cut removes events in which the median tube-

to-tube pairwise time-spread exceeds a set value, for tubes occurring early in
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the event, and within close proximity.

QvIN The Charge vs. NHIT removes events for which most of the charpge is deposited

in only a few channels.

Iso The lsotropy cut removes events where more than 70% of the hits cccur on one
crate, and more than 80% of those hits occur on two adjacent cards. This
makes use of the fact that a large discharge signal on one channel is picked up

by adjacent channels in the crate.

ROF Cut The Ring Of Fire cut removes events in which most of the hits cccur in
the two outer slots of a crate (0 and 15). This is effectively the sotropy cut

with a wrap around from slot 0 to slot 15.

QCI1 Cut The Charge Cluster cut removes events in which four or more channels

within a five channel window are hit, and at least one has high charge.

ITC Cut The In-Time Cut removes events in which the ratio of number of early

hits in a short time window to the total number of hits is small.

FGC Cut “Flasher” events are caused by microdischarges in the dynode chain of
the PMT. Light escapes from the face of the PMT and is detected by tubes on
the opposite side of the detector. The Flasher Geometry Cut removes events in
which a tight cluster of hits is accompanied by several hits slightly later on the

other side of the PSUP.

MUON Cut The Muon Cut is not used as a cut, but as a tag. The muon cut

identifies events with high NHIT, and OWL tubes.

Event Reconstruction

Using various Atting routines, SNOMAN can attempt to reconstruct the energy, po-

gition, and direction of detected particles from event records. Two basic fitters are
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the Elastic Fitter and the Time Fiiter.

Time Fitter The Time Fitter assumes that photons move from a point within the
detector to the PMTs without any refraction, reflection, or scattering. PMT
hits which are obviously out of time are excluded, and the times and locations
of the remaining PMT's are used in the fit. The fit parameters are the XY, Z,
and time coordinates of the event. A routine caleulates the expected hit time,
and the derivative of the hit time, for each PMT given the current values of
the fit parameters. A nonlinear least squares algorithm {Levenberg-Marquart)
is then used to find the best fit values of position and time. The ftter then uses
the vectors from the hit PMTs to the Gtted vertex to find the event direction.
The direction which gives the least squared deviation from these vectors is the

event direction.

Elastic Fitter The Elastic Fitter is basically a fancy time fitter with a minimisation
that uses a simulated annealing technigque. In addition, a different method for
ignoring out of time or noise hits as the fit proceeds is used. This ftter also

performs a it for direction.

3.2.4 Online Data Monitoring

As well as being recorded to disk for offline analysis, the datastream is also made avail-
able for near-to realtime monitoring. Through shared memory on the SUN worksta-
tion, the Dispatcher has access to the entire datastream from the Builder/Recorder.
Data in the form of built events, or as raw packets, can be recelved through the
network by dispatcher elient applications. A client registers with the Dispatcher,
subscribing for a subset of the data under specific flags such as PMT data, MTC
data, TRIG data, ete.

The two primary data monitoring tools which connect to the Dispatcher are Xs-

noed for examining individual events, and Snostream for examining data trends, Xs-
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noed is a highly visual tool. A histogram of PMT data (QHL, QHS, QLX, or TAC)
sets the colour scheme for several projections of PMT hits, including a 3D geode-
seic view, electronics crate map, and several flat maps. Several text windows are
also available, displaying event and hit information. Snostream displays mainly his-
tograms, and has hundreds to choose from. Histograms of rate, or cumulative counts,
for every erate, card, and channel can be displayed on a single screen of histograms.
A stacked strip chart of event trigger rates is usually displayed, along with an NHIT
distribution, and perhaps a 2D histogram of crate and card counts. Figure 3.5 13 a

cluttered screenshot, showing windows from both Xsnoed and Snostream.

3.3 Supernova Monitoring: Lewvel 1

3.3.1 Introduction

The purpose of the level 1 supernova system is to monitor the dispatched datastream
and record bursts of events for further analysis. A burst is defined as the occurrence
of more than Neyem: events within Ty, milliseconds each with NHIT > NHIT qis.
These three parameters define the level 1 threshold, and are assigned dynamically
depending on detector configuration.

The level 1 system is written as an extension to the monitoring tool Snostream.
Snogtream runs on one of two dedicated supernova monitoring fanalysis computers
named Betelgeuse and Sanduleak which are dual processor x86 PCs running the
Solaris 8 operating system. Incorporating the level 1 system into an actively used
monitoring tool provides access to the datastream with no additional load on the
Dispatcher, and also assures continuous human monitoring.

Before discussing the operation of the system, here is a list of the fles used for

input and output by the level 1 system.
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3.3.2 Files

Most files reside in a directory called snwatch, which is located in fserateh /1t fsstream fsnwatch

on each of the supernova computers Betelgeuse and Sanduleak.

Threshold Initialization File (trig.ini) This file contains the burst parameters
for various run conditions. It is read on startup by Snostream, and located in

the directory from which Snostream is executed [/users/sstream (snostream ).

Snostream Lock File (sstream.lock) This file prevents multiple instances of Snos-
tream from trying to write files at the same time. On startup, Snostream runs

in read only mode if the file is found to be locked.

This file is also used to preserve information across Snostream restarts, including

the run number, burst number, and burst parameters.

Burst zdab Files (e.g. burst 20343 _001.zdab) These liles contain the burst data
in standard SNO data format. Each file containg a Run Record, a Trig Record,
and a burst of Event Records. The files are named according to the run number

and buarst numbser.

Log File (burst log.ss) This file records the activity of the level 1 system. Entries
include trigger started, run header caught, and burst detected. An example is

shown in Figure 3.6.
Level 2 Initialization Script (supernova.sh) This is a Unix shell script which

initiates the level 2 supernova system whenever a burst file is written.

