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ABSTRACT

A framework to search for a triple-proton decay of **T'e in the CUORE detector
against a background of muons is presented. We use machine learning to classify
different kinds of energy depositing events. We use the classification information to
improve our detection or non-detection limits of a triple-proton decay process. We
derive and use a methodology of combining Poisson counting statistics with super-
vised classification machine learning tools. Additionally, a sensitivity calculation is
provided which uses the classification counting likelihood. Using our analysis tech-
nique, we achieve an lower 20 half-life bound of 7.43 x 10**yrs for triple-proton decay

of 1307 ¢,
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION FOR TRIPLE-PROTON-DECAY SEARCH

The instability of nucleons is theoretically well motivated target to look for physics
beyond the standard model. The standard model Lagrangian was designed with
SU(3)xSU(2)xU(1) local symmetries, and with Poincare global symmetries. Baryon
number conservation, Lepton number conservation, and Baryon-Lepton (B-L) number
conservation are so-called "Accidental Symmetries" in the standard model physical
processes. Because these properties are "accidental" they are good targets for theorists
to violate with new models [12].

Single proton decay (p-decay) is the most simple way to violate Baryon num-
ber. Single proton decay is also highly motivated from the perspective of Grand
Unified Theories (GUTs). One of the most anticipated GUT models for testing was
the Georgi-Glashow model [13] which was proposed in 1974 and described a SU(5)
unified group that can be spontaneously broken into the standard model. The model
was elegant, reduced to the standard model in low energy regimes, and implied a
single proton would decay. Thus searches for single p-decay have been done quite
exhaustively and SU(5) is widely regarded as ruled out. [14].

However, triple nucleon decay searches have not been as widely performed, and are
thus good candidates for a new search of B-L number violation [15]. The Standard
Model has an anomaly-free discrete Zg symmetry [15, 16]. The Zg symmetry can

stabilize single nucleons, while allowing groups of 3 nucleons to decay. The most



dominant decay processes associated with the Zz symmetry are:

ppp — e+t

ppn — et + 7t
(1.1)

pnn — et + 70

nnn — o’

Of the four processes shown in Eqn 1.1 we will focus on the first and most dominant
tri-nucleon decay process which is the triple proton decay. We will also limit the scope

of our search to three protons decaying within the nucleus of a Tellurium 130 atom.

BOpe 3127 1y 4ot 4ot 4ot (1.2)

The triple proton decay channel from ¥°Te is the focus of this research. After
three protons decay within a large atom, one would see a positron, and two pions
emitted. If the protons decayed from within the nucleus of a *°Te atom, the resulting
outgoing particles would have 2.71 GeV of kinetic energy shared between them.

Searches for Tri-Nucleon decay have been done recently with two previous exper-
iments. The Majorana demonstrator [17] did a search in 2018 and obtained a 90%
confidence lower bound on the life-time of Tri-Nucleon decay in "®Ge of 10%yr using
35(kg)(yr) of data exposure. The Majorana demonstrator analysis approach involved
searching for decay products. The demonstrator searched for y-rays from Ge, 3~
from Ga, y-rays from ?Zn and 8~ from “®Cu The corresponding spectroscopy of
the daughter nuclei was analyzed. They use plain cuts to reduce their candidates,
and achieve their result.

The EXO200 collaboration [18] did their own search in 2018, to get a final 90%
confidence lower bound of 10%3yr and used 223(kg)(yr) of exposure. The EXO analy-
sis technique was to compare the energy spectrum of every event they observed with

and without Tri-Nucleon decay of *®Xe as a source. They concluded that their best



fit model without Tri-Nucleon decay fit the spectrum better than their best fit model

including Tri-Nucleon decay.

1.2 NEUTRINO PROPERTIES

The neutrino is a spin 1/2 particle in the standard model. There are three neutrinos
[Ve, Vr, v,,] which have left-handed chirality. There are three anti-neutrinos [v, v,, 1]
which have right-handed chirality. The original neutrino models assumed them to be
massless, however more recent experiments have shown that they are not massless.
Neutrinos oscillate between their 3 flavor states as they travel. At any given time a
single neutrino is a linear combination of the different flavor states.

Separately from the neutrino flavors, we denote three neutrino-mass eigen-states
as [vy, 19, v3], and their masses as [m, ma, m3]. The mass eigen-states and the flavor
eigen-states are each complete bases that can represent the state of a single neutrino.
Because they are each complete, any mass eigen-state can be represented as a linear
combination of flavor states, and any flavor state can be represented as a linear
combination of mass eigen-states. It is more common in recent literature to represent
the state of a neutrino with mass eigen-states. The combination of mass states is

described by the Pontecorvo-Maki-Naka-Sakata (PMNS) mixing matrix (U).

3
Vo >=Y_Ukilv; > (1.3)

Neutrino oscillation experiments have measured the difference between the squares
of two pairs of observable state masses. We also know from cosmological data analysis
that the total sum of all three neutrino masses is less than a millionth of that of the

electron.

m] —ms~Tx107°eV?  Solar
(1.4)

mi —mj3| ~ 2 x 107%eV?  Atmospheric



mi + mo + mg < %Z Cosmology (1.5)

The information of the mass differences, leads to 2 possible cases for the absolute
masses. There are two possible hierarchies we are denoted as "normal" and "inverted'
hierarchies. In the normal hierarchy m; < ms < mg and in the inverted hierarchy
mg < mp < my. The mass difference information cannot distinguish which hierarchy

is correct, and cannot state the exact values of the masses.

1.3 NEUTRINOLESS DOUBLE BETA DECAY

Neutrinoless double beta decay (0v3/) is a well motivated theoretical decay which is
important for probing neutrino physics models. In Ov33 decay there are two neutrons

which simultaneously decay into two protons, and release only two outgoing electrons

(Fig 1.1).
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Figure 1.1 ~ An neutrinoless double beta decay feynman diagram. There are a large
number of particles involved in a double beta decay, which require calculation of
nuclear matrix elements using nuclear structure theory.

Bounds on the Ov 3 decay rate constrain properties of neutrinos in multiple ways.
The OvBp rate constrains normal vs inverted hierarchy. If the decay exists, then we
can say that neutrinos are Majorana particles (they are their own antiparticle). If

we observe the decay we can also say that lepton number violation exists. All these



properties can be further pinned down with experiments highly sensitive to the Ov3j3
decay rate.

The OvBS decay rate can be written as follows:

1
T Govps(Qs Z) | Mowps|*] < mgp > |? (1.6)
1/2

Where T 10/"26 7 is the half-life, Goups(Q, Z) is a phase-space factor, where () is the
energy released, Z is the number of protons, M, zs is a nuclear matrix element, and
< mgg > is the "effective" Majorana mass of the electron-neutrino. The effective
Majorana mass is further defined as a linear combination of neutrino eigen-state

masses:

< Mmgg >= ’Z Uszmzf (17)

Where U is the PMNS mixing matrix (mentioned in previous section), and m;
is a neutrino mass. Because the effective majorana mass can be expressed in terms
of the neutrino masses, bounding it will directly constrain the neutrino masses. The

effective majorana mass cannot be measured directly, but the Ov5S half-life Tl%ﬂ P

can be measured. Thus constraining Tlo/”f # will constrain the neutrino eigen-state
masses m;.

In experimental searches for double beta decay, one possible background to con-
tend with is single beta decay. Double beta decay occurs from a nucleus (A,Z) to (A,
Z+2) and single beta decay occurs from nucleus (A, Z) to (A,Z+1). In both single
and double beta decays the parent nucleus (A, Z) must be heavier than the daughter
nucleus for the decay to occur. If the single beta decay is allowed, the measurable
detector signal from double beta decay will be overwhelmed by single beta decay.
Thus, experiments are designed with isotopes that energetically forbid single beta
decay. The easiest method to forbid single beta decay is to design the experiment

with an isotope which has two properties: 1) Has an even number of protons as neu-

trons (even-even) and 2) is lighter than its (A, Z+1) beta decay result nucleus. In



practice double beta decay is searched for using large, even-even isotopes, which have

a highly suppressed or energy-forbidden single beta decay rate.

1.4 THE CUORE EXPERIMENT

The Cryogenic Underground Observatory for Rare Events (CUORE) is an experiment
specifically designed to search for neutrinoless double beta decay Ovgs. CUORE is
an underground detector located at the Gran Sasso National Laboratory in Italy. The
ton scale experiment consists of 988 T'eO, crystal bolometers. The primary goal of
CUORE is to search for neutrinoless double beta decay, by looking at energy deposits
in each of the single 0.75kg crystals. Recently CUORE has begun to look for more
kinds of signals, and has begun to look at simultaneous energy deposits in multiple
crystals. We will be using CUORE to probe the stability of nucleons using data in
the regime of high numbers of crystals per single event (high multiplicity events), and

at events with GeV scale energies.

Figure 1.2 A rendering of the CUORE detector. The image was copied directly
from Ref. [1, 2]



The CUORE detector is designed to keep and hold the 988 crystal cubes at a
low temperature of 15 millikelvin (mk). [2]. To keep the crystals at such a low tem-
perature, 6 nested vessels are required, two of which are separate vacuum chambers.
The coldest inner temperature is achieved using an external dilution refrigerator con-
nected to a mixing chamber. The low temperature is maintained with pulse tubes.
The mixing chamber is thermally connected to a copper frame hanging below the
mixing chamber. The copper frame houses the crystals. Surrounding the entire de-
tector is a lead shield. The lead shield contains a lower than usual count of internal
radioactive elements to further reduce contaminant background radiation.

Each crystal within CUORE is composed of tellurium dioxide (7T°eOs). Using
tellurium dioxide has several advantages in the search for nutrinoless double beta
decay. Tellurium 130 (3°T¢) has a large natural isotopic abundance of 34% so it is
low cost compared to some other nuclei. '*°Te is an "even-even" nucleus which is
lighter than 7. Thus 39T is disallowed to single beta decay into 3°I. Instead
130T¢ only allows double beta decay into *° Xe.

Each tellurium oxide crystal has an attached germanium thermister mounted with
a thermal paste epoxy such that they are strongly-thermally coupled. A crystal and
it’s attached thermister are assumed to share the same temperature at any given
time. If a decay occurs from within a tellurium oxide crystal we expect to observe
a corresponding change temperature using the thermister. The combination of a
tellurium crystal and it’s attached thermister is denoted in literature as a "bolometer".
Each crystal is also weakly-thermally coupled and mounted to the 15mk copper frame
using Polytetrafluoroethylene (PTFE or Teflon) brackets. The PTFE brackets sit
between the crystal cube and the copper frame.

The thermister consists of a small germanium block, and two gold wires circu-
lating a measurable current through the germanium block within a simple circuit.

CUORE uses germanium thermisters which have been doped with neutrons from a



reactor so they have temperature sensitive resistance properties. At the low temper-
atures in CUORE, any temperature fluctuations will change the resistance provided
by the germanium thermister connected to the crystal bolometer. The germanium
thermister, is kept in a simple circuit of gold wires and two other resistors each chosen
to have higher resistance than the germanium to keep the current in the circuit near
constant.

Heat bath ~ 10 mK

(copper)

“——— _ Thermal coupling _— &&
> (PTFE)

Thermistor
(NTD-Ge)

D— Absorber Crystal
(TeO2)

Figure 1.3  Single Crystal Within CUORE. Image copied from Ref. [3]

When a particle deposits energy in a tellurium dioxide crystal the temperature of
both the T'eOy crystal and its attached germanium thermister will rise. There will
be an associated measurable quick increase in voltage and corresponding decrease in
resistance of the germanium thermister. After energy is deposited, the thermistor-
bolometer pair will both slowly cool back down to the temperature of the copper
frame. The cooling time is of order 1-5 seconds depending on the amount of energy
deposited and the PTFE mount properties. These voltage changes for single energy

deposits in CUORE are referred to as "pulses'.



1.5 CUORE NEUTRINOLESS DOUBLE BETA DECAY RESULTS

The CUORE experiment has achieved a lower half-life bound for neutrinoless double
beta decay Ov(33 of T{f, > 2.2-10% yr at 90% confidence level. To achieve the Ov33
result, CUORE applied cuts, a blinding procedure, and a Bayesian parametric un-
binned likelihood analysis. Background simulations were performed using the gshields

software (described in sec 2.2), for each known source of background.
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Figure 1.4  The full single multiplicity, single crystal energy spectrum observed by
CUORE. All events which have time coincidence to deposit energy simultaneously in
more than one crystal has been discarded. Figure copied from [4]

To search for the result a few different cuts were applied upon data in an attempt
to remove more background than signal. The first cut applied was to remove periods
of time with high noise, assessed by comparing the width of the measured energies
at a known energy source calibration line at 2615 keV. In addition to removing those
periods of time, events that created energy deposits in more than one crystal were
also discarded, knowing that from simulations 88% of the Ov33 decays would only
deposit energies in single crystals within CUORE. The last major kind of cut was to
look at the individual pulses, and discard those which did not appear "physical" in
shape.

The analysis was performed using unbinned bayesian parameter fitting allowing
for each known source of energy contribution to be modeled as a probability density

function in energy, and then summed to produce the full spectrum. CUORE sub-



scribes to the technique of "blinded" analysis which is when the analysis framework is
developed without having full access to the real data. One such method of blinding
is known as salting, where fake data is mixed in real data. CUORE blinded the real
data by salting it with an additional artificial set of single crystal energies distributed
about a mean energy value. The entire analysis framework was developed upon the
salted data, before removing the salt. CUORE then performed a fit on the real data
with and without an additional Ov3f3 energy source. CUORE found no preference for
inclusion of the additional source when trying to reproduce the the real data energy
spectrum.

The CUORE experiment and our Ov [ result has already had impact in two ways.
CUORE has shown that large cryogenic dilution refrigeration systems are feasible,
and next generation experiments such as CUPID, AMoRE, SuperCDMS, CRESST
will benefit from the cryogenic innovations. The Ov35 result itself has implications
for the standard model, by showing that so far, there is no evidence that the neutrino

is a majorana particle.

1.6 OVERVIEW OF SEARCH METHODOLOGY

We will search for triple proton decay with the CUORE detector. The major back-
ground we have to contend with is cosmic ray muons. We will simulate both triple
proton decays and muons from the atmosphere. We use the simulations to learn what
each kind of event looks like in CUORE. We pick some distinguishing properties of
each kind of event which we will denote as "features". We train a machine learning
classification algorithm upon the simulations, and their associated features. We use
combination of counting statistics for expected Muon background, as well as the ma-
chine learning classification to place a bound on the triple proton decay observation

count within CUORE, and associated half-life for the decay of 13T by this process.
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Figure 1.5 Workflow Diagram: The figure illustrates the basic approach to de-

termining a final likelihood of the life-time and associated confidence bounds of a
Tri-Nucleon decay using a classification algorithm. We start with a table of every
crystal that lights up in CUORE (Top-Left). The single crystals are grouped into
events (Top-Middle). The events are classified using a version of Machine Learning
algorithm (Top-Right). The classification results are stored in a "confusion matrix'
(Bottom-Right). Then the confusion matrix is transformed into classification proba-
bilities (Bottom-Middle). The classification probabilities can be used to formulate a
final likelihood (Bottom-Left).
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CHAPTER 2

SIMULATING EVENTS OF INTEREST

We have simulated the events we want to classify: simulations of both signal, and
background were required. To perform the simulations CUORE uses Geant4 which is
a computational "toolkit for simulating the passage of particles through matter" [19].
We needed to do many iterations of full simulations of Muons from the sky, [20, 21]
and of triple proton decays [15] within 3Te.

CUORE has already built software which makes use of Geant4 called "gshields"
[22, 6, 7]. The gshields code contains all the relevant geometry within CUORE. By
geometry we mean many of CUORE’s internal components as described in Sec 1.4
including: lead shield, copper framing, thermal plates, and of course the T'eO, cubes
which are thermally monitored producing CUORE data.

We can ask gshields to spawn any standard model particle at any point in space,
with any initial energy and direction. The gshields code will then take that parti-
cle, and simulate the standard model physics that would happen subsequently. The
gshields code will progress through time, allow the particle to travel through any
rendered materials. As the particle travels through a material, it will lose energy by
transferring some energy to nearby electrons it travels near (electron excitation or
ionization), and it will have a chance to collide with a nucleus, triggering a decay into
outgoing particles. The gshields code will then spawn subsequent necessary outgoing
particles from reactions of interest, and follow them through time and space. The
code will keep propagating all particles until an end condition is triggered. Any energy

from a simulated spawned particle is kept track of within the simulation. Ultimately
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Figure 2.1 A gshields rendering of the CUORE detector. "The copper plates inside
the 10 mK shield are in red and blue. The internal lead shields are in cyan, and

the T'eOy array is in white." Image and caption quote taken from the PhD thesis of
Barbara Sue Wang. [5] (Page 89)

all the initial energy from an incoming simulated particle will either be deposited in
the form of heat into a material, or will be lost in the form of particles traveling out
of CUORE. The energy deposited within each of the crystals in CUORE is measured
by a small attached germanium thermistor that constantly monitors the crystal tem-
perature. Finally at the end of simulating the full reaction chain of a single particle,
the output from the gshields code will contain a table of Tellurium cubes, and the
amount of energy deposited within each.

Using the simulation software we can simulate both triple-proton-decays (ppp-
decays) (Fig 2.3) and Muons(Fig 2.8). The result from a simulation will show how
much energy is deposited in each crystal, for each kind of event. Typical examples
simulation results for each kind of event are shown in Fig 2.2.

There are wildly varying possible decay chains for both signal and background

events. With real data we will not be able to take an arbitrary single event and know
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Figure 2.2 Examples of CUORE’s simulated response to both a single background
event (left), and single signal event (right)

exactly what caused the various energies in each individual crystal (we will not be
able to reconstruct decay chain path information illustrated in Fig 2.3). However,
we can see that Muons and the Triple-Proton decays have geometric properties that
are distinguishable. For example: Muon events have "track-like" (Fig 2.2a) energy
deposits and the Triple-Proton decay events have more "blob-like" (Fig 2.2b) energy
deposits.

In the next section we will quantitatively define properties such as "track-like"
and "blob-like" as well as some other properties of single events. These properties are
known as "features'. These features can be used distinguish between different kinds

of events and are explained in detail in Sec 3.

2.1 SIMULATIONS: TRIPLE PROTON DECAY

To simulate the Triple proton decay signal that we are searching for (Section 1), we
use the gshields CUORE software. We know such a decay will result in three outgoing
particles: [ et 7 7t | Therefore to simulate a triple proton decay event, we can use
gshields to spawn each of the three outgoing particles at the same start location, at

the same time. We will be looking for the decay to happen from within a 39T’e atom.

180e 127 1y 4ot 4ot ot (2.1)
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Figure 2.3  Two conceptual illustrative depictions of single ppp decay events in
CUORE hitting a grid of crystals. The orange blocks represent crystals with energy
deposited by any resulting particles from the decay chain. The darker orange blocks
represent when crystals are saturated with energy, and CUORE can only detect that
more than 10MeV of energy was deposited in the crystal. The lighter orange blocks
represent events where some detectable energy is present, and an accurate energy
measurement is observed. The white blocks represent other crystals for which no
measurable energy was deposited by the decay chain. Note how in both examples,
the events do not look like a single track of energy deposits (a straight line fit would
a be poor approximation).

A single triple proton decay simulation is split into three smaller simulations: one
for each of [ et, 7T, 7" ]. Such a simulation split is reasonable so long as the decay
from each outgoing particle does not have a chance interact with the decay from
another outgoing particle. Each single outgoing particle gshields simulation starts off

the particle with an initial location, direction, and energy.
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2.1.1 PPP-DEcAY INITIAL CONDITIONS: CHOICE AND JUSTIFICATION

The initial conditions are chosen in a manner to best reflect the information we have
on the triple proton decay model. Initial start locations are chosen to be within a
randomly chosen single T'eO, crystal. Initial directions are chosen to be uniformly
random, and allowed to propagate outwards from the start location. We also assume
no angular correlation between the outgoing particles. Kinetic Energy of each out-
going particle is chosen as randomly as possible under the condition that the sum of
initial kinetic energies of three outgoing particles equals 2.71GeV.

In this section we will show that these assumptions are reasonable. We limit our
search to Triple proton decays that would happen within a 3°Te nucleus. We assume
the nucleus to be at rest within the reference frame of the detector. A 3°Te nucleus
that undergoes a triple proton decay would leave a '2"In nucleus behind, as well as
produce the three outgoing particles: [ e™, 7+, 7T |.

We need statements of energy (F) and momentum (P) conservation:

Ere130 = Ernizr + E,r;r + Eﬂ2+ + B+ (2.2)

0= ?ln127 + ?ﬁ + ?W; + ?e+ (2.3)

Table 2.1 presents the masses of relevant particles:

Name Symbol Mass

Tellurium 130 1397 129.906 GeV
Indium 127 1271 126.917 GeV

Pion Plus T 139.570 MeV
Positron et 0.510 MeV
Proton pT 0.938 GeV

Table 2.1 Triple Proton Decay Masses

We also need to know how much energy is released through the decay. In a triple

proton decay a 3°Te nucleus would lose three protons, and turn into an 2" In nucleus.
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The difference in nucleus mass is turned into the new particle masses as well as kinetic

energy split among the resulting particles.

