








Figure 5.3: Neutron emission spectra from a concentration of 1 ppb thorium concentration
in C3604 brass.

5.1.3. Output

After the experiment geometry is set and background sources are contaminated, simu-
lations are run through the SuperSim framework. Simulation output is stored in both text
and ROOT formats. By default, track information including the kinetic energy, energy loss,
position, timing, momentum and particle type are recorded for volumes such as the detectors

which are considered sensitive. These information is illustrated in Fig. 5.4.

Several additional features are available included a flux counter for the various types of
backgrounds, for example an ejectron counter. When the flux counter is turned on for a
volume, it will record the entry and exit information of all the particles within this volume.
By setting this option, it is possible to estimate the fraction of particles that are absorbed by
a particular volume. For example, the ejectron counter records the production information
of the ejectrons hitting the detectors. By storing this information, it is possible to identify
the experimental component where an ejectron is generated. This is particularly useful for

identifying single ejectrons versus multiple ejectrons.
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Figure 5.4: A screenshot of the variables stored in one of the SuperSim simulation output
files in ROOT format.

5.2. SuperCDMS SNOLAB Background Estimations

The current baseline design for the SuperCDMS SNOLAB experiment consists of four
towers with a mixture of both Ge and Si detectors, where two towers will operate in high-

voltage mode and the other two towers in normal bias.

The simulations that I performed were of a previously proposed larger payload. The pay-
load was a mixture of both germanium (Ge) and silicon (Si) detectors as illustrated in Fig.
5.6. Simulations estimating the level of neutron and gamma backgrounds were performed
with a detector configuration of 25 towers. The outside 15 towers were all Ge iZIP detectors.
The center tower consisted of four Ge and two Si detectors operated in high-voltage mode to
be sensitive to the lowest mass WIMPs. The nine towers in between were proposed to be of
mixed types with two Ge and four Si detectors in each tower. Each Ge detector had a mass

of 1.39 kg and each Si detector had a mss of 0.608 kg for a total detector payload of 178.8 kg.
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Figure 5.5: This is an illustration of the conceptual experiment design for SuperCDMS
SNOLAB.

The towers were to be shielded by multiple layers (see Fig. 5.5) designed and arranged
in a way to maximize their ability to block and reduce the backgrounds from outside while
minimizing new backgrounds from the construction materials. Several materials had been
selected for the shielding layers. The density and mass information of each layer is listed in

Table 5.1.

A simulation study was performed to understand and estimate the background level in
the detectors with this geometry design. In order to account for all the dominant neutron
and gamma sources from the experimental setup, all layers were contaminated with radioac-
tive sources in the simulation. For neutron sources, uranium and thorium decay chains were
included. For gamma sources, in addition to uranium and thorium decay chains, *°K isotope
was also considered. The radioactivities for these three contaminants in different layers are

listed in Table 5.2.
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15 Towers with & Ge iZIPs
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| Tower of 4 Ge + 2 5i lite

Figure 5.6: The top plot is a cross section view of the experiment geometry in the
simulation. The detector towers (brown circles) are in the center surrounded by space for a
potential upgrade (purple). Surrounding the detector volume are the copper cans (red), the
active neutron veto layer (grey), the lead layer (black), and the polyethylene layer (dark
green). The bottom plot provides a more detailed view of the tower arrangement and
composition assumed for this geometry.
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Layer Material Density [g/cm?®] Mass [kg]
Tower Housing Cu 8.96 425.36
Mixing Chamber Cu 8.96 231.14
Cold Pot Cu 8.96 376.49
Still Cu 8.96 459.06
Inner Vacuum Cu 8.96 635.73
Shield Vacuum Cu 8.96 820.40
Outer Vacuum Cu 8.96 2316.88
Inner Tank Acrylic 1.18 242.25
Scintillator 3% B-LAB 0.881 8059.67
Outer Tank Acrylic 1.18 4992.48
Lead lead 11.35 108399.5
Polyethylene Poly 0.94 42091.6

Table 5.1: The material and mass of the shielding layers in Fig. 5.6.

Layer Material Uranium Thorium *K [mBq/kg]
Cu 0.07 0.02 0.04
Acrylic 0.03 0.02 0.1
3% B-LAB 1.2E-4 4.1E-5 2.65E-2
Lead 0.66 0.5 7.0
Polyethylene 0.03 0.02 0.1

Table 5.2: The radioactive level of each contaminant in each material.
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In this simulation, one million primary particles were simulated for each contaminant in
each layer. The contaminants were assumed to be uniformly distributed in the bulk region
of the layers. The single-scatter nuclear recoil and electron recoil events in the detectors (see

Fig. 5.7) were selected with the following rules.

e Nuclear Recoil Event

— Energy Range : [Epin, Emaz| keV
- EER/ENR : < 0.05

— Energy Collection Time Window: 10 us

Single Scatter: No energy deposition larger than 2 keV in any other detector
e Electron Recoil Event

— Energy Range : [Epin, Emaz| keV
— Energy Collection Time Window : 10 us

— Single Scatter: No energy deposition larger than 2 keV in any other detector

This study investigated two energy ranges of interest: [2,10] keV and [10,100] keV. After
the simulations were complete, nuclear recoil and electron recoil events were counted in each
detector as well as their single scatter components. To achieve the estimated rates, conver-
sion factors in unit of exposure [kg™!- year~™!| are needed and they were calculated in the

following ways.

Nuclear Recoil Conversion Factor F,,,[kg™!- year™!] =

nYield[n/s/ecm?/ppb] - A[Bq/kg] - Conv[ppb — Bq/kg] - Conv[sec — year| - Vigyer[cm?]

Nprim : Mdet[kg]

(5.1)
Electron Recoil Conversion Factor F,,,,[kg™!- year™!] =

gYield|y/decay] - A[Bq/kg] - Conv]sec — year| - Mjaye, k9]

Npm’m : Mdet [kg]
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Figure 5.7: In reality, a single scattering neutron should only interact once in a detector.
But in data collection, a neutron interacts multiple times within the same detector is not
able to be separated from a real single scattering neutron. Thus, these two groups are both
parts of single scattering neutrons (Singles) in the data analysis. Neutrons leave signals in
more than one detector are referred to as multiple scattering neutrons (Multiples) in the
data analysis.
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where A is activity of the contaminant, Vi, is the volume of a specific layer, Ny, is the
number of primaries simulated, My, is the total target mass of a detector type, Mjqye, is the

mass of a specific layer.

These conversion factors are dependent on the layer material, geometry, contaminant
type, contamination level and background particle type. They were used to convert the
single-scatter nuclear recoil (NR) and electron recoil (ER) event counts in each layer from
each contaminant to event rates. These rates were then co-added together to get the total
estimated NR and ER event rates as shown in Table 5.3. Given that the total target mass
of Ge detectors was 155.68 kg and that of Si detectors was 23.104 kg, the total estimated

rates combined together are shown in Table 5.4.

Detector Energy Single NR Single ER
[kg™'- year™] [kg™!- year™]

Ge 2-10 keV 9.49E-04 5.67E+01
10-100 keV 1.72E-03 1.01E+03
Si 2-10 keV 3.42E-04 2.70E+02
10-100 keV 1.74E-03 3.66E+03

Table 5.3: Estimated single scatter NR and ER rates in different energy ranges for Ge and
Si detectors separately.

Detector Energy  Single NR Single ER [kg ! year™!]

Ge + Si 2-10 keV 8.70E-04 8.43E4-01
10-100 keV  1.72E-03 1.35E+403

Table 5.4: Estimated single scatter NR and ER rates in different energy ranges for a
combined payload of 178.784 kg.
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Assuming the total experiment exposure of this study to be 385 kg-years, the estimated
numbers of single scatter nuclear recoil and electron recoil events was found to be as shown
in Table 5.5. In the energy range of [10, 100] keV, the estimated number of single-scatter
nuclear event was less than 1 for a 385 kg-years exposure. This 25 tower configuration of

mixed Ge and Si detectors with this proposed geometry of shielding layers demonstrates the

feasibility of a upgraded SuperCDMS SNOLAB experiment.

Detector Energy Single NR Single ER [kg ! year™!]

Ge + Si 2-10 keV 3.35E-01 3.24E4-04
10-100 keV  6.63E-01 5.21E+05

Table 5.5: Estimated numbers of single-scatter NR and ER events in different energy
ranges for an experiment exposure of 385 kg-years.

5.3. Active Neutron Veto Shield

SuperCDMS Soudan used passive shielding layers to attenuate and block background
particles and an active muon veto to tag muons crossing the detectors. While this was
sufficient to achieve the goals of the SuperCDMS Soudan experiment, an investigation was
conducted to ascertain if an active neutron veto would be necessary to achieve the goals of
SuperCDMS SNOLAB. This veto would look for interactions that are coincident between
the neutron veto and the detectors to minimize the number of single-scatter neutron events
observed. In addition, the neutron veto could serve as a neutron monitor to continuously

monitor the neutron backgrounds in the experimental cavern.

This proposed SuperCDMS SNOLAB experiment aimed for a sensitivity to the spin-
independent WIMP-nucleon interaction cross section down to 8 x 107*7 cm? for a WIMP
mass of 50 GeV/c? by the end of the planned five-year operating period. Considering a
target mass of 92 kg of Ge detectors, a five year running period, a 367 kg-years raw (~

244 kg-years net) exposure, and the 8-48 keV,, WIMP search range, the expected neutron
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background would have been ~0.04 events for radiogenic neutrons and ~0.008 events for

cosmogenic neutrons.
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Figure 5.8: This proposed SuperCDMS SNOLAB experiment would have provided
sensitivity to a WIMP-nucleon cross section that would have reached down to 8 x 10747
cm? for a WIMP mass of 50 GeV/c? by the end of the planned five-year operating period.
This Generation-2 (G2) experiment would have had unparalleled sensitivity for low-mass
dark matter, with a sensitivity goal that was 100 times better than the current limits at 13
GeV/c?, increasing to 6 x 10° times better sensitivity at 1.2 GeV/c?. (Based on original
DOE proposal in 2013 [56])

Several potential materials for the construction of an active neutron veto were considered
including plastic scintillator and liquid scintillator. Several geometries were studied including
different layer thicknesses and layouts. For the liquid scintillator option, the material for the

vessel containing the scintillator was also studied.

5.3.1. Plastic Scintillator

In order to enhance the ability of neutron capture in the active neutron veto layer,

gadolinium (Gd) with natural abundance was introduced into polyethylene as a doping
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Neutron Background Background Rates Expected Background

Type [event - keV ! kg™ year™!] Number
Radiogenic Neutrons 4 %1076 0.04
Cosmogenic Neutrons 8 x 1077 0.008

Table 5.6: Estimated neutron event number at SuperCDMS SNOLAB with the assumption
of a ~244 kg-years net exposure and an 8-48 keVr WIMP search range [56].

element in the simulations. The thermal neutron capture cross section of the ¥”Gd isotope
is about 255,000 barns, which is highest among all stable nuclide. Its abundance is around
15.68%. Another isotope °Gd also has a very high thermal neutron capture cross section,
which is about 61,000 barns. Its abundance is around 14.7%. On average, natural gadolinium
has a thermal neutron capture cross section of 48,890 barns [57]. When a neutron is captured
by a gadolinium isotope, a gamma particle is emitted. The energy spectrum of gamma

emission can be up to ~8 MeV.

AGd +n — v+ Gd

A study was conducted to estimate any increased background that may be introduced to
the experiment by the materials that would be needed to construct a neutron veto around
the SuperCDMS SNOLAB experiment. The first step was to examine the electron recoil
and nuclear recoil events in the detectors from the existing shielding layers, and determine
if their rates change with potential different geometries of the active neutron veto layer.
The second step was to study the efficiency of the active neutron veto layer at tagging and
identifying neutron-induced nuclear recoil events in the detectors as a function of neutron

veto threshold energy.

When this study took place, the maximum detector payload at SuperCDMS SNOLAB

was proposed to be 400 kg. Each Ge detector was proposed to have a mass of 1.39 kg and
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six of these detectors would be stacked into a tower. The maximum capacity of the cryostat
was 48 towers. For this plastic neutron veto study, a configuration of a 225 kg Ge detector
payload was proposed, which was equivalent to 27 towers. The towers were arranged in a

formation as shown in Fig. 5.9.

The available space for the shielding layers was fixed outside the outermost copper can.
With 52.5 inches available in the radial direction and 60.3 inches available for the top and
bottom caps. Since the aluminum layer was 1-inch thick and the polyethylene layer was 24-
inches thick in both the radial and vertical direction, there remained 13.75 inches of space
available in the radial direction and 17.65 inches of space for the top and bottom caps for
both the Gd-loaded polyethylene and lead layer with 13.75 inches of space available in the
radial direction and 17.65 inches available for the top and bottom caps as illustrated in Table
5.7. The doping percentage of Gd in this study was 0.12% in mass fraction and the density
of the Gd-loaded polyethylene was 0.94 g/cm3.

Layer Radial Top/Bottom
Material Thickness (inch) Thickness (inch)

Gd-loaded Poly 13.75 17.65
Lead 13.75 17.65
Aluminum 1 1
Polyethylene 24 24
Total 52.5 60.3

Table 5.7: The dimensions of each shielding layer.