3.3.3 Dynamic Thresholds

The run and source masks econtained in the Hun Hecord are used to et the level 1

threshold. A set of unique burst parameters for each run type and source type can be
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defined in the threshold initialization file. Currently dynamic burst parameters are

defined for the following conditions:

Diefault (NHIT p = 35, Nopeny = 30, Ty = 2000
The defanlt threshold provides supernova distance sensitivity beyond the far
edge of the galaxy, while maintaining a manageable rate of level 1 bursts during

standard neutring running,

Source = "N [NHIT, = 70)
The "N source produces 6.13 MeV gamma rays when "N decays through an
excited state of cxygen. This is accompanied by a F-decay which is observed
by a PMT in the source. The signal from the PMT is connected to an external
event trigger to tag events. The "N gas is delivered to the source decay chamber

through the umbilical by a gas transport system. Decays occurring in the %N

R R R R dE R R
Sumaricrs Trigger Started:

Datsz  Tus Jul H OLBD8 S Al
Tims Wnimesc]: SDol.08

H_sranz ! B

H_Elt =mini H

H_klt_maxi 400K

R R R R R AR R

R PR R RR  RER R
Foun Hadedam Calggut.

Triy Sat: afult
Tims Wnfmesc] | S0O0.08

H_srant [ ]
H_Elt_wmin: H
H_hlt_max: Pl

R R R R R R AR R
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Figure 3.6: The three types of entries in the level 1 burst log file.



gas delivery system, and decays occurring through channels without a G-decay

are not tageed.

Source = *Li (NHIT,,, = 70}
The Y11 source produces energetic electrons with an energy spectrum endpoint
of around 13 MeV. The signal from a PMT in the source is used to tag these

events. Although all decays cccurring in the source are tagged, decays oceurring
in the gas delivery system are not.

Source = pT (NHITme = 200)
The pT source[28] produces 19.82 Me\ gamma rays through the proton-Tritium

reaction. The efficiency of event tagging is not 100%, and neutrons produced
by the source are not tagmed.

Source = ““Cf (hi/lo) [(NHIT,, = 70}
The **Cf source produces neutrons through the Gssion of *CL No events from
this source are tagged.

Source = “*U (NHIT,,;, = 43)
The *#U source produces gamma rays through the decay chains of **#U. Some

FAamma raye are energetic encugh to produce neutronsg by photo-disintegration

of deuterium. No events from this source are tagged.
Source = 2Th (NHIT,y, = 45)
The **Th source is similar to the U source, producing gamma rays through

the decay chains of “*Th.
Source = Laserball (NHIT,,, = 75)
The Laserball source produces isotropic light from a pulsed Ny /dye laser. Light

is transmitted from the laser to a diffusion ball on the source, through fiber

optic cables in the umbilical. Although events occurring promptly after laser
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firing are tagged, those resulting from reflected light are not. When operated

at higher intensities, the amount of reflected light increases.

Run = Source Moving (NHIT,,, = 125)
When the source manipulator system is in motion, a large amount of light is
often produced in the detector (likely from static on the umbilical). Although

burata above 125 NHI'T still occurr, the rate i manageable by level 2

Run = Bubblers (NHIT,,, = 70}
The bubbler system allows water level measurements, by bubbling gas out of
a tube inserted into the water volume. Light 18 produced when this system is
used, likely from static charge built up on the acrylic tube. Use of this system

has been largely abandoned, and replaced by an ultrasonic level sensor.

As shown in Figure 3.7, when a Run Record is received by Snostream, it is copied
to a buffer which holds the most recent Run Record. The run type word and source
type word are examined, and the appropriate values for the burst parameters are
assigned. Some confusion can arise for runs in which multiple sets of parameters
apply. In any case, the most restrictive value of each parameter is used (ie. the
highest NHIT min, the lowest Twin, and the highest Nogen ).

As Run Records are only dispatched at the beginning of a run, a chance of losing
track of the appropriate burst parameters exists. This may occur due to a commuy-
nication failure, or if Snostream 18 restarted after the heginning of a run. The burse
parameters, the run number, and the burst number, are written to the Snestream
lock Gle whenever a new Run Record is received to avold the second scenario. The

fle is then wsed to assign the initial parameters when Snostream is restarted.
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comparing the event times. Bursts of events along with
Run and Trig Records are written to burst zdab files.



3.3.4 Burst Detection Algorithm

As seen in Figure 3.7, the level 1 algorithm operates on an event by event basis.
Events are first filtered based on the information in the MTC header. At this point

the NHIT i burst parameter is applied, along with several other event requirements:

GTID Ewvents with GTID=0 {orphans), and events with out of sequence GTID are

rejectod.
Event Time Events received out of sequence in time are also rejected.

Pedestal Events with the pedestal bit set are rejected. These events are part of the

electronics calibration process,

External Triggers Events with external trigger bits set are rejected. Most of these
areg calibration events, the exception being external trigger 2, which is now

connected to the hydro-phone.

Hydrophone Events The hydrophone events are not entirely rejected. as they in-
dicate selsmic activity in the detector which 8 sometimes correlated with bursts
of events. The hydrophone events and the burst may be separated by a sub-
stantial amount of time [a few seconds), and so the mest recent hydrophone

event is held in a separate buffer.

To evaluate the burst eriteria, a comparison is made between the time of the
current event, and that of the event N, prior. In order to accomplish this, all
events that pass the event filter are written onto a circular buffer of length greater
than N, If the difference between the time of the current event and that of the
event stored N, positions back in the buffer 18 less than T, , then the burst eriteria
is satisfied.

If the burst criteria was satisfied on the previous evaluation, then the current

event is part of an ongoing burst, and is appended 1o an already existing Gle. When



the burst criteria is satisfied for the first time however, a new burst zdab file must be
created. Buffered data is written to the new file first, starting with the Run and Trig
records. This may be followed by the hydrophone event if it preceded the burst by
less than sixty seconds. Following this, the past Ng., evenis from the circular buffer
are written., Onee the buffered data is written, the current event is appended to the
file.

A burst file is closed either when the burst eriteria is no longer met, or when the
burst has been in progress for a prolonged period. A burst may be prolonged because
the events themselves are spread over a large time, or because their acquisition is
spread over a large time. The latter can occur in the situation of a short but very
high rate burst. A one million event supernova would fill the 1 Ghyte of memaory on
the front-end electronics in a few seconds, but the DACQ would take close to an hour
to read out the data.

Determining how long the burst has been in progress for can be difficult, as the
burst algorithm is not running in a realtime environment. Two methods of deter-
mining if an ongoing burst should be truncated are implemented. First, if the time
stamp of the first event of the burst (excluding hydrophone events) and the current
event differ by greater than 60 seconds, and second if Snostream has undergone three
display update cycles with the same burst in progress. The time between Snostream
display update evcles depends on the CPU load, but is at least 3 seconds.