MTe130 = Mini27 + 2mﬂ'+ + Mey + EKinetic (24)

The kinetic energy is then found to be 2.71 GeV (using known particle mass
values) where the kinetic energy is the difference between total energy and rest mass

energy.

Exinetic = Mre1s0 — (Mrni27 + 2Mgy + mey) =~ 2.709.35GeV (2.5)

One can show that 27 In nucleus will remain non-relativistic and obtain a negligi-
ble amount of energy from the decay. The kinetic energy of the 12" In is also negligible,
because the mass of the nucleus is very large compared to the other particles, while
at the same time the the total momentum must be conserved. The kinetic energy
in each of the three outgoing particles [ e™, 7%, 7" | on the other hand, could range
anywhere from 0 to 2.71 GeV. (Details in Sec 2.1.2 ) Thus splitting the full 2.71
GeV of kinetic energy of the decay randomly between the three outgoing particles is
a reasonable assumption. The momentum conservation (Eqn 2.3 ) implies that the
127Tn’s recoil direction can balance out any choice of momentum for the other three
outgoing particles, so arbitrary random direction for the outgoing particles is also

reasonable assumption.
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2.1.2 PPP-DEcAY INITIAL CONDITIONS: ENERGY CHOICE CONSTRAINT
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Figure 2.4  Illustration of how a uniform amount of energy is split between three
outgoing particles. For illustration purposes the total amount of energy in this plots
is scaled to 1. All values can be rescaled to units of 2.71 GeV to obtain real samples.
The sum must equal a constant value therefore we are sampling from a plane in 3D
space.

To obtain a more correct answer without making any limiting assumptions, we
could derive a multi-dimensional probability density function using the maximum
entropy principle ( Sec 5 ). We could take our Energy and Momentum conservation
equations (Eqn 2.2 2.3) as constraints, and then use Lagrange multipliers to derive
a probability density function. Performing the maximum entopy calculation would
derive a result that works in both relativistic and non-relativistic cases for all particles
involved. The amount of work required to perform the maximum entropy result is
beyond the scope of this work. As we highlighted in the previous sections example, the
maximum amount of energy that could possibly given to the Indium-127 is 0.03GeV
of kinetic energy and the large atom nucleus can absorb random combinations of
other momentum directions fairly easily. We have chosen not to obtain the more
correct entropy-based energy split.

Instead of performing a maximum entropy calculation, we feel justified in making

18



the following initial condition assumptions: We split the 2.71 GeV of energy between
the three outgoing particles. The energy conservation condition (part of Eqn 2.2)
implies a constraint for possible energy choices, and takes the form of a plane in three
dimensions. The momentum conservation condition (also Eqn 2.3) does not place
any constraint on the energy or direction of the the particles. Under the conditions
we need to satisfy, we want to divide the energy as randomly as possible.

Our initial conditions amount to choosing energies from the triangle shown in Fig
2.4. We simply need an algorithm to choose points randomly upon the triangle. The

triangle describes the positive energy region a plane defined by Eqn 2.2.

2.1.3 PPP-DEecaAy INITIAL CONDITIONS: ENERGY SPLIT ALGORITHM

Splitting a finite energy F between K items is a continuous analog of the "Stars and
Bars" problem [23]. We can take a line segment, and choose two un-correlated break
points uniformly randomly upon the segment. We can then assign the distance from
0 to the first partition as the first energy, the distance between the two partitions as
the second energy, and the distance from the second partition to 2.71 as the third
energy. Illustration of choice of "break points" and resulting partitions are illustrated
in Fig 2.5.

We will denote the algorithm we used as the "break point algorithm". Despite the
fact the algorithm is very simple, and definitely not novel, the break point algorithm
is very efficient at producing correct behavior. We can visualize a real world example
by imagining picking up a stick from a yard and breaking it at 2 random locations
upon it’s length. The results of executing "break point" algorithm for a line segment
of length 1 are shown in Fig 2.4 and Fig 2.6. The same samples are shown in both
figures and were drawn using the "break point algorithm". To obtain energies for our
triple proton decay, we need only take the samples generated in the two figures, and

re-scale their values to 2.71 GeV scale (multiply a set of samples by 2.71 GeV).
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Figure 2.5  An example of a single sample generated by splitting a line segment of
length 1, into random partitions of length between 0 and 1. The Break Points are
chosen uniformly randomly from 0 to 1, and the resulting partition segment lengths
are not uniformly random in length. If each partition length was drawn from an
independent uniform random segment, then the sum of partition lengths could not
possibly add up to a fixed value. A representative sample of partition length choices
can be seen in Fig 2.4. The partition length distributions are illustrated in Fig 2.6.
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Figure 2.6 The histogram shows the energy distribution of each of the single events.
Individually, each outgoing particle shares the same non-uniform probability density
function. The samples shown on these distribution histograms are the exact same as
the samples shown in fig 2.4
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After all each of the three smaller simulations (one for each outgoing particle) have
completed, we can ask how much energy was deposited within each T'eO, crystal. We
can sum up any energies deposited in TeO, by the 3 outgoing particles. The total
energy deposited within each crystal from a group of three outgoing particles is then
stored in a data file. We can then repeat the whole process many times to produce
as many triple proton decays as we would like. To produce simulations modeling N
triple proton decays, we need 3N simulations (For 1 triple proton decay we need 3

gshields simulations, for 2 decays we need 6 simulations, etc...).

2.1.4 PPP-DEcAYS: TYPICAL SIMULATION

Single Event gshields
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8944

7889

6833
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Figure 2.7  Three outgoing particles from a ppp-decay are simulated [ e™, 77, 7 |.
The energies deposited in each crystal by all three particles is simulated and summed
up using gshields [6] [7]. Cubes in the figure represent crystals in CUORE. The color
of dots represent the amount of energy deposited within each crystal by the event.
The energy deposits do not appear single-track-like.
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Figure 2.8  An illustration of a cosmic ray creating a muon in the atmosphere that
hits the CUORE detector at LNGS.

2.2 SIMULATIONS: MUONS

In a search for new physics that would yield high multiplicity events, the primary
source of background is cosmic ray muons. Muons are a major background to contend
with in any detector inside the LNGS. For the case of searching for triple proton decay
with CUORE, muons would be the only known source that would both produce a
comparable total energy and crystal multiplicity to the signal we are looking for.
Cosmic ray muons are the only type of muons which are observed by detectors
at LNGS. Free protons in the galactic medium hit the earth’s atmosphere, collide
with atmospheric gasses to produce pions, then the pions decay into what we denote
"cosmic-ray muons'. An observed cosmic-ray muon in the CUORE detector traverses
a segment of the Earth’s atmosphere, the mountain rock containing the LNGS cave,
the lead shield around CUORE, and some crystals within CUORE. An illustation of
the typical path of a muon produced by cosmic rays en route to the detector is shown

in Figure 2.8.
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A small secondary source of muons which CUORE can observe are "neutrino
induced muons'. Neutrinos can enter some point on the opposite side of the earth
from CUORE (e.g. American Somoa) travel through the entire earth, collide with
some matter close to the edge of the Earth’s crust under the laboratory (below Grand
Sasso), decay into a muon, and then muon can continue to travel upwards a small
distance through the rest of the earth’s crust without colliding again, and then finally
go through the lead shield, and hit a detector in LNGS. These neutrino induced muons
make up between 1% and 2% of the moun flux at LNGS, and from the perspective
of the detector are traveling upwards. While CUORE does not have event time
signature precision to tell upwards from downwards muons, the Borexino experiment
has measured them [24]. Very few muons in LNGS are neutrino induced. For our

analysis we will completely ignore them.

2.2.1 Muons: INITIAL CONDITIONS, CHOICE AND JUSTIFICATION

With the goal of identifying the background muons and estimating their rates in
the detector, we perform simulations of the muons in CUORE. To start, we need a
probability distribution for the initial conditions for muons entering the detectors, i.e.
for those muons that made it through the mountain and into LNGS. The gshields
code calculates an estimated under-the-rock flux for average rock, taking into account
the amount of rock traversed by muons coming in from different directions (see Fig
2.9). The muon energy loss as a function of the amount of matter traversed, dE/dx, is
obtained from the Particles Properties from Particle Data Group [25]. Thus gshields
generates the distributions of energy and direction of motion for muons inside LNGS.

The CUORE collaboration’s gshields muon simulation starts the muons upon
5m half-sphere around CUORE (Fig 2.10). A location on the half-sphere is picked
randomly, with the muon direction and energy taken from the distribution described

above (using the LNGS direction and energy). If the muon’s initial direction points
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Figure 2.9 Render Image was produced by Stefano Pozzi using gshields software.
Rock is included above CUORE for the simulations. Muons are minimum ionizing, so
while traveling through the rock lose energy linearly. Additionally they have a small
chance to collide, and produce produce particle showers starting within the rock. It
turns out that including the rock for simulations does not significantly change the
resulting simulated CUORE dataset. Showers produced from the rock above would
have to start right before they breach the end surface of rock, and after a shower
starts most of its contents will hit the lead shield surrounding CUORE. For practical
purposes only the muon makes it through the lead shield to deposit energy in the
detector.

inwards upon the half-sphere, the initial location is kept, and the simulation continues.
Then we let the muon try to enter the detector (with that energy and direction) and
use GEANT to obtain the track and energy deposited by the muon and the particles
produced by its interactions in the detector. The GEANT tool will calculate how
much energy the muon loses as it travels through materials; the decay or collision of
the muon with material (with certain probability); in the case of decay it follows the
outgoing particles and their energy deposits, etc.

The typical muon on the initial half-sphere can travel in a direction such that

it will miss CUORE and will not deposit any energy in the crystals (See Fig 2.10).
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Figure 2.10  Initial muon locations are chosen upon a half sphere. Initial locations
are shown (in green) are those for the subset of simulations which happen to deposit
energy with CUORE. Note: there exist initialized muons which begin further down
on the edge of the half-sphere. Those initialized further down have a much lower
chance to hit CUORE and deposit energy, because their initial direction has a good
chance to cause them to miss CUORE entirely.

We perform 10 million muon simulations, such that roughly 100,000 of the particles

actually pass through the crystals in detector and leave a detectable signal.

2.2.2 MUONS: TYPICAL SIMULATION

2.3 CALCULATING THE EXPECTED MUON COUNT AS A PRIOR

We will use the muon simulations (Sec 2.2) as a tool to calculate an expected CUORE
muon counting rate. We adopt the LNGS muon flux rate of 3.41 x 10™4m=2s7!
deduced from the Borexino experiment [24]. A rough approximation of the muon
flux at LNGS is approximately one muon per square meter, every three hours.

In this section we will outline a simple approximation procedure to combine the
muon flux rate in LNGS with the muon simulations, to calculate an expected CUORE
observed muon count rate. A more detailed discussion regarding more careful treat-

ment of the calculation can be seen in Appendix A. We chose to use the simple
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Figure 2.11  For a muon that enters CUORE, gshields computes the amount of
energy deposited in each of the detector’s crystals. Cubes in the figure represent
crystals in CUORE. The color of dots indicates the amount of energy deposited in
each crystal by the event. The yellow dots are saturated crystals and show the
majority of any energy deposited. The saturated yellow crystals appear track-like in
nature.

approximation, in favor of the more careful treatment because the expected num-
ber calculated is much closer to the amount observed. The simple approximation

equation for exepcted total count is shown below:

Expected Count = (Muon Flux) x (Hit Probability) x Time x (Effective Area)
(2.6)
The first two terms are defined below and use simple fixed values. We assume
the LNGS muon flux upon the surface of the half-sphere of initial muon simulation
locations (Fig 2.10). The exposure time spanned by the real data-sets we intend to
use in the analysis [3612, 3613, 3614, 3615], is approximately 188 days, or half of a
year.

We call the probability for a single given muon starting on the half-sphere to
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produce a detectable muon in CUORE a hit-probability. From the many muons we
start upon the half-sphere, only a small percentage actually hit CUORE and deposit
a meaningful level of observable energy (greater than 500keV). From the many muon
simulations initialized upon the half-sphere, we calculate a find a hit probability of
0.0063851. Any given muon started within a muon simulation, has about a 0.63%
chance to deposit more than 500 keV in more than ten crystals within the CUORE
detector.

To calculate the effective area, we need to use information given from the initial
half-sphere. The half-sphere has a radius of 5 meters, and has total surface area of
157m?. The half-sphere is down-shifted by 1.5 meters, such that the bottom portion
is below the location of the internal CUORE crystals. Of the simulated muons which
actually hit CUORE, all of them were initialized above the 1.5m height. The surface
area of the portion of the half-sphere above crystal-height is approximately 71.44m?,
and we use this value as the effective area.

Using the above values for exposure time, LNGS muon flux rate, effective area,
and hit probability, we expect CUORE to observe 2537 muons. We also note that the
corresponding the number of muons we would expect from nature to go through that
half-sphere to be 397,338 muons given the MACRO muon flux, effective area, and
exposure time. We can then approximate a Gaussian prior probability distribution
for Aprg to be that number (2537). We assume that the random variable is truly
Poisson distributed, and reduces to the Gaussian limit where the standard deviation
is equal to the square root of the mean. For a more careful treatment of the expected

count calculation, issues, and possible future improvements see Appendix A.
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CHAPTER 3

SELECTING SINGLE EVENT FEATURES

X Y Z Energy (keV)

103 176.5 -722.8 2549.34
103 1175 -490.8 510.99

191 176.5 -606.8 3638.59
191 176.5 -548.8 10000.0
191 176.5 -490.8 10000.0
191 176.5 -432.8 10000.0
176.5 264.5 -490.8 1704.67

Table 3.1 Example Single Muon Event Dataset

The resulting data from an event simulation is a list of crystal locations and corre-
sponding energy deposited amounts (Table 3.1). The information in its raw format
is not sufficient for a machine learning algorithm. We need to reduce each simulation
of a single event into a few numbers that can be compared with different simulations.
Such comparable numbers are called a "features'.

In this section we define a Dataset as a tabular set of data ? with any number
of rows and columns. Each row represents a single object that we are to observe, and
each column represents a different observable property (Example shown in Table 3.1).
We will be using consistent notation referring to the same dataset 7, and designing
different ways to map the entire dataset into a single number called a "feature'.

The best features we can choose are those that can be used to distinguish between
different kinds of events. We determined a list of features which can be used to
classify muons and ppp-decays manually (human inferred features). Automatically

determining features is an active area of research in computer science at the time of
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writing this. New algorithms are being built to determine features as part of a larger
field of "interpretable AI" research. We relegate algorithmically determining useful
features that describe muons and ppp-decays as a body of future work.

The single event features we are considering include: Total Energy, standard
deviation of crystal energies for a single event, number of crystals hit (Multiplicity),
geometry of the hit crystals represented as "Principal Components’, energy weighted
principle components, and the number of saturated crystals within a single event.
We will describe each of the features in detail in this section. The features can then

later be used by a machine learning classification algorithm (Sec 6).

3.1 FEATURES: ToTAL ENERGY & MULTIPLICITY

The total energy of a given event is simply the sum of the measured energies within

each crystal.

Efeature,tot = Sum(?energy,column) (31)

The multiplicity of an event is the number of total crystals which have energy
deposited within the detector. In our case, the number of such crystals is represented

within the dataset as it’s length.

Mfeature,multiplicity = length(?) (32)

3.2 FEATURE: SATURATED CRYSTAL COUNT

Due to current limitations of bolo-metric signal processing techniques, CUORE only
has accurate energy resolution for energy regions of E < 10 MeV. The example event
shown in Table 3.1 has rows which illustrate the limitation. For the example event,

there are exactly 3 saturated crystals.
Sfeature = Count(?iﬂnemy >=10MeV) (3.3)
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3.3 FEATURE: PRINCIPLE COMPONENTS

The technique of principle components is general, and used widely throughout ma-
chine learning (6). Because we are specifically only using principle components for
defining a feature of a single event, we choose to place the section here. Additionally,
because we will use the details of the calculation to define our own new feature in
this section, we go into more detail for its calculation than we would otherwise.

Here we outline the mathematics for obtaining the principle components of dataset.
In our case we are interested in applying principle components to a list of crystals
that have energy deposited within them for a single event.

For our case we want to model the single event as some kind of "blob" of energy.
First we need to separate out the spatial position [X,Y,Z] and model it. We can find a
covariance matrix () of only the position columns of the dataset )?pz . The elements
of a covariance matrix (3; ;) are the covariance (Cov) between two columns (i, j) of

the positions, divided by the degrees of freedom Dg,s of the dataset.

Dor = length(m) —1

Y= C’ov(m)/Ddof (3.4)
¥i; = Cov(X;, X;)/Daos
There exists a computationally efficient trick for calculating the covariance matrix.
One can re-center the dataset about a mean of zero by subtracting off the true position
mean [ix pos = mecm(?pos), then multiplying the centered dataset by transposed
copy of itself, before dividing by the number of degrees of freedom.
11X pos = [Xavgs Yavg Zavg)

AN

Xpos,ceni = Xposi — KX ,pos (35)
> 1
os,cenﬁof

\
7
T
Y = Xposcen Xp

After we have the covariance matrix, we will use the information within it to
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describe the shape of the dataset. It is helpful to look at the eigen-vectors ), and

corresponding eigen-values \; of the covariance matrix ().

Uk = MU (3.6)

The eigen vectors and eigen values of the covariance matrix can be interpreted as
representations the axis of a triaxial ellipsoid. The vectors represent the direction of

the axis, and the eigen values represent the magnitudes of the axes.

Principle Components

X Y 7z Energy (KeV)

103 1765 -722.8 2549.34
103 1175 -190.8 510.99
191 1765 -606.8 3638.59 —
191 176.5 -H48.8  10000.0
191 1765 -190.8  10000.0

197 176.5 -132.8  10000.0 -
176.5 2645 -490.8 1704.67 -

amaz ¥

‘PCl:

PC2

—

PC3

Figure 3.1  An illustration of principle components and their interpretation for a
single muon event. Each event has a data table, which can be viewed as a scatter
plot of energies in 3D space. Then the scatter plot’s positions can be modeled as a
3D multivariate Gaussian. The Gaussian can be interpreted as an ellipsoid that has
describing axes. The principle component vectors and values describe those axes.

In our case we chose not to be concerned with direction, and only with shape.
Mathematically we are choosing to be agnostic to arbitrary rotations of energy de-
posits, but we are not agnostic to difference in relationship between axes of energy de-
posits. As a final step we take the ratio between the principle component eigen-values

as a metric for "track-like". One can quickly see that if the longest axis describing the

31



energy deposits is much longer than the other two axes, we have an even that is more
track-like. Alternatively if we have an event where all three principle component axes
are the same length, we have an event that is much more spherical or "blob-like".
We can define an importance of each axis of the ellipsoid approximation. We
can define the importance by the magnitude of each eigen-value of the principle
component. Previously we defined the eigen values A\, of the covariance matrix X
(Eqn 3.6). Now we sort and re-label the eigen-values, according to their magnitude

with a numerical index.

X = sorted[Aq, Az, As]

M =M ax(?)
_ (3.7)
Ao = Middle( \)
s = Min(X)
Thus we define the principle component importance values (PC}) below:
ﬁ
A
PC, = 7?:1 y
%
Ao
POy = 22 (3.8)
i—1 i
_>
As
PCg - 7?:1 )\Z
Note that the PC}’s are normalized and sum to 1:
1= PCy + PCy + PC4 (3.9)

There are a few consequences of scaling the components such that they add up to
one. We need not use the third principle component value because it is informationally
redundant to the first two values. So the spatial principle components we use as
features are PC and PCy as shown in Eqn 3.8. We are also discarding information

regarding absolute size of the ellipsoidal energy deposit. A small number of crystals
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may provide the same spatial information as a large number over a larger volume.
These properties should not hinder our ability to perform classification between muon
tracks and triple proton decay.

Additionally, we have also disregarded the energy deposited within the crystals.
Thus far, we have treated each crystal as a boolean value. Either there is energy
within a crystal, or there is none. We will modify our principle components algorithm
to make use of the energy information in conjunction with the spatial information in

the next section (Sec 3.4).

3.4 FEATURE: PRINCIPLE COMPONENTS - ENERGY WEIGHTED

We can design a new principle component metric which takes into account the energy
as well as position. Here we will denote the technique as weighed principle compo-
nents. Previously we calculated the covariance matrix by centering the data about
the mean (Eqn 3.5). Now we have to center the data about a weighted mean. First
we can normalize the weights by making sure they add up to one. Then we construct

the weighted centered dataset.

