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ABSTRACT

Astronomical observations lead us to believe that dark matter constitutes the majority

of the mass of the Universe, yet it has never been directly observed experimentally. The

Super Cryogenic Dark Matter Search Experiment (SuperCDMS) aims to discover the particle

nature of dark matter, by developing and using some of the most sensitive detectors ever

built. The SuperCDMS detectors are capable of rejecting known particles to search for

dark matter interactions, but the discrimination is a complicated analysis task. Previous

analyses with SuperCDMS set world leading sensitivity limits to dark matter interactions,

but the analysis techniques have not been based on simulations. Now we have developed an

efficient simulations infrastructure that will help better understand the detectors, develop

a better background model, and optimize the next generation dark matter searches. In

this thesis we present the fully-functional simulations infrastructure to produce high quality

samples as well as results for the charge system readout simulations, and comparisons to

expectations from data. We show that our simulations well-reproduce dominant features

of data, bringing SuperCDMS closer to a robust simulation-based analysis method, much

needed for the upcoming SuperCDMS dark matter searches.
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X-ray picture showing the amount of light from X-rays indicating the amount
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from Ref. [20]. This data supports the hypothesis that the dark matter is
separated from the atomic matter of the system, due to it being a weakly
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temperature of the Universe of2:7260� 0:0013Kelvin [32]. Center top is the
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1.7 On the y-axis, the number density of dark matter particles as a function of
temperature (proxy for time) of the early Universe on the x-axis, for a100GeV
dark matter particle, �gure reprinted from Ref. [8]. The solid line represents
the calculations for a cross section that gives the mean measured relic density
(agreeing with the observations from the CMB), and the yellow, green, blue,
represent101; 102; 103 deviations from such cross section. This suggests that
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cross-section of10� 42 cm2 for simplicity. Figure reprinted from Ref. [46]. The
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1.11 This �gure shows the regions of dark matter-to-nucleon cross section limits vs
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2.1 A diagram of how particles interact with the electrons (left) and the nucleus
(right) in the crystal. Because the energy is deposited based on the amount
of energy given to the electron or nucleus, we will refer to these types of
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of energy recorded in the ionization/charge processes as function of phonon
recoil energy (left), and the ionization yield as a function of the amount of
energy recorded from phonon recoil energy (right). In both plots electron re-
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are clearly separated in the ionization yield quantity, but the challenge is to
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in the Soudan Underground Mine. The experiment is underground to block
from particles incoming from space, and the apparatus is designed to reduce
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middle �gure (reprinted from Ref. [52]) shows the apparatus shielding of the
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of electron and nuclear recoils (both from contaminants in the environment
and from remnant cosmic particles). The right �gure (reprinted from Ref. [53])
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2.4 Left: Zoomed view of the electrodes and phonon sensor arrays, running inter-
leaved along the surface of the detector. Right: Cross section diagram of
a portion of the electric �eld in the crystal created by the arrays, reprinted
from Ref. [53], showing the location of the electrodes on the surface of the
crystal as well as electric �eld lines, which in turn determine the location
of the collection of electrons and holes. In red and blue rectangles are the
interleaved bias voltage values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.5 Two diagrammatic views of one side of the charge readout system. On the
left, the charge readout is composed of electrode lines at� 2 V, interleaved
with the phonon sensor lines at 0 V, �gure reprinted from Ref. [53]. On the
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bined and denoted as A. The top and bottom systems provide an independent
measurement of charge energy. The four separate measurements can be used
help determine if the primary charge energy is fully reconstructed, as well as
provide information about the location of the primary interaction. . . . . . . . . . . . . . 34

2.6 The lines containing the TES collection elements (left) and the combined
detector phonon readout channel map (right), on both surfaces of the detector.
Figure on the left reprinted from Ref. [53] and �gure on the right from Ref. [56].
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to produce the phonon signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.7 This �gure (reprinted from Ref. [57]) shows the multistage decays of Ura-
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3.1 A diagram of an incoming particle interacting with the detector, creating
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3.2 The Lindhard yield describes the proportion of energy released into charge and
phonons (vibrations) of a crystal lattice, from a single scatter with a nucleus
in the crystal. The �gure shows the Lindhard yield (YLindhard ) as function of
the nuclear recoil energy [60]. The fraction is typically below1=3. For electron
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3.5 A set of �gures showing the charge readout of the detectors and its response
in the presence and absence of a particle interaction. Top left shows the
charge signal ampli�cation schematics used in the FET readout system, where
the detector serves as a Capacitor (Cd) in the circuit (�gure reprinted from
Ref. [73]). Each of the four channels in the detector functions as a circuit
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the phonon energy is above the Cooper pair gap energy, the pair is broken,
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4.2 Example side1 templates: inner and outer channels, and 2 cross-talk tem-
plates. Notice that the templates are normalized to the channel-templates
(not cross-talk), it is expected for the channel-signal to be much stronger
than it's cross-talk. An optimal �lter is performed for each of these and the
minimized coupled system determines the amplitude of the event. . . . . . . . . . . . . . 70
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4.4 This �gure shows two di�erent ways of determining the amplitude in a sam-
ple of events with no interaction (done with noise data, which is slightly
contaminated by mismeasurement e�ects described in Chapter 6 causing the
left-hand-side excess). In the top, we allow the optimal �lter to look at all
times to pick a minimum � 2, and the result is clearly biased away from zero
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5.3 Two �gures showing the expectations and results for the SuperCDMS Low
Threshold (LT) analysis, reprinted from Ref. [47]. On the left is the back-
ground model. On the right is the observed signal events. After the quality
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spection they were related to noise and other types of possible �uctuations.
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6.7 This �gure shows the 0-delay energy measurement of each of the 4 charge
readout channels for all the events in the IRR sample with qimean0 < �
1:2 keV. The measurements in all channels are correlated. In all distributions
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6.8 The measured 0-delay energy in all iZip5 channels when there is evidence of
a Blip in iZip4. This set of events, selected using the LHS sample, provides
evidence that the LHS sample is correlated in iZip5-side1 and anti-correlated
in iZip5-side2 channels. In all distributions the sample is biased away from
zero, suggesting that these Blips are observed in both detectors. . . . . . . . . . . . . . . . 103

6.9 The BlipFinder results (BlipFinder time and energy) applied on noise simu-
lations (NoiseSim - red crosses), the full IRR data sample (in blue), and on
the sample of LHS events (in yellow). There is no preference in BlipFinder
time for simulations as well as for data (except for the �rst time-bin which is
ignored because it is far fromt0). On the other hand the distribution is very
di�erent for the LHS sample and is correlated with Blips found att0. The
BlipFinder energy of the IRR data is greater than that of NoiseSim, suggesting
Blips are common. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.10 The 0-delay energy measurement as a function of BlipFinder time. Only Blips
occurring before time-bin 375 and after 1450 do not a�ect the measurement.
The most a�ecting Blips are those near the 0-delay time (time-bin 1024),
causing the negative (LHS) tail, while Blips occurring before or after the 0-
delay cause the positive o�set in the Gaussian distribution shown in Figure 6.6. 107

6.11 This �gure shows the time di�erence, in time-bins, between the biggest blips
in iZip4 and the combined iZip5+6 BlipFinder result (100 bins around iZip4
BlipFinder time). It is further used as a weighting function for the iZip5+6
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sian with � = � 4:9 � 0:8 �s and � = 7:5 � 0:8 �s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.12 This �gure shows the time and energy predicted in iZip4 from results for
the TowerBlipFinder which looks for evidence in iZip5+6side2. The results
are for both the full IRR sample after pileup removal (blue) and the LHS
subsample (yellow). We note that the LHS events (known to be iZip4 Blips)
are correlated in time and energy with the iZip5+6 BlipFinder results. The
over�ow bin (time bin 1074) in the left hand plot results are not from the
algorithm �nding a large negative excursion, but rather zero-values from the
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6.13 Top-Left: iZip5+6 Correction Data. X-axis is iZip5+6 BlipFinder time, Y-
axis is iZip5+6 BlipFinder amplitude, and Z-axis is observed iZip4 qimean
0-delay energy. Top-Right: Fitted shape for the iZip5+6 Correction 3D �t
based on the data from the left with the same axes. Bottom: iZip5+6 predic-
tion �t example, froma sample of events with iZip5+6 BlipFinder Amplitude
amplitude of � 230� 50� V. Data in green, pro�le in red and �t in orange. For
�tting planes of the full data see Appendix D. These �gures show that the 3D
�t is a good representation of the data and can be used to predict the e�ect
of iZip5+6 Blips on iZip4 0-delay estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.14 These plots show the amount of energy predicted in iZip4 based on the
TowerBlipFinder tool that only looks at iZip5 and 6. Left: Recalculated
qimean 0-delay iZip5+6 predicted energy for the sample. Notice all but 2
LHS events (original qimean 0-delay tail) are biased to lowest values of the
iZip5+6 prediction. Right: iZip4 qimean 0-delay (not corrected) distribution
of sub-samples separated by iZip5+6 Prediction above of below� 0:3 keV. No-
tice events with high-negative correction (below� 0:3 keV) make up the LHS
tail of the iZip4 distribution and is highly negatively biased. . . . . . . . . . . . . . . . . . . . 113