It is important for these examining bursts to know that the fles can be truncated
in this manner, as there is no mechanism in place for identilying them. This situation
is remedied (and confused) by burst concatenation in the level 2 system.

The level 2 system is initiated by the the shell script supernova. sh every time a

burst file 18 closed.
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3.4 Supernova Monitoring: Lewvel 2

3.4.1 Introduction

The purpose of the level 2 supernova system is to perform a quick analysis of the
level 1 burst zdab files, to notily the detector operator and supernova experts, and
to launch the level 3 analysis if needed. The analysis consists of applying the data
cleaning cuts mentioned in section 3.2.3 to the events in the burst zdab Gle. The
burst 18 classified based on the fraction of events surviving the data cleaning cuts.
The classification of the burst determines the amount of notification required, and
the necessity to perform the level 3 analysis.

The level 2 supernova system is a collection of seripts and processes which run
on Sanduleak or Betelgeuse, The level 1 seript supernova.sh calls the level 2 quening
soript process_zdab.sh. This queuing system groups bursts detected in rapid succession
for batch analysis, thus avoiding the overhead of starting several analyses. The soript

snlevel2.sh then performs the level 2 analysis on the burst or group of bursts.

3.4.2 Burst Classification

The most important bursts are those identified as ‘significant’. A burst is said to be
significant if more than 353% of the events pass all of the data cleaning cuts. This
indicates that the burst possesses substantial physics content, and warranis lurther
examination.

In addition to the classification of significant, a burst may be identified as Un-
knewn, or as being caused by a known pathological burst source. This identification
is performed automatically using the fraction of events passing each of the data clean-
ing cuts, information from the Run Record, and the presence of hydrophone events
in the burst. Currently there are eleven sources of bursts that can be identified {with

varyving efficiency} by the level 2 system:
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Flasher (QCI=0.50, FGC=0.45)
Flashers are caused by micro-discharges in the PM'T. This emits light which is

seen by PMTs on the other side of the detector. Bursts of flashers are correlated

with seismic activity.

Neck [Neck>=0.90, AMB>=0.65, FTS=0.50, QvN>=0.33)

MNeck events originate in the neck of the detector, and sometimes occur in small

birsta.

Flat TAC (MAX[Cuts]=I1TC)
Flat TAC events have a broad (flat) distribution in PMT times. Bursts of
these events are produced as components in the PMT base begin to glow due to
reaistive heating. These bursts often indicates the immanent death of a PMT

channel,

Manipulight [Run=Source Moving, AMBZ=0.75, ITC=0.65, Neck>0.20)
Manipulight is the name given to the events generated when operating the
source manipulation system. The events are likely caused by static discharpes

from the umbilical and almost always come in large bursts.

Electrical Pickup (QvN=>0.33)
The electronics is very sensitive to interference from electrical noise in the local
environment. Bumping a crate of electronies, turning on a lamp, or dropping a

wrench can induce a burst of these events.

D,0 Circulation (Run=D,0 Cire, (MAX[Cutg]=FTS, or Neck>0.75, FTS>0.50))
Light appears to be generated whenever water (heavy or otherwise) is passed
over acrylic surfaces. When the Dy0 eirculation system is run, bursts of these

events are often produced.

Wet End Breakdown [AMB=0.75, QCI=0.35, QvT=0.35. [TC>0.35,

i)



QvN<0.20, Neck<0.35, F'TS5<0.35, PGC<0.45)
This is high voltage breakdown at the PMT end of the HV chain. This was a

problem earlier in the experiment and i8 not common Anymaore

Dry End Breakdown (Iso>0.80)
This is high voltage breakdown at the erate end of the High voltage chain

Breakdown in or near the crate leads to large bursts of events due to electrical

plekup.

PCA Re-trigger (Source=PCA, QvN>0.33)
During PCA (PMT CAlibration) the laser system is used to generate events.
Muost of the events are triggered externally and are rejected by the level 1 system.
Reflected light however can give rise to NHIT triggered events between laser

firings. At high laser rates and intensities this can give rise to bursts of events.

Broken 10 MHz Clock {Duration=0 [10 MHz), Duration>1 second (50 MHz])
On occasion, the 10 MHz clock has experienced problems, cansing all events to

have the same time stamp. This gives rise to huge bursts from level 1.

Spallation {1 Muon Tag, 0.35<Physics_Content <0.90)
High energy muon events can create numerous secondary particles which are

detected as a burst of events.

UNKNOWN Bursis which do not match any of the pathological burst identities
are labeled as unknown, and some additional notification i@ provided to the

Operator

3.4.3 Notification

Several methods of notification are used by the level 2 system, including a web based

loghook, emails, audio-visual alerts, and telephone alerts. These methods are used to
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notify the detector operator and the supernova experts. The detector operator is the
frst person to be aware of a burst, as she is constantly monitoring the detector. She
has the best understanding the state of the detector, which is important when deter-
mining the source of a burst. The supernova experts are a group of SNO collaborators
who are familiar with studying bursts, and understand the expected supernova signal.
The supernova experts have also made a commitment to carry a cell phone and o
respond quickly to supernova alerts. There are effectively three different notification

schemes as shown in Table 3.1, based on the classification of the burst.

Significant | Unknown Source | Known Pathology |
Web Posting | operatorfexpert | operator fexpert, operator fexpert
Email operator fexpert | operatorfexpert operator fexpert
Audio Visual OpFEralor operatort RO
| Phone | eXperts | T | iTatite

Table 3.1: Significant bursts require the fast coordinated response
of the detector operator and the supernova experts, while
bursts from known pathologies can simply be logged.

1 The operator is notified, and may pursue further inves-
Ligation.

Supernova Ounline Log-book

The supernova log-book is an area on the SNO internal document server (running
Lotus Doming) where all supernova related information is archived. This includes all
of the level 2 and level 3 analysis summaries, Monte Carlo versions of the analysis
summaries, supernova monitoring procedures, phone numbers for supernova experts,
and documentation for the supernova monitoring system.  All bursts regardless of
classification have a summary of their analvsis, including a text summary (Figure
3.9} and two pages of histograms (Figure 3.10), posted to the supernova online log-

bacacls.
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Email Notification

Bursts which are either significant or unknown have their analysis summaries [text
and histograms) sent by email to the detector operator and to the supernova experts.
In the case of non significant but unknown bursts this is the only direct notification

gent o the supernova experts.