— ; ;
W = Energies/Avg(Energies)

1 R
M X pos,weight = m Z I/V'L')(pos,i (310)

7
Xpos,ceni - Xposi — HUX pos

Next we need to use the weighting information within the covariance matrix. We
want to weight each value of the matrix by the relative weight of the element. It is
then convenient to use the same algebraic technique as before in Eqn: 3.5 but this
time add in a diagonal version of the weights applied to each row of the dataset:

> - — 1

Eweighted - Xpos,cenT(]l . W>Xpos,cenT (311)
dof
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We can now use the weighted covariance matrix Xeignted to get weighted principle
components PCY,, PCs,. The remaining calculation steps are entirely redundant
to those in the previous section, and thus are omitted. However, for completeness
and reproducability, a python code snippet is included that performs each step of
weighted principle components. We use the well accepted standard "numpy" package
as a dependency for linear algebra operations as well as efficient eigen-vector and

eigen-value calculations.

import numpy as np

W = Energies / np.mean(Energies)

DOF = len (W)

WeightedMean = np.sum(Xsnp.atleast 2d (W).T, axis=0)/DOF
X cen = X — WeightedMean

Cov_w = np.dot (X _cen.T, np.dot(np.diag(W),X cen))/(DOF-1)

PC_vals, PC_vecs = np.linalg.eig(Cov_w)

3.5 VISUALIZATIONS OF MANY FEATURES

After turning each single event into a set of features, it is useful to be able to visualize
them. In our work we present two similar methods of visualization. We have a
standard scatter plot, of which the highest number of dimensions is 3 (Fig 3.2).
We also have a standard corner plot, which can be used to less precisely view higher
numbers of dimensions (Figures 3.4, 3.3). The visualizations themselves are not relied
upon in our analysis, so any further discussion of them is limited to the figures.

In the next section we will present algorithms used to classify the different event
types. First we must visualize an event as a dot living in within a multidimensional
feature space, where each dimension corresponds to a single feature that we calculate
with regard to the event. The task of classification amounts to creating partitions in

that N-dimensional (N — D) feature space that can separate different different kinds of
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dots represented with different colors. While the visualization images are not relied
upon mathematically, they are useful sanity checks for any choice of classification
algorithm. If the the different event types are not visually separable in some way, we
cannot possibly hope to separate them mathematically or algorithmically. By eye,
we can see that the features we have chosen have a good tendency to separate out
the different kinds of events, so our ability to classify them should be much better
than guessing randomly. Thus our final result should be a strong improvement from

the counting statistics technique (Sec 7.3), when progressing to the classification and

counting technique (Sec 8 ).
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Figure 3.2  Scatter plot of triple proton decay (blue) and Muons (red) single events.
Single events are shown in Feature Space.

Each dot represents a single event,
and each axis is a single feature.

Each feature approximates all the information
about a single event compressed into a single numeric value. For this figure we chose
only 3 features for visualization purposes. Our analysis includes additional features
corresponding to additional axes in feature space (Figures 3.4, 3.3).
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CHAPTER 4

EXTRACTING REAL DATA

The CUORE detector is constantly recording information into a complicated database.
Extracting the data is a prerequisite to performing any high level analysis. In this
section we will describe how CUORE stores it’s data at a high level, and how we are
extracting the real data from the CUORE database. We review the different data
types and storage locations within CUORE. We will explain the way that we group
single crystal events together. We show various problems encountered with data ex-
traction. We will explain cleaning procedures that we have introduced to deal with

the problems.

4.1 DATA STORAGE FORMAT

CUORE uses "ROOT" to store the bulk of it’s data. The "Rapid Object-Oriented
Technology" (ROOT) framework was founded by Rene Brun in 1995, which couples
together a data file format and a computer-language [26, 27]. The file format is
denoted with the ".root" extension. ROOT files are designed to be an efficient storage
format for large tables of numbers. The ROOT language is built upon C++, and
designed to be able to quickly read the ROOT files to perform some rudimentary
analysis and charting/graphing with a few lines of code. At time of writing this
thesis, ROOT file storage is standard practice for very large physics data-sets. ROOT
is currently used by the Large Hadron Collider to store petabytes of data tables
at CERN, which is where the ROOT framework was originally developed. While

obviously not as large as the LHC data, CUORE’s raw voltage database is on the
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order of 10’s of terabytes in size after relying upon highly optimized ROOT file
compression techniques.

CUORE event data in it’s most raw format is a list of voltages as a function
of time. FEach of the 988 crystals within CUORE has its own voltage time series
updated every few milliseconds. There exists a logging software which has to store
raw voltage time series data to files. CUORE has decided upon the architecture that
the logging software is manually stopped then restarted by a human approximately
every 24 hours. While the logging software is not running, no voltage information is
being stored in the database. Each approximately 24 hour software logging period is
denoted by CUORE as a single "run". Each crystal is given a unique number, and
each run is given a unique number in the database. For each combination of crystal
number and run number, 24 hours worth of raw voltages are stored in a single file in
ROOQOT file format. Many such ROOT files make up CUORE’s raw voltage database.

While the voltage time series data is complete for energy depositing events, it
is large and unwieldy for general analysis. Simultaneous to logging the voltage time
series data, there exists a separate software which is constantly monitoring the voltage
for energy deposits in real-time. CUORE has named time series monitoring code
"Diana". Energy deposit events in CUORE are commonly referred to as "pulses"
in CUORE literature. A pulse exhibits a steep voltage ascent as the corresponding
crystal temperature rises, followed by a gradual voltage descent as the crystal cools
back down to the steady state temperature of 15mk of CUORE’s inner cryogenic
chamber [22]. The Diana software constantly searches for energy deposit pulses in
real-time as CUORE is logging data. When a pulse is detected, it is analyzed, then
deducted analysis parameters are logged in a separate set of root files unique to the
run number.

CUORE also has various cryogenic-related sensors (slow-monitor) data time series,

which are kept separate from the raw voltage data. The slow-monitor data is stored
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in a separate ROOT file database, and the the software for monitoring them is kept
running constantly. Slow monitor logging is intended to be kept independent of
voltage logging "runs". Slow monitor data includes: temperatures of various places
within the detector, seismometer readings, coolant tube flow rates, and pulsing flow
rate phases between different tubes. The collaboration has a person on shift watching
these cryogenic related measurements at all times, as a catastrophic failure could
result in serious damage to the detector.

Finally at the highest level CUORE has two web-services called "CORC" and "elog"
used by a person with the duty of "remote detector operations shifter'. The web-
services connect to the the raw voltage database, as well as the cryogenic database,
they do various real-time signal processing useful for human visualization, and stores
valuable human input about the quality of the data. Different complicated moving
averages are taken over the raw voltage time series, other circuitry information (like
pulses for calibration), and the slow monitor data. These moving averages are stored
in yet another much smaller more easily accessible database, and allow for the web-
services to query them. The humans monitoring the cryogenic system and checking
the quality of the run data do so through CORC, and manually input time intervals
we consider to be "bad intervals' where the quality of data is poor for one reason
or another. One common reason that a human would mark a bad interval in the
CUORE data is a nearby earthquake, which often shifts the baseline voltage upwards
in all the crystals simultaneously. These bad intervals are stored, and subsequently

connected to each detected pulse in the database.

4.2 PuULsE ENERGY & TIME ESTIMATION

When the start to a pulse is detected, an energy calculation is done. A window of
time (usually 10 seconds - 3 before pulse start, and 7s after pulse start) is analyzed to

calculate energy deposited. The data for that pulse window is recorded as a detected
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time, and energy. From a pulse, the energy is estimated using the height of the
voltage peak, and the time is estimated using time of the voltage peak. Using the
pulse shape analysis software, a separate smaller database is kept with only a list
of event energies, and times, for each run. Each Dianna-detected pulse is given an
unique ID.

For our analysis we will be restricting our energy range from 500keV to 10 MeV.
For high energy events which deposit more than 10MeV, the software has a tendency
to under estimate the amount of energy deposited, and it will potentially suggest
a delayed event time. High energy events will saturate the crystal, and reach a
peak voltage. Saturated events start with a quickly rising voltage, followed by an
almost constant plateau at peak voltage, followed many seconds later with a gradual
descent towards equilibrium again. Mapping the peak voltage height to an energy
in a saturated crystal will then underestimate the energy deposited. Mapping the
time of the event to the max of the peak will effectively choose a random time during
the plateau. The peak of an expected pulse shape is effectively "decapitated", and of
future interest for the CUORE collaboration is to "re-capitate' high energy events,

in order to estimate an energy.

4.3 GROUPING MANY CRYSTALS INTO A SINGLE EVENT

From having a list of pulses at various times, we need a procedure to determine if
multiple crystals should be grouped together into a single event. We cannot use
existing multi-crystal grouping techingiues used for Ov 33 decay.

For Ovf3 decay analysis an existing grouping algorithm is already in use, and
being further developed to handle cases from multiplicity 2 to 5. CUORE already
has a background model, and associated simulations, where all known sources of
energy deposits are considered against our search for neutrinoless double beta de-

cay. From the CUORE background model simulations we can see that non-muon
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background sources, which produce more than a multiplicity of 5 or more crystals
with energy pulse deposits are rare. For multiplicities of [2,3,4,5] various neighboring
crystal group orientations in Tetris-like shapes are each considered with different en-
ergies and particle-products. Using the Tetris-like neighbor-chain technique quickly
becomes infeasible for grouping methodology, as the multiplicity grows beyond about
5 crystals. For events with multiplicity 5 or greater, the only known source of back-
ground is muons, and our existing grouping techniques do not work.

For our analysis, we are searching for a ppp-decay which may have 10’s or even
100’s of crystals with energy deposits simultaneously. If we impose a minimum search
of multiplicity of 10 or greater, we lose less than 5% ppp-decay signal efficiency ac-
cording to our simulations. We also highly reduce any non-muon background which
has been thoroughly studied by the CUORE collaboration through the existing back-
ground model. To account for the fact that if observed, a triple proton decay would
very likely produce an event in CUORE of multiplicity 10 or greater, we need a simple
way to group many crystals together that fire pulses at similar times.

With the goal of simplicity, we have chosen find events that happen close to-
gether in time, completely ignoring spatial information when grouping them together.
CUORE has a resolution on the order of milliseconds for individual pulses. Physics
events that take place across the entirety of CUORE will take place at most a 10’s
of milliseconds apart. CUORE has a maximum distance between any two crystals
of one meter. The time required for a full ppp-decay chain, or a Muon (which is
relativistic) to traverse the meter entirely will be on the same order as the single
pulse time-resolution of the detector.

We will use a grouping algorithm that aggregates any two pulses as long as they
are less than 20 milliseconds (ms) apart. To be explicit in illustration let us assume
we had a multiplicity 100 event. Our grouping algorithm would allow for us to

group a 100 crystal event together, if each crystal had a pulse 19ms one after the
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next for a maximum duration of 1.9 seconds. In practice however, grouped events
have measured pulse times clustered much more closely about some mean. Using
this grouping algorithm, we can reasonably say it is unlikely for us to fail to include
two crystals which actually happened from the same physics event. We expect to
see approximately one multiplicity 10 or greater Muon per hour, so the odds of
accidentally grouping two separate Muons into one event are very low. It is possible
that our algorithm would group together two spatially uncorrelated multiplicity 5
events together as one multiplicity 10 event, but again that is highly unlikely given

the occurrence rate of multiplicity 5 or greater events in CUORE.

4.4 CHoOSING CUTS

Using knowledge of the existing CUORE data storage infrastructure, and energy es-
timation limitations, we need to determine a set of requirements for which energy
pulse events we wish to look at. We will limit the scope of our analysis to those
which pass a certain set of cuts. Because we rely upon the existing CUORE pulse
shape analysis software and its limitations, it is natural to apply both a low energy
cut and a high energy saturation limit. The low energy cut is applied at 500keV as-
suming non-detection for energies lower than that amount. A high energy saturation
cut is applied at 10MeV assuming that any energy measured to be more than 10MeV
should be rounded down to be 10MeV. We also applied a minimum multiplicity cut
of 10 crystals, knowing that we are potentially throwing away about 5% of our ppp-
decay signal, but significantly reducing contamination from non-Muon background
sources in the data. Additionally we apply some data quality requirements on single
crystal event extraction from the database: 'NoHeaterInWindow’=True 'RejectBad-
Intervals’=True, 'IsSignal’=True, and we insist that the energy value extracted from
the database is not a 'NaN’ value.

CUORE does contain what we denote as ’dead channels’. A ’dead channel’ is
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what we denote any of the 988 CUORE crystals which is not recording data. There
are 4 channels which are permanently dead. Also, at various random times, a small
subset of channels may be flagged by a CUORE shifter as a 'Bad Interval” for one
reason or another. While we reject the data from bad intervals in the extraction of
the real data, we do not account for the same effect in simulations. In this analysis,
the effect of dead channels is assumed to be negligible in the real data as compared
to the simulations with regards to feature calculation, and count rate calculation. To
properly account for the effect in simulations, one would have to assign each simulated
event a random timestamp within the duration that real data was recorded, and then
ignore any simulated energy deposits within the dead channels at the time for that

particular event.

4.5 REAL DATA FEATURES : AN EMERGENT DISCREPANCY

We now have a set of cuts, a multiple crystal grouping method, and a set of features
we can utilize. In lieu of a true bias-free blinded analysis, we planned to use a
small portion of real data to inform our extraction procedure, then scale up to a full
analysis on all the data after our analysis pipeline was built upon the small portion.
CUORE’s data are already broken into data-sets so we originally planned to use the
first finalized dataset which is labeled 3601, and accounts for approximately 30 days
of exposure time. We extracted dataset 3601 and applyed our energy cut from 500keV
to 10MeV and applied the multiplicity cut of 10 or greater.

An unexpected discrepency emerged, and we found that that the real dataset
3601 did not match the Muon simulations, when looking at their features. A features
comparison plot can be seen in Figure 4.1. A few of the feature histograms did
not match between muon simulation and real data. The total energy of a grouped
real event had a tendency to have more low energy events than we expected. The

normalized standard deviation in single crystal energies seemed to be shifted down
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from where we expected (see 3 for description).

Muon Simulations vs Real [3601]
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Figure 4.1  Features corner plot for Real Dataset 3601 (green), compared to Muon
simulations (blue). The diagonal plots are histograms for each feature. The off-
diagonals are each scatter plots corresponding to 2 features. Note the discrep-
ancy between the two left-most features (Total Energy, and Normalized Energy Std-
Deviation).

Intuitively we can see that the emergent discrepancies in Figure 4.1 would not be
fixed with inclusion with ppp-decay spectra (Figs 3.3 3.4). We needed to investigate
the problem more deeply. After discussion within the CUORE physics board, we made
the decision to unblind the rest of the real data as compared to muon simulations
with respect to their features. At this point we still had not used the real data to
perform the rest of our analysis pipeline and obtain half-life result for ppp-decay, but
we needed to see if the feature discrepancy was dataset dependent.

We found that the feature discrepancy was indeed dataset dependent. We looked
closely at the same features plot for each of the 16 datasets published within CUORE:
Datasets 3601 through 3615. Datasets 3601 through 3611 do exhibit a disagreement
between muon simulations and real observations and all have feature plots similar

to Figure 4.1. Datasets 3612 through 3615 do not exhibit a disagreement between
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muon simulations and real observations and all have feature plots similar to Figure
4.2. Tt seems not only is there a dependence upon datasets, but there also exists time
of transition from disagreement, to agreement. The time of transition and start date

for dataset 3612 is: Mar 12, 2020.

Muon Simulations vs Real [3612]
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Figure 4.2  Features corner plot for Real Dataset 3612 (green), compared to Muon
simulations (blue). The diagonal plots are histograms for each feature. The off-
diagonals are each scatter plots corresponding to 2 features. Note there is no dis-
crepancy between the two left-most features (Total Energy, and Normalized Energy
Std-Deviation).

With regard to a search for ppp-decay we will simply use data-sets [3612, 3613,
3614, 3615] to obtain our final result. We chose cuts based on knowledge of previ-
ous CUORE analysis. We chose features manually that could illustrate differences
between high multiplicity events. We viewed the features on dataset 3612, and saw
that the data-set’s features seem to be in agreement with muon simulations. With
regard to a search for ppp-decay the reader can continue to the next section knowing

that we we have achieved sufficient pre-requisites to perform an analysis.
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4.6 INVESTIGATION OF THE MAR 2020 REAL DATA DISCREPANCY

While irrelevant for the search for ppp-decay, here we will begin an investigation
into the discrepancy between high multiplicity CUORE data taken before and after
a transition time of Mar of 2020. The discrepancy may have more broad importance
to the collaboration, and to other physics experiments in LNGS than to the rest of
this thesis.

In March of 2020, the Italian COVID-19 lockdown began. Almost all human ac-
tivity in, and around the Grand Sasso National Laboratory (LNGS) ceased during the
lockdown. It is possible that the transition time and the start of full Italian COVID
lockdown is a coincidence. It is also possible that the timing is not a coincidence, and
other experiments could benefit from studying the difference between their recorded
data during the lock down.

To study the timing, we have developed two initial types of plots which may shed
light on possible human activity data contamination at LNGS for high-multiplicity
CUORE data. One type of plot shows events over time with a histogram of 30
minute bins (Figures 4.3, 4.4, 4.5, 4.6 ). Another type of plot shows the number of
events during each hour of the day (Figures 4.7, 4.8 ). Both kinds of plots show clear
differences in the CUORE data before and after Mar 2020.

Of specific note are the visual differences between dataset 3612, and 3601 on the
time histogram. The number of counts in a random 30 minute bin should observe
some relationship to the Poisson distribution (Appendix B, Sec 5 ). With an expected
count rate of about 1 Muon per hour, we can see that dataset 3601 once observes 60
Muon-like events in a single 30 minute window. One can infer that the likelihood of
this happening is well outside a 5 ¢ bound.

There must be some contamination in data-sets 3601 through 3611, that is not
present in data-sets 3612 through 3615 (while creeping back into one 30 minute bin

of dataset 3615). Given the time-correlation, it is possible that the contamination is
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Figure 4.3  Dataset 3601. [M > 10, 500keV < E < 10MeV| Events are shown as a
histogram of 30 minute bins allowing time to progress along the x-axis.
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Figure 4.4  Dataset 3612. [M > 10, 500keV < E < 10MeV| Events are shown as a
histogram of 30 minute bins allowing time to progress along the x-axis.

due to human activity, which ceased during Covid lockdown. Further investigation
of the issue is required, and is actively being pursued by the CUORE collaboration.

If CUORE finds that human activity was responsible for data contamination be-
fore covid lockdown, and was almost completely avoided during March 2020 covid

lockdown in Italy, we may find that other experiments can use the information to
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Figure 4.5  Events seen by CUORE before Mar 2020 with [M > 10, 500keV < E <

10MeV]. Events are shown as a histogram of 30 minute bins allowing time to progress
along the x-axis.
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Figure 4.6  Events seen by CUORE after Mar 2020 with [M > 10, 500keV < E <

10MeV]. Events are shown as a histogram of 30 minute bins allowing time to progress

along the x-axis.

further clean their data as well, and obtain stronger results on unrelated physics.
There are two known nearby sources of human activity. One source is the road

traffic of cars and trucks driving through the tunnel by the laboratory. Another source
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Figure 4.7  Events seen by CUORE before Mar 2020 with [M > 10, 500keV < E <
10MeV]. Events are shown by hour of the day.
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Figure 4.8  Events seen by CUORE after Mar 2020 with [M > 10, 500keV < E <
10MeV]. Events are shown by hour of the day.

is experiment maintenance related work performed by people inside the laboratory
cave. CUORE personnel are looking into accessing already existing human activity
data sources, as well as potentially creating noise on purpose.

There are some existing data sources which can be used to narrow down the source

of contamination. There exists a road traffic camera dataset for traffic through the
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LNGS highway tunnel. Separately there may exist a foot traffic dataset, with entry
and exit log information for humans performing active work within the lab as a whole,
or nearby detector huts.

An alternative, easier to implement, and more direct approach to finding the
source may be to actively create the noise on purpose. We could commission a
large heavy truck to drive back and forth through the tunnel. We can log the exact
movement over time for the truck, including starting, stopping, accelerating etc. We
can also have people walk into the Grand Sasso Laboratory and simulate various
kinds of manual labor performed by other scientists in the lab.

The CUORE team is beginning an investigation into this time-based high mul-
tiplicity event count rate discrepancy. Both active and passive analysis methods
are being considered. Understanding how non-particle-physics based contamination
might effect the CUORE detector could have an important impact for how data

analysis is performed within underground cryogenic experiments.
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CHAPTER 5

MAXIMUM ENTROPY TO COUNTING STATISTICS

5.1 ENTROPY DEFINITION

First lets introduce the concept of entropy in the context of probability theory, using

precise language:

is some random variable we can measure
x is an instance of measuring the random variable
has a probability density function: p (@)

p i has an entropy

The entropy of a density function is defined as follows:

Entropy [pdf(m)l =— /O:O pdf(x)log(pdf(x))dx (5.2)

(5.1)

The entropy is a functional of a function which returns a single number. One can
choose a distribution which maximizes the entropy, while satisfying any limiting con-
straints. Any constraints placed upon the distribution are considered "information".
An axiom in information theory states that the maximum entropy distribution, is the
best guess we can have at the underlying true distribution without data, and only

starting with constraints. This can be written:

pdf’best(x) = Max lEntropy {pdf(x)H

...subject to any constraints

(5.3)
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The mathematics of maximizing functionals such as entropy is beyond the scope
of this thesis. Of specific interest to the reader may be studying calculus of variations,
and Lagrange multipliers. In practice, there are only a handful of constraints physi-
cists might place upon a distribution and the resulting maximum entropy solutions

can be found in existing literature without requiring novel derivation.