In order to examine the nuclear recoil and electron recoil event rates in the detectors that
originated in the shielding layers, radioactive levels for different contaminants were assumed

in each layer as shown in Table 5.8.
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Figure 5.9: Example of one system design considered in this study for a neutron veto in the
SuperCDMS SNOLAB experiment. In this study, a configuration with a 225 kg Ge
detector payload in 27 towers was investigated. From the inside out, there are 27 detector
towers, six copper cans, one Gd-loaded polyethylene layer, one lead layer, one aluminum
layer and one polyethylene layer. Silicon photomultipliers were considered as the readout
device for the active neutron veto layer. The two pipes connecting to the refrigerator and
electronic box are visible on the left and right hand sides of the cryogenic region.
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Material 38U (mBq/kg) %?Th (mBq/kg) “’K (mBq/kg)

Copper 0.1 0.02 0.04
Gd-loaded Poly 0.3 0.2 1.0
Lead 2.0 0.5 7.0
Polyethylene 0.3 0.2 1.0

Table 5.8: Radioactivities of each contaminant considered in each material.

Electron recoil (ER) and nuclear recoil (NR) events in the detectors were counted ac-
cording to the selection rules in Table 5.9. For an event to be classified as a multiple signal
event, it was required that there was an energy deposition larger than 2 keV in at least one
of the other detectors and an energy deposition between 10 and 100 keV in the primary
detector. If there was only an energy deposition between 10 and 100 keV in the primary
detector and none of the other detectors had an energy deposition larger than 2 keV, the

event was counted as a single-scatter event.

NR ER

High Energy Range [keV] [10, 100] [10, 100]
Low Energy Range [keV] |2, 10] 2, 10]
Egr/Enr < 0.05 -
Time Window [us] 10 10

Table 5.9: NR, ER selection rules in detectors.

For each contaminant in each layer, a simulation of five million primary particles was
run using SuperSim. Using the radioactivity numbers in Table 5.8 and the selection rules
in Table 5.9, the total NR, ER and single-scatter NR, ER rate ranges in the detectors were

calculated from the simulation outputs. Results of this calculation are shown in Table 5.10.
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[2, 10] keV [10, 100] keV Unit

Total NR  [4.99E-3, 5.18E-3] [6.69E-03, 6.90E-03]  event kg~ !-year™!
Single NR  [1.03E-3, 1.11E-3] [1.76E-03, 1.87E-03]  event kg~ !-year™!
Total ER  [3.41E+1, 1.18E+3] [4.87E+02, 1.73E+03] event kg!-year™
Single ER  [6.27TE+0, 1.14E+3] [1.78E+02, 1.36E+03] event kg~!-year™*

Table 5.10: NR, ER and single-scatter NR, ER rate ranges in the detectors.

Low energy NR and ER events can also be counted by changing the energy range se-
lection from [10, 100] keV to [2, 10] keV. The energy threshold for classifying multiple and
single-scatter events remains as 2 keV in the other detectors. In this case, the total low
energy NR, ER and single-scatter low energy NR, ER rate ranges in the detectors can be

calculated. The results are shown in Table 5.10.

The purpose of adding an extra active neutron veto layer is to further tag single-scatter
neutrons in the detectors via a coincidence check. In order to study the efficiency of tagging
neutrons, a study was performed to check the interaction and energy deposition between
neutrons and the veto layer material. Energy deposition in scintillators is quenched and this
effect is described by Birk’s law [58]. The degree of this quenching effect depends on the
scintillator material

dE ;s s

= S 2.3

where S is the scintillation efficiency and kg is Birk’s constant. For Gd-loaded polyethylene,
a kp value of 0.001 g MeV~! cm~2 was used. The variable dE is the actual energy deposition
within a distance of dx. The variable dF,;, is the visible energy after the quenching effect

in a particular scintillator.

The requirement of the active neutron veto system design is selected to reject over 90%

single-scatter neutron-induced nuclear recoil events in the detectors. The single-scatter neu-
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Figure 5.10: The red curve shows the single-scatter neutron capture efficiency as a function
of the energy threshold (E,) in the Gd-loaded polyethylene layer with Birk’s law taken
into account. The blue curve shows the veto efficiency without implementing Birk’s law.
These are the single-scatter neutrons from 232Th contamination with an energy deposition
in the [10, 100] keV range in a detector.

tron veto efficiency drops as the energy threshold increases as expected (see Fig. 5.10). For
an energy threshold less than 100 keV, the single-scatter neutron veto efficiency stays above
90% with an assumption of 100% scintillation efficiency in the 0.12% Gd-loaded polyethy-
lene. This result shows the feasibility of such a plastic neutron veto design to be used in the

future SuperCDMS SNOLAB experiment.

5.3.2. Liquid Scintillator

A liquid scintillator is another option for the active neutron veto layer that I considered
in my studies. The deployment of such a shielding layer could increase the ability to identify,
monitor and reject any neutron-induced backgrounds and provide an in situ measurement
of the neutron activity for the SuperCDMS SNOLAB experiment. This study considered
linear alkylbenzene (LAB) as a target material. Its formula is CgH5C,, Ha, 11, where n could
vary from 10 to 16. Thus, LAB is an organic compound family. Since LAB consists of low

Z elements, it has a higher potential to capture and absorb neutrons.
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In addition, similar to the polyethylene loaded with gadolinium option, doping with el-
ements that have higher neutron capture cross sections was also considered in the liquid
scintillator case. Both gadolinium (Gd) and boron (B) were candidate elements considered.
One of the B isotopes, B, has a high neutron capture cross section of 3,838 barns [59] and

its natural abundance is ~20%.

Using gadolinium as a doping element in LAB has been demonstrated in the Daya Bay
experiment [60]. The gamma spectrum emitted when neutrons are captured by gadolinium
extends up to 8 MeV. This end point is high enough for any energy threshold that could be
set for the liquid neutron veto module. However, there are some challenges in using gadolin-
ium. The liquid scintillator module has a limited volume, so it may be hard to fully contain

high energy gammas.

Boron-doped LAB had not been demonstrated at a large scale by any experiment at the
time of this study. As a new option, it was carefully studied. Boron is purer than gadolin-
ium. Once a neutron is captured by a boron isotope, its capture products, “Li and «, could
be fully contained in the liquid scintillator volume. Due to the quenching effect described
by the Birk’s law, the light output in the module may be as low as around 50 keVee. To
collect such a low energy deposition within the module sufficiently is one of the challenges if

a selected 90% single-scatter neutron veto efficiency needs to be maintained.

Unlike the plastic scintillator case, a tank would be needed to hold the liquid scintillator.
This new component could become an additional contamination source. It may also block
the neutrons emanating from the detectors and affect the neutron veto efficiency in the liquid

scintillator module.

In order to investigate the tank material candidates, a geometry of a proposed experiment

setup was used as shown in Fig. 5.11. From the inside out, there were 27 Ge detector towers

74



N\ WATER/POLY
SHIELDING

LIQUID
SCINTILLATOR
MODULES

Figure 5.11: This is an illustration of the experiment setup with an active neutron veto
layer using liquid scintillator.

with a 225 kg payload, six copper cans, one active neutron veto layer with liquid scintilla-
tor, one lead layer, and one polyethylene (and/or water) layer. The radial and top/bottom

thickness of the neutron veto layer was 32 inches in this configuration.

Three tank materials each of thickness of 0.25 inches were considered. They were stainless
steel, titanium, and acrylic. The densities and contamination levels of these tank materials
are shown in Table 5.11. The energy range of interest for nuclear recoil events was [10, 100]
keV. For an event to be classified as a nuclear event in the simulation, its ionization energy
deposition was required to be less than 5% of its non-ionization energy deposition. For a
nuclear recoil event to be classified as a single-scatter nuclear recoil event, it was required
that there was no energy deposition larger than 2 keV in any of the other detectors. The

energy collection time window was set to be at 10 us.

The simulation results are shown in Table 5.11. As can be seen, acrylic introduces the
lowest nuclear recoil event rates in the detectors, but this result is highly dependent on the

low radioactivity levels of 223U, 23U and ?32Th used in the calculation. It is the best option
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Stainless Steel Titanium Acrylic

Density [g cm ™3] 8.0 4.54 1.18
Contaminant U 232Th U Z2Th U 232Th
Radioactivity 15 30 0.25 0.2 0.014 0.005

Level [mBq kg™']

Total NR 4.81E-02 8.48E-02 1.22E-03 1.38E-03 4.34E-06 1.74E-08
[n kg™!- year™!]
Single NR 1.31E-02 2.31E-02 3.36E-04 3.77E-04 1.17E-06 4.44E-09

[n kg™!- year™!]

Table 5.11: The total NR and single-scatter NR rates in the detectors from the
contaminants in stainless steel, titanium, and acrylic. Natural uranium consists of ~99.3%
28U and ~0.7% U,

for introducing the least amount of new contamination to the experiment but it requires a
high level of cleanness be met when constructing the tank. In addition, acrylic has a low
density and as such engineering considerations of the material strength would also need to

be addressed before selecting an acrylic vessel.

Stainless steel has the advantage of being the strongest material among the three can-
didates. However, the neutrons generated from the ?**U, 2°U and 23?Th decay chains in
it produce the highest nuclear recoil event rates in the detectors. The radioactive levels
of 238U, 23U and ?*2Th used in the stainless steel in Table 5.11 are about a factor of 10
conservative. Thus, the expected NR rates in detectors from the use of stainless steel could
be one order of magnitude lower if considering radioactive levels of one-tenth of the current

numbers. These corrected NR rates are acceptable but still not as good as acrylic or titanium.
Titanium has an acceptable nuclear recoil event rate in the detectors and its density

is about 3 times higher than that of acrylic. Compared to acrylic and stainless steel, the

performance of titanium lies in the middle, which is a good option.
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In order to further investigate these three tank material candidates, the performance
of vetoing neutron was studied for each one. One million primary particles are simulated
for the 23U, 2°U and ?*?Th contaminants in the inner layer of the tank. For the nuclear
recoil events generated by neutrons in the detectors, Fig. 5.12 shows the comparison of
single-scatter neutron veto efficiencies as a function of energy threshold in a liquid scintilla-

tor module filled with 0.12% Gd-doped LAB.

Veto Efficiency vs Threshold in 100us

Fraction of single neutrons vetoed
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Figure 5.12: Single-scatter neutron veto efficiencies in the 0.12% Gd-doped LAB liquid
scintillator module as a function of the energy threshold when using different tank
materials (titanium (red), stainless steel (blue) and acrylic (green)). An energy collection
time window of 100 us was applied.

The neutron veto efficiencies using stainless steel and titanium are compatible with each
other. Acrylic itself has a higher probability to absorb and reduce neutrons. Thus, neutrons
coming from the detector region may get captured in acrylic before reaching the liquid
scintillator. This causes a reduction of neutrons entering the veto layer from the experimental
setup. A 90% rejection rate is maintained to over 100 keV energy threshold in the liquid

scintillator for all three tank material candidates.
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At the time of this study, when combining the neutron veto efficiencies (see Fig. 5.12)
with the total and single-scatter NR rates in the detectors (see Table 5.11), titanium was
considered the most preferred tank material for the active neutron veto layer to hold the
liquid scintillator. Its neutron veto efficiency is the highest among the three candidates. The
total and single-scatter NR rates introduced by titanium is in an acceptable range. The rates
are better than those from stainless steel even after taking into account a conservative factor
of 10. Although the rates from acrylic is extremely low, it highly depends on the radioactive
levels used for the contaminants. If this high purity was not met at the time of construction,
the difference in rates between titanium and acrylic would be reduced. In addition, the
density of acrylic is low, causing concern of whether it is strong enough to hold the liquid
scintillator. Compared to acrylic, the density of titanium is nearly four times higher, making
it a better candidate. Thus, titanium is the best option for the tank construction of a liquid

neutron veto system for SuperCDMS SNOLAB.
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Chapter 6

Data Sets and Livetime Cuts

Unlike the earlier SuperCDMS Soudan Low Threshold [28] and CDMSlite [61] analyses,
which focused their searches on low mass WIMPs interacting in our detectors using subsets
of the Soudan data, the SuperCDMS Soudan high mass WIMP search analysis searches for
high mass WIMPs using available SuperCDMS data taken between March 2012 and May
2014. The data taken during this period constitute run 133 (R133) and run 134 (R134).
This high mass WIMP search analysis attempts to search for WIMPs whose mass is greater

than 10 GeV/c? while maintaining a near-zero background level in the detectors.

6.1. Raw Livetime and Target Mass

The data used by the high mass WIMP search analysis was collected during a two-year
span of the experiment starting in March 2012 and ending in May 2014. During a calibration
run in July 2013, the ¥3Ba source became detached from the deployment wire. To remove
the source that was stuck between the icebox and inner poly layer, run 133 was stopped
and the fridge was warmed up so that the shielding could be removed in order to retrieve
the source. After returning the fridge to base temperature, run 134 data collection started.
The SuperCDMS collaboration defines the raw livetime as the time period that its detectors
are in an operating mode and ready to record any interaction signal. The cumulative raw
WIMP search livetime for the entire run 133 and run 134 data collection periods is ~534.11

days.