Aundio Visual Alerts

These alerts consist of a pop-up window and an audio file played through the sound
cards of Sanduleak and Betelgeuse. There are two versions of the pop-up window,
corresponding to significant bursts and unknown bursts. The message displayed for
significant bursts is shown in Figure 3.8. A button on the pop-up window allows the

operator to quickly open the burst fle in Xsnoed for examination.

Dial-out Computer

The dialout computer places a call to the supernova experts who are ‘on call’, and
plays an audio summary derived from the level 2 analysis summary text file. When a
supernova expert acknowledges an alert, email is sent to the operator indicating that
the supernova expert has been contacted. The dialout mechanism is only used in the

event of a significant burst.

3.4.4 Output Files

Level 2 Summary Text File This file is a comprebensive summary of the level
2 analysis. The file containg information about the run conditions, the burst
parameters (time, number of events, duration, ete.), the data cleaning results,
and the burst classification. A sample burst summary file is shown in Figure

3.9.
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Figure 3.9: The level 2 summary file is archived in an online log-book
and sent by email to the appropriate recipients.



Level 2 Short Summary File This is a one line file, containing much of the same
information as the level 2 summary file. This file is intended to be parsed
by machine for later analysis. The short summary fles from all bursts are

concatenated to form a level 2 summary log file.

Level 2 Summary Audio File This is a wav audio file which containg a small part

of the information from the level 2 SUMIMAry file.

Level 2 Summary PDF File This is a file in the Adobe Portable Document For-
mat [PDF). Perhaps the most informative output file, this file contains most of
the information in the summary text file, as well as several histograms, There
are two pages in the file, the first displaying histograms for all of the burst events,
and the second showing the same histograms for the events which passed all of
the data cleaning cuts. An example of a level 2 summary PDF file is shown in

Figure 3.10.

Clean zdab File This file is much like the original burst zdab files, except with the

events that failed data cleaning cuts removed. Looking at this file in Xsnoed

can be useful when investigating the cause of a burst.

Log Files Many log files are created by the level 2 system in snwatch flevel2/log.

3.5 Supernova Monitoring: Level 3

3.5.1 Introduction

The purpose of the level 3 system is 1o further evaluate bursts identified as significant
by level 2, and to initiate an alert to the astronomical community if necessary. The
lewvel 3 system processes the clean zdab files generated by level 2. Event reconstruction

with the elastic and time ftter are used to extract the energy, position, and direction

of the burst events.
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Figure 3.10: The level 2 summary histograms show informative distri-

butions for all burst events (left), and for events which

passed the data cleaning cuts (right).
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A program attempts to At the global supernova direction from the angular distri-
bution of events.[209] This is done mainly by identifving the elastic scattering peak.
The supernova direction is of interest to the astronomical community, but is not likely
to be of direct use to the detector operator Or SUPErNOVA EXPOTLE.

A text summary (Figure 3.11) and three pages of histograms (Figure 3.12) are
sent to the supernova experts and the detector operator. The frst page containg his-
tograms for all events in the clean zdab file, the second for events which reconstructed
in the Dyl region, and the third for events which reconstructed in the Hy0 region.
Events from a supernova will be distributed roughly equally between the HyO and
D0 regions, with the Dy0 region being favoured during the salt phase. Within each
of the two regions events will be distributed uniformly.

The histograms include NHIT, event time, radial position, directions in theta and
phi [detector coordinates), and cosine of theta relative to the calculated supernova
direction. By studying the output of the level 3 analysis, and through discussion,
the supernova experts and the detector operator evaluate the probable source of the

burst.

3.6 SNEWS

The Superncva Early Warning System [SNEWS) is a collaboration of scientists repre-
senting experiments around the world capable of detecting galactic supernovae. The
experiments currently participating in SNEWS include Super-Kamiokande, SNO, and
LYV D, with several existing and proposed experiments to hopefully join later. The pri-
mary goal of SNEWS is to provide an automated alert to the astronomical community
in the event of a galactic supernova. Other offerings of the SNEWS group include:
1} increased sensitivity and confidence for supernova detection, by blind coincidence
study of signals from multiple detectors 2) coordinated effort to establish and test

timing synchronization between experiments, ensuring that future analysis of com-
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Figure 3.11: The level 3 summary file is archived in the online log-book

and sent by email to the appropriate recipients. The frac-
tion of events in Dy ve. HyO can indicate how isotrop-
ically the events are distributed, and aid in determining
the source.
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bined data is not limited by uncertainties in timing 3) provide a trigger signal to
experiments not capable of independently detecting a supernova, allowing them to
archive data that might otherwise be discarded.

Several features of the automated alert have been identified as important by the
astronomical community and the SNEWS experiments. Astronomers require that the
alert be as prompt as possible, providing the greatest time to locate and observe the
event. [t should also provide any pointing information possible, to help astronomers
locate the supernova in the sky. A third feature important to astronomers is that the
alert be positive, with a false alarm rate of less than one per century, avoiding costly
interruptions to observing schedules. An ssue important to the participating experi-
mental collaborations is that information sent to SNEWS be kept private, providing
sovereignty over the experiment data, and ensuring the blindness of the coincidence
measure.

The coincidence measure is implemented using a central coincidence server with
multiple identical servers present for redundancy. The server application accepts alert
datagrams from individual experiment clients over TCP/IP protocols. Datagrams are
encrypted with OpenSSL to provide security. The datagrams contain the start time of
the burst (specified in UT), and a number identifying the sending experiment. Chther
information such as the magnitude of the burst or the confidence of the burst source
can also be included. Alerts are stored in a bufler sorted by time, and searched for co-
incident alerts. Nominally a coincidence consists of at least two different experiments
reporting a burst within ten seconds.

When a coincidence is found, an alert is sent to the astronomical community
through a mailing list. This alert is signed with the SNEWS PGP key for security.