6.15 This �gure shows to versions of the qimean measurement before (left) and
after (right) the TowerBlip correction energies. After correction the sample is
purely Gaussian (few events on LHS), mean o�set is gone, and RMS is lower,
showing that the correction works as expected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.16 The iZip5+6 prediction �t to near peak region (� � 1�; � + 2� ). Observe
that the correction method introduces the prediction's resolution to the cor-
rected energy distribution, added in quadrature with the pure-Gaussian noise
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7.1 A diagram showing the various stages of the simulation (on the left) which
mock up interactions in the real detector (on the right). The �rst stage
(SourceSim) is about simulating the sources and the primary interactions with
the detector (and any shielding material in the experiment). The next stage
(DetectorSim) simulates the response to the interactions, from electron, hole,
and phonon propagation, to sensor readout and noise. Next the same format
as data is produced to analyse with the same Reconstruction software as used
in real data. Finally, the events are run through Reconstruction to produce
Processed events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.2 Detailed view of the simulations work�ow (courtesy of Richard Lawrence),
showing all the subcomponents of the various pieces of the simulation. . . . . . . . . 118
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7.3 Parallel diagrams of the propagation, interactions, and readout comparing the
real experiment (top) and simulations (bottom). A radiation source creates
events (can also be WIMP signal events, or cosmogenic showering, etc.) that
pass through the experimental apparatus and reach the detector crystal. After
that the incident particles deposit energy. All instances of scattering are sim-
ulated up to interactions in the crystal; multiple interactions can occur within
a single event and are referred to as multi-scatter events. The charge and
phonon sensors produce a signal which is recorded by the readout electronics,
and stored in a �le for Reconstruction. The simulations replicate the process
by propagating the electron-hole pairs through the system and simulating the
response of the charge and phonon sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

7.4 A �gure showing the trajectories of electrons (left) and holes (right) for an
example event which scattered in the middle of the detector. As expected
from detector physics, charge trajectories well-represent the expected physics:
electrons propagate in the restricted [111] plane (L-valleys) of the crystal,
while holes propagate ballistically. All of these electron-holes were absorbed
at the top/bottom electrodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.5 Example real data noise event (left), and NoiseSim simulated event (right)
randomly sampled from the input PSD. The simulated event is indistinguish-
able from typical real data noise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

7.6 Figures showing the energy distribution of photons emitted from a133Ba
source at various stages in the simulation. Barium emits photons with en-
ergies following delta functions at the excitation-transition levels (top left), as
given in Figure 5.2. As some of the photons are absorbed in the copper shield-
ing, not all of the photons reach the detectors, the original/primary energy
of photons reaching the detectors is in the top right �gure. The distribution
of energy deposited (bottom) in the detector results from the interactions of
electrons and photons either directly from the source or after scattering in
other material, hence a Compton spectrum in addition to the smeared signa-
ture Ba peaks. The expected charge energy is equal to the true recoil energy
(all energy is converted to liberated e/h). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.7 This �gure shows the simulated number of scatters in the detector for a sam-
ple of 356 keV photons from the133Ba source. We note that for these high
energies all events are multiple-scatters, which increases the possibilities of
mismeasurement due to position dependent electron and hole collection. . . . . . . 134

7.8 The recoil (left) and expected (righ) charge energy distributions for our two
WIMP samples. The expected charge energy is calculated per Lindhard The-
ory [60] from the recoil energy. The WIMP sample is created with a50 GeV
WIMP mass, and the other sample is is created by sampling a uniform ran-
dom spectrum of40 to 200keV recoil energy (equivalent to� 10 to � 80 keV
expected charge energy). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
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8.1 This �gure shows the theoretical resolution of the 0-delay qi1 energy measure-
ment as a function of BlipFinder energy sub-sample selection. The horizontal
dashed lines show the value from the original PSD (red) and the observed
from the corrected IRR �t (orange). The BlipFinder energy sub-sample se-
lection value that intersects the orange dashed line (vertical dashed green) is
the value for the �nal sub-sample selection to create the BlipCleaned PSD. . . . 140

8.2 This �gure shows two di�erent versions of the PSDs. The �rst is from the
BlipCleaned sub-sample that reproduces the observed RMS of the BlipCor-
rected sample. The second is the original IRR PSD (as calculated by the event
reconstruction method). Note the di�erence in the sub-10kHz range. . . . . . . . . . . 140

8.3 The measured 0-delay energy distribution of a fully simulated and processed
NoiseSim sample of events from qi1, where we �x the time delay of the �t to
be 0 as consistent with noise estimates described in Chapter 5. Note that it is
a single Gaussian with a measured mean of zero, that there are no tails, and
that the expected RMS is 317 eV while the observed RMS is312� 4 eV. . . . . . . 141

8.4 Overlaid noise simulations (blue) and Blip-Corrected IRR sample (red error
bars) 0-delay energy measurements for qi1, qi2, qo1, qi2, qimean, and qsum-
max. The �t region for mean and RMS measurements is shown in grey, with
the results shown in Table 8.1. Simulated samples are in agreement within
error, except for qsummax LHS tail, which is produced by correlations of
single-detector Blips. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

9.1 Heat-plot histogram of the number of scatters as a function of recoil energy
for the 133Ba simulation. Above 230 keV all events are multiple scatters. Most
of the events have less than 8 scatters, and below 100 keV less than 3. . . . . . . . . 151

9.2 The �gures show the mismeasurement (� E) and relative mismeasurement
(� E=EQ) of the single-scatter nuclear recoil (Enhanced WIMP) sample, with
energy above 3 keV (to avoid the lowest energy mismeasurement which is
described later). On the left plots we show the full-sample where we can
see many badly mismeasured events, and on the right plots we zoom-in to
the well-measured region. In the top we note that the peak is not Gaussian
due to energy dependence, so we turn to the relative mismeasurement as the
resolution is linearly dependent on the energy (in the bottom). The well-
measured region is a single Gaussian peak, centered at zero. We will select a
clean sample of badly measured events by selecting events, below� E=EQ <
� 0:015, 7� below the mean, to look at the mismeasurement position dependence.152
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9.3 This �gure shows the true position of a clean sample of mismeasured events
(� E=EQ < � 0:015 with E > 3 keV) with a single nuclear scatter. On the
left we show the Z-dependence limits, selected from events with low radius.
On the right we show the R vs. Z position of the mismeasured events which
are contained in the truncated cone volume (dashed orange), we denote the
inner-volume as the SimFiducial region with the limits de�ned in Table 9.1. . . 154

9.4 Comparison of qi1 and qi2 energy measurements of the data (left) and sim-
ulation (right) full samples. The �rst thing to note is that the bulk of the
distributions fall along the line where the two have equal values, but the dis-
tribution is much wider in data (worse resolution). While the yellow dashed
lines indicate the LT �ducial requirement (which appears to be reasonable for
real data, but would be much too loose for simulations), both samples show
events where the energies are very badly measured and the values from the
two sides are very di�erent from each other, in some cases where one side
reads out zero energy while the other side has a large energy. The colored
events in the simulated sample indicate which events are shown for study in
Figures 9.5 and 9.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