5.2 LAGRANGE MULTIPLIERS

Lagrange multipliers are useful tools if we have an arbitrary function f(z) we need
to maximize subject to a constraint g(x) = ¢. The Lagrangian is then defined as a
new function which includes the original function f as well as the contraint g, and

introduces a new parameter A\, which we call the "lagrange multiplier":

L= f(x) = Mag(g(z) = ©) (5.4)

To find the maximum of f subject to the constraint g, we can instead find he

global maximum of £ by solving the system of equations defined by:

VCE,Alagﬁ - 0 (55)

Which is a system of two equations and two unknowns. In general the Lagrange
multiplier result is always a critical point but not always an extrema. When solving
general problems one has to worry about finding saddle points with the method or
checking boundaries as part of the constraints. The "Karush-Kuhn-Tucker condi-
tions" determine whether or not saddle points and boundaries need to be considered.
Fortunately, in the context of Maximum Entropy, it turns out that one will always

obtain a maximum, and saddle points and boundary points need not be considered.

5.3 ENTROPY DERIVATION OF THE EXPONENTIAL DISTRIBUTION

Here we will derive a density function from a set of constraints using the maximum

entropy principle. We will choose an example which is both simple, and yields a
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result that is useful to us later. We will use Lagrange Multipliers to maximize the
entropy functional.

Let be the random variable of interest, which is constrained to be positive.
Let us also state that the expected value of is known: E[} = A. We can

now ask what is probability density function

g (£) which maximizes the entropy

subject to the constraints? We will show that the result is the negative exponential
distribution ( Eqn B.1 ). The constraint of positivity > 0 can be included by
limiting integration from 0 to co.

The first constraint is that probabilities must add or integrate to unity:

| = /0 ST, (1) (5.6)

The constraint of expectation E [] = )\ can be written in equation form:

A = /OOO dt(t pdf(t)> (5.7)

The thing we want to maximize is the entropy (as seen in Eqn 5.2)

Entropy = — [~ T}, ()iog(T],,, (1) (5.8)

Our Lagrangian can then be defined by starting with entropy and subtracting
additional terms for each constraint, with additional constants defined as Lagrange

multipliers A;:

7= [ T, 0109 (T],, 1)
~ Nago(1— /0 T (1], (@) (5.9)
N O = [ at(t[T], )

From our knowledge of Lagrange multipliers, we know we need to take deriva-
tives and set them equal to zero. However with simplistic Lagrange multipliers we
are supposed to take the gradient and set it equal to zero. Instead of taking the

gradient we can use a trick taken from calculus of variations. We can instead take
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the functional derivative and set it equal to zero. This is only possible because each
term in our defined Lagrangian J contains an integral over our function of interest
p e Choosing to take the functional derivative instead of taking the gradient is

not obvious and is done with knowledge of the calculus of variations.
dJ

AT,y (5.10)
0= ln(pdf) + 1- )\lag,O - )\lag,lt

We can then solve for the form of p i in terms of N\ju50 and Ajgg1:

pdf(t) — el_AlagﬂO_Alag,lt

61_)\lag,0 e_)‘lag,lt

0=

(5.11)

From here we need only to actually solve for the constants )\, ;. To solve for
them, we can use each constraint, which will produce additional equations equal to
the number of unknowns. We start with the first constraint of probabilities integrating
to unity:

(0.9}
1 — / dtel_Alag,Oe_Alag,lt
0

— 61_>\lag,0 /OO dte_)\lag,lt (512)
0

Now we satisfy the second constraint of known expectation:

Ap = / Tt (t el—klawe—klwﬂ
0

= elfAlang/O dt(t e)‘lag'lt) (5.13)

_ 1_)\lag,O
=e
)\lzag,l
Substituting the first constraint equation into the second solves for A:

1

)\lag,l

s (5.14)

Substituting into the first constraint equation solves for the constant out front:

1
elfAlag,o — >\lag,1 — )T (515)
t
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Substituting it into our final form of the density function of p s

(5.16)

We have obtained the negative exponential distribution as expected. We obtained
the distribution using the maximum entropy princple. We chose the probability
density function out of all possible choices, which maximized the entropy, and still
satisfied the constraints we needed to satisfy. Note that this negative exponential
distribution is not just a good choice given the constraints. It is the only best choice
given those constraints. In a very real way, we have proven that using the negative
exponential distribution to model when some future event happens, is not only a

reasonable thing to do, it is the correct thing to do.

5.4 DETECTORS UNDERGROUND: COUNTING EXPERIMENTS

In experimental physics we often have a detector sitting underground or inside a
mountain and we want to model the rate of decay. Let us assume that we have some
collection of n particles which will each decay eventually at times [tg, t1,...t, 1] = 7.
Let us also assume that we have information that the expected amount of time for
a single particle to decay is ;. Lets also assume that the particle will decay in the
future so ¢t > 0.

We just showed that such a set of constraints will result in the negative exponential

distribution as the best possible model for the single particle’s decay time:

Information Constraint : E[t] = A

1
Probability Density : p g (1) = e A
t

Since the events we are observing are independent but share the same underlying

(5.17)

expected E[t] = \; we can easily write the joint probability of observing them all at

the times when we do observe them:
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1 _u 1 1 ,
Prob(See events at times ?Mt) =11 e o= e ne it (5.18)
¢ a

i
Note we could actually use this joint likelihood, substituting in the times we did see
real events, to get a final result. However, it would not be computationally efficient,

or intuitive to do so. Instead, standard practice is to perform counting statistics as

shown in the next subsection.

5.4.1  SINGLE EVENTS TO COUNTING STATISTICS (POISSON)

Instead of modeling a joint distribution for individual events, it is more useful to
count how many events we have seen. We can derive the Poisson distribution to

model such counting with the maximum entropy principle.

Prob(See k events at any times ?|)\t) = Poisson (5.19)

To obtain the Poisson distribution, we can use the negative exponential distri-
bution which we derived earlier. We must define a time window, tsq,¢,teng. There
exist some collection of N particles and each is independently capable of some decay
process that can happen but is very unlikely to actually happen. (N atoms which can
decay).

We want to know: From time 0 to time t.,,4 what is the probability that we observe
k events? If we define our time window to start at zero then t.,,4 is conveniently also
the duration of the time window. We can start by asking what the probability is
that we see the first single atom decay. If we label each atom in the collection as
"atom number i", then the first one has the label: "atom number 1". We know
the first atom’s decay will happen eventually. We also know the first atom’s decay
has a certain probability of occurring during the time window of interest. What is
that probability? We can calculate it using the negative exponential distribution we

derived previously:
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ten 1 I
Prob(See single event, in window) = / ’ dti/\—e Alz
0 t

— 1 _ etend/At (520)

ti

=P,
We could also ask: What is the probability we see both atom number 1 and atom

number 27 (within the allowed time window)

Prob(See single event, and event, in window) = P, P, = (P;)? (5.21)

We know that the atoms are identical and independent. Thus within the time
window the probability of seeing any single atom decay is equal to that of any other
atom. What is the probability we see any k events given that there were N to start
with? We can use the binomial distribution with successes and failures. Each event
has probability of success P;. Each event has probability of failure 1 — P;. Using the

binomial distribution we can find the odds of seeing exactly k successes:

n

Prob(k,n,p=P;) = (k‘

)Pf(l _py (522

Note the expected count A.,u.: is equal to the number of total atoms n times the
probability of a single atom decaying P;. We could prove this by careful calculation
using the definition of expectation over the discrete probability mass function defined
by the binomial distribution above. Instead we will state the intuitive relationship

between Aqgun: and A;.

)\count = )\c = an
(5.23)
Acount = n<1 - etend/At)

5.5 COUNTING STATISTICS: APPROXIMATIONS FOR COMPUTATION

With the binomial distribution we have a probabilistic counting model which is cor-

rect. However, calculating factorials of large numbers is not computationally feasible.
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We need tricks to reduce the computational cost but still get a good approximation
to the true binomial result. In the limit of large n the binomial distribution be-
comes Poisson, and in the limit of small p the Poisson becomes Gaussian. These two
derivations are included for reference in section E.

First lets use the Poisson limit. The limit is that n — oo, p — 0 and np —
Acount Which is a constant. The Poisson limit can also be interpreted as assuming
replacement of any atoms that decayed.

Essentially as the number of events which can happen (n), goes to infinity, then the
Poisson distribution becomes valid and any events that do happen do not significantly

reduce the pile of atoms we started with.

Prob(k,n = BIG,p = SMALL) = Binomial(k,n, p)

= () Pra—py
<’“> (5.24)

~ Poisson(k, Acount = 1p)
B )\Ige*)‘c
R
Next let us use the Gaussian limit. The limit is that n — oo and M.t is large.

The resulting Gaussian has jt & Aeount and 0 =~ v/Acoune. The Gaussian limit can
be interpreted as a Poisson distribution for the case where the mean is well above
zero. The Poisson becomes particularly non-Gaussian in the limit that the number of
expected events is very low (A. < 20). As the mean shifts upwards, and the probability
of Gaussian negative events becomes almost zero, the approximation becomes very
good. In practice we can use a Gaussian approximation in the limit that A.u.: is

greater than 100.
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Prob(k,n = BIG, p = SMALL) ~ Poisson(k, Acount = np)

B Neg=he
R

~ Gaussian(k, p = np,o = \/np)

L ()
- \/271’71]96 e

(5.25)

We have made statements about what regions where the above approximations
are "good" but we have not made quantitative claims to support the "goodness'.
Proving convergence and accepted tolerance on the convergence is a level of extra
work that could be done. However, we can temper our fears about the closeness of
approximation by knowing that the error rate on our counting, and mistakes made
when performing classification in later sections, will far outweigh any small error on
the approximation of the binomial distributing from using a Poisson or Gaussian
distribution. Thus making precise statements on how "big" or "small" parameters

lead to "good" quantitative results is unnecessary.

5.5.1 CONCRETE EXAMPLES OF BINOMIAL APPROXIMATIONS

Assume there is a detector which only has 100 atoms inside. Let us decide to count the
number of times within a 1-year window, that atoms decay. We know the probably of
any particular atom decaying within the time window is P;. It turns out we observe
exactly 2 decays. Thus k = 2,n = 100, p = P;. What is the probability of such an

experiment occurring?

Prob(k =2,n =100,p = P;) = Poissonpar(Acount = nP;, k)

_ -
(1003)267(1003‘)
B 2l
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Now let us do an example where the Gaussian approximation is valid. Let n = 107
and k£ = 100 and in advance we know know the probably of a single atom decaying
within the time window. We also know that the expected number of observed events
is knowing A.oune = nP;. What is the probability of observing those 100 events in

terms of P; ?

Prob(k =100,n = 10°, p = P,) = Poissonyg(Acount = 1P, k)
~ GGUSSianpdf (33 =k= 1007 H = )\counta 02 = )\count)

= Gaussianyg (k = 100, u = nP;, 0> = nP)

2
1 _1 (m>
= —e 2 \/>‘count
27T)\count

1 71(100—10713-)
RV
= — € T
V2m107 P,
(5.27)

5.6 SUMMARY OF RELATIONSHIPS BETWEEN EXPECTATIONS

In this section we will try to bring a few different distributions and their expectations
together. In addition to the expected lifetime of a single particle )\;, and the expected
total count within a time window A.oun, it is also common to consider the decay rate
Adecay, and the half-life A\q¢. Because all these concepts are defined by a single decay
process in nature, we can view each of these quantities as different versions of the
same information. Here we will provide relationships between all the \’s of interest.

First, lets use the information we have in order to represent the expected number
of particles remaining as a function of the half-life. If there were no statistical fluctua-
tions involved, and we could have fractional particles, we could represent the number
of remaining particles as a renormalized multiple of the exponential decay probability
distribution. We need to make a new copy of it so that there are 1 particles at time

t = 0 and zero particles at time ¢ — oo. Such a renormalization is easy and can be
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done by multiplying the negative exponential distributions by the expected lifetime
A¢. Finally we need to multiply by the number of total particles in the ensemble,

because we have more than a single particle.

‘ (5.28)

For practical purposes, it is convenient to define a half-life such that the number
of expected remaining atoms that exist at the time of half-life will be exactly N/2.
Using the definition of half-life we can reformulate the same number of time function
in terms of half-life:

_In(2)

n(t) = ne *hals (5.29)

From knowing the total number of particles we have as a function of time, we
can also find the rate of change of the number of particles over time by taking the
derivative of the function. For very long half-life’s, the rate of change over the time
window barely changes, so we can denote the derivative as a constant at the time

t= 0, with Adecay-

OZL = rate of change of the ensemble
dn 1 —%t
— = -—n—e
7 » (5.30)
dn 1
>\deca = 7 =N
Yoot t=0 At

Finally we can put all the information together to relate all the \’'s. We need to
use the relationship between the negative exponential distribution and the Poisson
distribution (Eqn: 5.20). We need to use definition of half-life and the formulation of
the negative exponential distribution. And we need to use the rate of change function.

The relationships between all the non-time \’s can be seen in three separate functions

of N\
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)‘count = ’I’L(l - etmd/At) (531)

1
)\decay = _n)Tt (532)
)\half = )\t/ln(2) (533)

However, in practice for our analysis we want a convenient relationship between
the half-life A4 and the total observation count Acoun:. We are measuring counts,
and we want to obtain a half-life. Therefore we need to represent the half-life as a

function of counting. We can start by substituting Eqn 5.33 into Eqn 5.31.

>\count = n(l — e_te"dln(z)/khalf) (534)

We need to solve the equation for A4 in a few algebraic steps:

M _ 1 — _e_tendln(Q)/Ahalf
n
ln(l — )\coum/n) = —tendln(2)/)\half (535)
\ o —tendln(Q)
" (1 = Aeownt /1)

Here lies a hidden final step. 1 — A.punt/n is very close to one for large n. Compu-
tation of the log of a number very close to one, will lead to rounding errors. In order
to handle the rounding error in the conversion between Acoyn: and Apqp we will use
the first tool in the physicists toolbox, and try a Taylor-Series. In this case it turns
out that a taylor series exactly solves the problem. We will approximate in(1+ ) as

a Taylor-Series:

In(l+r)~z—2>+2°.. V |z[<<1 (5.36)
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Letting & = —Acount/n then our expression for A\yq ¢ becomes:

~tenaln(2)  tepaln(2)n
_)\count/n) )\count

Ahalf = (5.37)

5.7 USAGE OF THE MAXIMUM ENTROPY DERIVATION

We started with a maximized entropy result derived from constraints to obtain the
negative exponential distribution for the decay time of a single particle. We used
the combination of such a negative exponential distributions to derive the Binomial
distribution. Then we showed that the binomial distribution becomes either a Poisson
distribution or Gaussian distribution in the large number limit. Finally we showed
that the expected count within a window can be transformed into a half-life.

We have shown that that using a Poisson distribution to calculating half-life is
the best possible model under the condition that the only information available is
the expected value of decay time. The derivation will be useful when finding a final
likelihood for a counting analysis which includes classification in the later section (sec

8).
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CHAPTER 6

CLASSIFICATION, AND OTHER REQUIRED CONCEPTS

Here we will start with an introduction to artificial intelligence (AI), and where
supervised classification fits into the big picture of AI. Then we will explain some
basic algorithms that can perform supervised classification. Finally we will discuss
how to assess the performance of the classification algorithm, so that we can use it
in practice in the next section (sec 8).

Here we broadly define artificial intelligence or "machine learning" as tools that
attempt to solve computation problems that require some generalization beyond sim-
ple "if-then" statements. Machine Learning is subdivided into "instructive-learning"
and "evaluative-learning" (also known as reinforcement learning). Instructive learning
reduces to having the computer build functions on the fly which map known input
to some output. Evaluative learning instead has the computer attempt actions with
a trial and error mindset to learn an environment and obtain rewards. Evaluative
learning is designed for the computer to handle situations with completely unknown
input data, and is a highly active area of new research. Instructive learning is decades
old originally, but is only recently (in the last 10 years) becoming popular among the
physics community for performing data analysis because of its ease of use, and in-
creased performance. Supervised classification, lies within the "Instructive" learning
paradigm, and will be the limited focus of this work.

Classification tools start with a list of items and have the goal to decide which
items are similar enough to belong together in a collection. Here we provide short

summaries of both Supervised and Unsupervised classification, however our re-
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search is entirely focused on using previously built supervised learning techniques.

Supervised Classification takes a list of predefined sets, and a list of items
already classified, and uses that information to train the classifier. The classifier can
then be tested against another set of items with known sets for accuracy. When
testing the success rate of a classifier, it is very important to separate data into
training validation, and testing datasets (Sec 6.4).

Unsupervised Classification takes a list of items, and decides upon sets to
place them within, in a completely automated fashion. An unsupervised system
determines which sets should exist, and how many there should be. Instead of only
testing accuracy, one also needs to incorporate information about how many sets
should exist compared to how many were created by the algorithm. In our work we

will not make use of unsupervised learning.

6.1 ALGORITHM: SUPPORT-VECTOR MACHINES

Support-vector machines (SVM) is perhaps one of the earliest, and also most intuitive
ways of performing supervised classification. SVM performs supervised classification
from data that contains features from exactly two collections. In basic terms, SVM
draws an optimal line of separation between two sets of dots on a scatter plot. The
line, in its most simple form, must also be a mathematical line. y = max+0b. Therefore
in the case of linear SVM with 2 sets(or "classes"), and in 2 dimensions, the entirety
of support-vector machines reduces to optimizing m and b that best classifies between
two sets of known dots. An illustration is shown with green and blue dots in Figure
6.1.

To calculate the optimal hyperplane for two collections of points that lie in N-D
space we need to optimize the location of the line to best widen a boundary between
the two collections of points (Eqn 6.1). z; is a single point within the dataset of

interest, w is a normal vector to the hyperplane, and b is a constant. The hyperplane
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Figure 6.1  Linear Support Vector Machines (SVM) Example Image. This figure’s
content is toy-data intended to be an abstract illustration. However, for concreteness,
the reader may imagine that the blue, and red dots on this figure represent muons
and ppp-decay simulations respectively. Here the reader may visualize that only
two dimensions are shown (x,y), corresponding to only two features of events in the
CUORE detector. If our simulations produced feature values seen on this scatter
plot, a line of best separation wx — b = 0 and it’s parameters w and b would be
deduced by the SVM algorithm. The SVM algorithm would then suggest, that any
event with features creating a point on the scatter plot above the green-line should be
classified as muons, and any event with features below the red-line should be classified
as ppp-decays.

Tz —b = 0. y; is the Boolean choice assigned to each point

satisfies the equation w
in space which in the case of SVM is either 0 or 1, and Agessifier > 0 is an extra
parameter that defines the penalty for points which lie upon the wrong side of the

hyper-plane.

1
/\classifieerH2 + 5 Zmax(07 11— yl<waZ - b)) (61)

i=1

Although ultimatetly not used for our analysis, an extension of support vector

machines exists which produces non-linear manifolds of separation.
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6.2 ALGORITHM: DECISION TREE AND RANDOM FOREST

Decision trees are another early adoption method for obtaining supervised classifi-
cation. Unlike support-vector machines explored above, decision trees easily extend
to multiple classes. They are highly intuitive, and are somewhat methodologically
contradictory to the basis of our definition of machine learning, because they can
be exactly defined by a set of "if-then" statements to obtain a result. Because of
their simplicity, they are computationally efficient, and can be presented in human
understandable formats. Unfortunately, basic decision trees in practice are not very
effective.

Random forests are the next logical extension to decision trees. Instead of a single
tree, we can create many. Instead of relying upon the conditions for a single tree to
be correct in making a decision, we create many trees with random conditions, then
allow each to vote with a prediction (Fig 6.3). With many trees to draw from, and
the ability to ask each for a prediction we can get much better accuracy on our ability
to classify. There is the drawback however; the more trees that get added, the less
interpretable the final result is for humans who want to understand how the choices
are made.