The alert containg the supernova event time, and pointing information if available.
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Chapter 4

Supernova Monitor Performance

The performance of the supernova monitoring system is difficult to measure without
actually detecting a supernova or two (waiting would greatly delay this writing!). In
this chapter, performance is evaluated in terms of the main goals of the system, which
are to provide prompt and positive alert. The first section of this chapter studies the
online response time using muon indouced spallation bursts and the second section

studies burst identification using data from an offline search.

4.1 Response Time

The response time goal i3 motivated by the SNEWS target of issuing an antomated
alert to the astronomical community within 20 minutes. Before contacting SNEWS,
SNO must detect. the events, record the burst, perform the level 2 analysis, and likely
acquire confirmation from a supernova expert. If no human confirmation is required,
or the detector operator confirmation is sufficient, then an alert could be sent shortly
alter the level 2 analysis is completed.

The most realistic test of the response time 18 provided when spallation bursts
trigger the supernova monitor. These bursts consist of real physics events as de-
seribed in chapter 3, and offer the advantage of exercising the entire system from

particle detection to expert notification. These bursts oocur randomly in time which



provides a periodic measure of the performance of the system, much like a completely
spontaneous fire drill.

A drawback to using these bursts as a measure of performance is the fact that
the bursts are not actually very supernova-like. The ability to inject Monte Carlo
supernova data into the datastream would provide a more realistic test, but would
incur other costs. 'This idea has been discussed, but has not yet been implemented.

During the period from Oect 16 2001 o Feb 05 2002, a total of 18 bursts were
identified online by the level 2 spallation 1D, Of these bursts, 3 were excluded from
further study; one was a misidentified calibration burst, one occurred while the Di-
alout computer was offline ', and one had no entry in the Dialout log file =,

The response times to the remaining 15 bursts are listed in Table 4.1. For each
burst, the time of the first event and the time of the first supernova expert acknowledg-
ment i3 listed. The level 2 analysis and dialout notification durations are also listed,
and can be compared to the time elapsed from first event to first acknowledgment.

The level 2 analysis duration and the dialout notification duration are known to
account for the majority of the total response time. The level 2 analysis duration
is less than 3 minutes for all instances, but will increase with larger burst size. The
dialout notification time is generally under 7 minutes, and varies depending on the
number of phone ealls required to contact a supernova expert. The total response
time is less than ten minutes for most instances, which is consistent with the level 2
analysis and dialout durations, and is well within the 20 minute window identified by
SNEWS.

In performing this study, it was necessary to compare time stamps from more than
one clock, namely the MTC clock which records the time of the first event, and the

Dialout clock which records the expert acknowledgment time. In doing so, an offset

'Notlfication and remedy of the situation was effected In less than 1 he.

*Detector shift report mentlons file corruption in leghook and for emall records.
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Burst Date First First Total | L2 Dial Total
Event  Ack. Dur. Dur.
21706005 Sat Ot 6 17:40:21  17:44:25 4:04 .38 1:11  3:10
21707001 Sun Oet 7| 23:23:00  23:36:30  13:21 | 253 10:27 13:20
ZIRBS2.001  Sat Oct 200 | 22:55:11 23:02:34 T:23 218 426 6:34
21864001  Sun Oet 21 | 12:22:30 12:29:41 T:11 211 416  6:27
21911001 Fri Oct 26 | 13:02:32  13:11:31 B:59 1.57 616 B:13
F2031.001  Sun Nov 4 | 16:41:49  16:45:51  4:02 157  1.07 3:04
22033001 Mon Nov 5 | 18:03:20  18:34:43 31:141 | 2235 1:06 3:41
22090001 Sat Nov 10 | 11:08:50 11:13:08 4:09 208 .09 3:17
22736005  Sun Dee 23 | 12:16:31 17:57:40 >1hri [ 57 412 510
22809001 Wed Jan 2 | 22:22:23 22:32:02 9:38 033 T80 B:dd
23040001 Sun Jan 20 | 16:23:55 16:26:59 3:04 3% L0  2:07
23137001 Fri Jan 25 | 06:34:01 06:56:52 2:51 oo 1:10  2:11
23180001 Thu Jan 31 [ 03:12:01 03:15:30 3:29 03  1:23 2:26
23208001 Mon Feb 4 | 12:21:39 12:29:46 8:07 L3 602 T:05
23221001 Tue Feb 5 | 17:13:41  17:16:35 2:54 .01 1:07 2:08

Table 4.1: Response and analysis times for spallation bursts are ob-
tained from event time stamps, level 2 logliles, and the
Dialout loghle.
t*huilder off” noted in shift report

110 MHz problems noted in shift report

of several minutes as well as a 30 ppm (18 seconds per week) drift was found between
the two clocks. This was determined using a third elock on Sanduleak, which was
perigdically in contact with the other two clocks.

Figure 4.1 shows the relative offsets of the two clocks as a funetion of time. The
variation in the Dialout clock clearly exhibits a drift, while the variation of the MTC
clock is consistant with random jitter. The drift and the periodic correction of the
Dialout clock is mest likely an artifact of poor time keeping in the operating system
(MS Windows 95). This exercise points out the importance, and relative complexity,

of proper clock maintenance.
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Figure 4.1: a) Time offset for Dialout clock vs. Sanduleak elock from
weekly dialout test data. b) Time offset for MTC clock
vs. Sanduleak clock from all burst data.

4.2 Burst Identification

A positive and automated supernova burst ID cannot be implemented without mal-
ing assumptions based on model-specific predictions of the supernova signal. To
engure that all supernova signals are recognized, the philosophy adopted instead is
one of antomated background identification and rejection. Supernova detection thus
hinges on the ability to identify background bursts and to direct sufficient attention

to unidentified bursts.
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Although the full attention of the detector operator and the supernova experts is
reservedd for significant bursts, non-significant bursts of unknown identity still require
some attention, primarily from the detector operator. Minimizing the number of
unknown bursts helps to focus the attention of the detector operator. In this section
the efficiency of the level 2 burst identification is studied using bursts found in an

offline reprocessing analysis.