A total of 15 iZIP detectors operated in the SuperCDMS Soudan experiment and the
mass of each iZIP detector was ~0.6 kg. As shown in Fig. 6.1, the 15 detectors are divided

into five towers and each tower contains three iZIP detectors. The collaboration employs
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Figure 6.1: This is an illustration of the detector orientation and tower arrangement for the
SuperCDMS Soudan experiment. A total of 15 detectors were arranged into 5 towers, each
tower containing three detectors. Detector names using two different nomenclatures are
listed on each detector.

multiple naming schemes to refer to a particular detector. The first scheme takes the form
iT#Z#, where “i” indicates that the tower contains iZIP detectors, T# indicates the tower
number and Z# indicates the detector position in the tower. Detector 1 is the detector at the
top of the tower and detector 3 is at the bottom of the tower. The second scheme labels each
detector as 11##, where “11” indicates that it is an iZIP style detector and ## is a number
from 1 to 15, where 1 is the top detector in tower 1, 15 is the bottom detector in tower 5,
and each detector is sequentially numbered in between. For example, the middle detector in

tower 2 is referred to as both iT272 and 1105.

6.2. Particle Identification

In SuperCDMS, various particles are classified into three categories: bulk electron recoils,
surface electron recoils, and nuclear recoils. Figure 6.2 shows how these three categories of

events distribute in the yield (ytNF) vs phonon energy (precoiltNF) plane.
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Figure 6.2: This is an illustration of the yield-energy distributions for bulk ERs, surface
ERs, and NRs in iT17Z1 in the Cf data set. The yield of surface ERs can have any value
from 1 down to 0, which covers the yield region of the bulk NRs. Thus, a surface ER can
fall into the NR band and mimic a WIMP signal event.

The electron recoil (ER) band is defined using the '¥3Ba calibration data. Events that
fall into the 30 ER band are classified as bulk electron recoils [62]. The nuclear recoil (NR)
band is defined using the 2°2Cf calibration data. Events that fall into the 30 NR band are
classified as nuclear recoils [62]. If an electron recoil event locates below the lower 30 ER
band, it is classified as a surface electron recoil event. Thus, the surface electron recoils can

have a chance to leak into the NR band and mimic a nuclear recoil event.

6.3. Blinding Scheme

The high mass WIMP search analysis is a blinded analysis. The entire data with no events
removed from analyzers is referred to as “restricted” WIMP search data in SuperCDMS. No
analyzers have access to this data until the analysis development has been frozen and the final
stage for unblinding is ready. Since WIMPs may exist in this data, a separate "unrestricted”
data set is generated. This data has a blinding scheme applied that removes all signal-like

events. This unrestricted data set is used to develop the analysis.
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Because the probability for a WIMP to interact twice in the detectors is nearly zero, a
WIMP candidate event needs to be a single-scatter nuclear recoil event. Several selection
criteria are applied to determine whether an event is signal-like or not. This event cannot
be an electronic glitch event or a low-frequency event. It cannot be recorded within 25 us
of an event in the muon veto system. The phonon energy has to be less than 150 keV but
larger than the noise. It needs to deposit most of its energy in the inner channel and have its
charge energy symmetrically distributed on the top and bottom face of the detector. Last
but not least, it has to be a nuclear recoil event without any energy deposition in a second

detector. A summary of the blinding criteria is listed in Table 6.1.

Cut Definition

No glitch ~cGlitch_133 and ~cGlitchl v53

No LF noise ~cLFnoisel v53

No muon veto signal VITime20 ¢ [-25, 0] us for a given event
Upper energy limit precoilsumOF < 150 keV

Radial fiducial volume (qi10F > p+ 20 or qol0F < p + 80) and
(qi20F > p + 20 or qo20F < p + 80)
Charge symmetry (qsum10F > p + 20 or qsum20F < p + 80) and
(qsum20F > p + 20 or qsum10F < p + 80)
Nuclear recoil band ysumOF € [ — 30, p + 30] and precoilsumOF > 0 keV
Minimum phonon energy psumQF > p + 30
Single-scatter event ~cPmultTight_blind_v53

Table 6.1: Summary of the cuts required to blind the conventional WIMP search data [63].

As discussed in Chapter 4, the possible background event types that could appear are
neutrons, gammas, gamma-induced electrons, alphas, betas, and 2°Pb nucleus. These back-
grounds are grouped into three categories: nuclear recoil, surface electron recoil and bulk

electron recoil events. In order to keep the cut development and tuning unbiased, analyzers
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work on both this “permitted” WIMP search data and the calibration data to gain knowledge

and model the various background particles in SuperCDMS detectors.

6.4. Detector Calibration

When an interaction occurs in a detector, the signals are read out as pulses. The ampli-
tude and the area under a pulse do not directly provide any physical meaning to the analyzer.
In order to make this event information more meaningful, SuperCDMS also takes calibration
data using radioactive sources. In R133 and R134, removable ?3Ba, 2*2Cf sources and two

210Ph source plates were used.

133Ba sources provide a source of gamma particles to the detectors. Its spectrum has three
gamma peaks over 300 keV (i.e. 302.9, 356.0 and 383.3 keV), which allow the experiment
to calibrate its detectors. They were inserted through the shielding layers to the outside of
the icebox via two tubes in parallel to the two stems. Data was taken routinely with the
133Ba source throughout the entire high mass WIMP search data period, which enables the
experiment to monitor the stability of the detector responses. In the mean time, due to the
high gamma rate from the 133Ba source, this calibration data is also useful for studies of the

gamma background.

22Cf source is a neutron source mainly used to learn the detector response to neutron-
induced nuclear recoil events. Since a single-scatter nuclear recoil event produced by a
neutron is indistinguishable from that produced by a WIMP, ?°2Cf calibration data is an

excellent proxy for use in defining the WIMP signal region.

This type of data is not taken as often as the '33Ba calibration data, because the neu-
trons from 252Cf activate the Ge nucleus. When the activated nucleus decays, a gamma is
emitted. The half life of this Ge activation is about 11 days. Thus, even with the #*2Cf

source removed, the WIMP search data that are collected during the following weeks will
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have elevated background levels. Data quality checks are performed on this post-Cf period
to determine when the Ge activation becomes insignificant to the WIMP search. This post-

Cf data within the WIMP search data is not included in the final high mass WIMP search

analysis.

In order to understand the detector response to the 2!°Pb surface contamination, two
silicon wafers implanted with 2!°Pb isotopes were installed. One was placed above iT3Z1,
and the other was placed below iT3Z3. As a result of the installation of these two *'°Pb
plates, the WIMP search data on iT3Z1 side 1 and iT3Z3 side 2 are not included in the final

analysis.

6.4.1. Pile-up

The gamma rate is very high resulting in pileup when both !3*Ba sources are fully in-
serted into the calibration tubes. Pile-up occurs when two pulses are so near in time that
they overlap with each other. These pile-up events are removed by the good event selection

cut, which then results in a reduction of gamma particle statistics.

In order to maintain comparable statistics within the interested energy region while po-
tentially reducing the pile-up event rate, a study on the ¥3Ba source positions was conducted.
In SuperCDMS, a data series normally contained data collected in ~3 hours detector oper-
ation time. This investigation studied the pile-up rate when the sources were fully inserted
and inserted at positions 1-inch, 2-inches, 4-inches, 8-inches and 10-inches out from fully-
inserted. The statistics and run times of the investigated data series are shown in Table 6.2

and Fig. 6.3.

The events were divided into four categories based on each event’s ionization yield and
phonon energy. Category 1 contained low energy and low yield, category 2 contained low

energy and high yield, category 3 contained high energy and low yield, category 4 contained
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Data Set Series Number Stats Configuration

1 11404090811 304596 Both sources fully inserted
2 11404091129 308481 Both sources fully inserted
3 11404150805 297358 Both 1-inch out

4 11404151122 295762 Both 2-inches out

5 11404160748 241896 Both 4-inches out

6 11404161105 57900 Both 8-inches out

7 11404180911 20462 Both 8-inches out

8 11404181343 20561 Both 8-inches out

9 11404220909 10016 Both 10-inches out

10 11404221226 10733 Both 10-inches out

Table 6.2: Stats and configuration of each examined data series.

Series Run Time

2.5F

157

Run time (hours)

0.5-

1 2 3 4 5 6 7 8 9 10
#th series

Figure 6.3: The run time for each data series in Table 6.2 is approximately 3 hours.
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high energy and high yield as illustrated in Table 6.3 and Fig. 6.4. Data series 2-10 are com-
pared with data series 1, which was taken with the source fully inserted, on a series-by-series

basis respectively.

10 - 80 keV 80 - 150 keV

yield > 0.8 Region 2 Region 4
yield < 0.8 Region 1 Region 3

Table 6.3: The division of four regions in the ionization yield vs phonon energy plane.

iT1Z3
1_6 I I I I I
. 11404090811: Both fully inserted
1.4+ s * 11404160748: Both 4 inches out |
120 = 8
10 i
L
= 0.8f n 7
0.6 o 7
0.4 7
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0 | | | | | L.t |
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ptNF (keV)

Figure 6.4: The ionization yield [ytNF] vs total phonon energy [ptNF| plane is divided into
four regions for statistics comparison.

The statistics (see Fig. 6.5) and distributions (see Fig. 6.6) of 10 different physics quanti-
ties were examined and compared in all four regions. These quantities include charge energy,
charge radial and depth partition, phonon energy, phonon radial and depth partition, phonon
depth signal time delay and ionization yield. Figure 6.6 shows the distribution of events on

side 1 as a function of radial partition for detector iT3Z3. Radial partition is defined as the
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outer charge energy divided by the summed charge energy on the same side. Comparable
statistics are maintained for the 2-inches and 4-inches configurations. When retracting both
sources further out, the 8-inches and 10-inches configurations show significant decrease in
statistics.
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Figure 6.5: Statistics comparison among different 3*Ba source configurations show that
retracting the sources back as far as 4-inches maintains comparable statistics in all four
regions. Data series 10 has no data in iT3Z3 due to the existence of abnormal energy >
values.

Thus, if the statistics of gamma particles need to be maintained in the 10-150 keV energy
range while minimizing the affect from pile-up events in the *3Ba calibration, a retraction

up to 4 inches out of both '3¥Ba sources is a probable option to achieve this goal. After

87



iT3Z3 : qrpart10F in region 4

counts/hr-run
N N [>] [~] B
o o o o o

-
w
T

—11404090811: Both fully inserted
—11404150805: Both 1 inch out ||

-1 -0.5 0 0.5 1 1.5
qrpart1OF

iT3Z3 : qrpart10F in region 4

counts/hr-run
N N

o W

7 |

-
wl

T T T

—11404090811: Both fully inserted
— 11404160748: Both 4 inches out

101 1
5- |
0 . g . \

-1.5 -1 -0.5 0 0.5 1 1.5

qrpart1OF

counts/hr-run

counts/hr-run

iT3Z3 : qrpart10F in region 4

40

30[

201

15

—11404090811: Both fully inserted
—11404151122: Both 2 inches out

. =1 . I

-0.5 0 0.5 1 1.5
qrpart1OF

iT3Z3 : qrpart10F in region 4

35

30

251

20

—11404090811: Both fully inserted
—11404161105: Both 8 inches out

-0.5 0 0.5 1 1.5
qrpart1OF

Figure 6.6: Distribution comparison between four **Ba source configurations and the
fully-inserted configuration. For the radial charge energy partition quantity on side 1
[qrpart10F] in region 4, the 1-inch (top left), 2-inches (top right) and 4-inches (bottom
left) configurations show comparable statistics to the fully-inserted configuration, while the
8-inches (bottom right) configuration shows an obvious decrease in statistics.
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finishing the data collection of run 134, 33Ba calibration data were taken for over a month
to obtain high statistics of gamma particles for the high mass WIMP search analysis. Two
133Ba, sources were inserted into the two tubes with retractions not greater than 4 inches

during this period.

6.4.2. Charge and Phonon Calibration

Detector calibration is an important process to convert the pulses into some physical
quantities. Since the iZIP detectors have both ionization and phonon signal channels, both

channels must be calibrated.

The '33Ba calibration data is used in SuperCDMS for the charge calibration [64, 65].
Due to existence of the Compton plateau at low energy the three peaks at 302.9, 356.0
and 383.3 keV are used to calibrate the ionization channels. Once charge calibration is
done, the next step is to do the phonon calibration [66], which involves a relative gain
compensation of all eight phonon channels and an absolute phonon calibration using the
ionization yield from bulk gammas. The eight phonon signal collection channels on each
detector are designed to have the same surface coverage. Since phonons are not affected
by the external electric field and migrate isotropically, the phonon energy collected in each
phonon channel after the phonons become ballistic is expected to be the same. In practice,
the gains of different channels are not the same and this effect needs to be corrected. In
order to align the gains on a given detector, the eight phonon channels are calibrated amongst
themselves, which means that one phonon channel is selected as a reference channel and then
the gains of the other seven phonon channels are aligned relatively to it. The gain difference
is believed to result from the readout process or detector fabrication activities. After the
relative gain compensation, a total phonon signal can be obtained by summing the phonon
signals collected in different channels from an event. Since the ionization yield for bulk
gammas is set to one in the detectors, a phonon energy quantity that is estimated from the

charge energy can be derived.
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6.5. Data Selection

When the detectors were in operation, the data acquisition (DAQ) system recorded every
event that passed certain triggering requirements. These events were stored as raw data.
Later they was processed into calibrated data. Selection criteria (“cuts”) were developed to
select events that are considered good for the following data analysis. Short descriptions of

the functionalities of a majority of cuts can be found in Appendix B.