When calculating our ppp-decay half-life bound, we rely upon a random forest.
We found that the random forest had the best success rates within a reasonable

amount of computation time. See sections 6.6.3 and 6.5 for more details.
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Decision Tree
muons vs ppp-decays

Figure 6.2  Decision Tree Visualization trained and plotted with the 'sklearn"
python library [9]. This decision tree was generated using 100 of each type of sim-
ulation in the CUORE detector. The nodes at the bottom of the tree show when a
final decision is reached. Nodes which are more likely to be muons appear orange,
while nodes that appear more likely to be ppp-decays are blue. This tree is not very
realistic as it was generated with too few simulations. To see a more realistic tree see
the one in Fig 6.4. Note there is a trade-off between performance and readability.
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Random Forest lllustration

Tree 1 Tree 2 Tree n

N
Vote

J

‘ Classification Result ‘

Figure 6.3 Random Forest Visualization. The trees shown in this image are each
to be thought of as instances of the larger fully shown tree in Figures 6.2 6.4. Many
such trees are made independently. After all the trees are constructed, they can be
used to classify an event. Each tree casts a vote upon a single event, and the voting
majority is used to choose the final classification.
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Decision Tree
muons vs ppp-decays

Figure 6.4  Decision Tree Visualization trained and plotted with the 'sklearn"
python library [9]. This is a decision tree taken from a random forest trained upon
10,000 of each type of simulation in the CUORE detector. The nodes at the bottom
of the tree show when a final decision is reached. Nodes which are more likely to be
muons appear orange, while nodes that appear more likely to be ppp-decays are blue.
This tree is more realistic than the one shown in Fig 6.2. Note there is a trade-off
between performance and readability. Our final random forest used to classify muons
vs ppp-decays is 100 different versions of trees which look very similar to this one.
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6.3 ALGORITHM: GENERATIVE CLASSIFIER (DENSITY ESTIMATION)

Suppose that for each class C; we have a known density function f](?) Further
assume that for class Cj it’s points x;; were drawn from it’s density function f;.
What is the probability that some new point z,, came from class C;? We can use
the known density functions f;, and choose whichever class produced the highest
density value for the new point. The process of using density functions for each class
to choose which class a new point lies within is known as Generative Classification.

The choice of class for the new point becomes:

Class(ZTnew) = ArgMax ([ fo(Tnew), f1(Tnew) - fn(Tnew)]) (6.2)

Because generative classification relies entirely on modeling each group of points
as density functions instead of choosing a partition, the entire problem reduces to
estimating a probability density function from a set of known points. We could
simply choose a parametric model out of the box for each set of points such as a
simple Gaussian fit. Choosing simple Gaussians to model each class of points is

known as a Naive Bayes classifier.

fi.NaiveBayes = Gaussian(x, p = mean(7.),o = StdDev(T})) (6.3)

With any generative density estimation model, after defining the model we may
want to define the likelihood of the model. In general the likelihood is defined as
the probability of observing the data which was observed, after assuming the model
was completely correct. For models which are densities themselves, the simplest form
of the likelihood that we can define is a simple product over each datapoint in the

dataset:

Lsimple - ﬂ f(7n) (64)
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6.3.1 KERNEL DENSITY ESTIMATION

While it is possible to choose Gaussian as a density estimate for a set of points, in
practice it is much more practical to have a non-parametric model, which can more
easily bend it’s shape around the points of interest. The simplest non-parametric den-
sity estimation algorithm is known as a "Kernel Density Estimation" [28, 29]. Instead
of modeling the points with a single gaussian, we use a sum of smaller Gaussians.
Each small Gaussian is centered upon a single observed datapoint. A kernel density
estimation has only 1 hyperparameter called the "bandwidth" b, which defines the
width each individual Gaussian centered about each observed point. We can show an
example dataset (Eqn. 6.5), the equation of the kernel density (Eqn. 6.6 ), and the

image of the estimate (Fig. 6.5 ) using a bandwidth of b = 2.5.

Datasetl = [—3,—-2,—.5,5.1, 6] (6.5)
Density Histogram Kernel Density Estimate
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Figure 6.5 Kernel Density Estimation Example This histogram and smooth curve
are both estimates for Datasetl (Eqn 6.5). This particular image shows a hyper
parameter of b ~ 2.5.

frae(x) = Z Gaussian(p = z;,0 = b, x) (6.6)

The standard likelihood function defines the probability of generating a sample

of points which were observed assuming that some density function f(z) was used to
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generate the sample. The likelihood is equal to the product of the probability density

of each point. We can formally write down the likelihood as follows:

Lide simple = HZ Gaussian(p = x,,0 = b, xy) (6.7)
kL n

For the context of training machine learning algorithms, later we will find band-
widths using the likelihood with proper validation techniques (Sec 6.11). While rules
of thumb have been developed for estimating a bandwidth [30, 31], it is illustrative
to calculate bandwidths using iterative optimization methods directly upon a likeli-
hood. We will show that further "tweaks" must be made to the likelihood for fitting

purposes.

6.4 HYPERPARAMETER TRAINING

After choosing a classification algorithm, we have to train it on our data. In general
the algorithm will be a function of the data we give it to train upon, regular param-
eters (W) which vary when training one single time, as well as some additional
hyper-parameters (W) which introduce changes to the overall structure of the
algorithm. To relate the concept to previous reading in this document, examples of
hyper-parameters could be: the standard deviation width o described in the support
vector machines radial basis function, the number of leaves 1465 in a decision tree,
the number of leaves & trees & features per leaf: [njeqpes, Nireess M features) defining a
random forest, and the bandwidth b of the kernel density estimation. These hyper-
parameters will change how a given model performs, and how complex it becomes.
Before we can start training algorithms, we have be able to ask how well the
algorithm is performing. At first glance one might think that we can simply run the
classification algorithm on a large set of training data, make claims about the success
rates and be done. However in practice, one might produce a trained algorithm that

is very good on exactly the data provided to train it, but very bad on new data it
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has not yet seen. Such an issue is known as the "over-fitting" problem. We need to
carefully determine how our algorithm might be over-fitting the data before we can
make claims about the algorithm’s success rates within a larger data analysis.

The over-fitting problem is pervasive through-out machine learning. The entire
point of machine learning is to get a computer to handle a broad set of possibilities of
input data to produce good decisions. How then, do we get the computer to handle

the inputs we know, and also handle new inputs not yet seen?

6.4.1 OVER-FITTING: A KERNEL DENSITY EsTiMATION (KDE) EXAMPLE

A very clear concise example of over-fitting can be illustrated as follows. Suppose one
has N data points x; which lie upon the real number line. Suppose also we wish to
model these points with univariate probability density function f(z). Thus we have
a density estimation problem. Suppose further that we have decided to model
the density of this single set of points, using the Kernel Density Estimation defined
earlier (Eqn 6.6 ).

Before we can train our model, we need a metric to evaluate its performance. One
might naively suggest that a reasonable metric which can be defined, is a standard
mathematical likelihood Lyge simpre function defined previously (Eqn 6.7). It turns
out that using the simple likelihood to evaluate the best choice of parameter b will
yield a terrible solution.

The simple likelihood (Eqn 6.7) will be maximized under the condition that
the bandwidth hyper parameter, b, will approach zero Maz(L) = frae(b — 0).
Mathematically this will reduce our model to a sum of delta functions, each cen-
tered about a different observation, instead of a sum of Gaussians. (Reminder,
lim, 0 Gaussian(u,b,x) = 6(x — p)). A comparison between bandwidth choices
can be seen in figures 6.6 and 6.7.

By using the definition of a likelihood, and finding best fit parameters we have
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arrived at a drastically wrong solution. How could we have optimized our likelihood
model, and come to the conclusion that delta functions are the best choice to model
our data? Intuitively we know that choosing tiny bandwidths (such as b = 0.01) is
wrong and a poor choice of hyperparameter. The problem stems from using the same
data to both create the model f, and to construct the likelihood L. The likelihood
was maximized by training our model to assume that the data we observed, is 100%
probable, and any data we have not yet observed, is almost impossible. Upon further
reflection our model was trained in exactly the way we would expect under such
conditions. In order to avoid such an obvious over-fitting, we need to modify our
objective. Our likelihood function should reflect the probably of seeing some yet
unseen point, instead of assuming the points we have already seen were the only
possibilities. Changing the philosophy used to build the likelihood, will naturally
cause the likelihood to conclude b = 0.001 as a poor choice of hyperparameter and
instead favor a more reasonable bandwidth such as b = 1 for our example.

Kernel Density Estimates

4.0 —— KDE(b=1)

—— KDE(b=.01)

3.5

3.0
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Figure 6.6 Kernel Density Estimation with different Bandwidths. We use Dataset1
(Eqn: 6.5) which is the dataset shown in (Fig 6.5).
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6.4.2 TRAINING, VALIDATION, TESTING: (KDE EXAMPLE CONTINUED)

To avoid the over-fitting problem, a standard technique to quantify how well our
algorithm is performing is to split data into different groups. We can split our full
pool of data into 3 distinct groups: Training, Validation, Testing. The largest portion
of data is used for training. The second largest portion is used to validate our training,
and the third portion is used to quantify performance upon completion.

For our illustrations above the Datasetl (Eqn: 6.5) defined above was so small
that attempting to split the data with training validation and testing would not
leave us enough data to even attempt a kernel density estimation (KDE). There exist
techniques for handling a "small data problem" as well, which we will discuss later in
sec 6.4.3. For now, let us define another dataset which has a few more data points

than (Eqn 6.5) but which was drawn from the same underlying bi-modal distribution.

Dataset2 = [—3,—2.5,—4,—2.7,—=2,—1. — .5,4.,4.5,4.7,5.1,5.5, ] (6.8)

Kernel Density Estimates

—— KDE(b=1)
—— KDE(b=.01)

-6 -4 -2 [} 2

4 6

Figure 6.7 Kernel Density Estimation with different Bandwidths (b=.01, b=1).
We use Dataset2 (Eqn: 6.8), which has data-points shown in black markers near the
X-axis.
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Randomly select 3 datapoints for validation, and 3 for testing, leaving only 6 for

training:

Dataset2yqidation = [—2.7,4.7, 6]
Dataset2esting = [—2, —3, 5.5] (6.9)
Dataset2iygining = [—2.5, —4,—1. — .5,4.,4.5,4.7,5.1]

Our model is then a sum of gaussians only over the training dataset.

ftraining ($> = Z G(IUSS’iCWL(M = Liraining,i; 0 — b7 -CE) (610)
training,t

Our validation likelihood function (the function we need to optimize) is now only
calculated by multiplying over the validation datapoints (instead of all the data-

points):

ﬁvalidation = H f(xja b)

validation,j

= f(=2.7,b)f(4.7,b) £(6,b) (6.11)

max(ﬁvalidation) - *Cvalidation
b=.791

Now we can actually run a simple optimization method on the kernel density
estimate created from dataset 2. Maximizing Lyqidation by varying b (Eqn 6.11) turns
out to yield the best bandwidth from the validation data of b ~ 0.791.

Our final likelihood test result is then calculated using only the test data, and using
the best bandwidth obtained from the training-validation process. By sequestering
a portion of the data from the training process entirely, we know that the model
design has not been influenced by the test data. In the general case of fitting any
model (density estimation, regression, classification), we can "trust' the test likelihood
result, as long as it was not calculated /tainted with data used to construct the model
in the first place. For completeness we calculate the test likelihood, and we can plot

the final trained model with the best bandwidth according to the validation.
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Ltest - H f(l'z, b= 079)
test,i (612)

= f(—2, b= 0.79)f(—3, b= 0.79)f(5.5, b= 0.79)
6.4.3 CROSS VALIDATION: INTRODUCTION

The simplest way to avoid over-fitting is to split data into training, validation, and
testing partitions (sec 6.4.2). However, by splitting the data into such partitions,
we are reducing the potential size of our training data that could have been used to
improve the model. For example in our KDE model, we only had 12 data-points to
start with, and then half were sequestered away to avoid the over-fitting problem,
thus we only had 6 to create the model in the first place. Cross-Validation defines
the set of more sophisticated techniques which are used to prevent over-fitting, while
allowing larger portions of the dataset to be used in the training of the model.

The basic trick to each cross validation algorithm is to run the training, validation
step we ran before, many times with different portions of the data each time. For
example, in our KDE example, what if instead of having predefined training, vali-
dation, testing, data partitions, we lump the training and validation data-sets into
a single partition of 9 data-points. Twofold cross-validation uses half the data to
train, and half to validate, then swaps halves, retrains for both cases, and takes the
average of both cases as our score. Leave-one-out validation uses all but one data-
point as training, then validates on the left-out point, and then switches through all
possible points, and again averages at the end. A k-fold validation achieves a balance
between two-fold and leave-one-out validation techniques, by dividing the data into
equal fractions, and isolating one equal part for validation, and repeating each part,
and again averaging the results at the end.

In general one can play many versions of such games with choosing different

subsets for training, and for validation, then taking an average. By performing these
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validation games, we can increase the amount of data we are using to both train, and
to validate, at the cost of extra computation. In general it is advisable to have some
validation at the very least for training hyper-parameters, and at a minimum do the
training/validation/testing split. In practice however, it is most accepted to use some
version of a k-fold validation, which achieves a balance between the maximum use of
data and computational cost.

These validation games are worth playing more carefully, as we enter situations
were the data are more scarce. For example, consider in the highly limiting case of
having only 12 data-points in our KDE example. One could choose to brute force
through every possible choice of training/validation data subsets and remove testing
entirely. The brute force example takes an average over all of the (1]3) Vk < 12
possibilities. Such an extreme approach extracts as much information as possible
from each datapoint, at the cost of more computation operations. We also can feel
justified to avoid wasting data on a test, because we have included every possible test
already within the validation. We could not possibly favor one subset of data over
another, and thus we avoid the over-fitting problem.

The takeaway is that there is a trade-off between ease of execution (computation-
ally and interpretability), and robustness of the cross-validation technique to make
use of all the data. There is no generally accepted best practice, which will work
for any dataset. However, if the size of the available dataset feels large, it is almost
always easiest to form the simplistic data partitions of 50-70% training, and the rest
validation & testing. If the size of the available data is small, one should consider
using some kind of multiple-validation technique that tries many different partitions

and averages over them.
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6.5 ASSESSING CLASSIFICATION PERFORMANCE: CONFUSION MATRIX

The most common way of visualizing the performance of a machine learning classi-
fication algorithm is to use a confusion matrix. After a classification algorithm is
trained upon one dataset, it is tested upon another. The test is to take a set of events
for which we have the true classification, and ask the algorithm to attempt to classify
those same events using only the features of those events. The algorithm’s predic-
tion can then be visually compared against the truth using the confusion matrix. A
confusion matrix is a square matrix with the number of rows and columns equal to
the number of kinds of events that need to be classified. Each possible case of cor-
rect classification and incorrect classification is included within the matrix. Correct
predictions are represented by the counts along the diagonal of the matrix. A perfect
classification algorithm will result in a confusion matrix that contains all zeros off the

diagonal.

Confusion Matrix

800

Muon

600

Predicted Values

400

34
-200

ppp-decay

Muon ppp-decay

True Values

Figure 6.8 Example Simulated Confusion Matrix plotted with Seaborn python pack-
age [10]. The true source is represented by the horizontal axis, and the classification
identification is represented by the vertical axis. Here 34 simulated muons are falsely
identified as ppp-decays (signal), and 961 simulated ppp-decays are correctly iden-
tified as signal. Also 375 events are correctly identified as muons and 38 ppp-decay
events are falsely identified as muons.

Here we provide an example (Fig 6.8) with only 2 sources, for a total of 2 x 2 =4
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possible elements in the matrix. Our confusion matrix shows a false negative and

false positive rate of our signal and background sources.

6.6 CrLassiIFy CUORE SIMULATIONS: PPP-DECAYS VS MUONS

We now have some completed CUORE simulations with associated features, an un-
derstanding of classification techniques, knowledge of using validation to avoid over-

fitting. Here we will put all the pieces together to classify muons vs ppp-decays.

6.6.1 CHOOSING A CLASSIFICATION ALGORITHM

First to choose a classification algorithm, we have to say something about how each
performs. We have taken the approach of attempting a suite of standard tools an
applying all of them to different amounts of test simulation data. Because we use
python for the majority of our data analysis code, and we wish to use an existing
classification algorithm, it was convenient for us to use the package "sklearn" [32].
We use the full list of available sklearn package classification algorithms with default
parameters upon 10,000 ppp-decay muons simulations. We then choose the algorithm

which performs the best. We have chosen to use the random forest algorithm.
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Figure 6.9 Many different available classification algorithms within the "sklearn" python package [9] are run against the
CUORE muon and ppp-decay simulations. Their success rates at classifying both signal and background are shown. The figure
is difficult to interpret but is complete. As more data is used the classification algorithms perform better and better. A separate
validation set of data is isolated from the training data for each training run. We find that a random forest has the highest
success rate, in conjunction with a low statistical variance on the success rate.
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Figure 6.10  Classification success rates of using Sklearn’s linear support vector
machines, and random forests upon CUORE simulations of muons and ppp-decays
[9]. The x-axis is the same as shown in figure 6.9. Both algorithms can differentiate
signal from background better than a coin flip, and both improve as the amount
of simulation data available to train upon is increased. However the random forest
outperforms the support vector machines.

6.6.2 VALIDATING OUR ALGORITHM

In practice we will be using "Random Forests' (sec 6.2). In general a random forest
has the benefit of being easy to visualize, quick to train, and have great performance.
We can see from trying out the default parameters on many different algorithms, we
can see that random forests was one of the best performers. Although not presented
here, from running the training program, it can be shown that training the random
forests was computationally efficient compared to some of the other algorithms ( e.g.
Gaussian process regression was prohibitively slow, and could not even be attempted),
Additionally because the random forest is quick to execute we can attempt different
visualization schemes.

Although we have attempted many algorithms already (Fig 6.9) we have not yet
obtained best possible performance from the algorithm of interest. The support vector

machines algorithm training (Fig 6.10) did not require any hyper-parameters to train,
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so its performance cannot be improved. The random forest algorithm however, has a
few different parameters we can tweak to potentially improve performance upon the
same dataset. Hyper-parameters that define the random forest include: the number
of trees, the depth of each tree, and the number of features to select upon in each node
of the tree. Due to the nature of the data we are using, and the ease of interpretation,
we will limit the number of features per node to be exactly 1. The two remaining

hyper-parameters we can train are number of trees (n_ estimators), and the depth of

each tree (max depth).

Hyperparameter Training Curve
DataTrainingCount =4000

%Correct

I Muons
I PPPdecays

Figure 6.11  Validation hyperparameter investigation for random forests used upon
5000 ppp-decay and muon simulations. There is slight improvement as both the
tree count increases, and as the depth increases, however we find diminishing returns
for increasing parameters beyond their default values of of (n_estimators = 100),
(max__depth=10) on our specific classification problem.

We tried various ranges for random forest depth and tree count, and found that
the performance did not improve much beyond the default parameters, which have

depth of 10, and number of trees to be 100. In Fig 6.11. We decided to use the
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default parameters available in the sklearn machine learning package [32]. Possible
future work for improving the analysis could be to try throwing more computation
power behind larger random forests with millions of trees to see if the performance
improves, or if there is some phase shift where many more simulations are required to
see that having more trees in the random forest provides some kind of step functional

improvement.

6.6.3 TRAINING THE CHOSEN ALGORITHM

We can also see from Figs (6.9, 6.10 ) that although the performance increased as we
get more data, there are diminishing returns to the improvement of the result. After
about 5000 simulations of each type of data, the test results upon the same 1000
separate data-points do not improve much as the count of the number of simulations
is increased to 6000. We can vet our conclusion that the amount of data will not
improve the classification rates by much by further increasing the simulation count.
We can see that increasing the simulation count from 6000 simulations of each kind
of event, to 100,000 of each kind of event only slightly increases the classification
success rates. One could actually fit a curve to the classification success rate curve
as a function of simulation count, and show that obtaining 1 Million of each kind of
simulation will only improve the classification rate by a fraction of a percent. We can
then look at the sensitivity plot (Sec 9, 9.7) and see that such a small improvement of
classification success rate will not actually improve our final result. For these reasons
we feel that training our classifier upon only 100,000 of each kind of simulated event
is sufficient to obtain a strong final half-life bound on a triple proton decay search.
When performing our final analysis we use the random forest trained on the
largest possible training dataset. We classify muons correctly about 85% of the time
and ppp-decays correctly about 88% of the time. We will assume that the standard

deviation on the classification success is negligible to the analysis. In Fig 6.12 one can
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clearly see the standard deviations are less than 1% compared to the success rates in

the mid 80’s.
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Figure 6.12 Classification success rates of using Sklearn’s random forest with default
hyper-parameters (n_estimators = 100), (max_depth=10), upon CUORE qshields
simulations of muons and ppp-decays [9]. The x-axis on this plot is in log-scale
as compared to that shown previously in figure 6.9. One can see that there are
diminishing returns to the value of adding additional simulations to the training
dataset. Beyond having 10,000 of each kind of simulation, there is little improvement.
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Figure 6.13  The confusion matrix of results of training a random forest with 90k
training samples, on a 10k test dataset. We classify muons correctly about 85% of the
time. We classify ppp-decays correctly about 88% of the time. This confusion matrix
was used to produce the last datapoint in Fig 6.12. Figure was produced using the
Seaborn python package [10].
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6.6.4  CLASSIFICATION RESULTS ON REAL DATA

Previously (Fig 6.12) we have chosen, validated, and trained on simulations a random
forest classification algorithm. Now we use the algorithm upon the 2364 events within
the real data-sets [3612, 3613, 3614, 3615]. Our most well trained random forest thinks
it has seen 386 events that look like most like ppp-decays, and 1978 events that look
most like muons. These numbers are in line with an assumption that all the observed
events are actually muons, and the random forest algorithm has mis-classified 386 of
them as triple proton decays.