4.2.1 Level 2 Burst ID Summary

In 439 days of data collected between 1993/11/03 and 2001/01/15, a total of 14670
bursts were found. This dataset is not directly comparable to bursts detected online,
a3 the online system concatenates level 1 bursts which oocur in rapid succession.
Table 4.2 shows the number of bursts identified by the various level 2 [Ds during
several different run conditions.

The burst rate i8 highly dependent on run type. During neutring running the
burst rate is low, averaging only 12 bursts per day. The rate for other types of runs
is higher, averaging more than 90 bursts per day.

The fraction of unidentified bursts is also highly dependent on run type. During
neutring running only 12%, of bursts are identified as unknown, while during other run
types this is approximately 95%. This may be due to several reasons such as changes
in detector thresholds which affect the efficiency of data cleaning cuts, increased

activity on and around the electronics svstems, and a generally noisier detector.

4.2.2 Alternative Method of Burst Classification

The existing level 2 IDs {described in section 3.4.2) allow no easy method to evaluate
the efficiency or accuracy of identification. An alternative method of burst classifi-
cation may be helpful to 1) independently confirm the existing level 2 burse [Ds, 2)

Refine the level 2 1D parameters, and 3) discover previcusly unknown burst classes.
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MNeutrino Calibration Maintenance Other Total
Livetime Fraction T3% 10% T% 2% 93%
D, Circulation 1136 04 2 1 1233
Electrical Pickup B2 T3 4 18 047
Flasher alg ar 23 11 290
Flat TAC 467 12 16 1 205
Dry End Breakdown 223 1 48 0 272
Neck 164 12 1 0 177
Manipulight 0 194 0 0 199
Wet End Breakdown 38 1 4 0 43
Spallation 20 3 2 0 25
Broken Clock | 12 1 4 1B
Unknowi 486 4717 3674 1784 10661
Total 3906 b161 37TH 1828 14670
% Unknown (12%) (915%) (97%)  (98%) T3%

Table 4.2: A total of 14670 bursts were found in an offline analysis
of 439.5 days of data. The burst rate is far lower during
neutring running than all other run types. During new-
tring running a large fraction of bursis are identified by
the level 2 IDs, but for other run conditions this fraction
i& guite small.

In this section the method of principal component analysis is used to search for burst

clagses in the offline reprocessed dataset. The classes found are compared to the

exigting level 2 1Da.

Principal Component Analysis (PCA) is a common tool in multidimensional data

analysis and is often used for dimensional reduction and pattern recognition. PCA

applies a linear transformation to the original variables of a dataset, which hopefully

allows easier identification of features in the data. The transformation is described

by an orthogonal matrix, and is equivalent 1o a rotation of the original space 1o a

new set of coordinate vectors.

It can be shown[30] that of all complete orthonormal bases of the dataset, that

(i




formed by the eigenvectors of the covariance matrix and associated with the largest
eigenvalues correspond to the most significant features for describing the original
dataset. The eigenvector associated with the highest eigenvalue is called the first
principal component and corresponds to the mest significant parameter for describing
the original data. The most prominent features of a high dimensicnal dataset can
thus be viewed by plotting the projection of the dataset onto the first few principal
COIMpOIEnes.

For this analysis, the original variables used are resules of the ten data cleaning
cuts deseribed in Section 3.2.3. These variables were selected because they are be-
lieved to adequately deseribe the bursts, and they are easy to work with [real valued
and bounded®). Each burst is deseribed by a ten dimensicnal vector defined by the
percentage of events failing each cut. The principal components of the 14670 bursts
described in the previous section were computed using the LINTRA packapge from
CERN.[30]

Table 4.3 shows the elgenvectors and eigenvalues of the first two principal com-
ponents. The first principal component is most strongly influenced by the NECK
and QCL variables, and the second by NECK and FTS. The eigenvalues indicate
that about 59% of the variance in the original dataset is accounted for by these two
principal components.

Figure 4.2 shows the distribution of bursts projected onto the first two prineipal
components. Many features can be seen, including several distinet groups of bursts.
Fourteen regions of interest are identified by eve and defined as shown in Figure 4.3.
The regions serve as the basis for the discussion to follow, but are purely empirical

and not statistical in nature,

*Further galns could most certalnly be made by Including other varlables such a8 the run bitmask

and the source bitmask, which are discrete variables.
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Figure 4.2: The distribution of the 14670 bursts projected onto the
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cuts, Several features inherent in the burst data set can
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Original Eigenvector Eigenvector
Variable PC1 FPC 2
AMB -(.46 (.23
NECK (.56 (.56
ROF .01 .15
VT -0.33 (.04
FTS -0.10 (.63
QVN -0.03 0.18

IS0 0.01 -0.07

QCL 0,55 .12

I'TC -0.10 (.38

PGC -0.19 .10
Eigenvalue (.36 (.23

Table 4.3: Summary of first two principal components.

Confirmation of Existing Level 2 IDs

Many of the existing level 2 1Ds are associated with the regions defined above. The
associations between regions and IDs are quite obvious for the most frequent level
2 1Ds, as shown in Figures 4.4, 4.9, 4.12, 4.14, and 4.5. [The exception to this is
Electrical Pickup bursts, which are very common but are spread out across several
regions.) The associations are not all one to one mappings however; for example both
D0 Circulation and Neck bursts map to region 1 (Figures 4.4 and 4.5), while Flasher
bursts map to both region 3 and 5 (Figure 4.9). These strong associations between
the defined regions and the existing level 2 1Dg amount to a confirmation of several

exigting 1Ds and 18 a reassurance that the analysis method is sound.

Proposed Adjustments to Level 2 ID Parameters
Region 1: D;0 Circulation and Neck Bursts

D30 Circulation and Neck bursts cannot be distinguished by this analysis without

information from the run header as they are indistinguishable in PCA space (Figures
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4.4 and 4.5). Most of these bursts fall in region 1, with some Dy0O bursts outlying into
region 11, These outliers all come from an existing definition of DyO circulation which
requires that the FTS be the highest cut. A Full 34% of the 1410 bursts identified as
D50 Circulation and Neck fall in region 1 (1325 bursis).