9.5 The true energy deposition physical location in the detector (Z vs. R) for badly
mismeasured events, left is for 0-energy measurement in qi1 (no electron col-
lection) and right is for 0-energy measurement in qi2 (no hole collection). The
events are selected as being either the orange or yellow from Figure 9.4 where
only between 50 and 250 keV of energy was deposited on the other side to en-
sure a large energy scatter. The points represent only scatters with more than
100 keV deposited from such events. This shows that the mismeasurement is
related with position dependence in particular due to the interleaved potential
as scatters interacting close to it get absorbed by the near-end surface while
mismeasured by the opposite side. Furthermore, events with large radius for
inner-side2 produced a 0-energy observation because all the holes either got
trapped in the detector side-wall or entirely got absorbed by the side2-outer
electrode (because holes propagate freely), and we note that for 0-energy in
qi1 there are no scatters with large radius (left plot) because electrons prop-
agate in the L-valleys (with a wider angle) causing a non-zero deposition in
qi1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
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9.6 Top: The true position of events that are poorly measured in one side while
well measured in the other one. The events are selected by requiring one side
to be within 2 keV from the 356 keV peak, while the other side to be greater
than 50 keV and lower than 250 keV. The points show the scatters with more
than 100 keV energy from such events. This �gures show that at least one
of the scatters in the event deposits a substantial amount of energy outside
SimFiducial. Bottom: Outer channel energy measurements of side1 and side2,
for 3 samples of 356 keV events: well-measured (356� 2 keV on both sides),
poorly measured in qi1 (while well-measured in qi2), and poorly measured in
qi2 (while well-measured in qi1). The peak at zero is when things are well
measured, showing the utility of requiring no energy in the outer channel,
and the large number of events with bad mismeasurement on side1 when we
have large amounts of energy in the outer channel shows that this requirement
removes badly mismeasured events. We note that while this works well for
side1, it does not for side2. The reason for this di�erence is that electrons
propagate in the L-valleys with a wider normal angle, thus reaching higher
radii and depositing energy in the outer channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9.7 Plots of the qi2 energy measurement as function of the qi1 energy measure-
ment (data on the left and simulations on the right) after the requirement
that there be no energy measured in the outer charge channels. The orange
dashed line shows the region selected for de�ning the LT Fiducial (symmet-
ric measurement) criteria. While both simulations and data show that both
sides are linearly correlated it is clear that data has much worse resolution on
both sides, which makes it hard to trust if the mismeasurement e�ect really
exists in data. Indeed, the LT Fiducial constraint (the symmetry selection)
removes these outliers in our sample (and data). The outliers in the simula-
tion sample, in particular events with a side1 energy that appears to be fully
measured (356 keV) but much less energy in side2 are due to some (or all)
scatters depositing energy outside SimFiducial. We select 4 events to inspect
closely in Figure 9.8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

9.8 The true energy deposition physical location in the detector (Z vs. R) for all
scatters of the 2 most poorly measured events on each side. The sample is
selected from the356� 2 keV events in one side and the lowest measurement
above 50 keV in the other) after the requirement of no energy in the outer
channels, the 2 events with mismeasurement in maroon (qi1) and red (qi2) in
Figure 9.7. In all cases there is a scatter with a position that is close to the
interleaved potential of the opposite side, preventing charges from reaching
their collection side. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
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9.9 The � E measurement which compares the true and observed qimean from
fully simulated 133Ba events where we only consider input photons with a true
energyE true = 356:013� 0:100 keV. The events in green, selected as having
passed the LT Fiducial requirements, show that LT Fiducial removes most
outliers, none below� E = � 14 keV, but still has a few poorly measured
events. The right hand side shows a zoomed-in version of the plot on the left
so we can see the most poorly measured events which pass the LT Fiducial
requirement. The four events with� E < � 10 keV are shown in Figure 9.10
where we will see that the mismeasurement is due to at least one of the scatters
being close to the edges of the detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

9.10 This set of plots shows the Z vs. R deposition positions in the detector for
the four simulated events from our 356 kev photon with the worse� E mea-
surement, but pass the LT Fiducial requirements. All scatters for each event
are shown showing that all (or all of the high energy ones) are located near
the edges of the detector. Compare with the simulation-based �ducial volume
(dashed orange), de�ned in Section 9.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

9.11 Histogram of di�erence between observed and expected energy for the sim-
ulated 133Ba events that pass the LT Fiducial requirements, above 3 keV,
single scatter events, compared with multiple scatter events (multiple scatter
events histogram normalized to the single scatter events). Multiple scatters
are a�ected by position dependence because while the events can pass the
LT Fiducial requirement some of their scatters can still be near the edges
accounting for energy loss. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

9.12 The qi1 and qi2 energy distribution of the sample with LT Fiducial selection
where we show only the data around the 356 keV peak, from simulation and
data 133Ba. We show results for qi1 (left plots), and qi2 (right plots), for
the 133Ba calibration data results (top), simulations with noise (middle) and
without noise (bottom). The �ts are done with a skewed Gaussian function
on � � 2� to � + 4� . The samples are well calibrated since the �t maximum
value location (xmax ) is at 356:013keV within uncertainty, regardless of noise
addition in the simulations, telling us that noise resolution is not a dominant
issue at high energies. We note that the resolution on data is much worse
than it is in our simulations, in particular qi1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

9.13 The best-estimate energy observable qimean 356 keV peak measurement with
events passing the LT Fiducial requirements for data (left) and simulations
(right). As previously noticed, the RMS in data is much worse than in our
simulations. Of particular note is that while the resolution in qimean improved
in simulations, it worsened with respect to qi2 in data due to the large RMS
of qi1, an indication that qi1 ought to be treated di�erently in data, although
for large energy searches qsummax is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
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9.14 The energy distribution of events from the Ba calibration sample from both
data and our simulation after the LT Fiducial requirement. We note that the
observed energy estimate (qimean) well represents the expected charge energy,
and is comparable to data, although the resolution of the Ba peaks is much
better than in data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

10.1 This �gure shows the energy, as measured by charge collection in two dif-
ferent ways. On the left is the SimFiducial� EColl =EQ (side1), compared
with the full sample. Note that there are no events that pass the SimFidu-
cial requirements that go beyond� 0:02. On the right is the position de-
pendence of the sample of events with poor charge collection on either side
(� Ecoll =EQ < � 0:02, E > 3 keV), which shows that the cause of the mis-
measurement outside the SimFiducial is poor charge collection. . . . . . . . . . . . . . . . . 176

10.2 Collected charge energy by the electrodes, divided by the expected (maxi-
mum) charge energy (we call this charge collection e�ciency) in qi1 and qi2,
for the full Enhanced WIMP sample for the full set of events as well as the
subset which pass the SimFiducial requirements. The top plots show the dis-
tributions for the full sample and the SimFiducial subsample. The bottom
plots show skewed Gaussian �ts for the SimFiducial events. The plots show
a zoomed-in version for just the subset of events that pass the SimFiducial
requirements showing that they remove any case of incomplete collection (be-
low 96%). Furthermore the �ts are consistent with the absorption condition
of 2% di�erence between the electrode and the �nal position (described in
Chapter 3.3) because the peak values are exactly at 98.5%, and have small
resolution (0.3% for qi1 and 0.6% for qi2). It is expected that the left-hand-
side tail is caused by charge trapping e�ects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

10.3 The accuracy of the electron recoil energy measurement as determined from
our simulated sample of133Ba events that pass the LT Fiducial requirements.
The observed minus expected mean value as function of energy is shown for
qi1 (top left), qi2 (top right), and qimean (bottom), with noise (green) and
without noise (blue). Each of the results are basically well behaved, linear in
energy, and centered at zero. The expectation of a single constant calibration
works as expected for the two separate sides. A caveat is that qimean drops
at a rate of 0:15% (very small e�ect with respect to variations and other
mismeasurement reasons), which is a function of true Z-position and true
energy, described in Section 10.5.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

xxvi



10.4 The resolution of the electron recoil energy measurement as determined from
our simulated sample of133Ba events that pass the LT Fiducial requirements.
The RMS as function of energy is shown for qi1 (top left), qi2 (top right),
and qimean (bottom), with noise (green) and without noise (blue), and the
simlated noise RMS (dashed orange). Noise dominates below120keV, but in-
trinsic detector resolution rises linearly with energy, at the rate of0:003keV�E
(for qimean). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

10.5 Two �gures showing the detector response (accuracy and resolution) to single
scatter nuclear recoil events from the Enhanced WIMP sample. Left: Single
scatter low energy measurements are well behaved, linear and centered at zero,
except for lowest energies (< 2:5 keV). Right: RMS behaves as expected, linear
response without noise (blue), but dominated by noise (green). Noise causes
large variations when energy goes to zero because of pure noise measurements,
as described in Section 4.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

10.6 Lowest energies show large mismeasurement belowE < 2:5 keV, both in
sample with noise (left) and sample without noise (right). The sample without
noise also shows a mismeasurement, an artifact of the pulse digitization. . . . . . . 183

10.7 This �gure shows the charge system readout waveform, in ADC counts as a
function of time, for a simulated low-energy event (EQ = 1:31 keV) with no
noise to show the problems of the digitization e�ect on our energy measure-
ment. Superimposed is the best �t template shape. We note the the readout
waveform values are so low that the shape from the ADC has been truncated. 183

10.8 The� E=EQ distribution for the Enhanced WIMP sample for the subsamples
of events which pass the LT Fiducial and the SimFiducial requirements. We
use samples withE > 3 keV to ignore lowest energies limitations. We see that
while we already know LT Fiducial does a good job at removing mismeasured
events there is a large population of mismeasured events (even with� E=EQ

near -1). SimFiducial does not have this long tail, so making LT Fiducial
closer to SimFiducial would represent a major improvement in data analysis. . 184

