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ABSTRACT

Christopher R. Haufe: A Study of MAJORANA DEMONSTRATOR Backgrounds with Bayesian Statistical
Modeling
(Under the direction of John F. Wilkerson)

The MAJORANA DEMONSTRATOR was a neutrinoless double beta decay (0 ) experiment consisting
of around 30 kg of germanium detectors enriched to 88% in 8Ge and around 14 kg of natural germanium
detectors. The detectors were divided between two cryostats and surrounded by a graded passive shield.
The DEMONSTRATOR concluded in March 2021 and set a 0 half-life limit of T, = 8:3  10%® years
(90% C.L.) based on its full exposure of 64.5 kg yr. The experiment achieved one of the lowest background
rates in the region of the 0 Q-value, (6.237925) 10 2 cnts/(keV kg yr). This background rate, however,
was higher than the rate of (1.16  0.04) 10 2 cnts/(keV kg yr) projected by material assays and simula-
tions. This discrepancy arises from an excess of events from the **Th decay chain. Background model fits
presented in this work aim to understand the observed 2**Th excess and other deviations from assay-based
projections, as well as allow a precision measurement of the 2 half-life. Comparisons of the data with
simulations indicate the 2**Th excess cannot arise from near-detector components, and likely originates from
a component of the cryogenic system. This is an important finding related to the design and implementa-
tion of the LEGEND-200 experiment. The final results of the DEMONSTRATOR are presented along with
this study of its backgrounds using Bayesian statistical inference methods. The efficacy of these inference
methods is limited by the statistics of the DEMONSTRATOR dataset. However, these methods remain useful

for supplementary background studies, and support the analysis to determine the location of the 23*Th excess.
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CHAPTER 1: Neutrinoless Double Beta Decay ( o )

Out of Enrico Fermi's treatment of -decay [1] came a postulation of double beta decay by Maria Goeppert
Meyer in 1937 [2]. Two neutrino double beta decay (2 ) is a second-order weak process and the rarest
observed nuclear process. In a nucleus with an even number of protons and neutrons and under the condition
that -decay is a processes that is energetically disfavored, two neutrons can decay into two protons, emitting
in the process two electrons and two anti-neutrinos. Thus far it has only been observed to occur in 11 nuclei,

including "®Ge, at half-lives ranging from 132 to 10?* years [3].

In 1937, Wendell Furry published a study on double beta decay transition probabilities [4]. It was in this
paper that Furry identi ed Ettore Majorana's theory of the neutrino as an interesting source of an alternate
scenario of double beta decay, one in which instead of emitting two electrons and two anti-neutrinos, a
nucleus emits only two electrons. This process is only possible if the neutrino is its own anti-particle. In the
present day such a neutrino is called a \Majorana particle", and this process is called neutrinoless double

beta decay.

Neutrinoless double beta decay has yet to be observed by experiment, yet its discovery would have
implications for physics beyond the standard model. The decay violates total lepton number conservation
- an \accidental symmetry" that has yet to be observed to be violated by experiment but is not based on
any underlying symmetry. Violation of this conserved quantity has implications in theories of leptogenesis,
which possibly explain the baryon excess in our universe [5]. A positive result for 0  would also de nitively

classify the neutrino as a Majorana particle and would provide information on the neutrino mass.

The half-life is the observable in experimental searches for 0 . The half-life can be expressed ds

) > m i 2
Ti2 = G° (Q;Z)iM? 2 m

e

(1.1)

G? is the lepton-phase space integral, which depends on the Q-valug)( ) for 0 (nearly all of the
energy carried away by the beta electrons in 0 ) as well as the charge (proton number) of the nal state
nucleus [3].M° , a dimensionless number, is the nuclear matrix element (NME) for 0  and hm i is the
e ective Majorana mass of the neutrino, which is normalized by the electron masan.. Both the nuclear

matrix element and e ective Majorana mass are explained in more detail below.

1 Assuming the most prevalent 0 mechanism \light neutrino exchange", to be de ned on page 3



Figure 1.1: The e ective Majorana mass as a function of the lightest neutrino mass. The spread in valid
hm i values assuming an inverted neutrino mass ordering is shown in green, whilst assuming a normal
neutrino mass ordering is in red. These bands converge above around 0.015 eV. The darker shaded areas of
the green and red bands are 3 regions from the error propagation of the PMNS matrix element uncertainties.
The gray band on top is the region of parameter space excluded from previous experiments, and the blue
band is the most recently excluded region based on the results of the KamLAND-Zen 800 experiment [6].
The blue dotted line highlights the expected sensitivity of ton-scale 0  experiments. This gure is adapted
from [5] and [7].



There are several proposed mechanisms for 0 , but the most prevalent of these is known as "light
neutrino exchange", when an anti-neutrino is emitted from one vertex and absorbed by the other vertex.
This theoretical mechanism contains a parameter known as the e ective Majorana masshin i) which
serves to describe the physics of massive neutrinos. Unsurprisingly, this parameter is partially de ned by
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [8][9] which describes the mixing of neutrino mass
and avor eigenstates. This mixing also gives rise to neutrino oscillations - the observed phenomenon that

proves neutrinos have mass. The full de nition oftm i is:

hm i = juimg+ uZe 1my+ ude zmgj: 1.2)

Uej are the mixing amplitude elements of the PMNS matrix, the massesn; are the three neutrino mass
eigenstates, and y are two phase parameters that are allowed if neutrinos are Majorana particles and are
hence known as the \Majorana phases". Figure 1.1 illustrates the spread of possiblen i values that have
yet to be excluded by observation as a function of the lightest neutrino mass. Such a spread exists for the

following reasons:

The Majorana phases are unknown.

~

Elements of the PMNS matrix each have uncertainties associated with them from neutrino oscillation

experiments.

~ The neutrino mass ordering is unknown, resulting in two separatem i ranges at lower values of the

lightest neutrino mass.

The NME values for each 0 isotope are an important contributor to the uncertainty in relating the
half-life to the e ective neutrino mass. A number of di erent models are used to calculate the NME, but
even within the same isotope the various models output results that di er from each other by factors of 2-3
[3]. Therefore it seems that many of these models are missing important elements of the nuclear structure
involved in O . Furthermore, when these models are applied to two-neutrino double beta decay and
compared with measurements, the resulting half-lives are systematically faster than measurement. As a
result, theorists have inserted a quenching factor on the axial couplingga into the NME calculation that
varies from element to element. This resolves the systematic underestimate of the half-life, but adds to the
NME uncertainty. Recent work [10] using ab initio calculations of the many-body structures of various 0
candidate nuclei avoid the perturbative shell-model e ective interaction framework. These calculations,

rooted in chiral e ective eld theory, have produced NME values on the lower end of the range of possible



values. However, these calculations disfavor extremely low NME values and are currently a work in progress,
with re ned calculations expected to be completed in the near future.

Given the current status of the half-life calculation including all of its uncertainties, theorists have been
able to provide order of magnitude estimates of the size ofm i for a measured half-life: In the range of
1076 to 10?8 years for both mass orderings and greater than 13§ years for the normal ordering. It is expected

that most next-generation O experiments will be able to extend their sensitivity through 1078 years.



CHAPTER 2: The Majorana Demonstrator

Though there are up to eleven isotopes known to double beta decay, three have been used by the majority
of 0  experiments. *Xe was the isotope of choice for the KamLand-Zen and EXO-200 experiments.
KamLand-Zen uses a large volume of**®Xe-doped liquid scintillator enriched to 90.85% *®Xe as their
source and detection medium [6], while EXO-200 used a liquid Xenon time projection chamber (TPC)
enriched to 80.6% in'%®Xe[11]. These experiments bene ted from a high active mass of 0 isotope, but
have modest energy resolution.**°Te is used by the CUORE experiment [12] and will be used by the SNO+
experiment [13]. SNO+ plans to deploy their **°Te through liquid scintillator, while CUORE has an array
of crystal tellurium bolometers housed in a dilution refrigerator. It is through this implementation that
CUORE bene ted from a much better energy resolution, though the collaboration faced greater di culty
with background discrimination.

8Ge is the third of these isotopes, used by both the GERDA [14] andVajorana Demonstrator [15]
experiments. Both experiments deployed crystals enriched if®Ge, but in di erent ways. GERDA operated
their array of crystals in liquid argon which served to cool the detectors as well as passively shield them
from backgrounds. The liquid argon also served as an active Compton scattering veto to mitigate gamma
backgrounds [14]. TheMajorana Demonstrator operated crystals in a vacuum cryostat surrounded by
ultrapure electroformed copper [15]. Both experiments demonstrated excellent energy resolution as well as
low backgrounds. Though fabricating individual large mass crystals & 2kg) of ®Ge has its own set of unique
challenges, LEGEND, which combines the strengths of GERDA and theMajorana Demonstrator , IS
scaling up with such crystals, aiming for 1000 kg of active mass as LEGEND-1000, a next-generation O
experiment based in germanium [16].

An overview of all of these experiments and their next-generation counterparts can be found in the refer-
enced publication by Cardani [3]. The remainder of this chapter will discuss theMajorana Demonstrator

with a focus on germanium detector technology and background mitigation.

Section 2.1: Demonstrator Goals

The Majorana Demonstrator was a °Ge 0 experiment located at the 4850' (1.48 km) level of

the Sanford Underground Research Facility (SURF) in Lead, South Dakota. It deployed an array of enriched



germanium semiconductor detectors that also served as the 0 source. The Demonstrator aimed to
achieve a list of goals related to its 0  search, energy resolution, and background mitigation techniques

[17]:
1. Measure the 0  rate, likely as a lower-limit with 65 kg yrs of exposure.
2. Demonstrate the feasibility of building a tonne-scale, modular detector array.
3. Demonstrate the ability to achieve a background rate at or below 2 cts./(FWHM-t-yr) at Q
4. Achieve an energy resolution at or better than 2.5 keV FWHM at Q

5. Perform searches for physics beyond the standard model, other than for 0

The Demonstrator  achieved all of these goals with the exception of goal 3. The nal 0  result that
satis es goal 1 is discussed in section 3.3. The achievement of goal 2 relied on the arrangement and operation
of the modular germanium detector arrays. Since the detection e ciency of 0  does not appreciably change
with individual detector size or number of detectors, the number of modules can be multiplied to reach the
required mass of germanium for next-generation experiments like LEGEND-1000 while also maintaining the
excellent energy resolution of theDemonstrator

Motivation for goal 3 originated from sensitivity calculations for the two phase LEGEND experiment.
The rst phase, named LEGEND-200 with a 200 kg germanium crystal payload, aims to be sensitive to
0 half-lives above 167 years. This requires a background rate a bit below 1 ct./(FWHM-t-yr) at Q
The second phase, LEGEND-1000, will aim to probe 0  half-lives up to 10?® years, and thus will require
a background rate lower than 0.025 cts./(FWHM-t-yr). Later chapters will describe that, while goal 3 was
ultimately missed, the potential for achieving such a background level is likely by combining the mitigation
techniques used for both theDemonstrator ~ and GERDA. LEGEND-200 is using and has improved upon
these techniques. Further steps are planned to achieve the background rate goal for LEGEND-1000.

Unique properties of the detectors and electronic readout, described in section 2.2.3, allowed tlizEemon-
strator  to satisfy goal 4. Finally, goal 5 was motivated by the low energy detection threshold theDemon-
strator ~ was able to achieve. An excellent energy resolution and low backgrounds combined to yield a
rich and broad physics program that included searches for dark matter [18][19], violations of fundamental
symmetries [20], searches for solar axions [21], lightly ionizing particles [22], monopoles, baryon decay [23],
charge non-conservation [20], exotic fermions and majoron emission during decays, and tests of quantum

mechanics [24].



Figure 2.1: The Majorana Demonstrator shield system layout. Additionally shown here is one of the
crossarms which link each of the modules to its cooling system, electronic boxes, and high vacuum system.
The assembly is nine feet high, for scale. [17]

Section 2.2: Demonstrator Overview

2.2.1: Shielding Con guration

Figure 2.1 illustrates the shielding arrangement of theDemonstrator . The two cryostats, made from
underground electroformed copper (UGEFCu) were surrounded by an inner copper shield comprised of the
same material. An outer copper shield of commercially obtained oxygen free high conductivity (OFHC)
C10100 copper surrounded the inner shield, followed by a layer of high-purity lead shielding. These compo-
nents were enclosed within a thin radon exclusion box purged with liquid nitrogen boil o . Installed around
the radon enclosure were plastic scintillator panels that formed an active muon veto system. Layers of bo-
rated polyethylene and standard polyethylene completed the shielding structure. Additionally, at its location
of 4850 ft. under the earth's surface, theDemonstrator bene ted from a 4300 meters water equivalent
(m.w.e.) rock overburden to shield the experiment from cosmogenic muons. Hollow copper crossarms, one
running to each cryostat, penetrated these shielding layers to allow passage between the cryostats for the
high-vacuum pumping and the signal and high voltage (HV) cables. The crossarm also contains the ther-

mosyphon, a long copper tube that contains nitrogen in liquid and gaseous forms. Liquid nitrogen ows the



length of the tube to where it makes contact with the cryostat, cooling the vessel. The heat transfer from the
cryostat boils the liquid nitrogen, and the resulting gas ows backward through the tube to be condensed
via a heat exchanger at the other end. This closed loop forms the backbone of the liquid nitrogen cooling

system.