Real Data Classification on 2364 Events
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Figure 6.14  Results of classifying the 2364 real events from data-sets [3612, 3613,
3614, 3615] with multiplicity greater than 10, in the CUORE detector. Each data-
point on this figure, corresponds to a datapoint on Fig 6.12. Our most well trained
random forest thinks it has seen 386 events that look like most like ppp-decays, and
1978 events that look most like muons.
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CHAPTER 7

Poi1ssoN COUNTING ANALYSIS: NO CLASSIFICATION

7.1 BACKGROUND ALONE

For our analysis we need the probability density function describing the expected
number of counts, in relation to the number observed, only for background material.
We will assume the background density function is Poisson distributed (for reasons
discussed in Sec 5):

Blgpar(Nokgs komg) R ot (7.1)

Additionally, we may want to define a prior for the expected number of back-
ground events A\yi,. We may not be certain the true value of Ay, and wish to express

the uncertainty in a distribution. We will treat A, instead as a random variable,

denoted with a box around it as | Aprg prior|. The full joint likelihood for the observed

background count is then the Poisson distribution multiplied by the density function

of the prior:

Kokg ,—Nor,
Abh g€k

I'(kpkg + 1)

A rior (7.2)
bkg Pl o

Bk gpar (Aokg, kokg) ~

7.1.1 EXAMPLE: DERIVE EXPECTED BACKGROUND COUNT PRIOR

One way one may derive a prior for the expected observed background count Ay,

would be to write it in terms of Apuf, tend, N which are the half-life, the time we
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observe the experiment, and the number of atoms respectively. We can use the

previously shown relationships between X's (derived in sec 5.6).

tenaln(2) N
Abkg
tenaln(2) N
Ahalf

Ahalf
(7.3)
Abkg R

In the example, we assume that time is measured precisely, the effective back-
ground half-life is also known precisely but instead of having a fixed number or atoms
N, we want to allow for the number to be modeled as a random variable. We then

denote the random variable as which has a Gaussian density function.

pdf = Normalyg(pin, 0N, UN) (7.4)

Avokg and N are now random variables instead of regular variables, so we will denote

them now with boxes | Ay ,. The same algebra holds for the relationship between

the random variables for their definitions, but the relationship between their pdf’s is

non-trivial.

Abkg | = M (7.5)

Ahalf

AL (7.6)

pdf © Apaiy

We must carefully determine what | Ay, s given p 4 We can use one of two

different techniques to calculate densities from functions of random variables. We
can use the distribution function technique, or we can use monotonic Jacobean trans-
formation technique. In this particular case our new random variable is a constant
times a Gaussian, and we can look up the answer without re-deriving the general
solution. The density of a constant times a Gaussian, is a new Gaussian with mean

and standard deviation scaled by the constant as follows:
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t ln(2),u t In(2)

Example Ay, prior ‘pdf = N( ON,V)) (7.7)

Ahalf Ahalf

The procedure outlined in the example, can be extended for more general cases.
In our example, we knew the relationship between had uncertainty in the number of

atoms NN which caused uncertainty in Aygg.

7.2 SIGNAL ALONE

Separately, we can calculate an expected signal count. We will assume that the source
of the signal is completely independent from the background. The only information
we have is that the there exists an expected signal count \Ay;,, which could be any
positive number with equal probability. The constraint of positivity is a variant of the
Jeffrey’s Prior. The constraint gives us two pieces of information. First: a Poisson
distribution to model the signal is the best choice (Shown in Sec 5). Second: the prior
on the expected signal count reduces to a uniform distribution from 0 to inf which
only effects normalization at the end of our analysis. Thus the full signal distribution,
is a Poisson distribution (for reasons discussed in Sec 5) with unknown Ay, times a

constant prior that can be ignored:

ksig —\..
)\sig e sig
D(kgy + 1)

ksig —\..
)\sig e 7

" T(kig + 1)

Sigpdf()\sigy ksig) ~ x | No Info Asig

pdf

(7.8)

7.3 DBACKGROUND -+ SIGNAL

We can combine the background and the signal into a combined total count rate.
Here we will introduce the sum of total observations k;,;, and the sum of expected
values A\;;. If we didn’t have any information other than totals, we could model the

full experiment with it’s own Poisson distribution:
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But we also know that signal, background, and total are related as follows:

)\tot = )\sig + )\bkg (7 9)

ktot = ksig + kbkg

And we know we can represent the number of total counts with the joint distri-

bution below:

SigBkgpdf (Asig7 ksiga )\bkgy kbkg) = Sigpdf (Asig7 ksig)Bkgpdf ()\bkga kbkg)

)\k“g efAsig Akbkg efAbkg
=2 by A rior| (A
F(ksig + 1) F(kbkg + 1) bkg P pdf( bkzg)

(7.10)

We know that we saw a total number of events, but we cannot know if they were
signal or background. Our goal is to place a constraint upon the signal observed, so we
wish to marginalize over background. However, we did not observe the background
count, only the total count. In our joint likelihood, we can replace instances of
expected background count Ay, using the relationship between total count and signal
count. Aprg = Aiot — Asig- We arrive at an expression which is only dependent upon

signal, and total count as follows:

ksig — : k. _ )\
)\Sig e )\slg ()\tot — )\Sig)ktoi k:mge (>\t0t >\szg)
[(ksig +1) (Kot — ksig + 1)

SigBkgpdf(Asiga ksiga )\tota ktot) = (

X )\bk’g prior (>\tot - Asig)
pdf
(7.11)

We can now obtain a distribution in Ay, ksig only conditional on ki

Stgpar(Asig) X /k A S1gBkgpar(Asigs ksigs Mtots kror = Known Value) (7.12)

So the final result is a function of 4 variables, with 2 integrals, and 1 substituted

value, thus only 1 free variable remains.
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7.4 SIGNAL WITH EXACT BACKGROUND

Given the special case where Ay, is known exactly, and is no longer a distribution,

we can write down the joint distribution again without the background prior:

k

. )\Sflg 6_>\szq ()\ ot — >\S’L )ktOtikSigef(Atot*)\sig)
S10 Ry P B vt o) = (F(/fg T 1)) ( by — oy £ 1) )
57/9 o sig

(7.13)

And again we can substitute in the values which we do know, and marginalize over
those which we do not. However, because the final form of the equation no longer has
a Gaussian inside, we can actually do the integrals above by hand, instead of using

MCMC. The known values are marked in red below for clarity:

Sigpdf()\sig) X /k: SigBkgpdf()\siga ksz’ga >\tot = )\sig + )\bk,g(KNOW'N)?
sig

ktot kf{)f KNOWN ))

- / S;;g _)‘S'Lg Abkgktot_ksige_/\bk:g
ksig kszg + ) F('Ii‘tot - ksig + 1)
szg —)\S,Lg

el ()

kszg + 1) ktot kszg + 1)

Constant

€_>\sig 1
X / )\ oig /\bA 9
" ) [(ksig +1) ) \T(Fror — ksig + 1)

o / <A8i9>k6Lg<I + 1)I : - + )
=e sig
ksig Abk(] (ksig 1) (ktot ksig 1)

Introduce a temporary variable, ¢, which stores some constants allowing for less

typing. Also define the integral, I, which we want to solve.

()
>\bkg

€_>\3ig[ (715)

Cc

SiGpdr (/\sig)

Ck'sig

I= /
Szg F(kszg + 1)F(k;tot — ksig + 1)
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Reformulating the integration as a discrete sum we can do the following:

1
I = cPsia

]%2 ksig!(ktot - ksig)!
- chmg ]- (kt(1t>
B k o,! ksi

bug O AT (7.16)
_ ]- ckSig <ktm‘>

ktof' k ksig

1

— 5 f' (1 4 C)k'”'

Which leads to a final result:

Sigpar(Asig) = e Mo [
1 .
— 67)\51'9 (1 C)ktot

Ftor!
(1 + Asig ) . (7.17)
k‘tot! )\bkg

1 )\ . ktot
i s1g
S 1+
[(Fkor + 1) ( )\bkg>

For normalization re-introduce the constant removed earlier:

7Asig

=€

1 )\ . kot
Si /\si —Asig 1 sig )\) . Etot ,—(Aokg)
ngdf( 9) xe F(ktot + 1) ( + Abkg) ( ”‘?J) € (718)

Constant

Note that in the Gaussian limit: \;,; is the mean and variance of this distribution.
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CHAPTER 8

Poi1ssoN COUNTING ANALYSIS: WITH CLASSIFICATION

8.1 Po01ssON CLASSIFICATION LIKELIHOOD

We need to transform classification results in the form of a confusion matrix defined
in Section 6.5) into a statement of detection or non-detection for likelihood analysis.
From the matrix we can deduce a false positive and false negative rate for each
potential source of signal. While the technique can be extended to any number of
sources of data, in our case we only have data produced from two independent Poisson

processes with expected count rates Ay, for muons, and Ay, for ppp-decays:

Abkg = muon count rate

(8.1)
Asig = Ppp decay rate

Our two corresponding classification success rates are ps;g good a0d Poig good defined

as follows:

Dsig.good = PrObability of classifying true signal correctly

Dbkg,good = Probability of classifying true background correctly
(8.2)

Dsigbad = 1 — Dsig.good = Probability classify signal incorrectly
Dbkgbad = 1 — Dbkg gooa = Probability classify background incorrectly
We need to include these classification probabilities into the the likelihood. We
need to re-write the previous calculated likelihood allowing our previous ks, and Ky,
to now become random variables. To incorporate the difference between observed

counts, and hidden true counts we need the new variables below:

95



Esigitrue = True signal count in the detector
kpkg true = True background count in the detector

ksig.ops = Observed signal count by attempting to classify
Epig.ops = Observed background count by attempting to classify

To determine the total likelihood, we need to consider the contributions from each
part of the confusion matrix separately. We will consider the cases in separate peices

below:

8.1.1 CONSIDER SIGNAL SEEN AS SIGNAL ONLY:

If we knew the true observed signal we could represent our count probabilities with
a single simple Poisson distribution. Instead each event can be seen as signal or

background. Thus we need to multiply by the binomial distribution.

P()\siga k?sig,tme, k’sz’g,obs) = POiSSOH(/\siga ksig,true)Binom(ksig,obs7 ksig,trueapsig,good)
(8.4)
To isolate the Ay, we need to marginalize over the information we don’t know,
and substitute the information we do know. We do not know the true value of the
number of signal events (kg true), but we do know the number of signal we have
observed (ksigops). We can then marginalize the Poisson times a binomial in Eqn
8.4 over the true number of signal events. The result reduces to a different Poisson

distribution as follows (algebra shown in Appendix D ):

o0

P(Asigp ksig,obs) = Z POiSSOH<)\si97 ksig,true)Binom(ksig,obsa ksig,t?"uea psig,good)

ksig,true:ksig,obs

= POiSSOH(psig,good)\sigy ksig,obs)

(8.5)
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8.1.2 CONSIDER BACKGROUND SEEN AS SIGNAL ONLY:

If we could classify events perfectly the background data source’s contribution to our
signal would obviously be zero. However because we cannot classify perfectly, we
need to calculate an expected count. Fortunately the mathematics used to derive

Eqn 8.5 is the same as the mathematics used to derive Eqn 8.7.

P()\bk’ga kbkg,truea ksig,obs) = POiSSOH()\bkga kbkg,true)Binom(ksig,obsa kbkg,true7pbkg,bad)

(8.6)
[e.e]
P()\bkga ksig,obs) = Z POiSSOH()\bkga kbkg,true)Binom(ksig,obs7 kbkg,tru&pbkg,bad)
kbkg,t'rue:ksig,obs
= POisson(pbkg,bad)\bk:ga ksig,obs)
(8.7)
8.1.3 CONSIDER ALL EVENTS SEEN AS SIGNAL:
We need to add together (Sig seen as sig) + (Bkg seen as signal).
Eobs sig.s & Kobs,sig, B | are random variables
Kobs sig,s | is described by pdf‘ Sig seen as Sig‘ y (8.8)
p
Eobs,sig,s | is described by pdf ‘ Bkg seen as Sig ‘pdf
‘ Sig seen as Sig ‘pdf = Poisson <ps1;g7good)\5igml, kobs’sig>
(8.9)

‘ Bkg seen as Sig ‘pdf = Poisson (pbkg,bad)\bkg, kobs,sig>

The two random variables of interest (| kops,sig.s |, | Kobs,sig,5 || underlying variables in

their respective probability density functions are independent and uncorrelated. Thus
we can do a simple density convolution to add them, which reduces to yet another

poisson distribution:
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Sig Seen Tot i = Convolve ((Sig seen as sig), (Bkg seen as Sig))

(8.10)
= ‘Cjoz'nt = Poisson (psig,good)\signal + pbkg,bad)\bkga kobs,sig)

If we know Ay exactly we can substitute into equation 8.10. Alternatively if
we have extra information about Ay, but do not know it’s exact value then we can
include the information at the end as a prior pdf and integrate over it ( just as in

section 7.3).

Sigpdf<>\sig) - /d)\bkgPOiSSOH (psig,good/\signal + pbkg,bad/\bkga kobs,sig) Bkgpdf()\bkg)
(8.11)

8.2 FIGURE OF MERIT

We can ask how does the final probability density function change as a function of
the classification probabilities? In the limit of large statistics, Poisson distributions
become Gaussian distributions with o = v/A and p = A (See Section E for details).
Our major source of background is muons, which will have large enough statistics for
the large limit to apply. To obtain a simple figure of merit we represent the total

observation count probability density function as a Gaussian instead of a Poisson:

Slg Seen Tot Ldf(ksig,obs) = POiSSOH(psig,good)\signal + pbkg,bad)\bk:ga kobs,sig)
)‘sig,obs (812)

~ = 2 —
~ Gauss (kobs, o= Asig,obsv o = )‘sig,ob8>

A common figure of merit is the Signal to Noise Ratio (SNR) [33] defined as

the mean divided by the standard deviation:

SNR=" (8.13)

o
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For our observed signal fi44, vs our observed background opi,, the SNR is then:

Obkg X \/Hbkg X \/Pbkg,bad (8.14)

Mbkg X Pbkg,bad (8.15)

Hsig X Psig,good (816)

and the Figure of Merit = FOM = pi5;5/0big o Psig.good (8.17)

\/ Pokg,bad

8.3 FUTURE WORK: FIGURE OF MERIT TO OPTIMIZE CLASSIFICATION

The figure of merit could be used as a metric to use to guide the machine learning
step of our analysis pipeline. In our case, the machine learning component of our
analysis is a classification algorithm. We relied upon a default "accuracy' metric.
The analysis could be improved by switching from accuracy to a different metric.
Earlier, we chose which classification algorithm to use, a set of hyper-parameters,
and regular parameters. We chose a random forest as the algorithm amongst a list of
well accepted competitors (Sec 6.6.1). We manually chose two hyper-parameters (Sec
6.6.2). To make the choice of algorithm and hyper-parameters, we had to rely upon
sklearn’s default methodology for training regular parameters. The default method
for training regular parameters upon data is to use an "accuracy" score which is an
average of classification success probabilities. Maximizing accuracy is equivalent to
maximizing the sum of the counts along the diagonal of the confusion matrix.
Instead of using accuracy to score performance, one could change the scoring
function or "objective" function to some other metric for success. For our analysis,
using the figure of merit (Eqn 8.17) would be a better choice for a classification

algorithm to optimize. One could use the figure of merit scoring function for choice
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of algorithm, hyper-parameter validation, and final classification training. (We did
not consider training the random forest and the support vector machines to optimize
the figure of merit when choosing between the two algorithms. We did not force
the algorithms to favor internal parameters which mis-classify signal over parameters
which mis-classify background.) Using the figure of merit scoring function would
obtain a stronger final result, with the same set of CUORE observations.

Changing the scoring function within an existing machine learning algorithm is
non-trivial. Each machine learning algorithm relies upon a unique internal set of linear
algebra tricks to train accuracy efficiently. Thus if we change the scoring function, we
may also have to change each classification algorithm’s internal optimization method.
Using the same generic parameter optimization technique on all the classification
algorithms, (such as simulated annealing) is one option to reduce the scope of the
work. However, generic parameter optimization techniques are both computationally
slower, and less reliable, than existing well tested accuracy-based linear methods.
Designing an efficient linear-algebra-based optimization method for a new scoring
function on a single classification algorithm has the potential to be an entire research
paper.

The level of improvement from using a figure of merit as a scoring function is
difficult to estimate in advance of performing the work. After changing the scoring
function, it is not obvious exactly how a machine learning classification algorithm
will shift events around within a confusion matrix.

Due to the difficulty of efficient implementation, we relegate re-training the var-
ious machine learning algorithms based upon a figure of merit to possible future
work. This subsection serves as a note to the reader that using the figure of merit
instead of accuracy could be used to improve a future analysis, without obtaining

more observation data.
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CHAPTER 9

SENSITIVITY CALCULATION

9.1 CALCULATE MARGINAL POSTERIOR

The posterior was originally calculated in a previous section (Eqn: 8.11) and is re-
written here for ease of reading. For illustration purposes, we will pick a number
for the expected background Muon flux rate. Let us assume that we expect about
6 x 10* detectable muons to hit our detector over a 5 year period. We will de-
fine Gaussian(xpkg, kg, Obkg) to represent our knowledge of the the total number
of muons we expect to observe without using any data. We define A4, Apiy to be
the expected count totals observed from the experiment’s measurement of signal and
background Poisson processes respectively. The posterior is a function of both Ay,

and )\bk‘g'

POStpdf()\sim )\bkg) =Poisson (psiggood)\signal + pbkg,bad)\bkga kobs,sig)
(9.1)

X Gaussianyg (T = kg, b = [bkg, O = Obkg & \/[lbokg)

The goal of the analysis is to place bounds on the Poisson process which generates
the "signal" or in this case, the ppp-decay. We must take the posterior and marginalize
over all parameters except for the ones of interest. In this case everything is known
except for two parameters: Ay, Aprg. The final bounds on half-life are direct functions
of the bound we can place on Ay, which requires marginalizing over Apyg.

We can marginalize over the joint posterior, to get the posterior of interest in

multiple ways. Marginalization is most commonly done using Markov Chain Monte
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Figure 9.1 Example toy-data posterior, without using any prior information. Image
constructed using toy-values: psig good = 0.95, Pokgpad = 0.1, Kops sig = 61000. Our final
result using actual observated events, and a carefully calculated muon prior, is shown
later in Fig 10.1.
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Figure 9.2  Example of a toy-data posterior produced by including the prior infor-
mation about the number of muons we expect to see hit the detector. The image
constructed using toy-values for a number of observed events, and a number of ex-
pected total muons. psig good = 0.95, Dokgpad = 0.1, Kops sig = 6.1 X 104, Hikg = 6 X 10*
Our final result using actual observated events, and a carefully calculated muon prior,
is shown later in Fig 10.1.

Carlo (MCMCO) (Sec 9.1.1) (Fig 9.3). Alternatively we can marginalize over Ay, sym-
bolically instead of computationally (Sec 9.1.2). A third approach is to approximate

the marginalization with a profile likelihood (Sec 9.1.3).
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9.1.1 MARGINALIZATION: MCMC

First, as a benchmark, we should marginalize the posterior using an MCMC al-
gorithm. The posterior in equation 8.11 is sampled many times using the emcee
algorithm. The MCMC technique produces sample values which asymptotically ap-
proach those drawn from the posterior distribution. The samples themselves can be
plotted in scatter plots and histograms to visualize the shape of the distribution.
Figure 9.3 is known as a corner plot and shows every possible histogram, as well as
every possible 2D scatter plot for the samples drawn from the posterior distribution.
Because we wish investigate the signal, we can inspect the histogram of Ay, alone
and consider it as the marginalized posterior.