10.9 Two �gures showing the location of energy deposits for the enhanced WIMP
sample, but have charge energy mismeasurement. Left: Shows true position
of all of the events which pass LT Fiducial requirements. We note that many
are outside SimFiducial volume (dashed orange). Right: The true position of
events which pass the LT Fiducial requirement but which are poorly measured
(selected with� E=EQ < � 0:015), their true position is outside SimFiducial. . 185
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10.10This �gure shows the amount of energy mismeasurement on both sides of
the detector as a function of Z for a large energy sample that pass all the
SimFiducial requirements. For both sides there is a linear dependence as
a function of Z which partially, but not completely, o�sets the full qimean
measurement. This explains the qimean measurement as a function of energy
shown in Figures 10.3 and 10.5. The qimean energy measurement drops at a
rate of 0:15%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

A.1 Waveforms of Zip4 Blips occurring within the �rst 2 time-bins show that these
Blips wrap around the readout, a possible indication that Blips are a DAQ
electronics issue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

C.1 BlipFinder (ignoring �rst/last 248 bins), time on the left and energy on the
right, for Zips 4 (top), 5 (middle), and 6 (bottom). In none of these inde-
pendent searches there is a preference for Blips at any time, not even when
looking at Zip4 Big Blips. We de�ne BigBlips as events with BlipFinder total
energy less than -3.5keV (Zip4), -2.5keV (Zip5), and -1.5keV (Zip6). . . . . . . . . . . . 208

C.2 The di�erence between the BlipFinder time (performed within 100 time-bins
of the BigBlip time), and the time of the BigBlip, for Zip4 BigBlips (top),
Zip5 BigBlips (middle), Zip6 BigBlips (bottom), the left column shows cases
when a second detector is coincident, and the right column events where
the second detector is not coincident, and the distributions are for the third
detector. The timing thresholds to determine if they are coincident are in
dashed orange. The samples are sub-divided from the results of the second
detector (indicated in the top-left label in each plot), to look at the distribution
in the third one (indicated in the x-axis label), we estimate the background
by taking the average value outside the coincident time (in dashed red), and
�nally we calculate the background-subtracted number of events. The rates
are displayed in the legends of the plots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

C.3 Zip5 (top) and Zip6 (bottom) BlipFinder energy (searching within Zip4 Biggest
Blip time � 50 bins), for Big Blips (left) and Small Blips (right), showing that
the energy is also correlated with coincidence of Blips on another Zip. This
is true for both detectors. We note that even fro Small Blips there is corre-
lation, the only di�erence being a higher population of non-correlated Blips
(Single-Detector Blips). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

D.1 Zip4 qi1 0-delay energy as function of Zip5+6 BlipFinder time. The data
pro�le is shown in red crosses (mean and with uncertainty on the mean), the
3D �t is shown in orange. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

D.2 Zip4 qi2 0-delay energy as function of Zip5+6 BlipFinder time. The data
pro�le is shown in red crosses (mean and with uncertainty on the mean), the
3D �t is shown in orange. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

xxviii



LIST OF TABLES

TABLE Page

2.1 Summary of the background sources, what type of interaction they have with
the detector (recoil type), and method for dealing with them. Nuclear recoils
from Pb sources are the most a�ecting background since they mimic WIMP
events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1 Summary of calibrated energy observable quantities for the charge readout
system, including 0-delay measurements for noise. Types notation: I is for
independent measurement, R is for calculated, combined quantity. Side1 is
the top, which collects electrons, and side2 collects holes, X (in the last row)
can be replaced with any other estimator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.1 Summary of simulation variables additional to real-data reconstruction. These
variables provide insight to true information to help understand mismeasure-
ment causes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

8.1 For each of the six di�erent 0-delay energy measurements, taken from Fig-
ure 8.4, we give the theoretical and observed resolution of simulated and real
noise data. In all cases the resolutions are in agreement within the 4 eV
measurement uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

9.1 The set of criteria used to remove events as being poorly measured, the Sim-
Fiducial region. We use the the shape of a truncated cone. The height of the
cone is given byZ top and Zbottom to avoid the interleaved potential trapped
events. The top radius is given byRtop, and bottom radius by Rbottom , and
from their intersection with the Z-limits we calculate the side limit line which
is a function of R dependent onZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

xxix



9.2 The best �t mean measurements for the133Ba 356 keV peak locations, from
simulations and data as determined for events passing the LT Fiducial re-
quirements. These data are taken from Figure 9.5.1) and the full sample (not
shown), comparing with and without noise, and comparing with real data,
we also compare the full sample with the LT Fiducial selection criteria. In
both data and simulations, both channels are well calibrated, within error
the peak location is consistent with the true energy of the incident photon of
356.013 keV. In simulations the answer has little change when removing the
LT Fidicual requirements, or adding noise. With respect to LT Fiducial with
noise, it changes by 2Err � for qi1 full sample, by 10Err � for qi2 full sample.
In data the full sample peak is also in the correct place, even though the error
in qi1 increases to 24 keV due to the large resolution (which will be compared
in the next table). In simulations qimean is always below the expected value
by 200 to 300 eV (due to position and energy dependence as will be shown in
Section 10.5.3), while this e�ect is not seen in data it is possible it is obscured
by the large resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

9.3 The best �t RMS measurements for the133Ba 356 keV peak LT Fiducial
samples comparing the simulation without and with noise, as well as with
real data. While the noise adds little variation to qi1 and none to qi2, the
RMS is much better in the simulation than it is in data (by a factor of � 16
for qi1 and � 6 for qi2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

B.1 Results of background subtracted fraction calculations. Note that iZip6 only
considers side2 channels. For details on the background subtraction see Ap-
pendix C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

xxx



1. INTRODUCTION

Sir Isaac Newton �rst published his theory of gravitation in 1687 to explain the movement

of the planets around the sun by describing mass as providing a force that attracts other

objects in proportion to their mass and squared-inversely proportional to their separation [1].

This was re�ned by Einstein's theory of General Relativity in 1916, which describes the same

attraction, but using the notion of mass curving space-time, and objects moving through that

curved space-time [2]. This proved very successful until 1933, when Fritz Zwicky observed

that the velocities of galaxies bound within the Coma Cluster exceeded those predicted by

the gravitation from visible objects [3]. While many tried new versions of gravity, a better

explanation is that this is the �rst evidence that there is a large amount of matter `out there'

which can't be seen directly. It is now known asdark matter. Even though we don't really

know what this substance is, other observations have provided additional evidence that dark

matter is the most likely explanation for this e�ect [4], that it is a particle [5], it plays an

important role on the evolution of our Universe, and makes up for� 85% of the matter

density of its constituents [6, 7, 8].

The work presented in this dissertation is focused on simulations to be used in dark

matter searches using the Super Cryogenic Dark Matter Search (SuperCDMS) experiment.

It is part of a broader e�ort to understand the particle nature of dark matter, in particular

to have a �rst observation of dark matter interacting in a detector here on Earth. Since this

particle is expected to be highly elusive (with a very small interaction probability), there is

good reason to believe that simulations ought to be a key component, as they have been for

the recent discoveries of the top quark [9] and the Higgs Boson [10] particles.

We will need a fair amount of understanding before describing our work, so we begin

with this chapter which provides an overview of the motivation for the existence and the

predictions of the properties of dark matter, as they provide a justi�cation for choosing the

direct detection methods used in our experiments. Starting with Section 1.1, we describe the
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astronomical evidence supporting the existence of dark matter as well as suggesting that it

behaves like a particle. Next, Section 1.2 describes the predictions of dark matter properties

from the combination of General Relativity and quantum mechanics into cosmological models

of the evolution of Universe and the particles which constitute it. In Section 1.3 we describe

how current experiment e�orts are attempting to observe dark matter, as well as the method

followed in this thesis, direct detection with our experiment. Finally, in Section 1.4 we give

an overview of this thesis work. In the next chapter we will describe the experimental design

and how it looks for direct detection of dark matter interactions while rejecting non-dark

matter interactions from multiple sources.

1.1 Astronomical Evidence for the Existence and Particle Nature of Dark Mat-

ter

In this section we present the astronomical evidence for the existence and particle nature

of dark matter. First we will show how the motion of galaxies around their cluster center

and stars around their galactic center suggest the existence of a large amount of matter that

engulfs the galaxies but cannot be seen, giving it the name dark matter. Then we will show a

second observation which suggests that a large amount of dark matter is present in galaxies

from the bending of light as it travels through and around them. Finally we will show that

dark matter is likely to be a particle, given the observed distributions of matter and dark

matter after the collision of a galaxy cluster.