Two new cuts that were specific developed for this high mass WIMP search analysis are
selected and highlighted below. They both affect the livetime of the data but one cuts on a
continuous time period while the other cuts on an event-by-event basis. The data series or

events removed are considered not suitable to search for WIMP signals.

a) Good Random y? cut [cGoodRandomChi2 v53 HT|

The cGoodRandomChi2_v53_HT cut removes data on a series basis. Thus, the total live-
time of events in a series is removed. It is applied to select data series whose x? values for

charge and phonon energies from optimal filter behave normally.

In order to obtain the charge energy of an event, a charge pulse template is derived from
a selection of events with known good charge pulses. The charge energies of other events are
then estimated by fitting their pulses with this template using an optimal filter in frequency
space. Since the number of time bins for an inner or outer charge pulse is 2048 (i.e. 2'1), the
x? value of the charge energy (Q[I/0]S[1/2]0FChisq) from a good event is expected to be
centered around 2047 (i.e. nDOF-1). For the summed inner and outer energy on one detec-
tor side, a x? value near 4094 for QS[1/2]0FChisq is considered good. However, through the
normal data taking periods, several data series were observed to have abnormally degraded
charge energy x? distributions (see Fig. 6.7). This behavior was also observed in the phonon

energy x? distributions (PTNFChisq).
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Figure 6.7: The top left and right plots are examples of a good charge energy >
distribution. The bottom left and right plots are examples of a degraded charge energy x?
distribution. QS10Fchisq is the side 1 charge energy x? quantity. gsum10F is the summed
side 1 charge energy.

As energy increases, the y? values start to rise upwards. This is due to the sharp feature
in the rising edge of this high energy charge pulse. In order to develop a selection cut that
is not affected too much by the change of charge energy, random trigger events are chosen.
Random trigger events are issued periodically by the DAQ system throughout a data collec-
tion run to monitor the noise level. They are expected to be consistent with the noise and

have energies close to zero, which provides an unshifted peak of the y? values.
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A ratio cut based on the ratio of random event statistics near the expected x? peak over
all random events was studied. Three data series with good charge energy y? distributions
were selected to develop statistics acceptance boundaries. A Gaussian was used to fit the
peak in each series to achieve the mean value and the standard deviation (see Fig. 6.8). The
1+ 30 ranges among these three series were compared and the narrowest range was selected

as the template.
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Figure 6.8: A Gaussian fit is applied to the x? peak, where QS10Fchisq is the side 1 charge
energy x? quantity. The p % 30 boundaries are compared among three selected data series
with good performance.

iT1 iT2 iT3 iT4 iTh

Z1 274.19(95.11%) 272.85(94.65%) 271.90(94.31%) 274.03(95.06%) 283.76(98.43%)
72 281.55(97.66%) 270.13(93.70%) 274.85(95.33%) 279.66(97.01%) 285.44(99.01%)
73 280.84(97.42%) 277.10(96.12%) 276.76(96.00%) 280.35(97.25%) 276.81(96.02%)

Table 6.4: Detector livetime after the application of the cGoodRandomChi2 v53_HT cut on
the R133 WIMP search data.
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R134: ratio_qg1 vs time
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Figure 6.9: The ratios of QS10FChisq (top) and QS20FChisq (bottom) in run 134 (R134)
for all functional charge channels in the 15 detectors. The ratio of a charge energy x?
quantity is defined as the random triggered events within a range near the peak over all

random triggered events.

Date [07/16/13 - 05/19/14]
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iT3Z3: Ratio distribution of Randoms within [ 11203052033 , 11206012130]
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Figure 6.10: A ratio cut is set at 0.7 (i.e. 70%) for iT3Z3 (pink vertical line). 20 data series
have QS10FChisq statistics less than 70 % within [3760, 4440] are removed. QS10Fchisq is
the side 1 charge energy x? quantity. The ratio of a charge energy x? quantity is defined as
the random triggered events within a range near the peak over all random triggered events.

iT1 iT2 iT3 iT4 iT5

71 197.58(94.62%) 195.96(93.84%) 194.88(93.32%) 191.00(91.46%) 202.14(96.80%)
72 201.68(96.58%) 201.03(96.27%) 193.59(92.70%) 198.88(95.24%) 206.12(98.75%)
73 197.60(94.62%) 199.90(95.73%) 198.97(95.28%) 195.38(93.56%) 190.12(91.04%)

Table 6.5: Detector livetime after the application of the cGoodRandomChi2_v53_HT cut on
the R134 WIMP search data.
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Figure 6.11: This plot illustrates the effect of the cGoodRandomChi2 v53_HT cut on the
livetime of R133 and R134 WIMP search (lowbg) data.
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The ratios of random events within this range over all random events for all data series
were calculated. Its distribution as a function of the data collection time is shown in Fig.
6.9. Correlation of degradations among all detectors can be observed in several time periods,

indicating that a global effect causes the extra observed y? peak.

Ratio cuts can be set for QS10FChisq, QS20FChisq and PTNFChisq respectively in all
detectors. Figure 6.10 illustrates a ratio cut for QS10FChisq in iT3Z3. In order to ensure
unaffected charge and phonon energy estimations in a detector, a data series is required to
pass all three ratio cuts. An average of 5% livetime is removed in R133 and R134 respec-
tively due to this abnormal energy 2 behavior, which is consistent with the expectation.
The retaining livetime after the application of the cGoodRandomChi2 v53_HT cut is shown in
Fig. 6.11, Table 6.4 and Table 6.5.

b) No Trigger Enable cut [cNoTrigEnable v53]

The cNoTrigEnable v53 cut removes livetime on an event basis. It is applied to remove
the group of events whose livetime is not calculated correctly and resulted in a zero value

by the DAQ system.

The livetime RQ is used to record the livetime of every event in the data (see Table 3.2).
During the #3Ba source position study (see Section 6.4.1), we observed an average of 20%
of events in each Ba data series removed by an event selection cut livetime>0 (see Table
6.6). This cut was traditionally used to remove non-physical events in the data. However,
the number of events removed by this 1ivetime>0 cut was surprisingly high and demanded

further investigation.

Performances and distributions between the non-zero livetime events and zero livetime

events were checked in various parameter spaces for clues to the cause of the anomalous
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Series Number Total Events Zero livetime Events Fraction

11309200802 259164 60168 23.22%
11309201119 283401 65362 23.06%
11404240953 266552 36596 13.73%
11405050936 285183 97340 34.13%

Table 6.6: The fractions of zero livetime events in some example Ba data sets.

behavior. Figure 6.12 illustrates two of these distribution checks. The zero livetime events
occurred uniformly throughout the entire series and do not burst in a particular period.
They are distributed in a similar pattern as events with non-zero livetime in the yield vs
energy plane and do not grouped in a restricted area. No difference was observed between

these two groups of events.

The livetime distribution was also checked by combining all events in the Ba data as
illustrated in Fig. 6.13. These two groups of events formed a quasi exponential decrease
together. Another check on the TimeBetween, which is defined as the time interval between
two event triggers, was performed as well. The TimeBetween values of the zero livetime
events are distributed within the range of those of the non-zero livetime events and do not

fall below 20 ms. No abnormal behavior was observed between these two groups of events.

After a series of performance checks and comparisons, there is no support for removing
these zero livetime events as non-physical events. They behave similar as those non-zero
livetime events. Thus, the fraction of events with zero livetime was calculated for the WIMP
search data, Ba calibration data and Cf calibration data. The Ba calibration suffered signif-

icantly more efficiency loss as shown in Table 6.7.
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Figure 6.12: The top plot i

time for non-zero livetime events
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Data Sets Total Events Zero livetime Events Fraction

R133 WS 18477856 490054 2.65%
R134 WS 14217827 345553 2.43%
R133 Ba 71382667 14207771 19.90%
R134 Ba 55934618 14949154 26.73%
R133 Cf 1548175 120464 7.78%
R134 Cf 2514154 114403 4.55%

Table 6.7: The fractions of zero livetime events in WIMP search (WS), Ba and Cf data,
calculated for data runs 133 and 134.

In order to decide whether these zero livetime events should be included in the data
analysis or not, an understanding of their physical meaning is required. This lead to an

investigation into how the DAQ system records trigger information for each event.

When an event triggers, the DAQ system needs some amount of time to read out the
event information. During this short period of time, the DAQ is immune to all other event
triggers. This amount of time is called deadtime. When DAQ finishes recording the current
event and is ready to record the next event, a global command called TrigEnable ! is issued
to all detectors. When the next event triggers one of the detectors, the DAQ will issue a
global trigger to every detector and start reading out this event’s information. At this point
the DAQ is in another deadtime period. The time period between the global trigger and the

TrigEnable command is defined as this event’s livetime.

livetime = (global trigger time) — (TrigEnable time)

Closer examination of the calculation above reveals what exactly happens to the zero
livetime events. When the DAQ system records the trigger time information, it stores this

information in units of microsecond. When calculating the 1livetime RQ), a floor function

!Trigger Enable
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is applied to the result to convert it to a unit of millisecond. This floor function always
rounds the result towards negative infinity, i.e. the results of floor (2.9 ms) and floor (2.2
ms) are both equal to 2 ms. Thus, if an event has a livetime number between 0 and 999
us, its livetime becomes a zero once its livetime RQ is constructed. This means that the
livetime of every event in the WIMP search and calibration data is underestimated up to an
amount of 999 us. As a result, the total livetime of the entire data set is underestimated as
well. This means that a livetime correction is needed on not only the zero livetime events,

but every event.

In order to retrieve the “missing” livetime due to the rounding from pus to ms when
constructing the 1ivetime RQ), physics quantities for the global trigger and the TrigEnable

command with trigger time information stored in units of microsecond are needed.

The history buffer of the DAQ can store up to 100 triggers. If the number of triggers
between the TrigEnable command and the global trigger is less than 99, the livetime of an
event can be correctly calculated. All events in this case can have their livetimes corrected
up to an amount of 999 us. The history buffer has a circular buffer system, which means that
after the TrigEnable command is issued if there are 99 triggers and no global trigger has been
issued, the 100th trigger will be stored in the first spot and erase TrigEnable information. In
the latter case, the DAQ cannot calculate the livetime of an event and it will set its livetime
to zero. This group of events are the actual zero livetime events and their livetimes cannot

be corrected.

There are five different energy thresholds in an event trigger. The charge channel has two
levels of thresholds called Qlow, Qhigh. The phonon channel has three levels of thresholds
called Pwhisper, Plow, and Phigh. The energy thresholds vary from channel-to-channel.

For a given detector, not all five thresholds are used for event triggering. For example, if a
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detector is selected to trigger on Plow, even there are tens of PWhisper triggers after the

TrigEnable command, the global trigger would still not be issued by the DAQ).

Two RQs are selected and used in the livetime correction. The first RQ called T+*TGTime##

is used to store time information of ten triggers for a given event in each detector in units

of microsecond. The

WUy

*

represents the tower number and the “##” is a number that varies

from 16 to 25 and represents trigger timing information. The time of the global trigger is

stored in T*TGTime20. Thus, ##=16-19 hold the timing information for the four triggers

recorded before the global trigger, and ##=21-25 stores timing information about the five

triggers occurring after the global trigger. The second RQ called T*TGMask## is used to store

information of ten triggers in a form of 36 bit binary number (0 or 1) for each event. The

meaning of each bit is explained in Table 6.8.

DIB1 DIB2 DIB3 DIB4 DIB5 DIB6 Others
Qhigh 0 bt 10 15 20 25
Qlow 1 6 11 16 21 26
Phigh 2 7 12 17 22 27 33=Veto Multiplicity Trigger
Plow 3 8 13 18 23 28 34=Global
Pwhisper 4 9 14 19 24 29 35=Random

Table 6.8: The definition of each bit information in TxTGMask## RQ).

Because the history buffer is hard to access, a moderated livetime correction is imple-

mented based only on the four triggers before the global trigger. Thus, if a TrigEnable

command is issued within four triggers before the global trigger of an event, bit 34 of at

least one of the TxTGMask## with ##=16-19 should have a value of 1. In this case, a livetime

in units of microsecond could be recalculated for all events, including those zero livetime

events.
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In the case that the TrigEnable bit does not exist within the last four triggers before
the global trigger, if it is a non-zero livetime event, its livetime value still uses its livetime
value; if it is a zero livetime event, it would get tagged and removed. In the latter situation,

the TrigEnable bit is missing due to the high trigger rate before the global trigger.

Data Sets Total Events Zero livetime Events No TrigEnable

R133 WS 18477856 490054 7 (155236)
R134 WS 14217827 345553 2
R133 Ba 71382667 14207771 18
R134 Ba 55934618 14949154 5
R133 Cf 1548175 120464

R134 Cf 2514154 114403 1

Table 6.9: Numbers of real zero livetime events without TrigEnable bits found. For R133
WIMP search data, 155236 events with no TrigEnable bits found occur in five out of 39
data series taken between 2012/07/31 and 2012/08/14. There were many tests taking place
onsite in this period. Thus, these five data series were removed entirely. This leaves only
seven events in the remaining R133 WIMP search data with no TrigEnable bits found.