Toy Posterior (MCMC Samples)
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o o o o o o o N o
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P ) S & & ~ v v
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Figure 9.3  Toy-Posterior corner plot generated by sampling Eqn. 8.11 using the
MCMC algorithm 'emcee' [11]. Known values are: psiggood = 0.95, Dokgpad = 0.1,
Kobs,sig = 6.1 x 10%, iy = 6 x 10*
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9.1.2 MARGINALIZATION: ALGEBRA

Here we will go through the algebra to use to perform the integral of interest sym-

bolically (without using MCMC numerical algorithms). We first setup the integral,

then use the Laplace method to approximate a result. The symbolic form of the joint

posterior is below (copied from Eqn 8.11):

SigPOStpdf(/\sig) = /d)\bkgPOiSSOIl (psig,good/\signal + pbk:g,bad)‘bkga kobs,sig)

X Gaussian,gs (T = Nokg, [t = [bkg, T = Obkg = /Hbkg)

(9.2)
Redefine variables for more spatially efficient but less explicit notation:
P1 = Psiggood = Probability to classify true signal correctly
A= Agig = expected total count from signal Poisson process
D2 = Pokgpad = Probability to classify true background incorrectly
A2 = Apig = expected total count from background Poisson process (9.3)
L= kg = expected total count from background prior to CUORE
0 = Opig = std-dev total count from background prior to CUORE
k = kossig = number of events seen as signal after classification
The integral of interest is now:
I = SigPost (M)
(9.4)

:/ dXoPoisson(pi A1 + pado,  k)Gaussian,g(Aa, pr, o)
0

The full symbolic integral using the definitions of Gaussian and Poisson is written:

IYECENRY
]:/Ood/\Q(pl)\l +p2)\2)k6_(pl)\l+p2>\2)e 2< 7 ) (95)
0

L'(k+1) o2
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Bring constant terms outside the integral where possible:

—Pp1A1 ) 1 x-n ?
= I'(k j— ov2r Jo dAs (pl)\l +p2)\2)k67p2)\26 2( ’ ) (9.6)
(&
oo k _;(*27—”)2
I = C/O d/\g (p1>\1 +p2}\2) 6_p2>\26 2 7 (97)

Laplace Method
The Laplace’s method requires an approximation, but we can estimate the error, and
in the regime of interest for our calculation the error is small. The idea is to re-write

the integrand entirely in the exponent labeled as f(\y):

[e%s) 1 )\ — 2
I = C/O d)\y exp(k In(p1 A1 + pade) — paray — 5( 2 M) ) (9.8)

o

F(A2)

Write down f, f’, f” required for a second order taylor expansion of f:

)k) 05 (A —p)’

f(A2) = —Agps + log ((A1p1 + A2po = (9.9)
kp2 1.0Xy  1.0p

"(A2) = - +— - 9.10

/ ( 2> A1p1 + Aapo o? o? b2 ( )
" k’pg 1.0

[ (A2) = =( ) (9.11)

(Mip1 + /\2]?2)2 o2

Solve for the maximum value of f(Ag) by setting it’s derivative equal to zero.
Because we are solving a simple quadratic equation, there will be two solutions. The
correct solution will be the positive one. We introduce the variable a to allow the

solution to fit on one page.

a = kp3o?® 4+ 0.2503pT + 0.5\ up1p2 — 0.5  p1pac” + 0.25u%p3 — 0.5upsc? + 0.25p50*

(9.12)
0.5 (—=A1p1 + ups — p3o? + 2.0y/a)
D2

(9.13)

)\2,max+ =
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Approximate f with a second order Taylor expansion about the max value:

1
fTaylor()Q) ~ f()\2,mam+) +0+ §f,/(>\2,maz+)<)\2 - >\2,mam+)2 (914)

Substitute the Taylor series approximation back into the integral:

o0 1
I~ CA d)\2 €xp <f()\2,ma:c+) + §f//(>\2,max+)()‘2 - )\Q,max—i—)Q) (915)

Pull out the zero’th order term of the expansion from the integral:

o0 1
I = CefP2mazt) / d)g exp (2 " Namazs ) (Ag — Amm)?) (9.16)
0

We integrate the Gaussian function which can be expressed in terms of the error

function ’erf’:

I~ Cef(A2,maz+)ﬁ 1 (erf(|)\2,mam+‘ ’f//<)\2,mar+)|> I 1> (917)
\/§ |f”()‘2,maw+>| \/§

We can substitute in content for the constant C' and simplify:

—P1>\1 f(>\2,maz ) )\ max m
Ize e +)ﬁ 1 <erf<| amazt [/ | [ (Az, +)|)+1>
P(k+1)0v27 V2 /£ Mgmars )| V2

After basic simplifications the result works out to be:

(9.18)

e—Pl)\1+f()\2,maz+) ( |/\2 max+| \/ |f”(/\2 maw+>|
I erf( : : ) + 1> (9.19)
) V2

~ 200 (k + 1)\/| f"(A2mazt
The final integration result (Eqn: 9.19) should be a good approximation, with
very little computational cost for a final result. We can try out different parameters
such as the classification probabilities p; and ps.
A note on extending to multiple sources:
We can also apply Laplace’s method for the higher dimensional version of this
analysis. If multiple sources of background need to be integrated out, we can apply
a multivariate Taylor series, before integrating. The multiple background Laplace

approximation integrand will be a multivariate Gaussian, with a covariance matrix.
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9.1.3 MARGINALIZATION: APPROXIMATION WITH PROFILE LIKELIHOOD

Instead of marginalizing at all (numerically or symbolically) instead we can find the
best fit parameters and allow the only parameter of interest to vary. Fixing the
nuisance parameters to their best fit values and allowing others to vary is called
taking a "profile" likelihood. In a poisson analysis with classification, the likelihood

of interest is rewritten below (Eqn: 8.11).

SigPOStpdf<)\sig> = /ClAbkgPOisson (psig,good)\signal + pbkg,bad)\bkg7 kobs,sig)
(9.20)

X Gaussianygs (T = Npkg, [ = [lbkgs O = Obkg & \/[lbokg)

Our likelihood function only has two parameters: Ay, and A\yrg. We only have one
nuisance parameter: Ay,. The best fit value for the nuisance parameter is obvious
because it is entirely dependent upon our prior distribution, which in this case is a
Gaussian centered at furg. Thus our profile likelihood amounts to plug in the best
fit value into the likelihood at Ayxg = fkg, and allowing the other parameter Ay, to

vary.

SigPOStpdf()\sig) ~Poisson <psig,good)\signal + DPokg,badHbkg kobs,sig) (921)

Further, so long as the expected total observation count is sufficiently large, we

can approximate the profile likelihood with a gaussian:

SigPOStpdf()\sig) ~ Gaussian (:u = (kobs,sig - pbkg,badﬂbkg)/psig,gooda

0 =/ (kobs,sig/psig,gooda Asig)

Looking at the joint posterior function (Eqn 8.11), it is clear that the closeness of

(9.22)

the profile approximation is a function of our confidence in the background signal. If

we knew exactly what rate of background events we expect to observe, then we would
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constrain Ay, much more sharply (as calculated in Sec 7.4). Another way to interpret
the approximation is to look at the Gaussian prior, and ask under which conditions it
would become a delta function. In our particular case, because the standard deviation
is the square root of the mean, in the limit that we had infinite background signal,
the prior distribution would asymptotically approach a delta function.

In practice, as long as the amount of background we expect to see is large, (greater
than a few thousand), the error introduced will be minimal. For a final result, we
can always double check our answer using an overly cautious high sample count
MCMC and make sure both solutions line up. For the sensitivity plot, the profile
approximation is ideal, because it will be computationally very cheap, and get us an
answer to within a few percent which is really the purpose of the sensitivity plot to

begin with.

9.1.4 COMPARISON OF MARGINALIZATION TECHNIQUES

Each marginalization technique has a different advantage. The MCMC solution is
easy to implement and provides a reliable answer. The symbolic solution requires
working through the algebra to get a result, but is then both computationally efficient
and very accurate. The profile solution requires little algebra, and is computationally
efficient, but runs the risk of being highly inaccurate in certain cases. It will turn
out that in in the context of a sensitivity plot, the profile likelihood, will be the best
choice.

We can compare the computational cost of the MCMC algorithm against those
non-numerical techniques. Constructing the corner plot in Fig 9.3 takes 1 compute
core unit, about 1.5 minutes, compared to a closed form result which would take less
than a millisecond. While it may not seem like much of a difference in absolute terms,
a difference of a factor of 10° is impactful because of the large number of times the

marginalization needs to be done when assessing the sensitivity.
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Posterior Technique Comparison
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Figure 9.4  Comparison of marginalization techniques: Laplaces Method, Profile
posterior, Profile Guassian Approximation. The comparison shown is for a fixed set
of classification probabilities.

What we see from comparing the closed form techniques (Fig 9.4) is that the
profile likelihood is very close to the Laplace method (which is much more accurate).
Essentially, the discrepancy only appears in the tails of the distribution, which we
are not concerned with for a sensitivity analysis. For the sensitivity analysis only, we
ask: If A\gy = 300, to what accuracy in standard deviations is that? We don’t actu-
ally care about the probability density value. Thus using the profile likelihood, and

approximating the it as a Gaussian is more than sufficient for a sensitivity analysis.

9.2 CALCULATE SENSITIVITY: FIXED CLASSIFIER SUCCESS RATES

In this work we will define the no sensitivity to a half-life as the expectation that
one would obtain an no detection result in 50% of many copies of an experiment. In
other words, if there were many copies of CUORE, if a ppp-decay actually existed,
and noting we cannot classify muons vs ppp-decays perfectly, what no lower A,

bound would we achieve in 50% of all the CUORE’s?
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First we will do the sensitivity calculation for a fixed set of classification success
rates. We take our data and classify all the events. We take the events we have seen
as signal knowing that some percentage of those were wrongly classified. We use the
known rates of classifying successfully. We ask, given those success rates, to what
value of expected signal rate would we achieve an n-sigma detection 50% of the time?
To walk through the calculation, lets assume a single scenario, where we fix fiig,
Dsig.good> Dbkgbad (8 shown in Fig 9.5). The other values of interest in the posterior
(Eqn:8.11) are Agig, and keps sig, and the probability itself P. We can ask: Given the
fixed values how does the posterior probability change as A4, and keps sig are allowed

to vary?

9.2.1 MCMC SENSITIVITY ILLUSTRATION

The sensitivity result is shown in illustration Fig 9.5, where many elements were
drawn by hand for illustration purposes. The posterior mean will increase almost
linearly as the number of observed counts goes up (shown in red). A 3o lower bound
can be found along this curve (shown in yellow). The place where the 3¢ lower bound
on A, begins to be greater than zero (shown in orange), is the same thing as a 30
sensitivity as compared to the null hypothesis.

Figure 9.5 indicates that we can achieve a 30 detection, if we happen to see about
6450 events seen as signal after classification. Such a number of observations seen
as signal would correspond to a best fit number of actual events which were signal
to be 450 (A, ~ 450). In our case we would have seen 450 total ppp-decays over 5
years of exposure. 450 events corresponds to a calculable half-life value based on the

130 atoms in the detector, and the amount of time we were observing

number of Te
data to perform the analysis. The above image would show that we should expect the
half-life to be on the order of 10?® years for a triple proton decay, to get 450 events.

We would then say we have a 30 sensitivity to the half life of 10%> years. So the entire

110



mu_lambda_bkg == 60000, p_sig_good 0.95, p_bkg bad 0.1

1750

1500

1250

¢}

[
[=]
o
o

lambda_si

probability (not normalized)

250

§5oo 5500 6000 7000 8500 9000
k_obs_sig

Figure 9.5 A sensitivity calculation illustration for fixed: u g = 60,000, pig good =
0.95, Ppigbaa = 0.1 Line segments: mu, 1o, 20, 30 were drawn by hand. The 30 lower-
bound was drawn by hand (drawn in yellow). The mean fit line 4 ,, was drawn by
hand (drawn in red) Hand drawn elements were done for illustration purposes. The
contour plot behind the lines was calculated numerically using a distinct run of an
MCMC to marginalize the posterior for each bin of k,s. The blocky nature of the
image is an artifact of chosen bin widths.

illustration image (Fig 9.5) reduces to a 30 sensitivity result of a single number.
While we could do the work to improve our illustration and instead achieve a
real sensitivity result using MCMC, it is not a good use of energy and effort. The
biggest problem with MCMC for a sensitivity plot is that it is too computationally
inefficient. To construct the contour shown in Fig 9.5, twenty different runs of the
MCMC algorithm had to complete and it took a full 100 seconds to run upon a
single CPU core. Each instance of the MCMC required a few thousand samples. The
image we produced after running an earnest computation attempt was still blocky and
highly imprecise. To construct a single smooth copy of the image shown in Fig 9.5 we
would like to do away with the bins on the ks 5i4 axis and run on the order 1000 fixed
values (factor of 100 more), and we should increase the number of MCMC samples

within each run by an additional factor of 100. We should expect that producing a
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single high quality image would take on the order of 10° seconds. Thus we will accept
that using MCMC to attain a sensitivity calculation is not computationally feasible.

We will need another technique.

9.2.2 PROFILE LIKELIHOOD SMOOTH RESULT

We would now like to redo all of the logic shown in our illustration example (Sec 9.2.1),
but now we want to use real numbers. Instead of using MCMC we can approximate
the posterior using the profile likelihood. At each possible set of values of kgps sig and
Asig we can read a probability from Eqn 9.22, thus we can produce a high quality
copy of the image directly. Further, we can use the form of the profile likelihood to
obtain a line fit through the mean value, as well as line fits through the n-sigma lower

bounds by reading the mean and sigma directly from Eqn 9.22:

Hprofile = (kobs,sig - pbkg,badﬂbkg)/psig,good

(9.23)
Oprofile = 1/ (kobs,sig/psig,good
We can now plot any no lower bound as follows:
Lower bound = fiyrofite — M0profie (9.24)

And we can calculate the sensitivity by asking when the lower bound hits the

Kobs,sig axis of the figure ( Fig 9.5 ).

Lower bound = fiprofite — NOprofite = 0
Hprofile = NOprofile (9-25)
(Kobs,sig — Dbkg.badtbkg)/Dsig.good = HM/ Psig,good
We now only need to solve the quadratic equation for the kg iy where the line of
the lower bound will intersect with the horizontal axis. The intersection point then
corresponds to a particular mean value of Ay,. We then say we have an no sensitivity

to particular value of A;,. The axis intersection point for where the lower no bound
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does not have any dependence upon the classification probability for classifying signal
correctly (Psig.good). The profile likelihood approximation’s lack of dependence upon

Dsig.good 18 SUrprising, but not a problem.

n =3 ( we wish to obtain a 3 ¢ sensitivity)

b= —2 % py * 60000 + n> (9.26)

Fobs sigmin = (—b + /02 — 4 % (ps * 60000)2/2)
The sensitivity however definitely does still have dependence upon both signal,
and background classification probabilities. This can been seen quickly by noticing
that the intersection lower bound must still be substituted in to get the expected

signal count to which we are sensitive.

SenSitiVitycounts — (kobs,sig,min - pbkg,bad * 60000)/psig,good (927)

Note we still must transform the count sensitivity to a half-life sensitivity using
the transformation shown in Eqn (5.37). The transformation from count total back

to half-life is omitted in this section.

9.3 CALCULATE SENSITIVITY: VARY CLASSIFIER SUCCESS RATES

We now wish to try many possible values for each of psig gooa Dokgpad- 1f We used
MCMC to produce the plot without any parallelization, we would require at least
100sec x 108 = 108sec ~ 3years to get a high resolution sensitivity plot. Instead we
can plan to make the same plot, more accurately, in a few seconds using the closed
form profile likelihood approximation. We can show how the sensitivity changes
as a function of the two probabilities. After viewing the plot it becomes clear that
reducing background confusion is more valuable to a final result than improving signal
classification. Such a statement is consistent with the figure of merit calculated earlier

in Sec 8.2
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Profile likelihood
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Figure 9.6 A sensitivity calculation for fixed: wy,,, = 60,000, psiggooa = 0.95,
Dokgbad = 0.1 The color plot results from Eqn 9.22. The no lower bound line (red)
is calculated symbolically (Eqn: 9.25). The intersection line segments represent the

lowest Ay, sensitivity calculated from intersecting py, with the kg sy axis. (Eqn
9.26).

The takeaway from our exercise in sensitivity is that we can use the plot to
determine how well we have to do to be competitive with existing literature. We
need to obtain a result on the order of 10*®yrs to compete with previous searches of
triple proton decay. We can achieve such a result using the CUORE detector and a
machine learning algorithm which can classify correctly enough to land us in a good
region of our sensitivity plot.

We should take the lower left corner of the plot with a grain of salt, because in
practice we would not bother to use a classification algorithm that performed worse
than a coin flip for both signal and background. In fact, as a sanity check, if we do fix
the classification probabilities to both being 50%, then we should arrive at a result
similar to the counting statistics result we already derived without classification (Sec
7.3).

In practice we should expect a much better result than using counting statistics
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30 sensitivity (pl, p2)

Pbkg, bad

Psig, good

Figure 9.7 A sensitivity calculation for fixed: uy,,, = 60,000. The classification
probabilities: pgig goods Pkgbaa are allowed to vary. Each pixel on this plot maps to a
copy of the sensitivity calculation machinery behind Fig 9.6. Upon the mostly-blue
density plot, contours are shown as white-lines for specific half-life Sensitivities.

alone. We can obtain at least a 85% success rate on classifying both signal and
background, which will land us squarely on the correct side of the 10% year 30 contour
for 5 years of CUORE exposure. One can always improve improve classification
probabilities even further by tweaking our machine learning algorithms and attempt

to push the result to the furthest lower right hand side of the sensitivity plot.
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CHAPTER 10

RESULTS AND CONCLUSION

10.1 SUMMARY OF RESULTS

In this section we outline how we obtained a 20 lower-bound of *°Te Triple-Proton-
Decay half-life of 7.43 x 10**yrs. We obtain the result from using the posterior shown
in Eqn. 8.11. To achieve a final result, we combined observed real data count values,
an expected muon count (Sec 2.3), and classification success rates. After obtaining
a final joint posterior, we marginalize it over the background nuisance parameter to
obtain a distribution of expected observed signal count rate. Finally, we transform
the expected observed signal count rate distribution into a half-life distribution which

is used obtain a bound.

10.2 POSTERIOR CLASSIFICATION PROBABILITIES

To obtain a final result we are using a machine learning random forest model to
classify real events. We showed the classification success rates in Fig 6.12. We showed
what the machine learning algorithm believed about the real data in Fig 6.14. We
will assume that the machine learning algorithm has done its best job using the
maximum level of training samples, which corresponds to the last datapoint on each
figure, and has a training result confusion matrix shown in Fig 6.13. Thus we can
read off that the classification success success probabilities are set to Pig good = 0.88
and Pyrgpea = 0.15. Of the 2364 real observed events, the algorithm believed 386

events looked like PPP-decays, and 1978 looked like muons. Thus using notation
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from our posterior equation (Eqn 8.11) the total number of events we think we see

as signal are kops sig = 386

10.3 EXPECTED MUON COUNT VS REAL OBSERVATION COUNT

There is general agreement between the number of muons we expect to see (2537),
and the number of total muon candidate events observed by CUORE (2364) during
the 188 days of time-exposure, with 200kg of ¥°Te. We have used a directionally
averaged muon flux number from the Borexino collaboration to calculate expected
count. The CUORE observed muon candidate event count is in agreement with the
expected range.

To improve the expected total muon count prior, one would need the expected
muon flux, as a function of direction and energy. One could calculate a more accu-
rate expected CUORE observed muon count prior using data from MACRO, LVD,
and Borexino combined, and modify the corresponding CUORE gshields simulations
accordingly. [34, 35, 24, 21]. Approximating a closed form symbolic expression rep-

resenting the direction and energy dependent muon flux would be required.

10.4 MARGINALIZE THE FINAL POSTERIOR

A final posterior has been achieved substituting in machine learning training results,
and substituting in the calculated muon prior distribution. We now have a joint
probability density function of Ay, and Apry. As the only desired final result is that
of ppp-decay, we must marginalize over the CUORE’s observed muon counts. To
perform the marginalization, we use an MCMC algorithm to explore the posterior
joint density function. We can see the final MCMC result in Figures [9.3 10.3, 10.2].
From the MCMC samples, we find that 95% of them lie above our lower-bound of

130T¢ triple proton decay half-life of 7.43 x 10**yrs, and thus is a 20 lower bound.
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We can also report a 90% confidence level or 1.640 result lower half-life bound is

7.91 x 10%yrs.

Muons vs PPP Decay Cuore Final Count
Best Fit: (AprgrAsig)=12-528e+03 1.106e-01]
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Figure 10.1  Corner plot of our posterior distribution. (Eqn. 8.11) The possible
values of Ay, and Ay, are fed through an MCMC algorithm (emcee) [11], using a
half-Ton Year’s worth of real data from the CUORE experiment.

10.5 CONCLUSION

Using previously built computational tools as arranged in Fig 1.5, we built a workflow
which can search for signal against background using machine learning classification
algorithms. We chose features of single events which can be used by a classification
algorithm to differentiate different kinds of events within the detector. We combined
Poisson counting statistics, with classification success probabilities to obtain a joint
Bayesian likelihood analysis. From a closed form joint likelihood function we obtained
an no sensitivity calculation with various levels of approximation when marginalizing

nuisance parameters. We used our general poisson counting classification framework,
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Figure 10.2  Marginal posterior distribution plot of the number of the expected total
ppp-count Ay, over the true exposure time of the real data we observed. These are
the same trial values of A, which were attempted by an MCMC algorithm (emcee)
[11], shown in Fig 10.1. The result was achieved using the 188 Days of exposure time
covered in datasets [3612,3613, 3614, 3615] the CUORE experiment (Sec 4).