Since the amount of light emitted from a star gives a good estimate of how much mass

it has, this can be used to estimate how objects near it are expected to interact with it

gravitationally [11]. While this was expected to correctly describe how galaxies are bound

within a galaxy cluster, the observations of the Coma Cluster, see Figure 1.1, showed that

the gravitation from visible objects is not enough to explain the high speeds of the galaxies

within it [3]. Since modi�ed versions of gravity could not explain the data [5], the data was

interpreted via the hypothesis that there is a large amount of matter that exists that can't

be seen directly, what we now call dark matter. This observation lay mostly dormant until in
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1970 when Vera Rubin and Kent Ford made observations of the speeds of stars that orbited

the outer part of the Andromeda galaxy in a way that could also be explained by a large

amount of mass that could not be seen [12]. Using data like that shown in Figure 1.2 of the

Galaxy M33, a better explanation of the data is that� 80%of the mass in the galaxy is in

a set of particles that interact neither with light nor the atomic matter and is distributed in

a large gas-like volume that we refer to as a halo that surrounds the stars [4].

Figure 1.1: Image of the Coma Cluster, where the position and brightness of the light shows
the location and density of stars, and gives a measure of the atomic mass in the galaxy cluster
reprinted from Ref. [13]. It provided the �rst evidence for the existence of dark matter as
the speeds of the galaxies exceeded the escape velocity expected from the observed amount
of mass. This suggested a large, non-visible source of matter/mass.

Additional evidence for dark matter comes from the bending of the path of light as it

passes through and around the large mass contained within a galaxy, a General Relativity

e�ect known as gravitational lensing [15]. This lensing is most readily observed when a

near galaxy (very massive object) bends space-time and is in the path of light coming from

a light-emitting source (like another galaxy) to the observer, as shown in Figure 1.3. In
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Figure 1.2: Left: Image of a galaxy with luminous matter and the calculated dark matter halo
engul�ng the galaxy (in blue) where the amount of light shows the mass distribution from
the stars in the galaxy, reprinted from Ref. [14]. Right: Recent observations of the speeds
of the stars around the M33 Galaxy as function of distance from the galaxy center, showing
data (points) along with a combined rotation model (solid line) from mass contributions from
a number of di�erent sources, reprinted from Ref. [4]. The dark matter halo contribution
is drawn with a dashed-dotted line, the contributions from observable stellar sources are
in short dashed line, and the surrounding gas in long dashed line. The dark matter halo
model well describes the observed rotation data, which suggests that there is a non-visible
substance with mass that is distributed as a halo in the galaxy.

the idealized case of one object directly behind the other in the view of an observer, �rst

proposed by Einstein [16], the bending of space-time makes light go around the object,

forming a circular or repetitive pattern around the near galaxy to the observer known as an

Einstein Ring [15]. In practice, distributions of mass sources typically give the appearance

of a `distortion' from a lens. Measurements of the size of these distortions, as shown in the

right hand side of Figure 1.3, indicate that there is more than just stellar (and interstellar

gas) mass, suggesting that a signi�cant amount of non-light emitting matter is present.

Gravitational lensing is now widely observed in nature and, purely non-light interacting

(dark) objects forming gravitational lenses have been observed [17].

The collisions of clusters of galaxies provide evidence that dark matter behaves like a

particle [5] by looking at the separation between the bulk of the mass and atomic matter

distribution after the collision as shown in Figure 1.4. The explanation of the data is that the

dark matter portion of the cluster is mostly non-interacting and it will continue its travel at
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Figure 1.3: Left: Diagram of gravitational lensing, showing the view of two galaxies at
di�erent distances from the Earth, reprinted from Ref. [18]. The `far' galaxy emits light that
passes through, or around, the `near' galaxy and which is gravitationally lensed, bending
the path of the light towards us. Right: An example gravitational lensing observed in
nature reprinted from Ref. [15], where the blue horseshoe shape is gravitationally lensed
light from a distant galaxy which shows an Einstein Ring created by the near galaxy in the
path bending the light towards us as observers. In the center, the orange bright source is
a massive near galaxy (called LRG). There is greater gravitational bending than expected
from mass of light emitting sources, evidence supporting that there is a non-visible substance
that interacts gravitationally.

the same rate, while the atomic matter in the two clusters interacts electromagnetically and

emits light as it slows down [5]. The data from examples like the El Gordo cluster [19] and the

Bullet Cluster [5] are consistent with the hypothesis that dark matter behaves in a particle-

like matter way, with a very low probability of interacting (or scattering) [5]. There are no

known modi�ed versions of gravity which can adequately explain these observations [5].
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Figure 1.4: A set of images of the `Bullet Cluster' which is a colliding cluster of galaxies that
provide evidence that dark matter is a particle [5]. Top-left: Calculated contours of mass
contributions as measured using gravitational lensing techniques, reprinted from Ref. [5].
Top-Right: Overlay of the mass contours with X-ray picture showing the amount of light from
X-rays indicating the amount (location and density) of interacting atomic mass, reprinted
from Ref. [5]. Bottom: Three overlaid images; mass distribution (from gravitational lensing)
in blue, mass distribution of X-rays showing the area of atomic interactions (in pink), and
the optical image shows galaxies in orange and white, reprinted from Ref. [20]. This data
supports the hypothesis that the dark matter is separated from the atomic matter of the
system, due to it being a weakly interactive massive particle, in agreement with observations
when �tting with a particle-based dark matter halo model within each galaxy cluster.
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1.2 Cosmological Predictions and the Properties of Dark Matter

Since the existence of dark matter a�ects the Universe itelf as well as how all the other

particles in nature have interacted within it from the Big Bang until today, we can use

cosmological models to learn more about the properties of dark matter [21]. In particular we

can use the laws of General Relativity (GR) and the Standard Model of Particle Physics (SM)

to build up a model incorporating dark matter interactions. GR describes space-time itself

and how the temperature or energy of the particles within the Universe drops as it expands,

and the SM describes how particles interact within space at each of these energies [22, 23].

Taking into account dark energy [21], and the current assumption that it is described as

a cosmological constant,� [21, 24], and the best guess of dark matter as a single type of

massive particle that is non-relativistic in the early Universe (cold dark matter or CDM for

short) [25], we can interpret our results in what is known as the� CDM model, which is the

most widely accepted explanation of the large-scale structure and evolution of the Universe

and is consistent with modern observations [6, 21].

In Section 1.2.1 we provide an overview of GR and SM considerations that will go into

the present best-understanding of the physics behind our cosmological models. Next, in

Section 1.2.2 we describe the� CDM model and point out the moments in its history that

allow for predictions of dark matter properties and particle interactions. We continue with

Section 1.2.3 and the description of the observations that justify the cosmological model

and its implications for building a dark matter particle hypothesis, theWeakly Interacting

Massive Particle (WIMP).

1.2.1 The Laws of Physics Used in Cosmology

Explaining the evolution of the Universe requires building up a theory connecting the

large-scale (GR) with the small-scale (SM). We next describe each in turn, with an eye

towards experimental measurements of further astronomical data that provides additional

clues, and eventually a hypothesis for dark matter properties, and how we might observe
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dark matter in an experiment.

General Relativity relates matter with space-time with the Einstein Equations [21]. They

incorporate purely geometrical implications with energy and matter density, describing the

connection between mass and space-time distortion, as well as their evolution over time. Ap-

plying these ideas to the Universe as a whole is a di�cult undertaking, but is simpli�ed with

a number of assumptions that appear to be consistent with all modern observations [21]. The

most important are that the Universe is roughly the same everywhere, equally distributed in

every direction (isotropic and homogeneous), and that our observation point is not particular

in any way [21, 24, 25]. Upon imposing this condition to the energy-momentum tensor, the

Einstein Equations have an exact solution: the Friedmann-Robertson-Walker (FRW) met-

ric [21]. Since space is expanding, and stretching the wavelengths of all the particles within

it, according to quantum mechanics the particle energies are consistently dropping; since the

energies of the particles are a measure of temperature, temperature can be see as a proxy

for time [21]. From measuring the current expansion rate of the Universe (using the speeds

and distances of distant galaxies) [21, 26], the temperature (energies of the particles) and

the matter density can be extrapolated at any point in time [8, 21, 24].