2.2.2: Modular Detector Arrays

The high-purity germanium (HPGe) detectors of the Demonstrator were housed in the cryostats,
referred to as \Module 1" (M1) and \Module 2" (M2). The modules contained a total of 35 detectors that
were 88.1 0.7% enriched in "°Ge , totaling 29.7 kg [25]. The Demonstrator  additionally contained 23
HPGe detectors fabricated from natural material with an abundance of ®Ge (7.8%) - totalling 14.4kg. These
detectors had individual masses between 0.6 and 1.1kg [25].

Only UGEFCu machined in-house and NXT-85 [26] - a form of te on manufactured in a clean room
environment - were used in the support structure for the individual detectors [17]. This support structure
consisted of individual frames, referred to as \detector units”, that housed the crystal, HV components, and
signal components including the Low-Mass Front End board (LMFE). Figure 2.3a illustrates and labels the
parts that comprised the detector units. The HV ring was the only copper component of the detector unit
that the crystal was in contact with. This component applied high voltage from the HV fork to the n-contact
of the detector. Otherwise, the crystal was kept electrically isolated from the other copper components by
the use of crystal insulators made of NXT-85. Up to ve detector units were threaded along copper rods to
form a vertical stack of crystals, referred to as a \string". Each module contained seven strings of detectors,
with one string located in the center of the cryostat and the others forming a circle around the central string

(see Figure 2.2). Figure 2.3b illustrates and labels the parts that comprised the strings.

2.2.3: P-Point Contact (PPC) HPGe Detectors

The enriched P-Point Contact HPGe detector [27][28] has all of the advantages of the traditional Coaxial
HPGe detector, but with added bene ts due to its geometry and signal properties. In particular, the PPC
detector o ers superb multisite discrimination capabilities due to the variation in drift times for holes (empty
spaces in the crystal lattice) produced by ionizing radiation in the crystal. Additionally, these detectors
feature a low capacitance that reduces electronic noise. This means the PPC detector has excellent energy
resolution and the ability to read out characteristic energy signals down to below 1 keV, which as mentioned
previously allowed the Demonstrator  to participate in searches for physics beyond the standard model.

Finally, germanium detectors are intrinsically low background, and have the ability to play the role as both



Figure 2.2: Con guration of the string position numbers in a cryostat. This is a top-down view of the
\coldplate"”, which sits at the top of the cryostat, with the crossarm running to it from the left. The
coldplate is a copper plate from which the strings of detectors are suspended.

0 detector and source.

The PPC HPGe detectors in the array operate with a high voltage reverse bias. As semiconductors
with a largely p-type bulk and heavily doped n-type surface, a \p-n junction" exists in each detector - an
e ective border between regions with an excess of electrons and regions with an excess of holes. This junction
creates a region in which electrons from the n-type side have di used over the border and recombined with
holes, and vice-versa. In equilibrium this region is called the \depletion region" and is characterized by low
concentrations of mobile majority carriers (electrons from n-type regions and holes from p-type regions).
Thus, ionizing radiation (like from O ) can free electron-hole pairs in this depletion region. A reverse bias
on the detector greatly enhances this e ect, extending the depletion region through the p-type bulk and
mitigating the movement of majority carriers [29].

The movement of the electron-hole pairs through the crystal induces a charge at the readout electrode,
referred to as the point contact. The magnitude of the induced charge is proportional to the movement of

the holes and electrons through the biased crystal bulk, as given by the Shockley-Ramo theorem [30][31]:

Qt)=1a ot) (2.1)

Q(t) is the total charge induced at the point contact, q is the charge of the electron or hole, and ¢ is

the \weighting potential" of the detector. The weighting potential (Figure 2.4) is de ned as the solution to



(a) Components of the Majorana Demonstrator detector unit. CMP stands for Crystal Mounting Plate.

(b) Components of the Majorana Demonstrator string assembly.

Figure 2.3: Components of theMajorana Demonstrator detector unit and string assembly [17].
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Figure 2.4: Weighting potential of a PPC detector, mapped by collaborator Benjamin Shanks [32]. The
point contact is located at (0,0). Each black line is an \isochrone" - locations from which holes have an
equal amount of time to drift to the point contact. Each isochrone from the point contact is an additional
100 ns of drift time.

the Laplace equation in which the point contact is xed at 1 and the heavily n-doped surface is xed at 0.

Due the geometry of the PPC detector, the weighting potential increases sharply very close to the point
contact. Therefore, most of the charge induced by the movement of holes towards the point contact will
occur in the short period of time at the end of the drift path. This manifests itself in waveforms with sharp
rise-times (see Figure 2.5). Since the waveform of a physics event has such a characteristic shape, it becomes

easier to identify background events through pulse shape discrimination, to be discussed in section 2.5.2.

2.2.4; Data Acquisition

The induced charge was read out of the point contact and passed through a charge sensitive ampli er
(CSA) [33]. A radiopure, custom circuit board installed near the detector called a \Low Mass Front End"
(LMFE) board contained part of this CSA, namely a JFET and feedback resistor. The signal traveled the
length of an approximately 2m long miniature 50 coaxial cable to reach the pre-ampli er part of the
CSA. The pre-ampli ers sat on motherboards that were organized by string and output detector signals
in two channels, one at high-gain (up to 3 MeV) and one at low-gain (up to 10 MeV). These signals
were transmitted to and digitized by GRETINA digitizer boards (the same boards used in the GRETINA
experiment) which were housed in VME crates [34]. The digitized signals were stored locally, and then
forwarded to the a computing cluster at the National Energy Research Scienti c Computing Center (NERSC)

to be processed for o ine data analysis.
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Figure 2.5: Waveform of a single-site gamma-ray physics event read out by a PPC detector and digitized.
The initial shallow rise (imperceptible in this gure) from baseline accounts for the majority of the drift
path the holes undertake. The sharp rise accounts for the nal period of drift when the holes are within the
innermost isochrone of Figure 2.4 relative to the point contact [32].
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The DAQ system of the Demonstrator utilized an object-oriented real-time control and acquisition
software application (ORCA) [35]. Written in objective C, ORCA is a highly-modular, general purpose,
acquisition and control system that can be con gured at run time to represent di erent hardware schema
for any detection experiment [17]. Each object in ORCA maintains its own detailed data structures as well
as its own set of diagnostic code that allows for the easy control of many DAQ system setups, including the

Demonstrator S.

2.2.5: Calibration

The detectors were calibrated on a weekly basis by hour long?®Th line source runs and on a monthly
basis by 24 hour long runs of the same source. The hour long calibrations measured gain stability in the
detectors as well as the e ciency of Pulse Shape Discrimination (PSD) cuts that are discussed in section
2.5.2. The 24 hour long calibrations measured the time stability of these PSD cuts. The?®Th source
was a line source that was deployed into theDemonstrator via PTFE tubing that wrapped in a helix
around the cryostat and entered the module through a small cut-out in the shielding layers [36]. The helical
position of the line source ensured that the majority of the solid angle with respect to the detectors was
covered by the source radiation. When not in use, the line source was stored outside of the module on a
mechanical apparatus controlled by the DAQ system. During deployment, a DAQ user activated a motor in
the apparatus which inserted and retracted the source to a prede ned stopping point.

Other calibrations took place throughout the Demonstrator  's operation for a variety of studies. For
example, a®°Co button source was placed in multiple locations to test the detector e ciency from hardware

components distant from the cryostats.

Section 2.3: Background Mitigation and Sensitivity to 0 Discovery

In order to be sensitive to the e ective Majoranamass, 0  experiments must limit background radiation
to as low as possible levels. While the discovery sensitivity scales linearly with exposure in a background
free environment, this relationship changes to a square root dependence when backgrounds are present.
Therefore, any amount of background will lead to a diminished sensitivity.

This is shown clearly in Figure 2.6. The 3 discovery sensitivity of O in ®Ge scales linearly with
exposure as long as there is no background in the region . However, at even the background goal of the
Demonstrator , just 1.0 count/FWHM t yr, this relationship diverges and requires around 100 toryears of
exposure to achieve a 3 discovery sensitivity that would only require 2 ton years exposure in a background

free case. This problem worsens when attempting to reach discovery sensitives of higher half lives. Therefore,
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Figure 2.6: The sensitivity to a 0 decay signal in "®Ge as a function of exposure and background for a
3 (99.7% C.L.) discovery sensitivity (DS). Note, the background rates are normalized to a 2.5 keV FWHM
energy resolution. [37]
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it was important for experiments like the Majorana Demonstrator and GERDA to develop background
mitigation techniques prior to embarking on large scale 0  searches. Based on what has been learned
from the Majorana Demonstrator and GERDA, as well as from additional R&D for LEGEND-200, a
background of <0.025 counts/FWHM t yr is the goal for LEGEND-1000 [16].

Section 2.4: Sources of Background and Background Mitigation in the Demonstrator

A signal from 0 will be found at Q , 2039 keV. TheMajorana collaboration de nes a \region of
interest" (ROI) around this energy in which any count could potentially be identi ed as signal. The ROI
has a width of 3.8 keV centered onQ  [15] which accounts for the energy resolution (2.52 keV FWHM) and
the uncertainty in the 0 peak shape. In order to correctly quantify the background index in the ROI,
a larger window of 360 keV is used. This is done to account for events from the Compton continuum and
degraded alphas that could contaminate the ROI (see section 2.5.1). This background estimation window
(BEW) stretches from 1950 keV to 2350 keV, but excludes a 10 keV window centered o , as well as
three 10 keV windows around known gamma backgrounds (one fromi%Tl and two from 22Bi) 1. The
Majorana Demonstrator implemented mitigation techniques to reduce common sources of background
in this window, including cosmogenic muons, neutrons from muon spallation, alphas from radon plate-out,
radiation from the decay of cosmogenic nuclides lik€°Co and ®®Ge, and radiation from the #*8u, #*2Th,

and “°K decay chains.

2.4.1: Cosmogenic Sources

Cosmic rays that strike the atmosphere produce a number of secondaries, including neutrons, charged
pions that decay into muons, and neutrinos. Atmospheric neutrinos hardly interact with matter, and neutron
secondaries do not have a su cient energy and lifetime to penetrate the Earth's surface deeper than a few
meters. However, cosmogenic muons have a su cient energy and lifetime to penetrate the Earth's surface
substantially. To reduce this muon ux by several orders of magnitude, the Demonstrator  utilized a 4300
m.w.e. rock overburden. Even at this depth, there is still a measurable ux of muons that are energetic
enough to produce counts nearQ . The Demonstrator accounted for this ux using an active muon
veto system made of scintillator panels. A passing muon leads to scintillation photons in the panel that are
detected by PMTs. The timing of the signal is recorded by the DAQ system and an exclusion window is

placed in the data around the time of the muon passage.

1The ROI was used speci cally with the Feldman-Cousins technique in combination with the BEW to produce a lower limit
on the 0 half-life. Other statistical techniques were used that did not include this 3.8 keV window, see [15].
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Cosmic ray secondaries can also have an impact on HPGe detectors as they are transported and stored
on the surface. Secondary neutrons and muons can interact witH®Ge to produce other isotopes including
®8Ge and ®°Co. These two isotopes decay and produce gammas with energies aba@e , thus potentially
contributing to counts in the ROI [38]. The Demonstrator  mitigated this process, known as \cosmogenic
activation", by limiting the amount of time the detectors spent on the surface. This involved storing them
underneath some overburden after fabrication and quickly transporting the detectors to SURF.

Muons that reach the level of the Demonstrator have the potential to interact with the rock sur-
rounding the lab, and muon spallation can occur. These interactions can lead to fast neutrons incident on
the array with energies aroundQ . To prevent these neutrons from reaching the detectors, polyethylene
shielding moderated neutrons to lower energies. A layer of borated polyethylene underneath - polyethylene
impregnated with boron - allowed for neutron capture of the moderated neutrons. Lead bricks installed
behind the polyethylene layers blocked de-excitation gammas from this capture as well as gammas from the

rock walls of the lab.

2.4.2: Primordial Radiation Sources

238 and 2*2Th are extremely long-lived radioactive isotopes that are responsible for two prevalent decay
chains (see gures 2.7 and 2.8). As primordial elements produced through stellar astrophysical processes,
28y, 232Th, and “°K are abundant on Earth and consequently can make up part of the composition of
everyday materials. Though radioactivity from these nuclei and their daughters is typically inconsequential
in everyday life, it can form a signi cant background source for rare-event searches including thlajorana
Demonstrator . To mitigate this risk, ultra-clean materials were used in components placed near the
detector array. This included UGEFCu, which was electroformed in a separate laboratory space underground
to eliminate cosmogenic exposure, and commercially produced plastic (PTFE/NXT-85) for plastic inserts
involved in the detector support structure. Also, both decay chains feature short-lived isotopes of the noble
gas radon ¢%’Rn via 2%U, ?2°Rn via 2%2Th), which alpha decay. Isotopes above radon in the decay chains
are abundant in the rock surrounding the lab, and so without proper consideration, radon daughters can
accumulate on detector surfaces and emit alpha particles. Though such alphas have energies much higher
than Q , incomplete charge collection from them can potentially lead to counts in the ROI. To mitigate this
alpha background, the Demonstrator ~ featured a radon-exclusion box that t between the muon veto and
lead brick layers. The box was purged with low Rn nitrogen gas from a supply of liquid nitrogen, blocking

passage of the radon nuclei.