Compared to the third column in Table 6.9, nearly 100% of the zero livetime events
retrieve their true livetimes back in units of microsecond. In addition to increasing the
statistics of the WIMP search and Ba and Cf calibration data, the event livetime and total

livetime of the experiment get corrected as shown in Table 6.10.
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Data Sets livetime (day) Corrected livetime (day) Fraction
R133 WS 287.19 287.25 0.019%
R134 WS 208.82 208.90 0.038%
R133 Ba 7.34 7.74 5.38%
R134 Ba 4.62 4.92 6.62%
R133 Ct 0.45 0.46 1.93%
R134 Cf 1.42 1.44 1.01%

Table 6.10: The corrected livetime for each data set.
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Chapter 7

High Mass WIMP Search

The SuperCDMS experiment searches for WIMPs in a wide mass range from a few GeV /c?
to several hundreds GeV /c2. Since the detector response and backgrounds vary according to
the energy deposited in the crystal, especially for small energy depositions, different analysis
strategies are used when searching for WIMPs with different masses. This chapter describes
an analysis conducted with a focus on WIMPs whose masses are above 10 GeV /c? but below

1 TeV/c%

This high mass WIMP search uses the SuperCDMS Soudan data with a raw exposure of
1657.54 kg-days collected between March 2012 and May 2014. An analysis based on a profile
likelihood ratio technique is performed on this data and an exclusion limit is set on the
spin-independent WIMP-nucleon cross section at 1.32 x10™* cm? for a 75 GeV/c? WIMP

at a 90% confidence level.

7.1. Event selection

During the experiment operation, several detectors experienced shorts in either ionization
collection channels, phonon collection channels, or both. Such issues affect these detector’s
ability to attain good fiducialization or discrimination between signal and background events.
A total of five iZIP detectors were not included in the high mass WIMP search analysis.

These detectors and their issues were summarized in Table 7.1.

The remaining ten best performing detectors were selected for the high mass WIMP
search analysis as shown in Table 7.2. Although they were mostly free of channel shorts, a

few of the detectors had issues that required special consideration (see Table 7.3). The top
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half of iT3Z1 and the bottom half of iT3Z3 were excluded from the analysis because of the

existence of lead source plates.

Detector Ionization Shorts Phonon Shorts
iT1Z2 inner and outer channels, top face channels A and C, bottom face
iT173 inner and outer channels, top face channel A, top face
iT471 inner channel, top face
iTh7Z1 inner and outer channels, top face channel A, top face
iThZ3 outer channel, top face channel C, bottom face

Table 7.1: Shorts that prevent these five detectors to be included in the final high mass
WIMP search analysis.

T1T T2 T3 T4 T5
iT1Z1 iT2Z1 iT3Z1 (bottom half)
iT272 iT372 iTAZ2  iT5Z2
iT2Z3  iT3Z3 (top half)  iT4Z3

Table 7.2: The ten best performing detectors selected for the high mass WIMP search
analysis.

In order to select a sample of good events for the analysis, several event selection criteria
(cuts) were applied to the data. Since the SuperCDMS Soudan data types included WIMP
search, 2°2Cf calibration and '33Ba calibration, a common cut set was selected for all data
types to avoid systematic errors. A brief introduction of this cut set is summarized in

the following list (see Appendix B for a more detailed cut list and Table 3.3 for quantity

definitions).

e Data quality cut: to select good quality events.

— cPreSelection: It consists of a large number of data quality cuts.
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Detector Special Notes

11273 Some phonon issues on channels B and D, top face
iT3Z1  Side 1 data excluded due to the 2!°Pb source plate
iT3Z3  Side 2 data excluded due to the 2!°Pb source plate
iTh72 CDMSlite operating mode takes a significant amount of livetime

Table 7.3: Special notes for some good detectors being selected in the high mass WIMP
search analysis.

e Charge radial fiducial volume selection cuts: a combination of charge cuts to select
events within a charge radial fiducial volume and remove the low yield high-radius

events.

cQinl_blind_v53

cQin2_blind_v53
— -0.2 < grparti10F < 0.5

— -0.2 < grpart20F < 0.5

e Charge depth fiducial volume selection cuts: a combination of charge energy symmetry
cuts to select events within a charge depth fiducial volume and remove the low yield

surface events.

— cQsym_blind v53

— -0.3 < gzpartOF < 0.3

e Single-scatter event selection cut: select events that have energy deposition in only one

detector since a WIMP only interacts once in the detector.
— ~cPmultTight_blind_vb3

e Non-source side cuts: select events on the non-source side of two detectors to avoid the

large amount of low yield surface events from the 2!°Pb source plates installed.
— pzpartOF <0 for iT3Z1 and pzpart0F >0 for iT3Z3
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In order to search for WIMPs, a two-dimensional parameter space constructed from
phonon recoil energy (precoiltNF) and ionization yield (ytNF) were selected to model WIMP
signals and background sources. In the phonon recoil energy dimension, WIMPs with differ-
ent masses have different spectra, which provides us a possibility to model them individually.
An energy range between 20 keV and 150 keV was selected for this analysis. In the ioniza-
tion yield dimension, the ionization yield of a nuclear recoil event was about one third of
that of a bulk electron recoil with the same total energy deposition according to Lindhard
theory [44]. Since the yield of bulk electron recoils were calibrated to be 1, a yield range
between 0.05 and 1.2 were selected for this analysis. Phonon recoil energy and ionization

yield were assumed to be uncorrelated within this two-dimensional interested range.

7.2. Background Modeling

In this analysis we considered three background sources, which were neutrons, gammas
and surface events. They have different distributions in the phonon recoil energy and the
ionization yield dimensions. Thus, different data types were selected to model them individ-
ually. In order to generate probability density functions (PDFs) of these background models
for the likelihood function, Gaussian fit (see Appendix C.1) and kernel density estimation
(KDE) method [67] were first used to achieve 1-D continuous background event distributions
in both dimensions separately. Then the 1-D PDF in the phonon recoil energy dimension
was generated by normalizing the distribution function between 20 keV and 150 keV and
1-D PDF in the ionization yield dimension was generated by normalizing the distribution
function between 0.05 and 1.2. The probability outside the interested range was set to zero

in both dimensions.

a) Neutron Background Modeling
The neutron background model was constructed using the 22Cf calibration data. 2°2Cf
was a neutron source, which could provide a sample of neutron-induced nuclear recoil events

in the detectors. In the yield dimension, the neutron-induced nuclear recoil events in the
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range of precoiltNF € [20, 150] keV distributed symmetrically around ~0.3, which appeared
to be a Gaussian. A fitting range of ytNF € [0.15, 0.45] was selected to enclose the center re-
gion of these nuclear recoil events and a Gaussian was performed. The result Gaussian would
then be normalized to a PDF that was the neutron background model in the yield dimension.
In the phonon recoil energy dimension, a nuclear recoil band cut (cNR_ytNF_3sigma v53_HT,
see Appendix B) was used to select the the neutron-induced nuclear recoil events. A KDE
was calculated to generate a continuous distribution in the range of precoiltNF € [10, 160]
keV, which was intentionally selected to avoid the potential inconsistent feature of the KDE
at the energy boundaries. Once the 1-D yield and phonon recoil energy distributions were
derived, they were normalized to 1-D PDFs within the interested ranges separately, which

were used to model neutron background in these two dimensions (see Fig. 7.1 and 7.2).

b) Gamma Background Modeling

The gamma background model was constructed using both the '33Ba calibration data
and blinded WIMP search data. '**Ba was a gamma source, which could provide a sample
of electron recoil events in the range of precoiltNF € [20, 150] keV in the detectors. Since it
could produce both bulk and surface electron recoil events, it was only used to generate the
gamma background model in the yield dimension. In the range of ytNF € [0, 1.4], a KDE
was calculated to achieve a continuous yield distribution for the gammas. In phonon recoil
energy distribution blinded WIMP search data was used to generate the gamma background
model. A yield selection cut ytNF € [0.85, 1.2] was applied in order to select a clean bulk
electron recoil event sample. A continuous phonon recoil energy distribution was generated
from the calculation of a KDE in the range of precoiltNF € [10, 160] keV. Once the 1-
D yield and phonon recoil energy distributions were derived, they were normalized to 1-D
PDFs within the interested ranges separately, which were used to model gamma background

in these two dimensions (see Fig. 7.3 and 7.4).
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Figure 7.1: The top plot shows a Gaussian is fit from the NR sample in the yield (ytNF)

dimension in iT2Z1 using the 2°2Cf calibration data. The bottom plot shows that a PDF is
calculated from the above fit.
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Figure 7.2: The top plot shows a KDE is calculated from the NR sample in the phonon
recoil energy (precoiltNF) dimension in iT2Z1 using the 2°2Cf calibration data. The
bottom plot shows that a PDF is calculated from the above KDE.
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zip4 Ba data for gamma bg: 20 - 150 keV in precoiltNF
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Figure 7.3: The top plot shows a KDE is calculated to from the bulk ER sample in the

yield (ytNF) dimension in iT2Z1 using the ¥3Ba calibration data. The bottom plot shows
that a PDF is calculated from the above KDE.
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Figure 7.4: The top plot shows that a KDE is calculated from the bulk ER sample in the
phonon recoil energy (precoiltNF) dimension in iT2Z1 using the blinded WIMP search
data. The bottom plot shows that a PDF is calculated from the above KDE.
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c) Surface Background Modeling

The surface background model was constructed using a surface event data set that was
generated from the open WIMP search data [68]. The two source detectors, which had a
large number of surface event sample, were used to map to the other detectors and generate
weighted surface events in them. Since one 2!°Pb source plate was above the side 1 of iT3Z1,
the surface events on this side of iT3Z1 were used to map to the top sides of all other detec-
tors. Similarly, the surface events on the bottom sides of all other detectors were mapped

from those on the side 2 of iT3Z3.

In the yield dimension, a KDE was calculated for the surface events with precoiltNF
€ [20, 150] keV in a yield range of ytNF € [0, 1.4] to achieve a continuous distribution. In
the phonon recoil energy dimension, another KDE was calculated for the surface events with
ytNF € [0.05, 1.2] in precoiltNF € [10, 160] keV. Then they were normalized to 1-D PDFs
within the interested ranges separately, which were used to model surface background in

these two dimensions (see Fig. 7.5 and 7.6).

7.3. WIMP Signal Modeling

For the WIMP signal model, we also needed 1-D PDF's in both yield and phonon recoil
energy dimensions. Since the yield distribution of the neutron-induced nuclear recoil events
was indistinguishable from that of the WIMP-induced nuclear recoil events, the 1-D PDF of
neutron background model in the yield dimension was used as WIMP signal model in the
yield dimension. In the recoil energy dimension the 1-D PDF was derived from the WIMP

spectrum corrected by a signal efficiency.

In order to derive the WIMP spectrum, a calculation proposed by Lewin and Smith [42]
was used. Among a number of parameters that go into the WIMP spectrum calculation,
the spin-independent WIMP-nucleon cross section, og7, and the WIMP mass, Mwvp, were

the two of most interest to us. Since og; was linear in the differential WIMP event rate
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Figure 7.5: The top plot shows a KDE is calculated from the surface event sample in the

yield (ytNF) dimension in iT2Z1 using the surface event data set. The bottom plot shows
that a PDF is calculated from the above KDE.
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Figure 7.6: The top plot shows a KDE is calculated from the surface event sample in the
phonon recoil energy (precoiltNF) dimension in iT2Z1 using the surface event data set.

—— DQ+FV+ytNF:2540.00

—— KDE: Gaussian Kernel

—— 20 band

20 40 60 80 100 120 140 160
precoiltNF [keV]

zip4 precoiltNF PDF for surface bg from Surf data

— Normalized

— Unnormalized

e i e S S e e e PRI

60 100 120 140 160
precoiltNF [keV] (0.05<ytNF<0.35)

20 40

The bottom plot shows that a PDF is calculated from the above KDE.

116



calculation, a og; value of 107% cm? was selected for the generation of WIMP signal model
in this analysis. The WIMP spectra with other og; values could be derived from this by a

simple linear scaling.

For a Ge target, whose atomic number is ~76, and a spin-independent WIMP-Ge cross
section 0g;=10"% cm?, WIMP spectra in the iZIP detector were calculated. Figure 7.7
illustrates the differential WIMP event rate in Ge for ten different WIMP masses. In this
analysis, WIMP signal models of nine WIMP masses were built and studied, which were 25,
50, 75, 100, 125, 150, 250, 500 and 750 GeV /c?.
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Figure 7.7: Calculated WIMP spectra in Ge target for different WIMP masses [42] with an
assumption that the spin-independent WIMP-nucleon cross section is 10745 cm?.

In order to avoid systematic effect among different background models, a common set of
event selection cuts was applied to different data sets when deriving these three background
models. Thus, an efficiency on the WIMP signal needed to be accounted for due to the
application of this cut set. In addition to the data quality, fiducial volume and single-scatter

selection cuts listed in Section 7.1, the selection of interested yield range ytNF € [0.05,
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1.2] and the trigger efficiency were also considered in the signal efficiency calculation. By
combining all these efficiencies together, an energy-dependent signal efficiency for each iZIP
detector was derived (see Fig. 7.8). Integrating this signal efficiency with a WIMP spectrum
for a given WIMP mass from the theoretical calculation, a WIMP spectrum within the same
parameter space as the background models in a iZIP detector was calculated (see Fig. 7.9).
Thus, by normalizing the efficiency-corrected WIMP spectrum between 20 and 150 keV recoil
energy, the WIMP signal model for a given WIMP mass was generated (see Fig. 7.10). The
probability of the WIMP signal outside the interest range is set to zero in both yield and
recoil energy dimensions.
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Figure 7.8: Combined cut efficiency (red) for the WIMP signal within 15 and 155 keV
phonon recoil energy in iT2Z1.