The Standard Model of Particle Physics, with the particle content shown in Figure 1.5,

is the quantum �eld theory that describes the known particles and their interactions [22]

within space. It has been incredibly successful at predicting the existence of many particles,

and has produced high-precision agreement with many experiments about their interactions

and properties [22, 27]. While the simplest guess is that dark matter is a particle, none of

the known particles have the properties of dark matter [23, 28]. Since everything else in

the Universe is related to a quantum �eld manifesting through particles [23], and evidence

suggests that the dark matter is fairly massive (described below) the next simplest guess is

that there are new particles and/or interactions in nature with dark matter being a single

type of massive particle with small couplings to the SM particles. Nonetheless, using the

framework of quantum �eld theories, cosmology may point the way for describing it, [21], in
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particular with the interactions in the early Universe and how dark matter may have stopped

being produced by other SM particles.

Figure 1.5: A diagram showing the known particles of the Standard Model of Particle Physics,
reprinted from Ref. [29]. It has 3 types of particles: Quarks (in purple), leptons (in green),
and force carriers (in orange and yellow). All the matter particles are grouped into three
generations of matter, Generation I is the most stable version, involving the most common
particles: electrons, up and down quarks (which make protons and neutrons), and electron-
neutrinos. Force carriers are photons (mediating electromagnetic force), gluons (mediating
strong-force interactions), and Z and W bosons (mediating weak interactions). None of these
particles have the properties of a dark matter particle.

1.2.2 A History of the Universe with Dark Matter and Its Use to Make Quan-

titative Predictions

Combining our understanding of GR and the SM, and applying to an expanding Universe

has led to the� CDM and the Big Bang model of the origin and evolution of the Universe [21]

which makes predictions that can be compared to observations made today. As we will see,

if dark matter were a particle it would be a�ected along with the rest of the known particles,

which allows for us to consider it in experiments. As the Universe expands the energies of
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the particles (i.e. temperature) drop, which in turn a�ects the types of interactions between

particles and which also a�ects their relative abundances over time [21]. This understanding

will allow us to measure the amount of dark matter in the Universe as well as constrain our

understanding of its mass and interactions.

We next list four important points in our history, and then discuss why each is relevant

to our story. They are:

1. When quantum �uctuations governed the early Universe

2. When the Universe stopped expanding exponentially

3. When the average energy of the particles in the Universe could no longer produce pairs

of dark matter particles

4. When the average energy of the photons is no longer high enough to break apart atoms

We will next present a brief history of time so it becomes clear how each is relevant to the

measurements that tell us about the properties of dark matter.

Starting from the earliest moments after the Big Bang, the Universe was small and hot

and dominated by quantum interactions with quantum �uctuations causing di�erent energies

in di�erent locations in space [21]. A short time thereafter, the Universe went through a

period of exponential expansion (due to the vacuum energy of that epoch and the absence

of any other type of �eld or matter) in a period known as in�ation [21]. In addition to

creating large spacial separation between these di�erent temperature regions, which we refer

to as temperature anisotropy, the rapid acceleration in the expansion produced gravitational

waves which, in combination with the quantum �uctuations, produced the �rst variations in

gravitational e�ects in space-time, which we call sink-holes [21].

This leads us to the second moment relevant to our story, which is when in�ation ended

and the quantum �uctuations that created the gravitational sink-holes for small variations

in density and temperature were locked in place. After in�ation, the Universe continued
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expanding but at a slower (not exponential) rate, disconnecting the locations of di�erent

temperature as they were no longer in causal contact. These initial sink-holes will drive the

oscillations of particles as they are created and travel through space at a rate governed by

their energy, mass and interaction rates. These waves are called Baryon Acoustic Oscillations

(BAO) [6] and determine the �nal locations of the hot and cold spots, the anisotropy, and

the angular distances between them. As we will see, the temperature map of the Universe,

along with the BAO predictions, allows for a measure of the density of dark matter and

other particle masses at later times.

Eventually the Universe cools and the number of dark matter particles in the Universe

stabilizes. This occurs for two reasons. The �rst is that dark matter particles are so massive

that they can no longer be created in high energy interactions of other (SM) particles. The

second is that the Universe got big enough that dark matter particles stopped �nding each

other to annihilate. This is the time of dark matter freezeout [21, 25]. Since dark matter

is no longer produced and it is unlikely to annihilate, the abundance of the dark matter

stabilizes and is known as the dark matter relic density. The value of the left-over dark

matter relic density at a speci�c point in time can be measured today and compared with

predictions from the � CDM models to determine intrinsic dark matter properties.

The last critical time in our history is when the temperature dropped below the ener-

gies needed to break apart atoms, which allows for measurements of temperature (and its

variations) in di�erent directions of space today, which in turn allows for measurements of

dark matter properties of the epoch. This time is known as Recombination [24, 30]. The

location of the last scatter of a photon by a charged particle (i.e. before it was able to

stay in a neutral atom) is determined by the local temperature, and since the Universe has

expanded by the same amount, looking at the temperature distributions of the photons in

the Universe today allows for a measurement of the temperature in every direction back

then, which in turn unveils the anisotropy of the Universe (and dark matter density) at the

time of Recombination. These remnant photons from this point are known as the Cosmic
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Microwave Background (CMB).

With the history in place, we can see how measurements of the temperature anisotropy

imprint from Recombination, the CMB, allows for measurements of the dark matter at

Recombination as it oscillated through space with the other particles in the early Uni-

verse. [21, 25]. We will compare the predictions and observations in the next section.

1.2.3 Data and Cosmological Models Make Predictions About Dark Matter:

The WIMP Hypothesis

The � CDM model, along with the BAO, allows us to interpret the measured anisotropy

in the CMB in terms of the dark matter properties. The current measurements from WMAP,

SPT, Planck, and other experiments [6, 7, 26], are shown in Figure 1.6. There are a number

of results worth noting. First o�, the CMB observations tell us that the temperature today

is mostly the same in all directions, con�rming that in the earliest moments after the Bang

the Universe had a roughly constant energy density everywhere, and that each portion of the

Universe came into local thermal equilibrium [21, 30]. However, the �ne-detail measurement

of the temperature anisotropies, which show �uctuations by1 part in 104 relative to the

average temperature, con�rm the �uctuations in the early Universe [6, 7, 26]. Measurements

interpreted in conjunction with the � CDM model and the BAO suggest that at the time of

Recombination84:27� 0:96 %of the matter of the Universe was dark matter [7] and that it

is cold (massive and non-relativistic) [6, 8, 21]. With these hints in hand, and evidence that

it is cold (massive), we are ready to look in more detail to determine more about the dark

matter annihilation cross section from the dark matter relic density.

Assuming that there is a single massive (cold), stable dark matter particle that has existed

since well before Recombination, we can estimate the dark matter density as a function of

time (temperature). Picking an example mass of 100 GeV (in agreement with constraints

from various experiments and theories [6, 23, 33, 34, 35]), the results are shown in Figure 1.7,

where the shaded regions give the variation as a function of annihilation cross section from

the observed dark matter relic density. At early times/higher temperatures the density

12



Figure 1.6: Data from Cosmic Microwave Background (CMB) measurements and their in-
terpretation in the � CDM model with best-�t values of the cosmological parameters, �gure
reprinted from Ref. [31]. Center bottom is a picture of the CMB temperature variations
heat-map, where blue and red represent colder and hotter regions respectively, by1 part in
104 relative to the average temperature of the Universe of2:7260� 0:0013Kelvin [32]. Center
top is the analyzed data of temperature variation as function of angular size of patches in the
CMB along with the best-�t from the � CDM model. On the left is the best-�t parametriza-
tion of the � CDM model that indicates that dark matter is about 22% of the mass-energy
of the Universe and thus about� 85%of the mass in the Universe [7].

drops exponentially as the temperature drops, and levels o� when the other particles in the

Universe are no longer able to create it. It �attens out to its �nal value once the Universe

is big enough that dark matter particles no longer �nd each other to annihilate, and its

�nal value is determined by the dark matter self-annihilation cross section. Remarkably, the

annihilation cross section is very close to that observed from other pairs of heavy, weakly

interacting particles [23, 35]. This `coincidence' suggests that we should be looking for

Weakly Interacting Massive Particles (WIMPs) and is known as the WIMP miracle [36].

13



Figure 1.7: On the y-axis, the number density of dark matter particles as a function of
temperature (proxy for time) of the early Universe on the x-axis, for a100GeV dark matter
particle, �gure reprinted from Ref. [8]. The solid line represents the calculations for a cross
section that gives the mean measured relic density (agreeing with the observations from
the CMB), and the yellow, green, blue, represent101; 102; 103 deviations from such cross
section. This suggests that the dark matter annihilation cross section is at the weak-scale,
and that the dark matter may be weakly interacting, thus the name Weakly Interacting
Massive Particle, or WIMP.