Ultimately it is impossible to completely eliminate these isotopes and their progeny from materials.
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Figure 2.7: *2Th decay chain. Notable decays important to background studies include the alpha decay of
220Rn and beta decay of?%TI[39].
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Figure 2.8: 2%U decay chain. A notable decay important to background studies is the alpha decay of
222
Rn[40].
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In order to account for these radioactive sources in theDemonstrator , the collaboration undertook a
rigorous assay program [41]. Samples of each material were analyzed through one of four methods-ray
counting, Glow Discharge Mass Spectrometry (GDMS), Inductively Coupled Plasma Mass Spectrometry
(ICPMS), and Neutron Activation Analysis (NAA). The advantages and disadvantages of each method are
described in [41]. Results for most assayed materials provided a value or upper-limit on thef®®U and #*2Th
concentrations, and some also returned®K concentration information. These results were combined to form
the Majorana Demonstrator assay-based background model, to be described in chapter 4. In addition
to the assay, strict procedures were written for the handling and installation of materials in order to reduce

the chance of contamination.

Section 2.5: Recognizing and Mitigating Backgrounds through O ine Analysis

2.5.1: Background Signatures in Data

The background distribution in the energy spectrum of the Demonstrator  is constructed from gamma,
alpha, and beta signatures that result from the sources discussed in section 2.4.2.

Gammas can interact in the germanium material in three di erent ways, depending on their incident
energy [29]. At lower energies, an incident gamma will be absorbed by a germanium atom and a photoelectron

will be emitted. This photoelectron will have energy

Ec =h Ep 2.2)

where h is the energy of the incident gamma ray andEy is the binding energy of the electron in the
germanium atom. Since the interaction requires the incident gamma to have a higher energy than the
electron binding energy of a particular electron shell for the interaction to take place, the energy spectrum
will exhibit edges at which the frequency of gamma events will decrease dramatically below the edge. As
shown in Figure 2.9, this interaction is only dominant in germanium below 200 keV and is typically not a
danger regarding counts in the ROI. However, its signature is important for low energy BSM physics searches
that the Demonstrator  carried out.

Another important contributor to the spectrum is pair production, which is only possible with gammas
of the property h > 1:02 MeV. This interaction is rare for most identi ed background sources in the
Demonstrator , as pair production does not become the dominant process in germanium until above 8
MeV. In pair production, a gamma produces an electron and positron pair. The electron slows and is

absorbed by the germanium, and the positron re-combines with another electron to produce two gammas of
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Figure 2.9: A graphic that illustrates the dominant gamma ray interaction in the parameter space de ned
by the energy of the incident gamma ray (in MeV) and the proton number of the absorbing material (Z=32
for germanium). The black lines are points in the parameter space where the probabilities of two of the
interactions are equivalent. [29]

the property h = 0:511 MeV. One, both, or neither of these gammas is absorbed by the germanium, and
these cases can produce a single-escape peak (SEP), double-escape peak (DEP), or a full-energy peak (FEP).
The most noteworthy gamma that pair produces in the Demonstrator s that from the 2°TI decay, which
produces a FEP at 2615 keV and the appropriate relative DEP and SEP. These three peaks are used to
calibrate the multi-site event (AvsE) cut, discussed in section 2.5.2.

The most notable gamma interaction in the Demonstrator ~ and the one with the highest potential to
contribute to counts in the ROI is Compton scattering. In this interaction, a gamma scatters o an electron

in the germanium and transfers some energy. The energy of the departing gamma is given by:

o_ h

1+ mho"cz (1 cos)

(2.3)

where moc? is the rest mass energy of the electron, and is the scattering angle of the departing gamma.
The energy of the recoil electron can be deposited into the germanium and show up in the spectrum. We

can obtain this energy by rearranging equation 2.3:

Ec=h h?O%=h mae7 (105 )

© 1+ 2%5(1 cos)

(2.4)

Background counts from the recoil electron form the Compton continuum that spans fromE, = 0 to
the Compton edge, whereE. is maximized at = and the gamma is backscattered. Compton scattering
is a particular nuisance because gammas at energies above the Q-value can produce recoil electrons that

potentially deposit energy into the germanium within the ROI energy range.
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Coincident gammas from particular isotope decays can deposit energy in the detectors within the event
time window, leading to energy peaks that are really the sum of two incident gammas. The energy peaks
are known as \summed peaks" and are important to consider when interpreting the energy spectrum.

Alpha particles are a concern if they are incident on the passivated surface of the germanium detector
- the surface shared with the point contact which is not lithiated. It is here that holes from an alpha
energy deposition can become trapped and induce a charge at the point contact at a later time, leading to
incomplete charge collection and a possible count in the ROI. This possibility is mitigated by the Delayed
Charge Recovery (DCR) cut, discussed in the section 2.5.2.

Finally, beta particles cannot penetrate deeply into most materials, and thus they are only a concern
when emitted very close to or within the detectors. They appear in the energy spectra with the characteristic
beta decay distribution where the energy of the decay is shared between the antineutrino and electron. Beta
particles can also indirectly e ect the energy spectrum through bremstrahlung, especially high energy betas
in high-Z materials such as the lead shield.

The most prominent beta decay distribution in the energy spectrum of theDemonstrator  is naturally
that of 2 from the enriched detectors. Due to the low background theDemonstrator was able to
achieve up toQ , this irreducible background is clearly visible and its spectral shape can be used to extract
an updated estimate of the 2 rate (see section 6.6). Counts from 2  dominate the spectrum in the
1000-1400 keV range. Above this range, the number of counts from 2 decreases up to the lower bound
of the BEW, where the overall background becomes at?. Therefore, counts from the 2 spectrum make

a negligible contribution to the BEW.

2.5.2: Pulse Shape Discrimination (PSD)

O ine analysis cuts and Pulse Shape Discrimination (PSD) are used to mitigate backgrounds that are
not otherwise addressed by the selection of materials and the shielding con guration. O ine analysis cuts
refer to timing cuts that track the re lling of liquid nitrogen (which tends to produce low-energy noise in
detectors), multiplicity cuts that remove any multi-detector events from the analysis (as these events are
not possible 0 candidates), and data-cleaning cuts that search for and remove waveforms with non-0
characteristics.

PSD is used in the form of three cuts - the \AvsE" cut that rejects multi-site events, the Late Charge
(\LQ" cut that rejects a population of multi-site events the Avsk cut tends to miss, and the Delayed

Charge Recovery (\DCR") cut that rejects alpha events. As mentioned in section 2.2.3, HPGe detectors

2Counts from the 2 spectrum are still decreasing up to Q , but the amount is negligible compared to other sources.
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Figure 2.10: Comparison of a single-site gamma-ray waveform (top) and a multi-site waveform (bottom).
The multi-site current waveform (bottom, red) clearly shows several peaks of lower amplitude which the
AVsE cut can detect. [42]

have excellent characteristics for PSD. The variant strength of the weighting potential in di erent parts
of the crystal means that a multi-site event (multiple energy depositions in the crystal) will appear in a
current vs. time waveform as multiple peaks of smaller amplitudes (A) (see Figure 2.10). By comparing the
maximum current waveform amplitude A to the energy of the event (E), a waveform can be categorized as
single-site (0 -like) or multi-site. The algorithm that does this, the AvsE cut, is tuned through %?Th
calibration runs to accept 90% of the DEP, which contains single-site events. The speci ¢ technique which
compares A to E and additional properties of this cut are discussed thoroughly in [42].

The AvsE cut unfortunately has trouble cutting multi-site event populations where one event occurs
close to the point contact. In this case, the maximum current amplitude appears large due to the proximity
of the event and passes the cut, even though the charge vs. time waveform has the characteristic shape of
a multi-site waveform. These events are handled by the complimentary LQ cut, which measures the area
bounded by the waveform itself (in the charge domain), the rising edge of the waveform beginning at 80%
of the waveform's amplitude, and the mean value of the at-top of the waveform (see Figure 2.11). A larger
area corresponds to a multi-site event and is subsequently cut.

The DCR cut is sensitive to alphas plated-out on the passivated surface of detectors through radon
contamination. Such waveforms have a characteristically shallow tail due to the slow drift time of charges
as they become trapped and released near the detector surface (see Figure 2.12). Analysts tag and reject

these waveforms using the appropriately named \Delayed Charge Recovery" (DCR) cut. A detailed analysis
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Figure 2.11: lllustration of the regions used to make a measurement for the LQ cut. The area in red
determines whether the event will pass the LQ cut, with larger areas tending to fail the cut. Regions | and
Il are used to numerically estimate the area in red. [43]

of this cut is thoroughly discussed in [44].
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Figure 2.12: A waveform from a event in blue and a waveform from an event in red. events tend to
have a shallow rising tail compared to events, which is tagged by the DCR cut. [44]
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CHAPTER 3: Spectra of the Demonstrator
The data and resulting energy spectra collected by theDemonstrator provide a window into the
sources present in materials, with signatures discussed in section 2.5.1. The data is organized into sets that
correspond to various con gurations of shielding, detectors, and data collection, as well as time since detectors
were moved underground. Partitioning the data in this way provides additional information that can be used
to track decaying sources of radiation (cosmogenics), measure contaminant radiation in con gurations with

reduced shielding, and pinpoint sources of excess radiation.

Section 3.1: Data Sets

In June 2015, commissioning data were taken with only Module 1 installed in the south shield position.
This rst dataset, DSO, was collected before the installation of the inner copper shield. A blank monolith
was installed in the east shield position, the eventual location of Module 2. Following rework of the M1
strings and installation of the inner copper shield, DS1 started in December 2015. In May 2016, a test was
conducted on the GRETINA digitizers to allow for \pre-summing", which extends the digitization window of
the waveform baseline and tail. Data collected during this test formed the entirely of DS2, and pre-summing
was disabled at the conclusion of the dataset.

In August 2016, Module 2 replaced the blank monolith in the east shield position. Module 1 and Module
2 initially ran with two separate DAQ systems, producing two separate datasets: Module 1 data for DS3 and
Module 2 data for DS4. In October 2016 these two separate DAQs were merged together, initiating DS5.

DS5 was divided into three sub-datasets. DS5a accounted for the rst few months of combined DAQ data
collection and was characterized by higher electronic noise and the nal installation of the polyethylene shield
during this period. Adjustment of the module and grounding con gurations brought a period of low-noise,
DS5b, which ran for a few months after DS5a. DS5c¢ comprised the nal two months of DS5, in which a
blindness scheme was formally implemented, to be described in section 3.2.

DS6 commenced in May 2017 at which time the GRETINA digitizer pre-summing feature was re-enabled.
DS6 was split again into three subsets. DS6a and DS6b had identical con gurations, running for 11 months
and 7 months respectively. In November 2018, a failed GRETINA card was removed from Module 2. Signal

cables that were going to this card were transferred to a di erent, functioning GRETINA card. Data taken
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following this rearrangement comprised DS6c.

In November 2019, a cable and connector upgrade commenced on Module 2, while Module 1 continued
to operate. Data from Module 1 during this period comprised DS7. Completion of the upgrade in August
2020 reintroduced Module 2 with a larger total active detector mass and four new ICPC detectors (see
Appendix A). These data formed DS8, which was split into \DS8 (PPC)" and \DS8 (ICPC)" to di erentiate
the exposure contributions from the two di erent types of detectors.

March 2021 signaled the end of thddemonstrator 0 program. All enriched detectors were removed
and shipped to Laboratori Nazionali del Gran Sasso (LNGS) in Italy for use in LEGEND-200. The remaining
natural detectors were re-stringed and consolidated into Module 2 to run as DS9 for additional measurements
and tests related to background estimation.

In April 2022, tantalum disks were installed in M2 in place of several natural detectors in an e ort to
measure the decay rate of®™Ta. This experiment, outside of the scope of this dissertation, forms the basis
of the currently running DS10.

A summary of each dataset, date range, enriched exposure, and change notes is shown in table 3.1.

Section 3.2: Selection of Data for the Final 0 Result and Background Analysis

A large portion of the data were concealed by a blindness scheme in order to reduce the possibility of
a biased result. This blindness scheme left 25% of the data \open" in order to monitor data stability and
provide data for preliminary analyses. The \open"/\blind" label was assigned to runs on a 124 hour cycle
which ran for 31 hours in \open" mode and 93 hours in \blind" mode. Calibration data and non-standard
run data were labeled as \open". Data below 100 keV and events with a multiplicity greater than 1 were
labeled \blind" such that they could be handled di erently for the low energy and 0 excited state decay
analyses [45].