D20 Circulation
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1233 Bursls
15

50

Principal Component |
]

—25
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- 100

—-125
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11 i B | F R a 24 B0 ¥i 100 125 150

Pringipal Component 2

Figure 4.4: The distribution of Dy() Circulation bursts is mainly con-
fined to region 1 (along with Neck bursts), with 93% of
the 1233 bursis falling within the defined region.
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Figure 4.5: The distribution of Neck bursts is mainly confined to

region 1 (along with DyO) Cireulation bursts), with 953%
of the 177 burses falling within the defined region.



Assuming that this sample [Region 1) is deseriptive of the class (D0 and Neck),
Figure 4.6 suggests some adjustments to the existing burst 1Ds. The proposed adjust-
ment offers a single set of parameters which identify effectively the same set of bursts
in a more standard form. Under the proposed adjustments, 97% of the 1397 bursis
now identified fall in region 1 (1355 bursts). This is at most a modest improvement
on the existing IDs, and the ability to discern Do() Circulation from Neck bursts has
been lost. This adjustment i3 not highly recommended, but serves as a good example
of the power of the analysis.

The proposed change to the D0 and Neck 1D is:

Current (Dy0)[Neck] Proposed

AMB  (—-) (>65) AMB=55
Neck  (>75) (>00)  Neck=80
FTS  (»50) (>50) FTS>50
QVN  (—-) (<33) QVN<50

Region 4: Electrical Pickup Bursts

Figure 4.7 shows that bursts identified as electrical pickup are not very tightly clus-
tered except for a distinetive grouping in region 4. Oualy 37% of the M7 bursts
identified fall in region 4 (351 bursts). The broad distribution is not a surprise as
electrical pickup is the most loosely defined level 2 ID.

Figure 4.8 suggests several adjustments to the electrical pickup ID. The proposed
changes both tighten the existing requirement, and add two new requirements to
remove outliers which fall in regions 1 and 11. Under the proposed adjustments,
T0% of the 469 bursts now identified fall in region 4 (328 bursts). These chanpges
drastically change the nature of this ID, and closer inspection of the new sample
should be performed. This might require the name of the ID to be refined.

The proposed change to the Electrical Pickup 1D is:
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1D type found in the region are also shown.



Current Proposed

QVN>33 QVN=50
FGC<12
ITC<50

Regions 3 and 5: Flasher Bursts

Figure 4.9 shows that bursts identified as flasher bursts are tightly clustered in two
regions, namely 3 and 5. A [ull 91% of the 590 bursts identified as flashers fall in
regions 3 and 5 (536 bursts).

Figures 4.10 and 4.11 sugpest some changes to the Hasher burst 1D, First, an
additional parameter of FTS greater than or less than 5% will distinguish between
Flasher [Ds of region 3 and those of region 5. Secondly, the existing parameters can
be tightened considerably without significant loss. Under the proposed adjustments,
97% of the 560 bursts now identified fall in regions 3 (93 bursts) and 5 (451 bursts).

The proposed change to the Plasher 1D is:

Current Proposed(Reg. 3) (Reg. 3)

QCL=50  QCL  (=8D0) (=80)
FGC>45  FGC (>80 (=80])
FTS>45 FTS (<5) (=5)

Region 6: Flat TAC Bursts

Figure 4.12 shows that these bursts are somewhat concentrated in region 6, with some

outliers extending into region 11. Ounly 58% of the 505 bursts identified as Flat TAC
bursts fall in region 6 (298 bursts).

This 113 is currently defined as those bursts for which the ITC cut removes the
highest fraction of events. This type of definition is difficult to adjust, so a redefinition
of the cut based on Figure 4.13 is proposed. Under the proposed changes, 87% of the
342 bursts now identified fall in region 6 (298 bursts).

The propesed change to the Flat TAC 1D is:
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Figure 4.7: The distribution of Electrical Pickup bursts is not tightly
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electrical pickup events (37H) seem to be associated with
region 4.
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Current Proposed

ITC=all other euts  ITC=T5
FTS<25

Regions T and 8: Dry End Breakdown Bursts

Figure 4.14 shows that bursts identified as dry end breakdown are tightly clustered
in two regions, namely 7 and 8. A full 90% of the 272 bursts identified as dry end
breakdown land in regions 7 and 8 (245 bursts).

Looking at Figure 4.15 and 4.16, no recommendation to adjust the existing cut
is proposed. Note however that an additional parameter of I'TC greater than or less
than 5 will distinguish between dry end breakdown in region 7 from that in region
8. Also of note is that there are several Unknown bursts in region &, all with 150
<< 8. The difference between the two types of Dry End Breakdown, as well as the
similarity between Dry End Breakdown and the population of Unknown bursts in

Region 8 bears further investigation.

Region 11: Manipulight

Figure 4.17 shows that bursts identified as manipulight are restricted wo a portion of
region 11, In all, 88% of the 199 bursts identified as manipulight fall in region 11
(175 bursts).

Figure 4.18 shows that the cut parameters can be loosened substantially. Al-
though the bursts in this region are not as tightly grouped as in others, the souree
moving bit is included in the eut definition, and provides confidence in loosening the
cut parameters. The additional parameter of QVT =10 is also suggested to exclude
some outlying bursts. Under the proposed adjustments, 38% of the 5535 bursts now
identified fall in region 11 (488 bursts).

The proposed change to the manipulight ID is:
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Figure 4.16: Data cleaning cut distributions of bursts found in region
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Current Proposed

AMB=75 AMB=50
ITC=R5 ITC>25
Meck<20) Neck<d5

QVT=10

MNew Burst Categories

Figure 4.19 shows that the bursts identified as Unknown can be categorized into
several distinet groups. The most clearly defined groups are those in regions 2, 9,
and 1. These regions are assumed to be distinet burst types, and are described
below. Although many bursts are also tightly grouped in regions 12, 13, and to A
lesser degree 14, they are not studied further because they are not well separated

from other groups.

Region 2: Unknown

All bursts in this reglon are identified as Unknown. They have a high fraction of
events cut by the Neck cut, and a low fmaetion by all other cuts. A set of parameters
based on Figure 4.20 to identify these bursis is proposed below. Under this new

definition, 33% of the 2639 bursis identified fall in region 2 (2454 bursts).