1.3 Search Strategies and Current Limits on WIMPs

With evidence that the dark matter is massive and weakly interacting, we next describe

how it guides our searches for interactions with SM particles that we can observe in exper-

iments. While multiple theories have been developed that `predict' the existence of stable,

massive particles with weak-scale cross section interaction rates and explain their relation

to the SM, none are clearly favored by the community, so we will use general considerations

from each to point the way forward in terms of search strategies. We say a few words about

some of the most commonly discussed models for completeness. The �rst is Supersymmetry

(SUSY) which predicts a symmetry between Fermions and Bosons in nature [28] as an ex-
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tension to the Standard Model, and provides a natural candidate for WIMPs: the lightest

of the supersymmetric particles [23, 34]. A second alternative is the Singlet Scalar Model,

which introduces a simple extension to the Standard Model via a single additional �eld [37]

and is viable for a wide range of WIMP masses. Other theories are typically referred to

as Dark Sector, and include axions and dark photons as viable candidates [38]. Of course,

to distinguish which, if any, of these theories are correct, the dark matter particle must be

directly observed �rst, and its properties measured. For our purposes, we don't follow the

predictions of any one theory, but use the general features to guide our search strategy.

We begin with the three main search strategies in Section 1.3.1. Next, in Section 1.3.2

we focus on the one in this thesis, direct detection, and provide the interaction rate model

for collisions in our detector on Earth, which resides in the dark matter halo of the Milky

Way. We conclude with a summary of the state of the art limits on direct detection searches

in Section 1.3.3.

1.3.1 Methods For Observing Dark Matter Interactions and Overview of Direct

Detection Experiments

A WIMP interaction with SM particles, in our case a quark inside a nucleon, can be

simpli�ed into a single Feynman diagram [39] with an unspeci�ed interaction, as shown in

Figure 1.8. There are 3 alternatives which can potentially allow for WIMP observations:

� Indirect Detection: In astronomical observations of high energy photons that are pro-

duced from the annihilation of WIMPs near the center of the galaxy where the dark

matter density is expected to be largest [40]

� Collider Production: In controlled observations of high energy collisions of SM particles

in large colliders which can produce dark matter particles and then study them with

detectors [23, 35]

� Direct Detection: In the observation of the scattering of a WIMP particle from the

halo of the Milky Way with a Standard Model particle in a sensitive detector here on
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Earth (this is the subject of this thesis)

Figure 1.8: A Feynman diagram of dark matter particles interacting with SM particles with
an unknown interaction/coupling. Depending on the direction of time, we can have di�erent
types of interactions (and detection methods). Annihilation occurs when time �ows left to
right, and dark matter annihilation creates Standard Model particles which can be observed
by astronomical methods [40]. Combination occurs when time runs in the opposite direction,
when Standard Model particles collide to produce dark matter which could be observed in
experiments like the LHC [33]. Direct detection, the case considered in this work, is the
interaction of a dark matter particle with a Standard Model particle, where both particles
recoil (time �owing bottom to top).

This work is focused on direct detection methodology with the SuperCDMS Experiment.

As the Earth is moving through the dark matter halo of the Milky Way [41], SuperCDMS is

looking for an interaction between a WIMP and a heavy nucleus in a sensitive detector [42], as

shown in Figure 1.9. More speci�cally, we are looking for the WIMP-recoil o� a germanium

nucleus in the crystal lattice of our detector.
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Figure 1.9: Picture of a SuperCDMS detector (left) and a diagram of a WIMP interaction
with a nucleus in the germanium crystal (right).

1.3.2 Direct Detection WIMP-Nucleon Interaction Rate Model

We next derive the predictions for the expected rate of WIMP-nucleon interactions as a

function of nuclear recoil energy, and then use it, with the particulars of the SuperCDMS

germanium detectors and the expectations from our known location within the dark matter

halo of the Milky Way, to make quantitative predictions. First we will give an overview

summary of the calculation. Next we will describe the pieces needed to make the quantitative

estimate and show the numerical values for several WIMP masses. Finally, we comment on

the implications for our searches.

The expected WIMP-nucleon interaction rate,R, as a function of nucleon recoil energy,

Er , can be predicted as a function of the dark matter massMD , the target (Ge detector

nuclei) massMT , the dark matter density � D , the dark matter-nucleon cross section� , the

kinematic factor r (from momentum conservationr = 4MD MT =(MD + MT )2), and the dark

matter velocity distribution F . Following the calculation in Ref. [43], the WIMP-nucleon

interaction rate as a function of recoil energy [43] is given by:

dR
dEr

=
�

rM 2
D MT

� F � � D (1.1)
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Quantitative predictions for our experiment come from inserting details of the dark mat-

ter halo estimations from models of the Milky Way [44] and our detector mass into the

equation. In particular the velocity distribution of dark matter can be predicted from the

observation of stellar distributions and speeds [43, 45]. Since it is expected that the dark

matter velocity distribution is given by a function of the Maxwell-Boltzman distribution we

take F (v0; vesc; vE ) [43], wherev0 the most likely velocity, vesc the galactic escape velocity,

and vE is the Earth's velocity [45]. Astronomical measurements indicate thatv0 � 300km/s,

vesc � 600 km/s, and vE � 244 km/s [43, 45], and that � D � 0:3 GeV/cm3 near our loca-

tion at the Sun. Considering our detector, by setting the mass of a Germanium nucleus

MD = 67:6 GeV, and assuming a WIMP-nucleon cross section of10� 42 we �nd the values

shown in Figure 1.10. Note that the speed of the Earth relative to the halo changes with

the direction of Earth's orbit, causing an annual modulation which can also potentially be

measured [43].

Figure 1.10: The number of expected WIMP events interactions as a function of recoil
energy interacting in a SuperCDMS Ge detector, for multiple WIMP masses, assuming a
dark matter halo in the Milky Way [43] and a wimp-nucleon cross-section of10� 42 cm2 for
simplicity. Figure reprinted from Ref. [46]. The quickly dropping rate as a function of recoil
energy suggests that optimizing for low energy interactions not only improves low WIMP-
mass searches, but also increases the sensitivity for higher WIMP masses, as the number of
interactions drops quickly with recoil energy.
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Perhaps the most important thing to notice is that most interactions transfer very little

energy (give very little recoil energy to the SM particle), and the rate drops quickly as a

function of recoil energy [43, 46, 47]. This is an indication that experiments need to aim for

high sensitivity to low energy interactions. SuperCDMS focuses in low mass WIMP searches,

by focusing on having sensitivity to interactions which deposit as little as few keV of energy.

1.3.3 Overview of Current WIMP-Nucleon Cross Section Sensitivity Limits by

SuperCDMS and Others

Multiple experiments have searched for WIMPs with ever-better sensitivities to tiny

WIMP-nucleon interaction cross sections [23]. Direct detection searches are focusing in the

mass region between 500 keV and 1 TeV WIMP mass [23, 42]. The challenge is to observe

WIMP-like interactions (call these signal events), while rejecting any other interaction that

can mimic dark matter (call these background events). As shown in Figure 1.3.3 the Su-

perCDMS Soudan experiment, the main topic in this thesis and described in Chapter 2.1,

has led the e�ort in low mass searches (1:5 to 10 GeV) and will be leading future searches

with SuperCDMS SNOLAB (0:4 to 5 GeV) [48]. Its direct competitor, the Lux-Zeplin (LZ)

experiment has leading sensitivity in the high mass search (4 to 1000GeV) search as their pre-

decessors (LUX and ZEPLIN) have lead before [49]. Others, including DarkSide, XENON,

and PandaX complement the search, particularly in the high mass range [23]. Currently

no experiment has provided compelling evidence of the existence of dark matter, but the

search space keeps being pushed to smaller WIMP-nucleon interaction cross section over all

masses [23]. It is worth noting that the next-generation experiments (SuperCDMS SNO-

LAB [48] and LZ [49]) are approaching interaction sensitivity levels that will allow for the

observation of interactions from neutrinos radiated from the Sun (solar neutrinos). This will

allow for exciting measurements, but will also become a challenging background to discrim-

inate against.

While state of the art e�orts are improving the technology, and analysis techniques

allow the detectors to be measure smaller energy deposits, this also means that they accept
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Figure 1.11: This �gure shows the regions of dark matter-to-nucleon cross section limits
vs mass which have been excluded by multiple direct detection experiments [23] Figure
generated with the SuperCDMS limit plotter tool [50]. The area above and to the right of
the solid lines has already been excluded. The dashed lines and pink space represents the
expected sensitivity of near-future searches. The dotted brown and yellow space represents
the solar neutrino background, which will impose a di�cult background in the future.
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more sources of `background'. In this context next-generation experiments require a better

understanding of the background and signal response in their detectors and new tools, such

as simulations, to do so.