When presenting a background spectrum in the context of a nal O result, the spectrum is presented
in the lowest background con guration with only enriched detectors. This con guration excludes DSO,
during which the inner copper shield was not installed, and previously excluded DS5a, which featured excess
electronic noise. Analysis e orts to clean the data in DS5a were successful, and this data is now included in
the nal background con guration of DS1-DS8.

While not used in the nal background spectrum for the O result, DSO is important for background
studies because of the reduced shielding between the lead layer and the detectors. The data from this
time period constrains the lead contribution to the background model. Similarly, energy spectra from

natural detectors are critical for background studies as they can account for contributions in the 2
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Data Set Start End Enr. Expo- || Notes
Date Date sure (kg y)

DSO 06/15 || 10/15 112 0.02 M1 commissioning, incomplete shield

DS1 12/15 05/16 2.26 0.03 M1 only, inner shield installed

DS2 05/16 07/16 1.12 0.02 M1 only, pre-summing test

DS3 08/16 || 09/16 0.97 0.01 M1+Mz2 in shield, M1 DAQ

DS4 08/16 || 09/16 0.26 0.00 M1+M2 in shield, M2 DAQ

DSb5a 10/16 01/17 272 0.04 DAQs combined, high noise, poly shield
installed

DS5b 01/17 03/17 1.77 0.03 Grounding optimized to reduce noise,
poly shield complete

DS5c 03/17 05/17 217 0.03 Blindness scheme implemented

DS6a 05/17 04/18 14.76 0.21 || Blindness, pre-summing

DS6b 04/18 || 11/18 9.78 0.14 Blindness, pre-summing

DS6c 11/18 11/19 13.26 0.19 || Blindness, pre-summing, GRETINA
digitizer swap

DS7 11/19 08/20 4.47 0.07 Blindness, pre-summing, M1 only

DS8(PPC) 08/20 03/21 6.99 0.09 Blindness, pre-summing, M2 upgraded,
PPCs only

DS8(ICPC) 08/20 03/21 282 0.04 Blindness, pre-summing, M2 upgraded,
ICPCs only

DS9 03/21 04/22 n/a M2 only, natural detectors only, post
0 program

DS10 04/22 present n/a M2 only, tantalum disks installed, post
0 program

TOTAL ENR. EXPOSURE (kg y) 64.46 0.92 || DS0-8 (2015-2021)

region that would otherwise be undetectable by only enriched detectors. Natural detector spectra from DS9

are particularly important, as they can be compared to spectra of earlier datasets where detectors were in

Table 3.1: Table of Majorana Demonstrator

dataset information.

alternate positions, providing additional insight into particular sources of radioactivity.

Events in the lowest background con guration are generally from high-gain channels, though if the event
only has a detection in the low-gain channel, that channel is used. The lowest background con guration
additionally incorporates channel selection, which excludes events from detectors which do not pass a set of
data quality criteria in a given period of time. This selection is done on a detector-by-detector basis within a
dataset, meaning a high-gain channel and low-gain channel for the same detector will be assigned the same

tag. These criteria eliminate detectors with issues in®?Th calibrations, event building, data cleaning, pulser
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Figure 3.1: The energy spectra, before and after cuts, and results from 64.5 kg-yrs enriched detector operation
of the Demonstrator . The background estimation window is highlighted in light blue and shown in the
inset. The blue vertical band around 2039 keV in the inset is the 10-keV window around , while the gray
vertical bands in the inset are the 10-keV windows around peaks from the decays 6f°Tl and ?**Bi. These
four vertical bands are excluded from the BEW. Figure adapted from the data in Ref. [15]

timing, and poor PSD performance or stability.

Section 3.3: Final Results of the Majorana Demonstrator

As mentioned in section 2.4, a window surroundingQ is used as a proxy to estimate the background
rate in the lowest background con guration. The 360-keV-wide BEW ranges from 1950 keV to 2350 keV and
excludes four 10-keV-wide regions: one aroun® , and three around prominent -peaks from the decays

of %7l and 2*Bi (see Figure 3.1).

An assay-based background model, produced through Monte-Carlo simulations of th®emonstrator
and the radioassay program discussed in section 2.4.2, initially predicted a rate of 8.75.0 * cnts/(keV kg yr)
in the BEW [41]. An updated Bayesian framework to produce an improved assay-based background model
using Monte-Carlo uncertainty propagation returned a predicted rate of (1.16 0.04) 10 2 cnts/(keV kg yr)

in the BEW [46]. The construction of this assay-based model will be detailed in chapter 4.

Analysis of data from the enriched detectors produced a nal background rate in the BEW of (6.2300523)
10 3 cts/(keV kg y)) from the lowest background con guration spanning 63.3 of the 64.5 0.9 kg-yrs
active exposure (see Figure 3.1) [15]. A0 signal was not observed, and a lower limit on the 0  half-life

was derived using an unbinned, extended pro le likelihood method, producing a limit of T;—, > 8:3 10?°
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yrs .

There is more than a factor of ve di erence between the nal background rate and the updated predicted
rate from the assay-based model. The answer for this discrepancy lies in th&?Th decay chain, as shown
in Figure 3.2. The measured rate in the prominent?*2Th chain -ray peaks, particularly at 238 keV and
2615keV, exceeds the predicted values by about a factor of two and ve respectively. Some of the discrepancy
could also be contributed to the 28U chain, as many of the prominent*8U  -ray peaks have a factor of two

to three more counts in data than predicted (see table 7.1).

Figure 3.2: Predicted energy spectrum of the assay-based background model (blue curve) plotted against a
50.83 kg-yr subset of the enriched-detector data (black). The model has been broken down into its decay
chain constituents, represented by other colors. Note that while®’Co and ®**Mn are also contributors to the
assay-based model, their spectra fall below the y-scale of this gure and were thus excluded.

In Module 1, the rate in the lowest background con guration is 18.6 1.8 cts/(FWHM t y) (or 7.38
0.71 10 3 cts/(keV kg y)), whereas in Module 2 the rate is only 8:4*%:3 cts/((FWHM ty) (or 3 :33'%:% 10 8

a0 half-life lower limit was alternatively derived through the Feldman-Cousins technique using the 3.8 keV ROl window,
producing a result of T;—, > 7:2 10?5 yrs
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cts/(keV kg y)). This di erence indicates the existence of an additional source of background in the total
rate that is non-uniform and larger in Module 1. Evidence for a localized excess has been identi ed in

prominent 232Th -peaks in the natural spectra from two detectors in Module 1.

Section 3.4: Evidence in Module 1 Natural Detector Spectra for a 232 Th Excess

The top detector (D1) in each string sits at an elevation that is just below the opening of the hollow
copper crossarm where it interfaces with the cryostat. The two strings closest to this opening in both Module

1 (C1) and Module 2 (C2) are strings 2 (P2) and 7 (P7¥ (see Figure 2.2).

Figure 3.3: Direct evidence for a non-uniform®?Th excess in Module 1 natural detectors, based on rates of
232Th chain -ray peaks. Left: Rate of the 2615-keV peak in individual detectors through datasets before
the removal of enriched detectors. Detectors C1P2D1 and C1P7D1 have the highest rates. Detectors in gray
were not operational during this period. Right: Rate of the 238-keV peak in operable Module-1 natural
detectors through datasets before the removal of enriched detectors. Detector C1P7D1 has a much higher
rate than the other detectors. Detector C1P2D1 is excluded due to limited statistics as it was biased down
early in the dataset.

In datasets prior to DS9, natural detectors C1P2D1 and C1P7D1 observed an excess in the 2615-keV
rate compared to other natural detectors in Module 1 (see Figure 3.3 left). This suggests that a localized
source of ?Th existed in a component inside or near the crossarm opening of Module 1. Furthermore,
detector C1P7D1 observed an excess in the 238-keV rate compared to other natural detectors (see Figure 3.3
right). The 238-keV -line is attenuated by more than 70% in 1 cm of copper, which suggests that minimal
shielding exists in the line of sight between the source of the excess and C1P7D1.

These rates suggested that the excess either was located in the region of the crossarm opening or was

integral to the crystals themselves. When enriched detectors were removed from thBemonstrator at

2When identifying these detectors, the individual IDs for the module, string, and elevation of the detector are used together.
The elevation ID convention is as follows: D1 for the highest elevation in the string and DN for lowest elevation in the string,
where N is the number of detectors in the string. As an example, the top detector (D1) in the Module 1 (C1) string located in
the center of the cryostat (P1) is named C1P1D1.
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the end of DS8, the natural detectors from Module 1 were installed into Module 2. C1P7D1 and C1P2D1 in
particular were placed in new locations within Module 2. When observing the integrated rate of these two
detectors in datasets when they operated in Module 1 versus Module 2, their overall rate fell to a comparable
level with the other natural detectors in DS9 (see Figure 3.4). This measurement eliminates the possibility
that the excess originates in these two detectors. The search for the source of tHé&°Th excess in the region

of the crossarm opening will be discussed in section 4.4.

Figure 3.4: The two natural detectors which saw an excess of events between 100 and 3000 keV when
positioned next to the Module 1 crossarm no longer had elevated rates after being moved to a new location
in Module 2.
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CHAPTER 4: Simulations of the Demonstrator

The background model, whether xed to radioassay measurements or constructed from Bayesian in-
ferences, requires Monte-Carlo radiation transport simulations. Simulations of theDemonstrator are
conducted using the Geant4 application MaGe47][48], a program written explicitly for the Majorana
Demonstrator  and GERDA experiments. MaGeeproduces the geometry and materials of over 4000 com-
ponents used in theDemonstrator . Conducting simulations of primary decays from these components
provide detector e ciencies for every part of the apparatus. Provided with radioassay data or inferred ac-
tivities as well as exposure values from relevant datasets, these detector e ciencies (counts/decay) can be

converted into background indices (counts/keV kg yr).

Section 4.1: Component Groupings

While it is feasible to conduct a separate simulation for every component and every potential decay chain
observed by theDemonstrator , attempting to t 4000 components  several decay chains to data would
be challenging given the large number of parameters (activities) to oat and limited statistics. A more
reasonable approach is to group components of the same material together, requiring that their array-wide
detector e ciencies are relatively degenerate. This requirement has been extended further than in previous
works, where electroformed copper components were grouped together regardless of location, for example.

A full table of component groupings, their corresponding components, and simulated decay chains used
in this dissertation are shown in Appendix B. In general the component groupings are split by module in
order to capture variations in the model between the two arrays, though groupings with components that
span both modules (like the copper and lead shielding) are not split.

In general component groupings are simulated with an entire decay chain, though long decay chains like
22Th and 2%8U are split up into segments, where each segment represents a series of decays that are
assumed to be in secular equilibrium. A summary of each decay chain and their corresponding segments can
be found in Appendix C.

By default, component groups are simulated with 37.5 million primaries of a particular decay-chain
segment. Only a subset of these primaries are used for component groupings with high detector e ciency

(i.e. the LMFES) to reduce disk space usage. Conversely, component groups with low detector e ciency
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(i.e. the bellows and lead shield), are simulated with about 3 billion primaries in order to obtain enough
statistics in the resulting e ciency spectrum.

For most components, the primaries are generated within the bulk of the simulated component volume
and decay according to an isotropic primary decay generatorRDMisQ. This generator will allow a primary
and its progeny to decay to a predetermined end-point (usually a stable isotope or an isotope that ends a
primordial element decay segment) within the time window of one day. There are a few exceptions. For the
Rn-purge shielding layer and detector unit PTFE (DUPTFE) parts, primaries are populated on the surface
of the component volume in addition to the bulk. This is done using theMaGEenerator GSSGeneric Surface
Sampler), which ensures a random and uniform distribution of primaries on surfaces. For the lead shield
volume, a generator that more accurately simulates the bremsstrahlung e ect of betas passing thorough
the lead is used rather than the standard isotropic primary decay generator. Finally, the bellow volumes,
which represent thin-walled stainless steel components that isolate the cryostat and internal components
vibrationally from the rest of the cryogenic and vacuum systems, have a small detector e ciency because
they sit on the opposite end of the crossarms from the cryostat. Therefore, simulations of the bellows use a
photon generator (g4gun) which emits 2%Th decay chain gammas, energy weighted by intensity, in a cone
from a random point in the bulk volume towards the detectors. The number of decays is corrected at the

simulation processing stage in order to match the number of decays for an isotropic primary decay generator.

Section 4.2: Processing with GAT and MPP and PDF Generation

The raw simulation le will contain un-normalized hit data, much like raw digitized data that is sent to
NERSC (see section 2.2.4). In order to analyze the simulated data like a normal dataset, it must be processed
with the same software that processes the digitizedemonstrator ~ data. Originally this was done with the
Germanium Analysis Toolkit (GAT). GAT sourced a database of detector information organized by dataset
in order to produce simulation les for each con guration. These les, like their data counterparts, include
parameters from o ine data analysis, like corrections from energy non-linearity analysis and information
from pulse shape discrimination.