7.4. Likelihood Ratio

According to the Neyman-Pearson lemma [69], if a test statistic is constructed in the form
of likelihood ratio, then this likelihood ratio test is the most powerful test when rejecting
Hy and accepting H; at a significance level a.. This applies to both simple hypotheses and

composite hypotheses. Take a distribution function f(z1,xs,...,x,;01,6s,...,0,,) as an ex-
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Figure 7.9: This plot shows the comparison between the WIMP spectrum for a 75 GeV
WIMP in iT2Z1 after taking the efficiency into account (red) and the WIMP spectrum
from theoretical calculation (green) .
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Figure 7.10: This plot shows the generation of WIMP signal PDF (red) from the
efficiency-corrected WIMP spectrum in iT27Z1 for a 75 GeV WIMP between 20 and 150
keV phonon recoil energy with the assumption of og;=10"%> cm?.
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ample, if in a hypothesis where the #’s have specified values, then this test is called a simple

hypothesis. If the 6’s have a set of values, then this test is called a composite hypothesis.

Composite hypothesis is more general and complicated. Assuming the parameter 6 is in

the parameter space of a set {2 and {2 is a subset of €2, a hypothesis test could be stated as
e Hy: 0 € Qq
e Hi: 0 € Q
With the likelihood function L(0; x) = f(x;0) = f(x1, xa, ..., Tp; 01,02, ..., 0,,), alikelihood

ratio test statistic could be constructed as

~ sup{L(0;x),0 € Q}
Az) = sup{L(0;z),0 € Q}

where sup indicates the maximum value of L(0;x) in Q or € if they do have one.

After Neyman and Pearson suggested this likelihood ratio method for composite hypothe-
ses by applying the principle of maximum likelihood, Wilks went one step further to suggest

that if one constructed a test statistic in the form of

Qstat = _2Ln()‘(x>)
sup{L(0;x),0 € Qo} (7.2)

— 9L
nsup{L(Q;a:),@ e Q}

If the parameter 6 has n degrees of freedom in 2 and m in €, then g4, approximates a

x? distribution with n — m degrees of freedom at a large sample size [70].

Gstat = —2 Ln(A(x)) %Xi—m (7.3)
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7.5. Analysis

Since the ten best performing iZIP detectors were used in this high mass WIMP search
analysis, they were combined in the likelihood function L(Ng(osr), Ny), which was con-

structed in the following way

10

Ng
L(N(os1), Ny) = [ [Poisson(Ng; Noa + Noa) x ||
=1

det=1

Ngafsa~+ Noafpa
Nga+ Ny (7.4)

X Gauss(tin.d, On.a)]

where
e the indices s,b,d represent signal, background, detector respectively.

e N, is the total number of signal events, which is the parameter of primary interest.
It is the sum of the expected signal number, N4, in each detector. N4 differs from

detector-to-detector because of detector-dependent efficiency and exposure.

o N, 4 is the total number of background events NN, in detector d, which equals to N,, 4 +
Ngy.qa+ Ngsq with n, g, sf stand for neutrons, gammas and surface events. There are 30

background nuisance parameters in total.
e N, is the number of events that pass the selection cuts in detector d.

. N, g+Np )Nd  _ . .
e Poisson(Ny; Ny g + Npg)= %e (Ns.a+Nba) i the constraint on the observed

event Ny in each detector.

o f,qis the 2-D PDF of the WIMP signal model, which equals to fs 4, - fsa, assuming
the recoil energy and yield dimensions are independent. The indices p, y stand for

precoiltNF, ytNF respectively.

o fpq1s the 2-D PDF of background models, where the background source b can be n,g,sf.
It equals to fyap - fo.ay With p, y stand for precoiltNF, ytNF respectively.

o Gauss(fnd, 0na) is the constraint on the number of expected neutron events.
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From this likelihood function, a test statistic ¢(/Ns(ogs)) for this analysis was constructed

in the form of .
L(Ns; > 20:1 Ny,a) (7.5)

q(Ns(O'SI)) = —2In = =
L(Ns,Zb (11215:1 Nb,d)

where Nde (b =n, g, sf; d= 1,...,10) is the conditional optimal value for each background in
each detector when the total signal number N is fixed, and bed (b =n, g, sf; d= 1,...,10)

is the unconditional optimal value when every parameter is not constrained.

In order to search for the optimal values for all the parameters, the likelihood function
was expanded, simplified, and then converted to a log-likelihood form. Since the test statistic
consists of two independent log-likelihood function terms, the maximization of each of them

were performed separately. The extended likelihood function was in the form of

L(Ny(osr),Ny

1

~—

o

Ny
Ns s N,
[Poisson(Ng; Nsa+ Npg) X H 7?\[][ ,Z i NZ,;lfb,d

1

X Gauss(pnd, Ond))
de

ol
Il

[(Ns,d+Nb,d)Nd€ Ny.a+Ny.a) XH Nsafsa+ Noafod

I
—1=

it N! Nsa+ Noa
1 (Npa — fina)?
X exrp(— - :
Ny, q+Np q)
—H XH Nsafsa+ Noafod)
det=1
1 (Nn 4= Pnd)”
X exrp(— - :
/27T0'n7d p( 20_317d )]

(7.6)
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From this, the form of the log-likelihood function was derived as

In(L(Ns(os1), Np))

Ny

10
= Z [—(Nsd + Npa) — In(Ng!) + Z In(Nsafsa+ Noafoa)

det=1 i=1

WNoa = )y fom )

+ <_ 2072%(1

10

= — NS(USI) - Z (Nn,d + Ng,d + NSf,d)
det=1
10 Ng
+ 3 In(Neafsapfoay + Noapfoapfniy + Noapfoapfoay + Nepapfsraplssay)
det=1 i=1
10

-y (Nod — pna)”

5 -+ constant
205 4

Thus, the test statistic ¢(Ns(osr)) could be expressed in two terms as

L(Ny; 0 N
q(Ns(osr)) = — 2In (A 2 i1 f,d)
L(Ns, 320 > der=1 No.a)

—[~2m(L(N: 3 3 Noa))] = (2L, S ST Nya))]

b d=1 b det=1

(7.8)

where the conditional log-likelihood function term was in the form of

0
(LN 33 M)
b d=1

~

10 R .
=—2[-Nu(osr) = Y (N + Nya + Noa)

det=1
10 Ng

+ Z Z ln(Ns,dfs,d,pfs,d,y + Nn,d,pfn,d,pfn,d,y + Ng,d,pfg,d,pfg,d,y + NSf,d,pfo,d,pfSﬁd,y)

det=1 i=1

]{fn - Mn 2
_ Z M _|_ Constant]
20n7d
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and the unconditional log-likelihood function term was in the form of

—2In(L NS,Z Z Nog))

b det=1
10

= — 2[-N,(os) — Z (Noa + Nya + Naga)

det=1
10 Ng
+ > Z IN(Nsafsapfsdy + Nndpfndpfndy + Nodpfodpfody + Nstapfstapfstay)
det=1 i=1
- Z HJ" d) + constant]
det=1

(7.10)

Notice that the two constant terms cancelled out when these two log-likelihood function
terms added up together. Since the background parameters, IV, 4, were nuisance parameters
and the signal event number, N, in the conditional log-likelihood function was the only
parameter that could be given a preset value, according to the Wilks’ theorem, the test

statistic q(Ny(os7)) approximates x? distribution at a large sample size.

With the signal and background models available, the expected signal number in each
detector, N4, was the only parameter that needed to be determined beforehand, which
would sum up to get the total expected signal number N;. Since the differential signal event
rate was the same in each iZIP detector for a given WIMP, the expected signal number in
each detector, Ny 4, was linked to each other through the spin-independent WIMP-Ge cross

section, og;. Since og;=10"% cm?

was selected in this analysis, N4 could be calculated
using the signal efficiency-corrected signal rate between 20 keV and 150 keV recoil energy
and the exposure. The exposure of each detector were calculated from its target mass and
WIMP search livetime as shown in Table 7.4. Thus, the expected WIMP number, N4, in

each detector was calculated (see Table 7.5).

In order to generate pseudo data sets that could represent the unblinded WIMP search

data, the blinded WIMP search data (i.e. the bg-permitted data) was used a proxy for us
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Detector Mass Livetime Raw Exposure
(kg)  (day) (kg day)
iT1Z1 0.6095 285.73 174.152
iT271 0.5974 317.29 189.549
iT272 0.5913 322.37 190.617
iT273 0.5791 313.15 181.345
iT37Z1 0.6034 206.01 124.306
iT372 0.5913 307.77 181.984
iT373 0.6095 210.58 128.349
iT472 0.5974 322.84 192.865
iT473 0.5943 347.52 206.531
iTH7Z2 0.6065 144.83 87.8394

Table 7.4: Mass and livetime information of the ten best performing detectors in the high

mass WIMP search analysis.

25 GeV/c> 75 GeV/c? 250 GeV/c?

iT1Z1 0.00319683  0.0158515 0.00914458
iT27Z1 0.00360323  0.0184497 0.0107192

iT272 0.0031119 0.0160296 0.0093617

iT273 0.00321227  0.0162816 0.00941594
iT3Z1 0.00105217  0.00517096  0.00298276
iT372 0.00299828  0.0153303 0.00885563
iT3Z3 0.000804943 0.00436748  0.00256811
iT472 0.00314924  0.016161 0.00940785
iT47Z3 0.00355983  0.0179366 0.010357

iT572 0.00151446  0.00678244  0.00364566
Total 0.0262031 0.132361 0.0764585

Table 7.5: Expected WIMP number in each detector between 20 and 150 keV recoil energy
after efficiency correction in each detector for three studied WIMP masses with the
assumption of og;=10"% cm?.

2
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to get an idea of what the unblinded data should look like. Since there was a ROOT min-
imizer package ‘Minuit’ [71] available, we switched the maximization of the unconditional
log-likelihood function to the minimization of it by multiplying it with -1, which was then
in the form of —2Ln(L(Ny, >3, 2% | Ny4)). An algorithm ‘Migrad’ was selected to per-

form the minimization and search for the optimal value of each background component, bed.

Since Nb,d was fit from the blinded data, it was biased due to existence of the blinding
region. Thus, some correction was needed to account for the events in the blinding region.
The gamma background had a high yield which made it contribute less in the blinding re-
gion so its optimal numbers Ny 4, which was different in each detector, could be used directly
in the generation of pseudo data sets. The neutron and surface background sources were
both needed to account for the blinding region. The estimated neutron numbers from the
SuperCDMS Soudan data [72] were used as the expected neutron numbers N, 4. The surface
events, Nys4, were accounted for using a scaling factor calculated from the high yield re-
gion, which made it unaffected by the blinding. After the blinding region was accounted for,

the mean value of each background component in each detector, Nb,d, was shown in Table 7.6.

In order to determine how many events to be generated for each pseudo experiment, the
mean value of each background component in each detector was treated as the mean value of
a Poisson distribution, then an integer random number was generated from it. In this way,
the event number of each of these 30 backgrounds in a pseudo data set was calculated. For
each background particle, its phonon recoil energy (precoiltNF) and ionization yield (ytNF)
values were generated using random numbers sampled from the two 1-D PDFs in these two
dimensions in each detector, which were within 20 and 150 keV for precoiltNF and within

0.05 and 1.2 for ytNF.

In order to check whether our models had the ability to quantify a signal if there was an

excess, we performed a bias test on the input and measured signal event numbers. Pseudo
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Detector Neutrons Gammas Surface

iT171 0.01172 6386 1.86176e-08
iT271 0.011995 7222.68 0.942091
11272 0.010693 3931.01 3.92105e-08
11273 0.017685 17086.5 3.32758
iT371 0.00327 1465.96 2.1551e-06
iT372 0.01107 3893.08 6.63579
iT373 0.00392 2117.75 71.232
i1T472 0.01313 3949.7 0.346243
iT473 0.01928 16121.1 0.00942946
iTH72 0.0065 1659.77 2.27882

Table 7.6: The mean number of each background in each detector for pseudo data
generation after compensating for the blinding region in the bg-permitted data.

data sets were generated by artificially inserting signal events into different detectors ran-
domly according to their signal efficiencies and exposures. For each of the nine WIMP masses
studied, a variation of signal events with numbers of 1 through 4 were tested, where this
upper limit Ny=4 was derived from the CDMS II-Edelweiss limit [73]. 80 pseudo data sets
were generated for each input signal number from each of the nine WIMP masses. In Fig.
7.11, the signal events that were estimated by the models (measured Nj) followed the change
of the input signal event numbers (input Ny) approximately linearly. This result from the
bias test indicated that when there was a WIMP signal excess in the detectors, our model

had the ability to detect it.

7.6. Exclusion Limit

Before unblinding the high mass WIMP search data, the sensitivity of this analysis was

estimated by pseudo experiments. 50 pseudo data sets were generated based on the mean
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Bias Test for 25GeV WIMP
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Figure 7.11: This plot shows a linear relation between the measured signal numbers
(Ns_measured) and the input signal numbers (Ns_input) for a 25 GeV WIMP. For each
input signal number, 80 pseudo data sets are generated to test the model.

values of background sources in Table 7.6. The value of the test statistic ¢(Ns(osr))

L(Ng Y, (11021 Nyq) (7.11)

q(Ns(O's[)) = —2In = <
L(Ne, 320 Y aeim1 Noa)

can be calculated when a signal event number Ny is preset.