1.4 Overview and Outline of this Thesis

We now have the motivation for the search for dark matter, a hypothesis to observe it

in a direct detection experiment, and an experiment which has completed highly sensitive

searches. With this in mind, this thesis is about the simulations of dark matter and other

SM interactions in the SuperCDMS Experiment with an eye towards using them for opti-

mizing a WIMP search to improve the sensitivity moving forward. Our goal is to provide the

tools to enable simulation-based analyses to optimize dark matter searches for current (Su-

perCDMS Soudan) and upcoming (SuperCDMS SNOLAB) experiments expected to start

taking data in 2020. As the SuperCDMS Experiment is transitioning to better technology,

and since WIMPs have not been observed, the next-generation analyses and detectors will

have to discriminate ever more challenging backgrounds and will require even more robust

analysis techniques. As the experiments become more sensitive to lower recoil energies, the

backgrounds become harder to mitigate and need to be discriminated against in analysis,

which will be particularly complicated as we become sensitive to neutrinos and other sources

of low energy interactions. As simulations have played a key role in the recent top quark [9]

and Higgs boson [10] discoveries, the time has come to bring modern simulation techniques

to SuperCDMS.

To make it easier to see where we are going, we will summarize what we have done. The

primary task of this work was to create a full simulation package and show that it works

as expected. While we have made a full simulation infrastructure, and have fully simulated

events, the entire endeavor is enormous and will require many more years with contributions

from lots of individuals. While we have completed many of the most important �rst steps, we

have not completed the studies of how well all of the parts work, nor �nished the multi-year

process of studying and tuning them, nor using them in an optimized search. This work
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focuses on what we have done: the simulation of the noise, charge, and phonon systems, and

studies of the noise and charge measurement, comparing with data and expectations about

the detector's response in a sample of calibrations where the inputs are well understood. We

will show what we have learned, and point the way forward for the future.

Chapter 2 contains a brief description of the SuperCDMS Soudan Experiment, includ-

ing a description of the backgrounds and the apparatus design to mitigate against them.

We follow with Chapter 3 where we describe the physics of the detectors which allow us to

measure the energies of any interactions as well as both distinguish between dark matter

and background events. Chapter 4 describes the most relevant data analysis techniques to

turn detector readout into energy observables, the optimal �lter, which is used to extract

the best-estimate energy measurement of an event which is contaminated by noise from the

readout electronics. Chapter 5 is about going from the energy estimates to understanding

and studying the response, and the common analyses techniques and methods in dark matter

searches with SuperCDMS to separate between signal and background events. Chapter 6

describes the known causes of mismeasurement due to readout malfunction and the methods

used to correct them along with the treatment to clean them from our noise data prior to

the simulations comparisons. Chapter 7 describes the simulations infrastructure and the

individual pieces of the simulation which take us from a description of the physics to fully

reconstructed samples of particle interaction events in the detector. The results of compar-

isons to data are described in Chapters 8 and 9. Chapter 8 is about the validation of the

noise simulations, and the measurement of the contributions of noise to the overall energy

resolution. Chapter 9 is about the quantitative and qualitative comparisons of the simula-

tions to data, and showing what the simulation tells about well-behaved selection criteria.

Chapter 10 is about the simulation-based predictions, by measuring detector accuracy and

resolution and looking in more detail at the causes of energy mismeasurement with an eye

towards the next steps for development. Finally, Chapter 11 provides an overview about

optimizing future analyses with our simulations, provides some clear examples of studies to
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be followed up on, and concludes this work.
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2. THE SUPERCDMS SOUDAN EXPERIMENT

With the last chapter providing evidence that dark matter exists and an outline of our

plan to discover it via direct detection, we next describe the Super Cryogenic Dark Matter

Search Soudan experiment (SuperCDMS Soudan) used in the search. The apparatus consists

of a set of germanium and silicon detectors (shown in Figure 1.9) that are good at separating

between low energy WIMP interactions with a single nucleus and SM particle interactions

with an electron in the detector, and surrounded by an infrastructure that is designed to

reduce the number of SM particles that even enter the detector [42, 47, 51]. The goal

is to obtain a clean sample of WIMP-like events (call this signal). This means having a

good balance between being able to e�ciently accept signal events, while discriminating

against any interactions of SM particles from contaminants in the environment or poorly

measured background events that mimic signal events (call both of these background). This

is particularly di�cult at low energies where the signal-to-noise ratio for interactions is the

poorest. We will describe the backgrounds and how the experimental apparatus mitigates

against them, and in the next chapters we will describe how the particle interactions produce

the readout from the e�ects on the crystal and the dedicated sensors with an eye towards

how we will simulate or reject them.

In this chapter we provide an overview of how the SuperCDMS Soudan experiment is

designed, with an emphasis on how signal and background sources interact with the detectors

so we can accept signal and reject backgrounds. Since the design includes a number of

ways for keeping backgrounds from entering the detector, we �rst give an overview of the

background sources in Section 2.1, with an eye towards how they will be reduced. Next,

in Section 2.2 we describe the apparatus design and the detector components. And �nally,

in Section 2.3 we expand on the considerations that mitigate the backgrounds either by

blocking, shielding or lowering the rates, or at the analysis level.
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2.1 Overview of Background Sources and How They Interact in the Detectors

The SuperCDMS detectors are highly sensitive to many types of particle interactions

and while the goal is to observe WIMP interactions, other sources of particle interactions

are a problem. The list of background sources is given in Table 2.1 and each item will

be discussed in more detail soon. As described in later sections, the detectors and the

apparatus that surrounds them are designed to reduce how often these background particles

enter the devices themselves, and distinguish between the ones that do enter from signal

events. The background sources can come from near the detectors, within the detectors

themselves, as well as from other cosmic sources (WIMPs are not the only cosmic particles

hitting the Earth), and while most of the backgrounds are blocked (some to a point of

becoming negligible), others need to be identi�ed and rejected in the WIMP search analysis.

In general, particle interactions are expected to scatter with either an electron or a nucleus

in the detector as shown in Figure 2.1. We will refer to these two types as electron recoils

and nuclear recoils respectively. The interaction type depends on the incoming particle:

electrons and photons would interact with the atomic electrons that surround the nucleus,

but neutrons and WIMPs would interact with the nucleus itself [8, 42, 45]. While the total

recoil energy is given by the kinematics of the interaction, each type of interaction releases two

types of energy into the crystal of the detector: charge energy (from ionization of electrons

in the crystal), and phonon energy (from vibrations of nuclei in the lattice), as shown in

Figure 2.2 [42]. While the mechanism of energy release for each type, and how much goes

into each, will be described in Chapter 3.1 we note for now that the reconstructed energy

measurement of charge and phonon signals di�er signi�cantly between the two and allow us

to discriminate between an electron or nuclear recoil type event. As shown in Figure 2.2,

both types of recoils have measured energies that rise as a function of energy, while the

constant of proportionality is di�erent. Thus, the ionization yield, de�ned as the ratio of the

measured charge and phonon recoil energy, creates a clearly de�ned method for identifying

background-like (electron) from signal-like (nuclear) interactions.
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Cosmogenic Backgrounds
Background Source Recoil Type Mitigation Method
Electrons and Photons Electron recoil Mostly shielded otherwise discrimi-

nated, also referred to as Compton
background (because of the scattering
process)

Muons Electron recoil Shielded or vetoed by the apparatus
to negligible rates

Neutrons Nuclear recoil Shielding reduces these to negligible
rates

Neutrinos Nuclear recoil Interactions rates and energy deposits
are so small that they can be neglected
for Soudan

Contaminants In or Near the Detectors
Background Source Recoil Type Mitigation Method
Ge Activation Electron recoil Discriminated against in analysis
Pb Implantation Electron and

Nuclear recoil
Discriminated against in analysis

Mismeasured Events
Background Source Recoil Type Mitigation Method
Cross-talk None Considered in event reconstruction
Pileup Events None Discriminated against in analysis
Blips None Discriminated against in analysis
Glitches and Low
Frequency Noise

None Discriminated against in analysis

Table 2.1: Summary of the background sources, what type of interaction they have with the
detector (recoil type), and method for dealing with them. Nuclear recoils from Pb sources
are the most a�ecting background since they mimic WIMP events.

The most important analysis challenge is for the lowest energy interactions where signal

rates are expected to be highest but where mismeasurement occurs, resolution worsens, and

it becomes di�cult to separate between the two types of interaction responses. We will get

back to how these quantities are reconstructed in Chapter 4, and to the samples used to

understand the response in Chapter 5. Ultimately it is our goal to have simulations help in

this process. For now we give an overview of the experimental apparatus and then expand on

how it reduces the number of particles that enter the detectors to reduce the overall number
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