A processing application designed for LEGEND, the MaGe-Post-Processor (MPP), was made backwards
compatible with Demonstrator data and has become the preferred processor for simulation data. It
runs with the same features as GAT, but also with additional features that produce systematic parameters
important for the background model analysis. This includes measurements of the detector dead layer (the
bulk region of the germanium crystal near the surface that cannot be depleted, see section 2.2.3), corrections

to the DCR cut (see section 2.5.2), and parameters that vary the peak-shape of particular gamma decay
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peaks. MPP also organizes detector data it sources explicitly by con guration rather than dataset (i.e. DS1-
2 and DS3-6 instead of DS1, DS2, DS3, etc.). MPP calculates a total runtime for each con guration that
incorporates channel selection and data cleaning, so that datasets with detectors that were only operational
for part of the time are accounted for appropriately.

The processed simulation data from MPP is sourced into a python script that histograms the hit data
and normalizes the hit data by the number of primaries for each component group. Two sets of histograms
are produced up to 10 MeV - one set with a variable binning scheme to be used in the frequentist statistical
model, and the other set with a 1keV xed binning scheme to be used in the Bayesian statistical model. The
latter set form the probability distribution functions (PDFs) that source the model discussed in section 5.3.

These histograms are further subdivided by module, detector type, and multiplicity cut type.

Section 4.3: Assay-Based Background Model

The PDFs produced from the processed simulation data exist in units of counts per decay (per keV with 1
keV binning). When combined with the measured activity of a component group from the radioassay program
and the measured masses of the detectors, these histograms can be expressed in units of the background
index:

X activity pwdc X cts: decays sec_ X cts

Modeltg ac =  PDF T mag ., decay seckg yr kg yr

4.1)

hw

where dtg is the detector grouping \M1Enr", \M2Nat", etc.), dc is the decay chain, andhwis the hard-
ware component grouping. These background indices can be summed together over the detector groupings
and decay chains to produce the total assay-based background model (see Figure 3.2):

X X
Model = Modelig dc

dc dtg

(4.2)

For a more detailed description of the assay-based background model, see [46].

Section 4.4: Analysis of 2*2Th Excess through Simulations

In section 3.4 the data from natural detectors C1P2D1 and C1P7D1 suggested the presence of a non-
uniform thorium radiation excess in a component near the opening of the Module 1 crossarm. In order to
examine the likelihood of these components exhibiting this excess in full or in part, simulations of these
components were conducted and compared to data from th®emonstrator  as well as updated radioassay

measurements.
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4.4.1: Module 1 Bulk Component Simulation Studies

Several sources in the region of the Module 1 (M1) crossarm and cryostat hoop junction (CCJ) were

identi ed as potential sources for the thorium excess. These sources include:
The vespel-made thermal bu er plate near the CCJ (VespelSpider )

The copper adapter plates above strings 2 and 7 (directly above C1P2D1 and C1P7D1,
StringAdapterPlates )

The vespel pins that support the coldplate's position in the cryostat (VespelPins)

The high voltage and signal cables that sit atop the coldplate CPHVCablesand CPSigCables)
The high voltage and signal cables that line the length of the crossarmrossarmCables)
The cold plate interface copper block at the end of the thermosyphon CPInterface )

The copper bolts that mount the cold plate interface block to the coldplate (TSBolts)

The copper bolts and nuts that mount the cryostat body to a copper ange, along the lower rail

(RailBolts )
Four welds that join copper components in the region:

{ The circular weld at the CCJ, referred to here asCWJAnnulus

{ The circular weld joining the two crossarm tube pieces between the Front Spider and the CCJ,

referred to here asCW2Annulus

{ The rectangular weld joining the thermosyphon tube adapter to the cold plate interface block,

referred to here asTSW3AnnularBox

{ The circular weld joining the thermosyphon tube to the thermosyphon adapter, referred to as

TSWANNulus

The approximate locations of these components are shown in Figure 4.1. All of these components were
simulated as part of the standard background modeling simulation campaign, described in sections 4.1 and
4.2. Simulations processed by MPP in the DS3-6 con guration using all segments of thé*?Th decay chain
were then used for the?*2Th excess studies. The welds were simulated separately on theedata computing
cluster at Oak Ridge National Laboratory (ORNL). The volume of each weld was approximated as an
annulus or hollow box at their appropriate locations within MaGe 2.5 million *2Th decay chain primaries

were populated in the bulk of these volumes with theRDMisogenerator.
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Figure 4.1: The location of components identi ed as potential source for the?*Th excess in Module 1. One
of the two natural detectors that observed a high rate from the 22Th chain, C1P7D1, is labeled.

The weld simulations were compared to DS3-6 data (excluding DS5a due to excess noise) with a peak
scaling method. The 238 keV gamma peak of one weld simulation was allowed to scale up to match the
amplitude of the 238 keV gamma peak of detector CLP7D1 in data. The required activity in mBq to produce
the 238 keV peak in data for each weld through this peak scaling method is shown in table 4.1, with the
caveat that this activity would have to explain all of the thorium excess. The welds, if true sources of the
232Th excess, would need to have a bulk activity on the order of mBq.

Collaborators determined that the con guration of the Demonstrator in DS9, which was ongoing at
the time of this study, could be used as an assay instrument with enough sensitivity to check the activities
of the welds. An in-situ assay took place throughout the month of February 2022 in which the welded parts
from Module 1 were cut out from their original components and placed beside the Module 2 cryostat, within
the inner copper shield. Data were taken over 18 days, producing upper limits on the weld activities shown
in table 4.1. These upper limits are consistently below the required activities from the peak scaling study,
and consequently the welds were ruled out as primary sources of th&?Th excess.

A required activity was extracted from the other candidate components using the same peak scaling
method, with a few minor di erences. This analysis was not performed on the string adapter plates, which

had since been ruled out as a candidate as their presence did not make a noticeable contribution to the
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Component Required Ac- || Assayed Ac-|| Assay Loca-|| Notes
tivity [mBq] tivity or U.L. tion
[mBq]
CW2Annulus 0.89 <0.52 SURF in-situ assay in Module 2
(USA)
CW2nnulus 5.82 <1.3 SURF in-situ assay in Module 2
(USA)
TSW3RAnnularBox 2.47 <0.72 SURF in-situ assay in Module 2, TS
(USA) welds assayed on same piece
TSWANNnulus 5.89 <0.72 SURF in-situ assay in Module 2, TS
(USA) welds assayed on same piece
VespelSpider 7.14 <0.09 SNOLAB Re-assay TBD at HADES
(Canada)
VespelPins 1.18 0.11 HADES
(Belgium)
RailBolts 1.25 <0.32 HADES 12 bolts assayed, 4 simulated, ac+
(Belgium) tivity scaled to 4 bolts
TSBolts 1.40 <1.80 HADES 4 bolts assayed, 6 simulated, ac-
(Belgium) tivity scaled to 6 bolts
CPInterface 1.78 <4.0 LSC (Spain) || Re-assay at LNGS (ltaly), see
section 4.4.4
CPHVCables 3.10 <2.66/bundle|| LSC (Spain) || 2 bundles is<5.32 mBq
CPSigCables 4.88 <3.2/bundle || LSC (Spain) || 2 bundles is<6.4 mBq
CrossarmCables 40.33 <2.66/b. or || LSC (Spain) || 4 bundles is<11.72 mBq
<3.2/b.

Table 4.1: Table of estimated required activities for candidate components to explain theé*Th excess using
the 238 keV peak scaling method as well as their assayed activities.

total rate in DS9. Simulations of the remaining components were sourced from the DS3-6 MPP production
simulations, using a primary cut to isolate events from the relevant volumes. InMaGgprimaries are populated
in every speci ed volume with a probability that is scaled by the fractional mass of that volume against all
speci ed volumes. Therefore, the number of primaries of each simulation was scaled to match the fractional
mass of each component in their component group. For example, simulations of théespelPins come from
a set of simulations of the M1ThermosyphonAndShieldVespelgroup, which contain 37.5 million primaries
in total. The VespelPins only make up 0.5% of the mass in that group. Therefore the total number
of primaries for that set of simulations is scaled down from 37.5 million to 187,500 when normalizing the
simulated spectra to units of counts per decay. These normalized spectra are scaled to the C1P7D1 238

keV peak in DS3-6 data to match the MPP con guration. The required activities are shown in table 4.1.

Meanwhile, these components were shipped from SURF to various gamma counting stations in Canada and
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Europe with the intention of re-assaying them down to the sensitivity of mBg. The results of this assay
campaign are also listed in table 4.1. The results tentatively rule out components like the \Vespel Spider" and
vespel pins as primary contributors, while not quite reaching the sensitivity needed to rule out components
like the cables, thermosyphon bolts, and thermosyphon block. However, given the caveat that the peak
scaling study assumes that all of the?®’Th excess comes from one component in particular, there remains a

possibility that any of these components could be contributors to the excess.

Simulations of these components were also used to investigate the impact of a Module?#?Th excess on
the Module 2 rate. First, the 238 keV and 2615 keV gamma peak e ciencies of these components in Module
1 and Module 2 detectors were compared with one another (see Table 4.2, note that some components were

combined for this study).

Component M1nM2 e ciency M1nM2 e ciency
(238 keV) (2615 keV)

VespelSpider (Enr) 85.4 9.4

VespelSpider (Nat) 10.8 7.3

Rail Bolts , TSBolts, and CPInterface (Enr) 21.2 39.5

Rail Bolts , TSBolts, and CPInterface (Nat) 64.1 155.2

CPHVCablesand CPSigCables (Enr) 116.4 175

CPHVCablesind CPSigCables (Nat) 107.3 19.8

CrossarmCables (Enr) 17.5 11.4

CrossarmCables (Nat) 18.6 9.6

DS6 DATAENI) 1.1 1.3 19 1.8

DS6 DATANat) 1.7 11 43 39

Table 4.2: Table of 238 keV and 2615 keV peak comparisons between Module 1 and Module 2. The second
and third columns list the magnitude of a peak in Module 1 over the magnitude of a peak in Module 2 for

a given set of enriched or natural detectors. The peaks are background subtracted. The uncertainties on
the data ratios were calculated through the standard Poisson error N that was propagated through the
sideband subtraction and ratio.

When compared to DS6 data, most of the simulated component groups produce much larger ratios
between the two modules, suggesting they would have a minimal impact on Module 2 if they were the
source of the ?®2Th excess. The one exception is the simulation of theé/espelSpider as a ?*’Th source,
which produces a ratio between the modules in the 2615 keV peak and natural detectors that sits within the
uncertainty window of the ratio from DS6 data. This makes sense despite the disfavoring of this component

group in Table 4.1, as the location of theVespelSpider has a line of sight to Module 2 that encounters less

LAll detectors enabled in DS6.

38



attenuation from shielding than the other component groups listed in Table 4.2. An an additional study, a
DS6 BI for Module 2 was calculated for every component group simulation, assuming that component group
was the dominant contributor to the DS6 BI for Module 1 (see table 4.3). Under those calculations, most
component groups only contributed between 13-23% to the enriched DS6 BI of Module 2, further disfavoring
a large contribution to Module 2 from a Module 1 *2Th excess. TheVespelSpider simulation is another
exception to this conclusion in the natural detectors, producing a theoretical 53.27% of the counts seen in
the DS6 Module 2 BI. However, this exception exists as a result of the geometrical reasons stated above,
and the VespelSpider is disfavored by the assay results shown in Table 4.1. It is important to stress that a
\worst-case scenario” framework was adopted for this study, where all contributions to the Module 1 Bl were
from one hypothetical 22Th source. This scenario is very unlikely as it ignores other decay chain sources
and excludes the possibility that multiple sources are responsible for thé*?Th excess. This framework was
chosen merely to illustrate the low likelihood of a Module 1%3*Th excess signi cantly contributing to the

Module 2 rate.

Component BI in M2 || % of DS6 M2
(c/FWHM-t-yr) rate in BEW

VespelSpider (Enr) 1.99 23.3
VespelSpider (Nat) 6.43 53.27

Rail Bolts , TSBolts, and CPInterface (Enr) 1.19 14.01

Rail Bolts , TSBolts, and CPInterface (Nat) 1.80 14.93
CPHVCablesand CPSigCables (Enr) 1.16 13.59
CPHVCablesind CPSigCables (Nat) 1.97 16.33
CrossarmCables (Enr) 2.02 23.71
CrossarmCables (Nat) 453 37.51

Table 4.3: Table of theoretical background indices from components in Module 2, assuming all of the counts
in the DS6 Module 1 BEW can be attributed to the component(s) in the rst column.