Proposed 1D

Neck =60)
FTS<40
AMB<T0
Several of the above bursts were randomly selected for manual inspection. These

bursts show light at the bottom of the detector as well as outside of the PSUP

(OWL and BUTTS® tubes). The bursts are distributed across run types, favouring

*BUTTS k& a amall array of test PMTz suspended outzide of the PSUP and connected to the
DAL,

1040



1400

75

a0

Principal Component I
]

—23

-50

=75

— 100

—-125

=150

=10 =¥ -hHn =25 a 245 | 1A 100

10661 Bursis

125 150

Principal Component 2

Figure 4.19: The distribution of Unknown bursts is not confined to one
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10.
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Figure 4.20:

Data cleaning cut distributions of bursts found in region
2 pompared to all bursts. The number of bursts of each
ID type found in the region are also shown.
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mainly Maintenance and ‘Other’ run types. Several of the bursts inspected manually
occurred during Supernova Watch runs with D0 circulation on. It is possible that
these bursts are caused by Dy Circulation {or Neck) events, but that they respond
differently to the data cleaning cuts due to the run condition (detector thresholds
are raised considerably for supernova watch runs). It is likely safe to attribute these
bursts to an instrumental background. To truly identify this or any other Unknown

burst class however, a significant fraction of the sample must be closely examined.

Region 9: Unknown

All bursts in the region are identified as Unknown. All bursts contain a high fraction
of events with high AMB and QCL fractions. A set of parameters based on Figure
4.21 to identify these bursts is proposed below. Under this new definition, 97% of the

2037 bursts identified fall in region 9 {1976 bursis).

Proposed 1D

QCL=>65

VT <70

ITC<10

Neek <35
Apain, several of the above bursts were selected for manual inspection. These
bursts contain events with high charge deposited at the bottom of the detector rapidly
followed by several events with broad time spectra. These bursts occur mainly during

calibration activity, specifically during Source Transitional runs with the Laserball

source deploved. These burste are almost certainly attributed to the Laserball source.

Region 10: Unknown

All bursts in this region are identified as Unknown. These bursts have a high fraction
of events cut by the ROF and AMDB cuts, and a very low [raction by all other cuts.

A set of parameters to identily these bursts based on Figure 4.22 is proposed below.
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Figure 4.21: Data cleaning cut distributions of bursts found in region
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ID type found in the region are also shown.
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Under this new definition, 93% of the 159 bursts identified fall in region 10 [148

bursts).

Proposed 1D

ROF=T5
AMB=T75
QVN<5
All of the bursts selected for manual inspection from this group contained events

for which all hits were isolated to a gingle crate. These bursts oceur mainly during

maintenance runs. These are almost certainly attributed to electronics problems.

Revised Burst ID Summary

Table 4.4 shows the number of identified bursts for the modified 1Ds. The recom-
mended adjustments decrease the number of Unknown bursts considerably. The most
significant gain can be made by confirming the identity of the burst types associated
with regions 2, 9, and 10. This would allow close to 50% of the previously Unknown
bursts to be positively identified.

Broadening the Manipulight definition increases the number of bursts identified
during non-neutrine running, while tightening the Electrical Pickup, DyO circulation,
and Flat TAC definitions reduce the number of bursts identified during neutring
running. Together these adjustments counteract each other, and increase the total
number of Unknown bursts by less than 5%.

Adding the sub-categories of Flasher and Dry End Breakdown does not change

the number of bursts identified, but does increase the resolution of identification.
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MNeutrino Calib, Maint, Other Total | {Old)
Livetime Fraction T3% 10%, % 2%  93% | 93%
D20 and Neck 1356 40 1 0 1397 | 1233
Electrical Pickup 455 12 1 1 469 947
Flasher 1(fts<5) 40 24 21 B a3 280
Flasher 2 443 T ] 1 451 -
Flat TAC 322 4 13 3 342 a3
D.E.B. 1 (ITC<5) 1 | 44 0 46 272
D.E.B. 2 222 3] ] 4 226 -
Manipulight ] L) 0 0 555 199
Region 2 63 495 024 115Y 2639 -
Region 9 43 1476 366 152 2037 -
Region 10 15 1 143 0 159 -
Unknown 046 2546 2262 M2 6256 | 10661
Total 3906 2161 3TTH 1828 14670 | 14670
% Unknown 24% 49% 60% 2T 43% T3%

Table 4.4: Under the modified level 2 1Ds the fraction of bursts iden-
tified during neutring running is slightly lower, but over-

all there are far fewer unknown bursts.
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Chapter 5

Conclusion

An online monitoring system providing detection, analysis, and notification of bursis
in the SNO datastream has been implemented. A large part of this thesis concerned
the design and implementation of the burst detection algorithm, the dialout system,
and the awdio-visual operator alerts. The system is currently in stable operation,
monitoring for neutring bursts from galactic supernovae and helping to monitor the
stability of the SNO detector. To date the supernova detection efficiency is difficult
Lo measure as there have been no supernovas detected, no supernovae undetected,
and no unsupernovae detected. Response time and burst identification were studied
to gauge the performance of the system in lieu of actually detecting a supernova.

The online response time of the system was studied using muon induced spallation
bursts. The response time to these bursts, which are the most supernova-like bursts
available, is generally under 10 minutes. This is well within the 20 minute window
identified by the SNEWS collaboration.

Burst identification was studied using data from an offline reprocessing analysis.
For neutring running, which accounts for the majority of livetime, the fraction of
Unknown bursts was quite low at only 129, For the remaining fraction of livetime,
a much higher rate of unidentified bursts was seen, with more than 95% of being
identified as Unknown.

An alternative method of burst elassification was developed and used to validate,
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refine, and expand the existing burst IDs. Three new 1Ds, two sub-classes of existing
IDs; and several adjustments to other 1D parameters were propoged. The net result
of the proposed changes was that the fraction of unidentified bursts decreased from
73% vo 43%.

Future and ongoing work includes improverments to both the response time and
the burst identification. Although quite respectable already, the time and effore
reqquired to contact supernova experts and convey the burst analysis information can
be improved. New mobile communication technologies such as digital text messaging
and mobile networking are currently being investigated to accomplish this. To further
improve burst identification, some of the suggested adjustments to the level 2 burst
IDs gshould be implemented. In addition to the suggestions presented, the analysis
itself can be expanded in many ways. The most obvious way to do this is to redo the

analysis with the inclusion of several other burst variables.
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