Since q(N,(ogsr)) asymptotically approximates the distribution of x# [74], an upper limit
of Ny at a 90% confidence level gives a x? value of 2.706. By varying the value of N, in the
nominator, an intersection point of ¢(Ns(ogs)) and 2.706 can be scanned as shown in Fig.
7.12. Since the expected WIMP number in the detectors are calculated with the assumption
of 0g;=107% cm?, the ratio between this N, upper limit and total expected WIMP number
from a particular WIMP mass is the ratio of the og; upper limit to the value of 107% cm?.
Based on the results of the likelihood ratio, a projected sensitivity of this high threshold

analysis can be estimated.
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After unblinding, the same procedure was run on the high mass WIMP search data. An
exclusion limit is set for a WIMP-nucleon spin-independent cross section of 1.32 x 1074 cm?
with a WIMP mass of 75 GeV/c? at 90% confidence level by the profile likelihood ratio

technique as shown in Fig. 7.13 .

Wimp Mass = 25 GeV, pseudoExp:0003

&  giNsi CondFanal Minenun

[ ] Ureanditienal Minimum

1 o 0% CL: Ms = 3.8, o= 168,122 x 1e-45 o™

11 | | - * L1111 | L1l | L1l L1111 | L1l I L1l L1111 | - 11
-1 0 1 2 3 4 5 6 7 8
Ns(a)

Figure 7.12: This plot shows the scan of a signal event number (Ns) upper limit in a
pseudo experiment at a 90% confidence level for a 25 GeV WIMP with the assumption of
ogr=10"% cm?.

There are a few aspects to be noted about the profile likelihood analysis presented in this
thesis. The first is the correlation between the phonon recoil energy and yield spaces. The

second is the shape uncertainty of the KDEs in the background models.

A 20 keV recoil energy threshold was chosen to avoid the correlation between energy
and yield at low energy region, where we know that the ER and NR distributions would
flare. The yield of bulk ERs are calibrated to be one so it is energy independent. However,
in the energy range of [20, 150] keV, the NR yield distribution increases gradually as the

energy increases. The neutron yield model was derived using the whole energy range of
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Figure 7.13: This plot shows the exclusion limit of this high mass WIMP search analysis
from the profile likelihood ratio technique (dark red curve). A WIMP-nucleon
spin-independent cross section of 1.32 x10™* ¢cm? with a WIMP mass of 75 GeV/c? at
90% confidence level is reached. The shaded area between 25 and 750 GeV /c? WIMP
masses is the sensitivity with 20 uncertainties from the profile likelihood ratio technique.
The exclusion limit is consistent with the sensitivity estimation before unblinding. The
curve in orange is the CDMS-Edelweiss combined limit. The short curve in dark red at the
top left is the limit from SuperCDMS Soudan Low-mass WIMP search analysis. The curve
in light green is the limit from PICO-60. The curve in magenta is the limit from
DarkSide-50. The curve in green is the limit from XENON100.
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interest, and the WIMP yield model was the same as the neutrons. Thus, both the signals
and neutrons can be either overestimated or underestimated. This would have an effect on
the final exclusion limit. However, a study on the estimated neutron numbers gave a total
of 0.1 neutrons in the entire WIMP search data, which restricts this correlation effect on the

limit to a small amount.

This exclusion limit curve has not had the KDE shape uncertainty propagated into it
yet. A description of the KDE shape uncertainty needs to be incorporated into the analysis.
The uncertainties at each point are independent. Thus, the shape uncertainty cannot be

described by one Gaussian constraint in the likelihood function.

One possible method is to do this in a binned way. For example, a KDE can be divided
into ten bins in its range and the uncertainty in each bin is described using the uncertainty
(o) at its center value. The KDE in each bin would then be scaled up or down by f(y)+ko,
where k is the scaling factor in this bin. This factor k would be treated as a nuisance param-
eter in a Gaussian constraint on the KDE in this bin, which is in the form of Gauss(k|0,1).
Since we have three backgrounds, ten detectors, two dimensions, and ten bins for each KDE,
there would be an additional 3 x 10 x 2 x 10 = 600 nuisance parameters introduced into the
current likelihood function, where it has already had 31 parameters. In addition, here I only
assume a ten-bin division of the KDEs, and it has already given us 631 parameters in total.
If we want more bins to better approximate the continuous case, there would be even more

parameters in the likelihood function. This is quite unpractical when maximizing it.

However, in order to quantify how well the background models represent the data at the
low statistic region, I did a check on the background numbers predicted by the models with
the actual event numbers from direct counting in the low yield region. The results show that
the predictions from the models match the actual event counts quite well within the Poisson

error range except for detector iT3Z3. This indicates that the KDE shape uncertainty is
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not that significant for nine of the ten detectors. The cause of the mismatch of the KDE
prediction and the direct counting in iT3Z3 is still unknown, and further investigation is

needed if this analysis is to be improved.

At this point I did not propagate any shape uncertainty of the background models into

the final limit. If In the future there is a more practical way to incorporate the background

model shape uncertainty, it is absolutely necessary to propagate it into the limit.
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Chapter 8

Conclusion and Future

In this dissertation, I have described and discussed many selected studies that I have
done on both SuperCDMS Soudan and SuperCDMS SNOLAB. Among them, the high mass
WIMP search analysis using a profile likelihood ratio method and the simulation efforts on
a potential active neutron veto system at SNOLAB are the two biggest and most futuristic
projects. Although these works have reached some conclusions and come to a temporary

stop point, there are still lots of space to move forward and improve.

8.1. Analysis with a Profile Likelihood Ratio Method

This is the first effort in the SuperCDMS collaboration to perform a WIMP search analy-
sis using a profile likelihood ratio method with background and signal models in two unbinned
dimensions. Many detailed directions were tried and searched along the way. There are a

few aspects to notice for future improvements.

In this high mass WIMP search analysis, the reduction of signal efficiency, or spectrum
average exposure, was over 50% due to the cut set selected, especially the tight charge fidu-
cial volume cuts. In order to make the WIMP signal region as clean as possible so the model
would be sensitive to the change of signal number Ny in it, a combination of six charge
fiducial volume cuts were set and used. This analysis did not make a large effort to optimize

the cut settings and this is one area that could be improved in a future analysis.

The next aspect to notice is the selection of data to generate background models. Com-
pared to the traditional way of using only the '3*Ba calibration data to model the gamma

background, we selected to use a strip of WIMP search open data to model the gamma
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background distribution in the phonon energy dimension. This makes the gamma model
less affected by the surface events. In the future, an investigation into mixing both the
traditional method and the method used in this analysis may produce a better gamma back-

ground model.

The third aspect is the working parameter space. In this analysis we selected to work in
the phonon recoil energy and the ionization yield space with an assumption that these two
dimensions are uncorrelated. In a future analysis, a combination of more parameters could
be considered and explored to see which ones provide the most powerful discrimination.

Furthermore, it could be beneficial to incorporate correlated quantities into the algorithm.

The fourth aspect is the energy threshold and the low-mass WIMP region. Currently, the
energy threshold of this analysis is set at 20 keV due to the energy dependent resolution and
trigger efficiency of the detectors at low energy. If the detector performance at low energy

was improved, this analysis could easily be extended to lower energies.

The fifth aspect is the minimization algorithm for searching the unconditional and con-
ditional minimums and the best-fit values for all the parameters. With over 30 parameters
in the likelihood function, the Migrad minimization algorithm needs thousands of function
calls to find the true minimum. There are many other minimization packages and algorithms
being developed. The Minuit package and the Migrad algorithm are examples of these. A

new choice may shorten the running time of the script needed to find the true minimum.

The sixth aspect is to implement a safeguard against overestimating or underestimating
your background in the likelihood function as described by Ref. [75]. At the earlier stage of
this analysis, safeguards were implemented on both the neutron and surface backgrounds.
However, at that time the tuning of cuts and the 1-D PDFs were the largest affect on the

stability of the models. The protection provided by this safeguard method was only on the

134



order of ~1% and introduced 20 additional nuisance parameters into the minimization pro-
cess. This added significant computation time to the analysis with minimum benefit, thus
it was not used in the final analysis. Further investigation into this technique in the future

could result in better protection against signal-like background sources.

Last but not least, a more effective and efficient way is highly suggested to scan the inter-
ception point where the test statistic distribution meets the y3=2.706 line (90% confidence
level). The interception points in different pseudo data sets may vary and different WIMP
masses can affect these as well. A large interval in Ny could make the cross section limit
fluctuate more, while a delicate step size may cost your computing consumption increase

dramatically.

8.2. Future Experiment at SNOLAB

Lots of designs have been proposed for the geometry of the experimental setup at Super-
CDMS SNOLAB. The current proposed design has changed significantly compared to years
ago. An active neutron veto layer is still a promising structure but will not be available at

SNOLAB due to the budget factor. The current design uses all passive shielding layers.

Since a material itself is also a source of contamination, a balance need to be made
between introducing a new structure and deal with the change of background rates in the
detectors. Compared to the option of plastic neutron veto layer, a liquid neutron veto system
brings in a tank to hold it as well. Even with this new introduction, the ability of an neutron
veto system to identify, tag and reduce those single-scatter neutrons in the detectors with
at least 90% efficiency is still much more beneficial. If possible, the implementation of an
active neutron veto system at SuperCDMS SNOLAB will greatly reduce the single-scatter

neutron background in the detectors.
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Appendix A

Neutron Emission Spectra from Uranium and Thorium Decays

In order to investigate the effect changes to the SuperCDMS SNOLAB experiment de-
sign have on the experiment’s neutron background, neutron emission spectra from a number
of materials are generated using SOURCES-4A software. Below are the neutron spectra I
generated using SOURCES-4A for a variety of materials that were investigated during the
design process. The calculations are based on the assumptions that the uranium and tho-

rium decay chains are in secular equilibrium and that their concentration is 1 ppb.

a) Carbon Fiber Rod

Density Component

1.80 g/cm? Carbon

Table A.1: Information about Carbon Fiber Rod.

Uranium [n-s~'cm™3] Thorium [n-s™'-cm™3]

(a, n) process 3.762 x 1071 1.719 x 10711
Spontaneous fission 2.435 x 10711 2.814 x 10716
Total 6.197 x 10~ 1.719 x 1071

Table A.2: Neutron Yield in Carbon Fiber Rod (see Fig. A.1).
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Figure A.1: Neutron emission spectra from uranium (top) and thorium (bottom) in

Carbon Fiber Rod
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b) Kapton

Density Formula

1.42 g/cm®  [CoeH1oNoOs),

Table A.3: Information about Kapton.

Uranium [n-s™'-cm™3] Thorium [n-s™'-cm™?]

(v, n) process 2.351 x 10~ 1.296 x 1071
Spontaneous fission 1.921 x 10~ 2.220 x 10716
Total 4.272 x 1071 1.296 x 10~

Table A.4: Neutron Yield in Kapton (see Fig. A.2).
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Figure A.2: Neutron emission spectra from uranium (top) and thorium (bottom) in Kapton
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c) MuMetal

Element Mass Fraction

C 0.02%
Si 0.35%
Mn 0.50%
Fe 14.93%
Ni 80.00%
Mo 4.20%

Table A.5: Components of MuMetal with a density of 8.747 g/cm?.

Uranium [n-s™'cm™] Thorium [n-s™'-cm™3]

(a, n) process 1.087 x 1071 1.604 x 10~
Spontaneous fission 1.183 x 10710 1.367 x 1071
Total 1.292 x 10710 1.604 x 10711

Table A.6: Neutron Yield in MuMetal (see Fig. A.3).
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Figure A.3: Neutron emission spectra from uranium (top) and thorium (bottom) in
MuMetal.
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d) Shotcrete at SNOLAB

Element Mass Fraction

Al 6.04%
Ca 9.54%
Fe 2.54%
K 1.76%
Mg 1.18%
Mn 0.37%
Na 2.25%
Si 27.9%
H 0.04%
C 0.04%
O 48.0%

Table A.7: Components of Shotcrete with a density of 2.30 g/cm? [76].

Uranium [n's™'cm™] Thorium [n-s™'-cm™?]

(o, n) process 7.484 x 1071 1.512 x 10711
Spontaneous fission 3.111 x 10711 3.595 x 10716
Total 1.059 x 10710 1.512 x 10~

Table A.8: Neutron Yield in shotcrete (see Fig. A.4).
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Figure A.4: Neutron emission spectra from uranium (top) and thorium (bottom) in
shotcrete at SNOLAB.
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Appendix B

Data Selection Criteria for the High Mass WIMP Search Analysis

We define cuts based on data quality and fiducial volume. Frequently used cuts are
grouped into high level cuts such as cGoodEv_v53 and cLiveTime v53_HT to help maintain
consistency. FEach cut in the list below comes with a short description in one sentence. The
purpose of this section is to provide a brief introduction to the cut’s purpose. A “~” sign is
placed in front of cuts where the “NOT” condition applies. More detailed cut development

summary can be found in this dissertation [77].