4.4.2: Point Source Studies: Peak Ratios

Another strategy to constrain the region of the excess is to simulate a humber of point sources around
the CCJ region and observe how well the 238 keV to 2615 keV peak ratio compares to data. One can also
observe the relative rates in di erent detectors from these sources to see how well they match with data
(see Figure 3.3). There is also a possibility, given the localized nature of the excess, that the excess itsis|f
a point source. This could exist in the form of a particulate settling, or perhaps accidentally incorporated

into, a component near the Module 1 crossarm opening. Such a contaminant could exhibit a high activity
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even when made of a material with a low activity density due to its point-source like nature.
An initial series of simulations were carried out in a number of point locations based on their approximate

detector e ciency and amount of attenuation from shielding materials:

~ A point on the detector surfaces of C1P2D1 and C1P7D1, speci cally such that these two points face
each other P2D1Surface and P7D1Surface)

Center spot on the bottom surface of the cold-plate interface block CPInterfaceBottom )

The bottom surface of the end of the thermosyphon tube near the junction with the thermosyphon

adapter (ThermoTubeBottor

The center bottom surfaces of the two vespel coldplate centering pins nearest the Module 1 crossarm

opening (VespelPin01 and VespelPin03)

The center cryostat-facing surfaces of the four cryostat bottom rail bolts closest to the Module 1

crossarm opening RailBotl01 , RailBotl02 , RailBotll1l , and RailBotl12 )

The center cryostat-facing surfaces of the two cryostat top rail bolts closest to the Module 1 crossarm

opening (TopRailBolt01 and TopRailBolt12 )
The center of the top surface of the clamp plate, directly aboveCPInterfaceBottom (ClampPlateTop)

The two inner copper shield bolts closest to the crossarm opening at the elevation of the cryostat top

lid (InnerCuShieldBolt01 and InnerCuShieldBolt12 )

" A point each on the surface of the upper and lower part of the nearest crossarm ba e plate to the

cryostat (BafflePlateTop and BafflePlateBottom )

These point source locations are shown more clearly in Figure 4.2

Simulations of these points were carried out usingMaGe A virtual spherical volume measuring a mi-
crometer in diameter was placed at each speci ed location in the geometry. Up to a million primaries were
populated at each virtual volume. These simulations were processed by MPP in the DS3-6 con guration. A
peak ratio study for two prominent 2*2Th gamma peaks (at 238 keV and 2615 keV) was conducted using
these simulations and DS3-6 open and blind data. The counts of each peak in C1P7D1 (one of the two
\hot" detectors) were determined through sideband subtraction, covering bands of twice the peak width.
The results of the study are shown in table 4.4.

These results formed two distinct groups - sources with too little shielding relative to C1P7D1 (ratio>

2) and sources with too much shielding (ratio< 2). This led to a search for a point source between the
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Figure 4.2: Locations of the point sources simulated to evaluate the possibility of #3?Th excess from a
point source. Left is a cutaway graphic of the module 1 cryostat (point sources are yellow circles). Right is
a full 7-string graphic of Module 1 (point sources are the numbered rectangles).

Component Ratio in C1P7D1 Component Ratio in C1P7D1
P2D1Surface 36.0 1.7 BafflePlateTop 1.1 0.2
P7D1Surface 13.7 14 BafflePlateBottom 15 0.3
ThermoTubeBottom 105 1.9 ClampPlateTop 14 0.2
VespelPin01 119 1.1 TopRailBolt01 0.2 0.2
VespelPin03 6.6 1.1 TopRailBolt12 0.2 0.2
RailBolt01 91 10 InnerCuShieldBolt01 1.0 0.7
RailBolt02 92 1.0 InnerCuShieldBolt12 03 0.7
RailBolt11 12 05 CPInterfaceBottom 8.2 0.7
RailBolt12 76 13 CPInterfaceCenter 19 0.2
DS3-6 DATA 20 0.45

Table 4.4: Table of ratios of counts in the 238 keV gamma peak (fronf*?Pb in the 232Th chain) over the
2615 keV peak (from?°Tl). The sideband subtracted peak counts are taken from the hot detector that was
primarily online throughout the DS356 con guration, C1P7D1. The error on the data value was calculated
through the standard Poisson error’ N that was propagated through the sideband subtraction and ratio.
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two groups with the right amount of copper thickness in the line of sight between the point and C1P7D1.
Though there were three point sources within the uncertainty window of the ratio given by DS3-6 data,
the center of the cavity within the thermosyphon block (referred to as CPInterfaceCenter ) looked to be
an ideal candidate, with its vertical position directly between CPInterfaceBottom and ClampPlateTop (see
Figure 4.2), which produced peak ratios of 8.2 and 1.4 respectively. The resulting ratio from this point
source, shown in table 4.4, matched the ratio in data with a di erence of only 0.1. This result highlighted
the interior of the thermosyphon block as a leading candidate for the source excess. However, relative rates
between detectors in these simulations required review in order to eliminate sources with similar amounts of

gamma attenuation to C1P7D1.

4.4.3: Point Source Studies: Relative Rates

Simulations of the point source in the middle of the thermosyphon block cavity produce the closest 238
keV to 2615 keV peak ratio to data in detector CLP7D1. However, the location itself does not have a strong
physical motivation as a point source, as it is in a region of nitrogen ow where it evaporates from liquid
to gas. A more likely point source would exist on the bottom surface on the cavity. A simulation was run
with a point source placed at the center of this bottom surface, directly underneath theCPInterfaceCenter
source. Both simulations returned a ratio in C1P7D1 of 1.9, and their rates un-normalized by exposure in

relevant detectors in the DS1-2 con guration ? are shown in Figure 4.3. Though there is a slight variation

Figure 4.3: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
point source CPInterfaceCenter . Right: Rates from the point source CPInterfaceCavityBottomCenter

2The DS1-2 con guration is used when studying relative rates from the point sources because detector C1P2D1 is most active
durint this period.
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Component Ratio in det. || Component Ratio in det.
C1P7D1 C1P7D1
CPInterfaceCenter 19 0.2 CPInterfaceBottom 8.2 07
CPICBCenter 19 0.2 ClampPlateTop 1.4 0.2
CPICBFront 1.2 01 TSBoltsBulk 33 03
CPICBBack 1.3 0.2 TSBoltsSurf 47 04
BafflePlateBottom 1.7 04 CPICBSurface 19 0.2
CPICBTM2 19 0.2 DS3-6 DATA 20 0.45

Table 4.5: Table of ratios of counts in the 238 keV gamma peak (fronf*?Pb in the 232Th chain) over the
2615 keV peak (from?°Tl). The sideband subtracted peak counts are taken from the hot detector that was
primarily online throughout the DS3ipjon guration, C1P7D1. The error on the data value was calculated
through the standard Poisson error N that was propagated through the sideband subtraction and ratio.
CPICBIs an abbreviation for CPInterfaceCavityBottom

in counts reaching the two detectors with the next highest rates after the hot detectors (C1P7D2 and
C1P6D1), the overall shape and ratios of the detector spectra are similar. For the rest of the relative rates
studies, CPInterfaceBottomSurfaceCenter is used as a baseline, and the plot of relative rates from this
simulated source shown in gure 4.3 will be used as a reference plot on the right of all remaining relative rate
comparison gures. Simulations were carried out on point sources along the three axes that extend from the
baseline source - moving forward and backward relative to the length of the crossarm, moving left or right
perpendicular to the crossarm, and moving up and down which only requires revisiting the relative rates of
CPlInterfaceBottom and ClampPlateTop. The 238 keV to 2615 keV peak ratios for these new simulations
(and some revisited ones) are all summarized in table 4.5. The locations of the cavity sources are shown in

Figure 4.4.

Along the crossarm axis, simulations were generated at point sources at the very front (end) of the
thermosyphon block cavity as well as the very back where it interfaces with theTSW3AnnularBox weld. At
the front, the ratio reveals too much shielding because of the angle at which radiation must travel through the
bottom thickness of the thermosyphon block and the coldplate. The rate in C1LP6D1 also increases relative
to the rates of the two hot detectors, as this point lies closer to that detector (see Figure 4.5). In fact, any
point further in this direction relative to CPlInterfaceBottomSurfaceCenter will raise the relative rates of
P6 and P4 string detectors relative to the hot detectors, and are therefore disfavored as excess locations. The
point source at the back of the cavity similarly produces a ratio that suggests too much shielding. However,
at this location the rate in C1P7D2 increases relative to the rate of C1P7D1 (see Figure 4.6). This is because
the presence of the germanium material of C1P7D1 attenuates the rate of C1P7D2 to a relative rate that

matches data. Therefore, in the absence of additional germanium shielding, point source positions further
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Figure 4.4: A top-down view of the thermosyphon block showing locations of the sources simulated on the
bottom surface of the cavity to study the relative rates from the 232Th chain in di erent detectors. The yellow
box outlines the surface area where primaries were generated for th€PInterfaceCavityBottomSurface
source. The detector positions are not to scale, and in reality C1P7D1 and C1P2D1 are partially beneath

the thermosyphon block.
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Figure 4.5: Comparison of relative and un-normalized detector rates in the DS1-2 con guration us-
ing MPP simulations. Note that the range on the y-axis is di erent between the two gures. Left:
Rates from the point source CPInterfaceCavityBottomFront . Right: Rates from the point source
CPlInterfaceCavityBottomCenter

back into the crossarm raise the relative rate in the lower P7 and P2 detectors, which disfavors these points

as the excess source. Returning to Figure 4.1, there are points further down the crossarm and away from

Figure 4.6: Comparison of relative and un-normalized detector rates in the DS1-2 con guration us-
ing MPP simulations. Note that the range on the y-axis is dierent between the two gures. Left:
Rates from the point source CPInterfaceCavityBottomBack . Right: Rates from the point source
CPInterfaceCavityBottomCenter

the cryostat where attenuation to C1P7D2 increases again due to the corner material that sits below the
CCJ. To study this, the relative rates from point source BafflePlateBottom were plotted and compared
to baseline (see Figure 4.7). Though there is some attenuation to detector C1P7D2, there is not enough
relative to C1P7D1 to match the ratios of those spectra seen from the thermosyphon block cavity. Moving

any further back from the ba e plate would attenuate the rates to both detectors at a similar rate, and thus
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disfavors all points along the crossarm that sit behind the baseline point source.

Figure 4.7: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
point source BafflePlateBottom . Right: Rates from the point source CPInterfaceCavityBottomCenter

Considering the axis perpendicular to the crossarm, a simulation was conducted with a point source to
the side of the baseline source, towards the position of Module 20PInterfaceCavityBottomTM2 ). Though
the ratio is within the uncertainty window of the ratio in data, the relative rate of C1P2D1 increases
signi cantly compared to C1P7D1 (see Figure 4.8). The relative rates between the two detectors in data are
only di erent by about 25%, so this disfavors any points that lie outside a relatively tight range on either

side of the crossarm axis. When comparing the relative rates fron€PInterfaceBottom and ClampPlateTop

Figure 4.8: Comparison of relative and un-normalized detector rates in the DS1-2 con guration us-
ing MPP simulations. Note that the range on the y-axis is di erent between the two gures. Left:
Rates from the point source CPInterfaceCavityBottomTM2 . Right: Rates from the point source
CPInterfaceCavityBottomCenter

to those from the baseline point source, the ratio of the 238 keV peak to the continuum below 238 keV from
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those sources does not match what is seen fro@PInterfaceBottomSourceCenter , disfavoring points above

and below the cavity (see Figures 4.9 and 4.10).

Figure 4.9: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
point source CPInterfaceBottom . Right: Rates from the point source CPInterfaceCavityBottomCenter

Figure 4.10: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
point source ClampPlateTop. Right: Rates from the point source CPInterfaceCavityBottomCenter

Theoretically it is possible to have multiple sources that symmetrically surround the thermosyphon block
cavity and reproduce the ratios and rates from the cavity. The candidates for this are theTSBolts (see Figure
4.11). Bulk simulations of these bolts were re-run with the same number of primaries as the previous set of
point source simulations. An additional surface-only simulation was also conducted with theGSSyenerator.
The resulting ratios suggest, however, that these bolts have too little shielding between themselves and the
hot detectors. When comparing their relative rates to the CPInterfaceCavityBottomCenter  point source,

the bolts are further disfavored as the source of the excess based on the ratio of the 238keV peak to the
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Figure 4.11: A side view of simulated primaries generated inside the copper bulk of the thermosyphon
block (CPInterface ) as well as the thermosyphon bolts TSBoltsBulk ) that hold the block in place. The
components are outlined in green and blue respectively.

continuum below 238 keV (see Figures 4.12 and 4.13).