Sample Probabilities
Using: 100000 MCMC Samples
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Figure 10.3  Marginal posterior distribution plot of the half-life. Lower 20 bound
shown in red at 7.43 x 10*yrs. Each of the samples used to generate this histogram
are the same as those in the MCMC figures 10.1 and 10.2. Each possible sample value
for As;y maps to a corresponding half-life of ppp-decay. Shown here are possible half-
life values sampled according to how likely they are. Mathematically, this histogram
can be interpreted as the right-tail of a Gaussian distribution that has been cut off at
zero. Thus, a lower 20 bound has meaning, and an upper 20 bound has no physical
meaning.
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to perform a search for triple proton decay (ppp-decay) against a background of
atmospheric muons in the CUORE experiment.

We obtained a half-life lower-bound of 7.43 x 10**yrs at 20 or 95% confidence
level. Our ppp-decay half-life lower bound result is comparable to existing results.
The Majorana Demonstrator [17] obtained a 90% confidence 5 x 10*yr lower bound
ppp-decay for Germanium. The EX0O200 collaboration [18] obtained a 90% confidence
2 x 10Byr lower bound ppp-decay for Xenon. Direct comparison of these different
ppp-decay results is complicated. Given the ppp-decay theory each kind of atom
nucleus has it’s own decay calculation. Any combination of 3 protons within a nucleus
has a probability of decay however simple combinatorics and Feynman diagrams are
not applicable. Nuclear matrix elements must be calculated for each kind of atom
separately.

The result could be further improved through the use of more data exposure time
or better classification optimized with a figure of merit. Our data exposure-time was
limited by the amount of cleaner data after Mar 2020, which did not show any signs of
contamination. CUORE is actively investigating the data contamination, and upon
completion the same analysis used in this work can be run upon at least twice as
much total data to improve the result. Our classification algorithm performance was
limited by the current ability of well accepted algorithms to classify single events.
The classification performance additionally was not optimized to make use of a figure
of merit, which would favor misclassifying signal over misclassifying background.

In the pursuit of a ppp-decay bound, we developed a generic framework (Fig 1.5)
which can be used by CUORE;, to search for other models which may produce high-
energy high-multiplicity events. Additionally, technique of combining both counting
statistics and machine learning classification success rates may also have application

for other underground counting experiments.
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APPENDIX A

MUON COUNT PRIOR - ADDITIONAL CALCULATIONS

Here we consider calculation details regarding the total number of muons we expect
to hit CUORE over a regular time period. We assume that the muons hit CUORE
at an average regular rate that must be compatible with flux measurements reported
at LNGS by the MACRO [34] and Borexino [24] experiments. We use the CUORE
gshields simulation software in conjunction with the accepted LNGS muon flux to
calculate an expected CUORE observed muon count rate. While the CUORE gshields
simulation software is only capable of starting muons on the half-sphere, we will show
methods for simulations that start muons on a simple flat disk, as well as the half-

sphere.

A.1 GENERAL CALCULATION OF EXPECTED COUNT

To calculate expected count for an experiment given an surface of initial particles, we
need to define flux, and hit probability. A surface can have varying flux and varying
probabilities of hitting the detector at different initial locations. We define associ-

ated functions flux() and hitprob() such that they integrate to intuitive averages as

follows:
t Th h Surf
Coun r9ug Surface dA flux(location) (A.1)
Time Surface
Average Hit Probability x Area = / dA hitprob(location) (A.2)
Sur face
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Simulation Setup

Particle

Surface

"3 Detector

Figure A.1  General simulation setup. Particles are started upon a surface according
to some joint distribution of location and direction. A detector sits under the surface.
Each particle started upon the surface travels downwards and has a chance to hit or
miss the detector.

The total number of particles we expect to hit a detector can be intuitively realized
as the product of the time, flux, hit-probability, and area. Because we have non-

constant flux and hit-probability, an integral is required:

Count = Time x / dA flux(location) hitprob(location) (A.3)

sur face

A.2 INITIAL LOCATION SETUPS TO EXPECTED COUNTS

Here we consider how to calculate the expected count for a few simulation scenarios.
We will consider a hypothetical simple disk model (A.2.1) as well as the non-uniformly
distributed half-sphere (sec A.2.2) model used by the CUORE gshields simulation

software. As the initial location surface becomes more difficult so does the calculation.

A.2.1 INITIAL LOCATIONS - SIMPLE DISK (HYPOTHETICAL)

A simple disk is placed on top of CUORE. Muons are spawned by the simulation

from within the disk. The initial locations are chosen to be uniformly random upon
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The simple disk simulation model

Figure A.2 A simple disk initial condition. Muons are started upon the disk with
uniformly random location probability. They are started with directions matching
the directional distribution measured inside the LNGS laboratory.

the disk. The initial directions emulate nature, are non-uniform, and the simulation
accounts for the proper directional-distribution.

A disk at height h = 5 meters above CUORE with a radius of » = 5 meters
should be sufficient to provide a reasonable estimate of total hit count. As the disk
becomes larger, the muons at the edge of the disk have a lower and lower probability
of hitting CUORE. If a muon started at the edge of the disk has zero probability of
hitting CUORE then the disk radius is sufficiently large for reasonable calculations.
Inside LNGS, muons do not have inclination angles larger than about 45 degrees.
The maximum disk radius required is approximately equal to the height of the disk
above the CUORE detector (h = r = 5). The choice of 5 meters for the height of the
disk above CUORE does not have a mathematical justification.

We can start with the general count equation (Eqn. A.3) to proceed:
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Count = Time X dA flux(location) hitprob(location)
disk

constant
(A4)
= Time x (Constant Muon Flux) dA hitprob(location)
disk

Areax (Avg Hit Prob)

Thus the total number of muons we expect to hit CUORE from a disk simplifies

to a simple product of constant flux, total area, time, and average hit-probability:

Count = (Constant Muon Flux) x Time x Area x (Average Hit Probability) (A.5)

The "constant muon flux" is the LNGS-Borexino reported value of 3.41x10~4m =251,

The "average hit probability" is the fraction of the total number of simulated muons
created upon the disk which hit CUORE and deposit a measurable amount of energy
(this number includes any dependence upon energy cuts which are also applied to real
data). The time is the exposure duration considered in seconds. Finally the "Area'

is simply the total surface are of the disk (Area = mr?).

(Number of Hits)
(Number of Simulations)

(A.6)

Countgige = (3.41 x 107*m =257 1)(188Days)(78.5m?)

124



A.2.2 INITIAL LOCATIONS - HALF-SPHERE (CUORE QSHIELDS)

The official CUORE simulation model

3.5m

--------------------------------------------------------- -- Ground

CUORE Crystals

Figure A.3 The CUORE gshields half sphere simulation model. Muons are started
upon the half-sphere with non-uniform location probability. Their initial direction
emulates that of LNGS but disallows the possibility of being directed outside the
half-sphere. We chose a radius for the half-sphere of 5 meters. The half-sphere is
downshifted from the center of CUORE by 1.5 meters.

A half-sphere is centered 1.5 meters below CUORE crystals. The gshields simu-
lation allows a choice of radius. We have been advised by collaboration members to
use a 5 meter radius. The distribution of initial location and direction of the muons
started on the half-sphere are intended to match the angular distribution of LNGS
reported by the MACRO and Borexino collaborations.

To calculate expected count we need the general equation (Eqn. A.3):

Count = Time ></ dA fluz(location) hitprob(location)
hal f —sphere
Jep not constant (A?)

2r /2
= Tz'me/ R?sin(0)d0de¢ flux(0, ¢) hitprob(6, ¢)
o Jo

Where fluz(f, ¢) is the muon flux as a function of start location on the surface
of the half-sphere. At the top of the sphere, flux(¢ = 0) should equal the reported
LNGS-MACRO flux of 3.41 x 10~*m~2s~%. The "hitprob() function is the probability
that a given muon starting at a particular location half-sphere hits CUORE (Eqn
A2).
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A.2.3 APPROXIMATE COUNT INTEGRAL WITH SIMULATION SAMPLES

We do not have explicit closed form symbolic expressions for the two functions of
fluz() and hitprob() functions. Instead we have two sets of samples that are repre-
sentative of the two functions generated by the CUORE gshields simulation code. Let
us denote the set of initial-location samples as "IL Samples' (Fig A.8), most of which
will never hit CUORE. The initial-location samples can be used to approximate the
muon flux. Let us denote the set of hit location samples as "HL Samples" (Fig 2.10)
all of which have hit CUORE. The hit-location simulation samples can be used to
approximate the hit-probability. We will describe and use the same nearest neighbors

method to approximate both functions from their corresponding sample sets.

Samples and Test-Point Neighborhoods

z
- Locations /1_i_\
¢ Density Test Points t)
L

(2 L]
fl

Figure A.4 A set of samples lie upon a half-sphere. Test point (1) is created exactly
upon the top of the half-sphere. Separately, additional test points are generated at
uniformly random locations upon the half-sphere (2). Cases like test point (3) are
problematic if they include area below the half-sphere. The samples, and a list of
test point locations, can be used to calculate an effective fraction estimate.

The nearest neighbor method approximates a density function at any given test
point using neighboring samples. At any given test point (labeled 2 in Fig A.4), we
can count the number of location neighbors within some sphere of constant radius.

The density at the test point location will be proportional to the number of neighbors.
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In the example figure, test point (2) contains 3 neighbors, whereas the top-sphere test
point contains 10. Thus assuming the samples were correctly generated, we would
expect the density at test point (2) to be equal to 3/10 of test point (1). We do
however need be careful that test points close to the bottom edge of the half-sphere
are not under-counting neighbors (test point 3 in Fig A.4). For test point locations
like (3) either a missing area fraction must be calculated, or such points must be
avoided entirely. To account for cases like location 3, we can avoid any test points
lower than a certain height and choose a small radius for neighbor counting.

It is convenient to define an "Average Neighbor Count' as average number of
sample neighbors for uniformly random generated test points upon the half-sphere.
Let z,, be a uniformly randomly generated test point on the half-sphere (e.g. location
2 in Fig A.4). Let SampleSet be a set of samples with which we would like to begin
counting neighbors. Let NeighborCount(SampleSet,x) be a function that returns
the count of how many samples from SampleSet are neighbors to the test point z.
Then the average neighbor count can be calculated using the following arithmetic
mean:

1 N
Average Neighbor Count = N nz_:l NeighborCount (SamplesSet, x,,) (A.8)

To estimate the muon flux using the IL samples, we treat the top of the sphere
(labeled 1 in fig A.4) as a special location (z,) that matches the reported LNGS flux
number. The neighbor count for a test point lower down on the half-sphere (labeled 2
in Fig A.4) will be some number less than that of the LNGS reported value. For any
given test point we can compare its neighbor count against the top-sphere neighbor

count.

Neigh
flux(x) = (LNGS Muon Flux) cighborCount(Samples;y, x)

3.41x10=4m—25-1

NeighborCount(Samplesyr,, T1op) (A.9)
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To estimate the hit probability using the HL samples, we can define the probability

of a hit at a particular location in terms of a ratio to the average hit probability.

HL Samples Hit Count \ NeighborCount(Samplesyy, )
hitprob(x) =

HL Samples Start Count / NeighborCountAvg(Samplesyr)

Average Hit Probability

(A.10)

We can now combine our flux(), hitprob() nearest neighbor approximations with
the integration (Eqn. A.7) to obtain a result using the samples. Instead of integrat-
ing with symbols, we can use a summation over many test points. An integration
over a surface, is equivalent to averaging uniformly distributed test-locations and

multiplying by the area.

N
IE/SWfacede ; (%) (A.11)

Next we can apply the sum approximation to our integral of interest:

2r  pm/2
Count = Time / / R*sin(0)d0dé flux(location) hitprob(location)

Area N (A.12)

~ Time x
N

Z flux(x,)hitprob(z,)

Using Eqn. A.12 we can find an expected count for the CUORE detector using our
two sets of samples. The method finds an expected count of 5144 muons compared
to 2364 events observed. Because there appears to be large discrepancy when using
the nearest neighbors method on sample sets generated with CUORE gshields, we
have opted for the simpler upper sphere surface method outlined previously (Sec 2.3),

which predicts a closer to observed count of 2537 expected muons.
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Neighbor Samples Calculation
NeighborRadius = 200mm

1)
o
Z (mm)

C o Samples Test Points Uniform
O mmm Samples Initial Locations (IL)
mmm Samples Hits Locations (HL
000 p (HL)

Figure A.5 10,000 IL Samples (red), and 10,000 HL Samples (green), are generated
by the CUORE qshields simulations upon a half-sphere. Separately, we generated
10,000 test points (blue) uniformly randomly upon the same half-sphere.
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A.3 QSHIELDS SIMULATION INITIAL CONDITIONS (ADDITIONAL PLOTS)

In this section we show additional plots of CUORE-gshields software’s initial condi-
tions of simulated muons. The initial locations and directions are non-uniform upon
the surface of a half sphere in such a manner intended to match conditions at LNGS.
The initial directions only allow for muons to travel inwards from an initial location
upon the half-sphere. The initial energies are a negative exponential function which
visually match those reported by the MACRO [34] and Borexino [24] experiments.
The CUORE gshields code comments have additional reference to a Particle Data
Group (PDG) paper [25]. Figures in this section are provided as reference for how

the CUORE gsheilds code creates initial muons before any particle-interaction.

e Corner Plot Muon Simulation Initial Conditions
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Figure A.6  Corner plot [8] of the initial conditions of muons spawned by the gshields
software. Initial muon locations are non-uniform on a half-sphere. Directions are
intended to be those that emulate conditions at LNGS, however the cases where
muons point outwards from the half-sphere is disallowed by the simulation software.
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Corner Plot Muon Simulation Initial Locations
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Figure A.7  Corner plot [8] of the initial locations of muons spawned by the gshields
software. Initial muon locations are non-uniform on a half-sphere.

Muon Start Locations

B LocationSamplesQshields
N LocationSamplesHalfSphere

Figure A.8  Scatter plot of the initial locations of muons spawned by the gshields
software. Initial muon locations are non-uniform on a half-sphere.
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3d Vector Field Muon Direction
(no hit required)

Figure A.9  Scatter plot of the initial direction arrows of muons spawned by the
gshields software. Directions are intended to be those that emulate conditions at
LNGS, however the cases where muons point outwards from the half-sphere is disal-
lowed by the simulation software.

Muon Start Locations
(Of CUORE initial locations, in spherical coords)

Azimuth

O mmm Muon Spherical-Coord Loc

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Figure A.10  Scatter plot of the initial direction for inclination and azimuth of
muons spawned by the gshields software. Directions are intended to be those that
emulate conditions at LNGS, however the cases where muons point outwards from
the half-sphere is disallowed by the simulation software.
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APPENDIX B

BASIC DISTRIBUTIONS

Basic distributions are written here for reference. Descriptions their variables is pro-
vided within the context of their most common usages. The distributions introduced
here will be needed to perform a likelihood analysis. Of specific note to the reader,
is that standard convention has A describe different values in the context of different
distributions. To perform the distinction between different \’s we can use different
subscripts.

An Exponential Distribution commonly describes the situation where we are
waiting for an event to happen and want to account for how long we have to wait
until it does happen. Let ¢ be the delay time until an event happens and )\; be the

expected amount of time until an event happens.

1 _ 1
Prob(t) = Exppar (A, t) = e ! (B.1)

t

A Binomial Distribution commonly describes the situation where there are
repeated trials of a repeatable experiment which can only have 2 outcomes A&B.
The probability p is that of outcome A, and n is the number of total times we run the

experiment. Finally, k is the number of times that the experiment produced outcome

A.

Prob(k) = Binomialyg(k,n,p) = (Z)pk(l —p)"F (B.2)

A Poisson Distribution commonly describes how many total events occur

within a fixed time window, and k is the counted number of events, while ). is the
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number we expect to count.

Neg=he N Mg
K T T(k+1)

Prob(k) = Poissonpg(Ac, k) = (B.3)

A Gaussian Distribution is the most commonly used distribution, and is
widely used to describe arbitrary random variables. It is used to describe measure-
ments of a continuous quantity measured with repeated experiments. The quantity k
is the value measured once, p is the value we expect to measure, and o is the standard

deviation of the value measured.

1 1( k= 2
Prob(k) = Gaussianyg(k, u,0,) = 6_5<T> (B.4)
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APPENDIX C

BASIC DISTRIBUTIONS VISUALIZED

A few basic distributions are shown here for illustration purposes. Although normally
shown as normalized functions within the context of probability theory, it is instruc-
tive to also view them as multidimensional functions of both data and parameters.
A few simple distributions can be visualized in the univariate context by fixing their
parameters (A, A, i1, o) to fixed concrete floating point values. However, within the
context of our analysis, we will also need to visualize each instead as multivariate
function of both the random variable of interest (¢ or k) as well as the parameters
involved (A¢, A, 1, 0).
Univariate Context: Negative Exponential Distribution

Negative Exponential Probability Density Function

4.0 —— NegExp Prob Dens
i E[f]=%. Ac=4

3.5

3.0

Probability Density
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0.0 0.2 0.4 0.6 0.8 1.0
t

Figure C.1 Normalized PDF Negative Exponential
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Multivariate Context: Exponential Distribution

Negative Exponential Probability Density Function
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Figure C.2  Un-normalized Joint PDF Negative Exponential

Multivariate Context: Poisson Distribution
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Figure C.3  Un-normalized Joint PDF Poisson

probability
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APPENDIX D

USEFUL DENSITY MARGINALIZATIONS

Marginalizing Poisson x Binomial The following deriviation / proof was provided

by Jon Oullet

P()‘7 ktrueu kobs) - POiSSOD<)\7 ktrue)Binom(kob87 kt'rue; p)

k rue 7A
— )\ ' € ktrue! pkobs (1 _ p)ktrue_kobs
ktrue! kobs!(ktrue - kobs)!

Note the number of true observations (ky..) must be greater than the number

observed k,,s. Marginalize over all possible values of kjye:

[eS)
P\ kops) = Z Poisson (A, ke ) Binom (kops, ktrue, P)
ktrue:kobs
p— i )\ktrue 6_)\ ktrue! pkobs (1 _ p)kirut’_kobs
ktrue=Fkobs ktrue! kobs!(ktrue - kobs)!
_ pk:obs e—)\ i )\ktrue (1 _ p)ktrue—kobs
kobs! ktrue=Fkops (ktrue - kobs)!

define n = ke — Kobs.
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kobs p—A 0 n+kops
P (&

1 _ n
Fonl 2= 1P

(pA)obee™ i (1=p)A)"

kobs! n—0 n'
PA) e 1

kobs!
(p)\)k‘obsefp)‘

kobs!

= Poisson(p, kops)

The final mathematical result is then:

Z Poisson (A, ke ) Binom (kops, ktrye, p) = Poisson(pA, kops)

ktrue :kobs
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APPENDIX E

USEFUL DENSITY APPROXIMATIONS

Definition of Exponential (e) The actual definition of e can be useful in other

approximations:

e = lim (142 (E.1)

n—oo n
Stirlings Formula Stirling’s formula is an approximation to factorial in limit

of large n:

1
lim In(n!) = nin(n) — n + =in(2mn)

lim n! ~ v2mn e "n"
n—oo
The proof of Stirling’s formula can be done using a Taylor series. While the basic
execution of the Taylor series is pretty easy, showing that the radius of convergence
spans the positive real number line is more difficult. The proof is omitted.

Binomial limit to Poisson

We need to start with the binomial distribution:

f = Binomialyg(k,n,p) = <Z>pk(l —p)"k (E.3)
Define the expected count of total successes with A, in terms of p and n.

Ae =

p:

AP
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Plug our new representation of p into our distribution and expand out some terms:
f B n & k . & n—k
- \k/)\n n
| k n —k
_ n Ac 1— Ac 1 — Ac (E.5)
kl(n —k)'\ n n n
JX b (VAN AT
kK (n—Kk)!'\n n n

Take the limit that n becomes large (and p is small so that A. is finite). Note
that a few steps are easy but missing to show the convergence of each part of the
expression to the amount shown in the under-brace. The first part approaches the
value of 1 which can be shown by canceling out factorial terms. The middle part’s
limit can be easily derived using the definition of e. The last part trivially reduces to

1 because it has a term dividing by n which goes to zero.

, A nt (1) A )" A\ "
s =yt () (3) (3

1 eAe 1
)\IZ . (E6)
= —€ ¢
k!
= Poisson(k,\. = Z)

Thus in the limit that the number of total trials n becomes very large, and the
probability p of individual trial success is very low, a binomial distribution is well
approximated by a poisson distribution.

Poisson limit to Gaussian In the limit that the expected number of obser-
vations becomes large ( A £ 100 ) a Poisson distribution can be well approximated

with a Gaussian distribution. A proof is not provided.

lim Poisson,gs (A, k) ~ Gaussian,g(z,p = X, 0 = \) (E.7)

A—00
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