Cut Category Table
Fundamental Data Quality B.2, B.3, B4, B.5
Fiducial Volume Signal Selection B.6, B.7, B.8
Muon Veto B.9
Single-scatter NR Selection B.10

Table B.1: A summary guide to cut tables.
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Individual Cut

Description

cPChiSq._v53
cPstd_vb3

~cGlitchl_v53

Empty=0

~cLFnoisel_v53

~cGlitch_ 133

cGoodPStartTime_v53

~cPsat_133

cQChiSq_vb3
cQstd_v53

~cQsat_133

Removes events with high phonon y? values

Removes events with phonon prepulse noise not consistent
with series phonon noise

Removes high frequency phonon glitches based on optimal
filter template comparison

Removes events in the detectors with no trigger (except for
the WIMP search data)

Removes low frequency noise based on optimal filter
template comparison

Removes events with large differences between charge

and phonon trigger numbers

Removes events with PTOFdelay outside a time range
around the global phonon trigger

Removes events having saturated pulse in at least one
phonon channel

Removes events with high charge x? values

Removes events with charge pre-pulse noise not consistent
with series charge noise

Removes events having saturated pulse in at least one

charge channel

Table B.2: Individual Cuts in cGoodEv_v53 umbrella cut.
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Individual Cut Description

c133 Selects series in the run 133 time period
(01/01/2012-07/10/2013)

c134 Selects series in the run 134 time period
(07/10/2013-07/17/2014)

c135 Selects series in the run 135 time period
(after 09/08/2014)

cGoodBiasTime_133 Removes series with too long data collection time

~cBadSeries_133 Removes series marked as “bad” in the DQ table

and a few other bad problems
~cBadGPStime_133 Removes events with abs(GPS_time-EventTime)>17 s
cFinalPhononSettings 133 Removes bad series related to QET and SQUID settings
~cTrigBurst_133 Removes series experiencing trigger bursts or partial
trigger bursts
~cErrMask_133 Removes problematic events identified by the ErrorMask RQ
cGoodDCOffset_v53 Removes events with a DC offset larger than a certain
distance from the mean DC offset
cGoodBaseTemp v53 Removes events or short period of events collected when
the base temperature was not in the good range
~cQhighnoise_v53 Removes events or short period of events occurring in
a high charge noise environment
~cBadLED_v53 Removes periods with not-good LED status
~cSquarePulse v53 Removes events showing square pulses in the

phonon channels

~cBad0OFRes_v53 Removes series with poor optimal filter energy resolutions
cGoodHV_v53 Removes events with non-consistent CDMSlite HV bias
~cNoTrigEnable v53 Removes zero livetime events with no trigger-enable

bits found
~cGlitch 133 Removes events with large differences between charge

and phonon trigger numbers

Table B.3: Individual Cuts in cLiveTime_v53_HT umbrella cut (continue in the next page).
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Individual Cut Description

cPstd_vb3 Removes events with phonon pre-pulse noise not consistent
with series phonon noise

cQstd_vb3 Removes events with charge pre-pulse noise not consistent
with series charge noise

cWSBias_133_HT Removes series not with +2V/-2V voltage bias configuration

cGoodRandomChi2 v53_HT Removes series with abnormal charge/phonon

x? behaviors

Empty=0 Removes events in the detectors with no trigger (except for
the WIMP search data)
~EventCategory=1 Removes Random events
cDataPeriod v53_HT Removes series not to be used in the HT analysis
~cPostCf_133_HT Removes series within 48 hours after a Cf calibration

cStableTrigThresh 133 HT Removes series from the periods when trigger thresholds
change rapidly

~cCDMSlite v53 Removes series in iTHZ2 when CDMSlite mode is on
~cNuMI_133 Removes events within 200 us of an event in the
NuMI beam
cGoodKStest_vb53_HT Removes series failing the standard Kolmogorov-Smirnov (KS) test
cGoodQStest_v53_HT Removes series falling the KS-style test on the ionization
quantities

Table B.4: Individual Cuts in cLiveTime_v53_HT umbrella cut.

Individual Cut Description

cAnalysisThreshold v63_ HT Removes low energy events
cTriggeredEvent_133_HT Removes events not having a trigger near the global
trigger within a certain period of time

~cRandom_133 Removes Random events

Table B.5: Individual Cuts in parallel with cGoodEv_v53 and cLiveTime v53_HT umbrella
cuts.

147



Individual Cut

Description

~cSpot_vb3_HT
cPCESVM_2pct_Sandbox_v53_HT

cQthresh_v53_HT

20<precoiltNF<150 keV

-0.2<qgrpart0F<0.5

-0.3<qzpart0F<0.3

pzpart0OF<0 in iT3Z1

pzpartOF>0 in iT3Z3

Removes events located in the DIB2 hot spot
Removes outliers not consistent with real events
using phonon partition values

Removes events with charge energies below selected
charge energy thresholds

Selects events with phonon recoil energy

within 20 and 150 keV selected

phonon energy thresholds

Removes events with charge radial partition values
outside [-0.2, 0.5]

Removes events with charge depth partition values
outside [-0.3, 0.3]

Removes events within the upper half of iT3Z1 using
phonon depth partition

Removes events within the lower half of iT3Z3 using

phonon depth partition

Table B.6: List of pre-selection cuts.

Individual Cut Description

cQinl blind v53 Removes events outside the blinding charge radial fiducial

volume using side 1 charge energies

cQin2 blind v53 Removes events outside the blinding charge radial fiducial

volume using side 2 charge energies

cQsym_blind v53 Removes events outside the blinding charge depth fiducial

volume using summed charge energies from side 1 and side 2

Table B.7: List of Ionization Fiducial Volume cuts.
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Individual Cut Description

cNR_ytNF_3sigma v53_HT Removes events outside the 30 NR bands
in ytNF-precoiltNF plane

Table B.8: Nuclear Recoil Event Selection cut.

Individual Cut Description

~cVT_strict_vb63 Selects events with veto triggers NOT in a [-50, 0] us

time window with respect to the global trigger

Table B.9: Veto cut.

Individual Cut Description

~cPmultTight v63 HT Selects events with triggers in only one detector

and neither a glitch nor low frequency noise

Table B.10: Single Scattering Event Selection cut.
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Appendix C

Statistical Methods

Statistical methods are widely used in the data analysis of physics field. From probability,
distribution, to hypothesis test, limit setting and discovery claim, statistics provide powerful
tools and techniques for data analyzers. In this section, a brief introduction to some common

used statistical tools is presented [78].

C.1. Some Common Distributions

When interactions happen in the detectors, events are recorded if they pass certain se-
lection criteria. Not all good event candidates pass these selections. There is an efficiency
associated with each selection criteria. This could be described by a binomial distribution.
With a detector efficiency €, a number of m good events are expected to be recorded when

a number of N events hit on a detector.

A multinomial distribution can be used to describe a given number of physics events
plotted as a histogram of a variable (e.g. phonon recoil energy). It is natural that detectors
have non-zero resolutions. When an event is recorded, there is an uncertainty with each of
its true physics variable value. A Gaussian distribution is a great tool to describe detector
resolutions. Once you have a histogram and want to look at the information in each bin,
this acts as a counting problem. SuperCDMS is a rare event search experiment and often
it has to deal with low statistics situation, which brings the Poisson distribution onto the

analysis stage.

A Binomial distribution can be used to describe our detector efficiency. As in the

classic coin flip experiment or the dice rolling experiment, one either gets the desired result
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or doesn’t get it. If one does the same experiment N times, the probability to get the desired
result each time is p, then at the end of these N experiments, the probability one could get

the desired result m times is

N!
P(m;N,p) = ————p"(1 —p)"™" .
(m; N.p) = — N =) (1-p) (C.1)
The mean value of m is
<m>=Np (C.2)
and its variance is
Varlm]=Np (1 —p) (C.3)

A Multinomial distribution can be used to describe the event distribution among the
different bins in a histogram when the total number of events N is fixed. If there are k bins
in total in the histogram and an event falls into the #th bin is p;, with m; events in the ith
bin, the joint distribution is

k o
P(my,ma,...,my; N) = N! Hml_l' (C4)
i=1

A Gaussian distribution is widely used in many areas. One application is to describe
energy resolution in our detectors. Unlike the above two distributions, Gaussian is a contin-
uous distribution and its parameters are not restricted to be positive only. The general form

of a Gaussian distribution, also called a normal distribution, is as following

1 _(@-w?

G(ffﬂ;;w)z\/%a6 202 (C.5)

where p is the mean value of x and ¢ is the standard deviation of x. There is a special case
when ;4 = 0 and o = 1, and this is called a standard normal distribution. Its form is
much simpler

1 22
G(r;up=0,0=1)=N(0,1) = ez (C.6)

9
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when selecting a Gaussian kernel to do a kernel density estimate for a variable, the standard

normal distribution is often an excellent choice.

04

0.35

03

0.25

0.2

0.15

0.1

0.05

OII\I“ III‘I\\\‘I\Illl\l\‘\\l\llll “l\lll

-5 -4 -3 -2 -1 0 1 2 3 4 5

Figure C.1: Example of a standard normal distribution. The colored area corresponds to
the distribution within +1o.

A Poisson distribution is often used in low statistic counting. When dealing with a
large sample size, the distribution of the random variable approaches approximately a Gaus-
sian distribution due to the central limit theorem. One could still use a Poisson distribution
on a large sample, but it would be less efficient compared to using a Gaussian distribution
approximation. The Poisson distribution is given by

P(n;v) = — e (C.7)

n.

where v is the expected value of n and /v is the standard deviation of n. When looking at

the information of a single bin in a histogram, Poisson distribution is a quite useful tool.
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Figure C.2: Example of Poisson distributions with different expected values v in
histograms. In comparison, the continuous curves are Gaussian distributions with u = v

and o = /.

C.2. Extended Likelihood

In a real experiment, there are a group of random variables x, z, ..., x,, of interest. These
variables are also called the parameters of interest for the experiment. There are many other
variables 61, 05, ..., 6, in the experiment that are not of interest, but the parameters of interest
are dependent on them. This group of variables are called nuisance parameters. Their values
may be unknown. For each interested event, a likelihood function can be used to describe it

as

L:f($l7w27"'7xn;917927"'79m> (CS)

If in the experiment there are N independent observations, the combined likelihood func-

tion of the experiment is the product of all the individual likelihood functions

L=T] Li=]] £ b, ....cii 61,00, ... 00) (C.9)

i=1 =1
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In most experiments, even the total sample size N is a variable and it follows a Poisson
distribution with an expected value of v. Thus, the extended likelihood function is introduced

to describe this situation

N
Lestended = Poisson(N;v(0y,0s,...,60,,)) H L, (C.10)

=1

where Poisson(N; v(61,0s, ...,0,,)) puts a constraint on the variable N in the extended like-

lihood function

01,04, ....,0,)N
Poisson(N;v (01,0, ...,0,,)) = dGE 2],\7" m) e V(01,02,-.0m) (C.11)

In an experiment like SuperCDMS, the expected value of N is the sum of signal candidate
N, and background candidate N,. In this case, with the notations ¥ = (x1, 2o, ...,x,) and

0 = (01,02, ...,0,,) and v = Ng + N,, the extended likelihood function converts to

(Ns + Ny)N

Leztended(f; N37 Nb? 5) - NI

N
—(Ns+Ny) H fs x P ZEZ, + fo % Pb(x“ Q)] (C12)
i=1

where f, and f, are the relative fractions of signal and background expected events

.

No + N (C.13)
1, :L
"7N,+ N,

With some derivation, the form of the above extended likelihood function can easily be

simplified to

Leztended( Nsa Nb, 0) H[Ns X Ps(xu 5) + Nb X Pb(xzv 5)] (C14)

i=1

where P; and P, are the best-fit probability distribution functions for signal and background

events.
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C.3. Hypothesis Test

When doing data analysis, what the analyzers really want to figure out is that whether
the result from analysis is compatible with the theory model they assume or an alternate
theory model. These two models are called the null hypothesis, Hy, and the alternative

hypothesis, H;. Below are some examples of Hy and H;.
e Example 1:

— Hy: A particle is an electron

— Hy: A particle is a tauon
e Example 2:

— Hp: A data sample consists of only background

— Hy: A data sample consists of background and the Higgs boson
e Example 3:

— Hg: A nuclear recoil event is caused by a neutron

— Hi: A nuclear recoil event is caused by a WIMP

Usually the alternative hypothesis is what the analyzers want to prove to be true from
the data. But in order to reach that conclusion, they have to reject the null hypothesis. This
process is called hypothesis test. A variable that is selected to perform this test is called a
test statistic. Its value can be calculated from the data sample and used as a discriminator
between Hy and H;. For example, the ionization yield quantity in SuperCDMS is such a
variable that can be used to discriminate nuclear recoil events from electron recoil events.
If more than one variable is used in the discrimination procedure and they are combined, it

would be called as a multi-variate analysis.

There are two quantities that are mostly used in the hypothesis test. They could help an-

alyzers to determine whether they would prefer the null hypothesis or accept the alternative
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hypothesis while rejecting the null hypothesis. The first useful quantity is p-value. It is a
probability calculated from the constructed test statistic. It could be used as a discriminator
between Hy and H;. For example, if the p-value of a test statistic is 0.7, it indicates that
if repeating an experiment under the same condition 100 times, 70% of the time the result

would be consistent with the null hypothesis.

The second useful quantity is the significance level a. It is a value set to determine
whether H; could be accepted and Hy could be rejected. For example, if « is set to be 0.01,
it means that analyzers could only tolerate as low as 1% of the time the result is consistent
with the null hypothesis when repeating the same experiment multiple times. If a p-value
of a test statistic is 0.003, it indicates that the H; is preferred over Hy. « is also called type
I error because Hy could still hold true even the p-value is smaller than it. When a value is

chosen for «, it brings in a risk as well.
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