Figure 4.12: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
grouping TSBoltsBulk . Right: Rates from the point source CPInterfaceCavityBottomCenter

At this stage, the cavity of the thermosyphon block is the most plausible location for the 22Th excess.
However, even though the baseline point source is more physically motivated thaiCPInterfaceCenter , a
point source in general is highly specic and far less likely than a contaminant spread over an area, like
the entire bottom surface of the cavity. A simulation was carried out that populated primaries across this

surface. The resulting ratio matched that of the baseline point source and the relative rates are similar
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Figure 4.13: Comparison of relative and un-normalized detector rates in the DS1-2 con guration using MPP
simulations. Note that the range on the y-axis is di erent between the two gures. Left: Rates from the
grouping TSBoltsSurf . Right: Rates from the point source CPInterfaceCavityBottomCenter

between the surface and point source (see Figure 4.14). This makes sense, as the surface simulation takes
the e ects from the front cavity source and back cavity source and cancels them out to produce results that

match the center source. As the most plausible source, the bottom surface of the thermosyphon block cavity

Figure 4.14: Comparison of relative and un-normalized detector rates in the DS1-2 con guration us-
ing MPP simulations. Note that the range on the y-axis is di erent between the two gures. Left:
Rates from the surface sourceCPInterfaceCavityBottomSurface . Right: Rates from the point source
CPInterfaceCavityBottomCenter

has been selected as our candidate source of tR&Th excess and is now included in the background model
as its own component group. Simulations of the bottom surface were fed into the production pipeline and
PDFs were generated from these simulations through the same method as discussed in section 4.2. This was
done for the cavity in Module 1 and Module 2 in order to prove the hypothesis that the Module 2 cavity

does not contribute any excess*?Th counts.
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4.4.4;. Re-assay of the Thermosyphon Block

Table 4.1 lists the upper limit on the assay of the thermosyphon block CPInterface ) as 4.0 mBq.
However, due to its plausibility as the source of the?®?Th excess, the part was sent to LNGS in ltaly to
be re-assayed. After 39 days of counting, the upper limit on the activity of the bottom surface of the part
was constrained to 0.57 mBq [49]. Given the estimated required activity of 1.78 mBq (in the bulk volume),
the results of this assay indicate that the postulated contaminant is no longer on the bottom surface of the
thermosyphon block cavity. However, this does not exclude the possibility of its presence during the runtime
of the experiment, especially considering the evidence presented in the preceding subsections. A possible
explanation is that a contaminant from the 2*2Th decay chain was introduced to the closed loop of nitrogen
within the thermosyphon during installation, when the loop was not yet sealed. This contaminant was then
deposited onto the bottom surface of the thermosyphon block cavity as the liquid nitrogen evaporated into
its gaseous form. The contaminant then escaped the closed loop once the thermosyphon was opened after

operations in Module 1 were concluded.
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CHAPTER 5: Building a Bayesian Statistical Model

To make inferences from a set of datalD), the data is modeled with a particular framework (M ). This
model has a set of parameters () that vary with their own distributions. The viability of these model
parameters can be obtained via a multi-dimensional probability distribution of the model parameters given
the data and model type. This distribution, P( jD;M ) is called the \posterior" and is calculated with

Bayes' theorem [50]:

P(Dj ;M )P( jM)

POIDIM) = =g e

(5.1)

where P(Dj ;M ) is the \likelihood" of a set of data given a set of model parameters and the model
framework, P( jM) is the likelihood of the model parameters having a particular range of values given
\prior"  knowledge of the model type, andP (DjM ) is the probability of generating the data given a partic-
ular model type by integrating over the model's parameters (this variable is called the\evidence" ). The
ideal model is one with a set of parameters that maximizes the probability in the posterior. At this maximum
point, the expectation value of each parameter E[ ]) is taken to return the desired information from the
inference.

Bayesian inference methods on datasets are powerful statistical tools, but they rely on an ability to
calculate the posterior. This is usually too di cult to do analytically except for the most basic of likelihood
and prior distributions. To get around this, the posterior can be sampled and the sample distribution can
be used as a proxy. If the posterior distribution is not too complicated and the model only has one or two
parameters (dimensions), a grid evaluation could be used for sampling. However, the grid needs to cover the
region of highest density (probability) in the posterior and this location is less obvious the more complex
the distribution is. This is especially true if the posterior is multimodal or highly peaked. As the number of
parameters and dimensions increase, a grid evaluation becomes unusable. The number of grid points required
to sample the posterior for one parameter and maintain the same uncertainty exponentially increases with
the number of dimensions. Making the grid calculations in this case becomes tedious and pointless, since

most of the grid points will be in regions of low density.

At high complexity and dimensionality of the posterior, Monte Carlo methods are more e ective for

sampling. To nd the region(s) of highest density, where the expectation valueE[ ] may be taken, Monte
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Carlo can be used to approximate an integration over the posterior:

R
_ oP(jDiM)d 1 X
fL= Rstomyd N (5.2)

where N is the number of random Monte Carlo samples taken from the posterior. The uncertainty in the
Monte Carlo integration approximation is proportional to N =2 and has no dependence on the number of

dimensions in the posterior. Therefore the sample size does not have to be unreasonably large to handle a

model with several parameters.

Section 5.1: Markov Chain Monte Carlo

Random sampling of a distribution is the core tenet of a Monte Carlo method, but these methods aren't
all created equal when solving a Bayesian inference problem. For example, a Monte Carlo method using
completely random sampling of the posterior tends to get stuck in low density regions in large parameter
spaces, much like a grid evaluation. Markov Chain Monte Carlo (MCMC) can get around this by reducing
the randomness and setting up a walk over parameter space that \prefers" regions of high density [50]. This
random walk uses the Markov chain method, which evaluates the probability of moving from one parameter
state ; to another state .+, using a transition kernel (Q) specic to the MCMC method being used and
then either accepts or declines the move based on that probability. This kernel, which only depends on the
current state and does not remember previous states, drives the random walk to move towards the high
density regions. A requirement of the Markov chain method is that over enough samples, the distribution
of samples will reach a stationary state that is representative of the posterior. This requirement can be
ful lled if the chain is reversible, such that the transition kernel speci es the probability of transitioning
from state , to p is just as probable as transitioning from , to 5. One of the simplest MCMC methods,
the Metropolis algorithm [50], has this reversible chain. To begin, a sample+1 is drawn from the transition
kernel Q( t+1] t). Then, the Metropolis ratio is calculated:

= W) (5.3)

a( +)

whereq( ) is the probability density at the speci ed parameter value. If > =1, the sample value .1 is
accepted and the algorithm repeats itself with {,; becoming the new value for ;. If < 1, then a random
number, r, is drawn from the uniform distribution U(0;1). If > = r, the sample value is accepted, and
if not, it is rejected. In the case of a rejection, a new sample is taken fromQ( +1j ¢) and the algorithm

continues.
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The Metropolis algorithm can sample a posterior much more e ciently than grid sampling, especially
in posteriors with large parameter ranges. However, it also su ers at high dimensionality due to a concept
called \concentration of measure" [51]. With every additional dimension, the hypervolume of the parameter
space becomes very large, leading to a situation where most of the probability mass lies far away from the
mode of the posterior distribution. Since the transition kernel of the Metropolis algorithm only takes into
account the local space of the initial sampling rather than the full posterior, it will aimlessly become stuck
in large regions of low density. This is illustrated in Figure 5.1 where distributions of varying dimensionality

are sampled using the Metropolis algorithm.

Figure 5.1: Sampling results from di erent distributions using the Metropolis algorithm. Density refers to
the density of samples, and each peak contains 1000 samples of a di erent distribution. The dimensionality
of the distribution is shown above the peak. This demonstration was done by Richard McElreath for his
book \Statistical rethinking : a Bayesian course with examples in R and Stan". [51]

Section 5.2: Hamiltonian Monte Carlo, NUTS, and PyMC3

To bypass the issue of \concentration of measure”, we require an MCMC algorithm that makes smarter
sampling choices and can account for the global shape of the posterior. Hamiltonian Monte Carlo (HMC) is
a good candidate [51]. As the name suggests, HMC utilizes Hamiltonian mechanics to govern the transitions
between samples. A simulation takes place in which the posterior is converted into a multi-dimensional
\surface" with lower elevations correlated to high probability densities. A frictionless particle is placed on
this surface at coordinates that correspond to some combination of model parameters ). The particle is
given some random initial momentum vector and is allowed to travel along the surface for some distance,
with the slope of that surface informed by the posterior's gradient. At the end of the allowed distance, the

simulation freezes, and the new coordinates of the particle are taken as the sample¢(; ). The particle is
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then given another random momentum vector and travels along the surface, repeating the process. Since
the particle will physically travel towards lower regions of the surface (areas of high probability density),
the sampling is done e ectively. The amount of distance between samples is controlled by two variables,
\leapfrog steps" and \step size". The leapfrog steps control how many lengths a particle can travel before a
sample is taken, and the step size controls the length of the individual leapfrog steps, which in turn e ects
how quickly the particle can change direction. An example of HMC in practice, sampling from a 2D Gaussian

posterior, is shown in gure 5.2.

Figure 5.2: Sampling results after four samples (X's) from a 2D Gaussian posterior using HMC and two
di erent leapfrog step values (L=11 and L=28) with the same step sizes. Left: With a good L value, HMC
explores the posterior e ciently. Right: With a poor L value, the particle can return to the area near the
origin at each sampling point, leading the sampler to getting stuck. This can be avoided by using NUTS.
This demonstration was done by Richard McElreath for his book \Statistical rethinking : a Bayesian course
with examples in R and Stan". [51]

There is a aw in HMC where the combination of leapfrog steps and step size can cause a patrticle to
leave its origin, rebound o a surface with low probability density, and return to the origin when a sample
is taken. This potentially traps the particle in a region away from the mode. An HMC-based algorithm
called the \No U-Turn Sampler" (NUTS) can get around this problem by not allowing the trajectory of the
particle to turn around. If the trajectory double backs on itself, the simulation immediately freezes, and the

sample is taken.

A python package, PyMC352], utilizes NUTS to facilitate an e ective sampling of the posterior for the
purpose of making useful inferences from data.PyMCd3everages another packageTheanqg to handle the

vector information from HMC in Cand compiles it into machine code - boosting CPU performance PyMC3
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automatically tunes the number of leapfrog steps and the size of those steps based on input from NUTS,

allowing the user to sample the posterior without resorting to a trial-and-error implementation of HMC.

Section 5.3: A Statistical Model of the Demonstrator

In order to leverage PyMC3o provide insights into the background data presented in section 3.3, we need
to translate a model of Majorana Demonstrator backgrounds into the language of Bayesian probabilistic
programming. Producing a posterior from which PyMC3vill sample requires de nitions of a set of likelihoods
and priors in accordance with equation 5.1.

The Demonstrator  detects discrete radiation events that happen at a particular rate. This situation

is best modeled by a Poisson distribution:

e r
r!

P(rj )= (5.4)

wherer is the number of events observed in a given time interval and is the number of events expected
in that same time interval. To formulate an energy spectrum these variables are measured for each energy
bin (j). The expected rate in an energy bin is equivalent to the sum of the activities of the radioactive
sources (;) multiplied by the e ciencies of those sources per bin ( jj ):
X
j = i ij (5.5)
i
Since the data we observe relies on this Poisson-like process, we choose the Poisson distribution as our

likelihood. With N energy bins, our likelihood becomes:

P P
Yoe PO )T
I’j!

P(Dj:M )= (5.6)

i=1

The Monte-Carlo radiation transport simulations discussed in chapter 4 provide the e ciencies j . The
activities, ;, are the parameters we are trying to infer.

Since the prior involves our previous knowledge about the model parameters, which in this case are the
source activities, it makes sense to source the priors from the assay-based background model. Each prior
distribution is treated as a truncated Gaussian with the mean equal to the assayed activity of the source
and the standard deviation equal to the error bounds on the assay measurement. The prior distributions are

truncated at zero to prevent the inclusion of un-physical assay values.

1De ning the evidence is unnecessary here, since only the shape of the posterior is needed to perform the sampling. The
evidence will become important later when calculating the Bayes Factor, to be discussed in chapter 6.
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With these likelihood and prior distributions, PyMC3amples the posterior with three separate NUTS
chains, each taking 10000 samples after an initial \burn-in" phase of 500 samples to tune the leapfrog steps
and sizes. The model parameters () are the activities for every tuple of hardware sources and decay chains
(for example, M1LMFES?2Th]). The model itself is broken into a number of submodels, each with its own
set of tuple activities that cover a particular dataset con guration (DS1-2, DS3-6, etc.), a particular module
(Module 1 or Module 2), a particular detector type (enriched or natural), and a particular multiplicity (m=1
or m>1). The posterior is informed by all of these submodels simultaneously. In an \unpooled" probabalistic
programming framework, the tuple activities in each submodel would be allowed to oat independently of
their other submodel equivalents. However, there exists a physical constraint on the activities such that
they cannot vary from submodel to submodel (i.e. the source is the same in every submodel). Therefore,
this work relies on a \pooled" probabalistic programming framework in which the tuple activities of each

submodel are xed to their equivalents in other submodels?.

2The cosmogenic activity tuples vary from submodel to submodel, but by a known decay constant that is multiplied to the
DSO activity value prior to tting. See section 6.2 for more details.
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CHAPTER 6: Implementation of Inference Methods

Section 6.1: Structure of Spectra and Component Groupings

In order to supply the statistical model with as much information as possible for the most successful
sampling of the posterior, the model itself is divided into several submodels, each corresponding to a data
spectrum of a particular type. The parameters that de ne the submodel are detector con guration, detector
enrichment, multiplicity, and module. There are 17 submodels in total, each with its own likelihood con-
structed from PDFs of that particular set of parameters (see section 4.3). Each submodel also draws from a
particular set of priors that match the associated parameters, though in practice the priors only change for
cosmogenic decay chains where the central assay value depends on the dataset (see section 6.2).

The submodels are t simultaneously to the corresponding spectra (data spectra or simulated data
spectra) as part of a pooled statistical model, as one would expect the activity density of component groupings
to not dier between submodels of dierent parameters. Additionally, using a pooled statistical model
reduces the overall parameter space, which is already quite large. The component groupings to be used by
the statistical model are the same as those introduced in the latest set of simulation and PDF generation

campaigns (see sections 4.1 and 4.2).

Section 6.2: Handling of Cosmogenic Decay Chains

The cosmogenic decay chain§Ge, ®°Co, 5"Co, and >*Mn have short enough half-lives that their activity
in components changes over the runtime of the experiment. This is accounted for in the tting algorithm
by multiplying a numerical factor to the DSO activity value for a particular tuple involving one of the
aforementioned decay chains. This factor changes value depending on the detector con guration of the
submodel, which itself is an indicator of the amount of time that has passed since DSO.

The DSO0 speci c activity for the component, decay-chain tuple is calculated with the following equation

if the component is saturated before being transported underground:

S.A: = Pe ‘'u (6.1)

whereP is the cosmogenic production rate in atoms/kg/day, is the decay rate of the cosmogenic isotope,
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and t,ng is the amount of time in days the component was underground prior to the beginning of DSO. If
the component is not saturated prior to being transported underground, then the following equation is used

instead:

SA. = Ptgge U (6.2)

where tgys is the amount of time the component was exposed on the surface before being transported
underground.

With the DSO activity represented by Ag, we can calculate the activity of the component, decay-chain
tuple with any detector con guration using the following exponential function, in which  has been replaced

with its reciprocal , the time constant of the relevant decay chain in days:

A=Age teft = ] teff = lofiset T Imean (6.3)

wheretes is the amount of time in days that has elapsed between the beginning of DSO and the beginning
of the detector con guration (tesset ) in addition to an average time in days that represents decays in the
speci ed detector con guration (tmean. Finding tmeanrequires nding the expectation value of the amount

of time elapsed in the detector con guration, which is de ned as:

R
e = dt

tmean= E[t] =
mean Obe t= dt

(6.4)

where b is the run time of the detector con guration in days. Through integration by parts and algebra,

equation 6.4 reduces to:

(1 (b= +1)e )
1 e b=

(6.5)

tmean=

Section 6.3: Handling of “°K and ®°Co Priors

As discussed in section 5.3, the priors that support this statistical model of theDemonstrator are
truncated Gaussian distributions with means informed by the assayed activities of components. However,
some of the assayed activities, especially those froffK groups and the LMFE-based ®°Co groups, are large
upper limits due to insu cient sensitivity. This creates a problem, as using these upper limits as the prior
means will lead to an overt of the data, as the upper limits are orders of magnitude larger than what is

suggested by the strength of the?’K peaks in data. Therefore, it is important to nd a solution for these
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prior activity estimates that is far below the value of the assayed upper limits, yet not so low as to lead to
an undert of the data.

In initial tests of the Bayesian tting algorithm, it was discovered that ts of the Demonstrator
statistical model to simulated datasets were somewhat unreliable due to the limited statistics in the dataset
and an over-dependence of the posterior result on the prior values. These speci ¢ tests are not discussed in
this work because they used an older version of the PDF's described in section 4.2, but an updated set of
these tests are described later in section 6.4. In any case, one idea put forth was to let 0A&Th component
group at a time oat with an uninformative ( at) prior, and let all others oat with their truncated gaussian
priors. This lets the tting algorithm focus on placing posterior counts into that particular 22Th group,
which takes on a temporary role as the \Th excess" for the t, and allows the algorithm to scale the “°K
groups (and two ®°Co groups) to match the environment.

Five ts were run against DSO-7 open and blind data in this scheme, where each t allowed one particular
232Th component group to oat with a at prior. The component groups span the locations near and far to
the detectors and are listed in the rst row of tables 6.1 and 6.2. All “°K component groups with absolute
assay measurements and uncertainties were xed at those values, allowing the tting algorithm to allocate
the remaining “°K counts across those groups with high upper limits. The results of these ve ts are shown
in tables 6.1 and 6.2.

To evaluate which set of “°K and ®°Co activities was the best to choose for the model, the performance
of each t between 800 and 1440 keV was analyzed. This is the region where th€K spectrum is most
prominent up until just below the “°K peak at 1460 keV. When calculating the root mean square of the
pulls between the total model and data of each 10 keV bin inside the aforementioned energy window, the
t where the M1LMFEwere allowed to oat with a at prior produced the lowest overall root mean square
value. Therefore, the set of activity values in the \Th_M1LMFEs" column from table 6.1 was chosen as
the set of prior means to use for future tting. The associated prior uncertainty of each value was chosen
as the calculated standard deviation of all ve tted activities for that particular component group. All of
the activity values in the \Th _.M1LMFEs" column are either comparable to or far below their corresponding
upper limit values from the radioassay program, as shown in the last column of tables 6.1 and 6.2. Therefore,

this revised set of prior means is far less likely to over t the *°K and ®°Co gamma peaks in data.

Section 6.4: Simulated Dataset Studies

In order to verify the e cacy of the statistical model when it is t to data, it is important to start with

a controlled set of data with known quantities. These data are constructed from the same set of simulations
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Groups Th_M1LMFEs | Th_M1Connectors | Th_M1CCPCables || Upper Limit
K_M1Connectors 4.42E-03 1.68E-03 2.02E-03 1.03E-03
K_M1CCPCables 1.05E-02 8.26E-03 7.40E-03 3.13E-03
K _OuterCuShield 8.82E-07 1.14E-02 7.48E-03 3.81E+00

K_M1CCF 2.24E-03 1.81E-03 1.31E-03 1.39E-03
K_M1CCN 7.65E-09 9.72E-09 3.38E-09 4.59E-03
K_M1DUStringCu 5.54E-10 2.12E-10 1.13E-09 4.68E-04
K_M1LMFEs 4.61E-10 4.70E-06 3.35E-06 1.09E-05

K _M1StringCables 2.41E-09 5.63E-09 151E-11 2.43E-04
K_M2Connectors 2.19E-03 2.35E-03 2.28E-03 1.03E-03
K_M2CCPCables 5.14E-03 5.84E-03 5.76E-03 3.13E-03
K_M2CCF 1.47E-03 1.44E-03 1.36E-03 1.39E-03
K_M2CCN 1.14E-08 4.18E-08 1.96E-09 4.59E-03
K_M2DUStringCu 1.44E-09 4.34E-09 5.04E-09 4.65E-04
K_M2LMFEs 7.11E-06 5.75E-06 5.87E-06 1.09E-05
K_M2Seals 4.90E-06 4.57E-06 4.95E-06 4.47E-06
K_M1StringCables 4.99E-10 8.48E-09 1.66E-09 2.43E-04
K _InnerCusShield 3.84E-08 4.96E-08 1.70E-09 6.83E-02
Co_M1LMFEs 1.07E-10 2.95E-10 6.22E-11 1.68E-04
Co_M2LMFEs 6.61E-11 9.04E-11 5.64E-10 1.68E-04

Table 6.1: Posterior activities of “°K and ®°Co component groups in Bq that have upper limits in their assay
measurements, following ts where a particular >*Th group was allowed to oat with a at prior and other
groups oated with truncated gauassian priors. “°K groups with absolute assay measurements were xed for
these ts. The last column is the original upper limit on the assayed activity value.
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Groups Th _InnerCuShield | MTh _M1CCF || Upper Limit
K_M1Connectors 4.15E-03 3.23E-03 1.03E-03
K_M1CCPCables 1.06E-02 5.69E-03 3.13E-03
K _OuterCuShield 1.08E-06 5.86E-03 3.81E+00

K_M1CCF 2.30E-03 1.31E-03 1.39E-03
K_M1CCN 5.13E-09 3.38E-09 4.59E-03

K _M1DUStringCu 6.30E-11 3.64E-10 4.68E-04
K_M1LMFEs 2.56E-10 3.35E-06 1.09E-05

K _M1StringCables 6.75E-10 3.14E-09 2.43E-04
K_M2Connectors 1.68E-03 2.43E-03 1.03E-03
K_M2CCPCables 3.72E-03 6.17E-03 3.13E-03
K_M2CCF 1.42E-03 1.36E-03 1.39E-03
K_M2CCN 1.00E-08 1.96E-09 4.59E-03
K_M2DUStringCu 3.26E-09 1.19E-09 4.65E-04
K_M2LMFEs 8.66E-06 5.87E-06 1.09E-05
K_M2Seals 4.56E-06 4.95E-06 4.47E-06
K_M1StringCables 1.35E-04 4.43E-09 2.43E-04
K _InnerCusShield 3.07E-08 1.77E-08 6.83E-02
Co_M1LMFEs 4.79E-11 4.24E-12 1.68E-04
Co_M2LMFEs 3.49E-11 3.98E-11 1.68E-04

Table 6.2: Posterior activities of “°K and ®°Co component groups in Bq that have upper limits in their assay
measurements, following ts where a particular >*Th group was allowed to oat with a at prior and other
groups oated with truncated gauassian priors. “°K groups with absolute assay measurements were xed for
these ts. The last column is the original upper limit on the assayed activity value.
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that inform the Assay-Based Background Model, as described in sections 4.1 through 4.3. By tting to these
simulated datasets, the behavior of the tting algorithm is not only evaluated at the same level of statistics
as the Demonstrator  dataset, it may optionally be evaluated at higher levels of statistics. This provides

insight into how such a tting algorithm would perform in a high-background dataset.

6.4.1: Overview and Approach

Construction of the simulated datasets is a relatively simple matter of sampling the Assay-Based Back-
ground Model. As a reminder, the Assay-Based Background Model spectrum is informed by the simulated
PDFs of each decay chain and component group tuple and a scaling factor that corresponds to the assayed
activity of each tuple. A random variable of the rv _discrete class from the Python packageSciPy [53]
is created for each tuple. Therv _discrete.rvs() function is then called which samples the distributions
associated with each tuple with a number of samples that corresponds to the number of integrated counts in
the Assay-Based Background Model for that tuple multiplied by a special factor. When creating simulated
datasets with a similar amount of integrated counts as theDemonstrator ~ datasets, this factor is simply
1. For simulated datasets that represent \high-statistics datasets", a factor much greater than 1 is used,

typically 1000 in this work.

The samples are organized into their ownnumpyarrays that represent each tuple and combine to form
the simulated dataset. The special factor used to scale the number of counts is also used to scale the activity

values for each tuple prior before tting to match the \high-statistics dataset" environment.

After the sampling of the posterior is complete, the t is analyzed in two ways. The rst is to look at
plots of the energy spectrum from 100 to 2620 keV comparing the tted model and the dataset (see gure
6.9 for an example). A set of pulls for each 10 keV bin are calculated in a plot below the spectral plot, to
give an overall sense of how well the t performed. The second is to look at the number of integrated counts
that are t into each component group and decay chain. This information is displayed in bar graph form,
with a gray bar representing the number of integrated counts in a component group as given by the prior
activity, and a colored bar representing the number of integrated counts in the component group as given by
the posterior activity. The color of the bar also represents the relevant decay chain, with green representing
22T, pink representing “°K, and so on. If the t involves a simulated dataset based on activities that do
not completely match the prior activities, a blue bar placed between the gray and colored bars will represent
the number of integrated counts in the simulated dataset for that component group. The remaining sections

and subsections will represent tting results in these two formats.
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232 H
(a) 10x “Th Excess in MILMFE@MJD-stats) (b) 10x 2%2Th Excess in M1LMFEgHigh-stats)

Figure 6.1: Fits to simulated datasets with a 10x >*>Th excess in theM1LMFEgroup.

6.4.2: Fits with a 2*2Th excess in Various M1 Component Groupings

Two simulated datasets were constructed by sampling the assay-based model, with one at \MJD-stats"
and the other at \high-stats" in the manner described by the previous section. A factor of 1023>Th excess
is inserted into one M1 2%2Th component group to see if the tting algorithm can make up for the excess
number of counts in the posterior that are in the simulated dataset. All groups are oated in these ts with
truncated Gaussian priors where the mean of the prior is the assayed activity value and the width of the
prior is based on the uncertainty of the assayed activity value. Particular “°K and ®°Co groups have prior

activity values that are estimates from previous Bayesian ts rather than the assay program, see section 6.3.

When placing the excess in theM1LMFEgroup, the t to the \MJD-stats" dataset produces the 232Th
integrated counts result in gure 6.1a. The tting algorithm has a dicult time placing counts in the
posterior to make up for the 2%2Th excess in the simulated dataset. There is too much of a dependence on
either the prior mean or prior uncertainty. When tting to the \high-stats" dataset, the t produces the
result in gure 6.1b. The tting algorithm is able to see the excess in M1LMFEand place the corresponding
posterior counts in that group. This same behavior for both the \MJD-stats" and \high-stats" datasets is
seen for other groups, like theM1CrossarmAndCPCablegroup and the PbShield group. See gures 6.2a
through 6.3b.
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(b) 10x 2%2Th Excess in Ml1CrossarmAndCPCables

232 i
(a) 10x “*“Th Excess in M1CrossarmAndCPCables (High-stats)

(MJD-stats)

Figure 6.2: Fits to simulated datasets with a 10x >*>Th excess in theM1CrossarmAndCPCablegroup.

(a) 10x 22Th Excess in PbShield (MJD-stats) (b) 10x ***Th Excess in PbShield (High-stats)

Figure 6.3: Fits to simulated datasets with a 10x >*>Th excess in theRadShieldPb group.
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