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Abstract

SuperCDMS is a direct-detection dark matter (DM) experiment that uses
cryogenically cooled germanium and silicon detectors to search for interac-
tions between DM particles and detector nuclei, and in this thesis I describe
my contributions to the experiment.

I start with a brief review of DM and motivate the possibility of its de-
tection in underground laboratories with sensitive detectors, and I review
the SuperCDMS detector fundamentals. Then I focus on detector develop-
ment for the future generation of the experiment, which will deploy an array
of detectors at SNOLAB in Sudbury, Canada. Specifically I describe char-
acterization of prototype detectors from surface facility testing, and discuss
measurements of critical values that determine the detectors’ sensitivity to
DM particles, such as the baseline resolution and the phonon collection ef-
ficiency. I also describe analysis techniques developed to measure intrinsic
detector noise in a high radiation environment such as a surface test facility.

In the final chapters I describe a DM search analysis using four months
of data from operation of SuperCDMS detectors in the Soudan Mine in
northern Minnesota. I discuss how a particular detector operating mode,
called CDMSlite, lowers the energy threshold of the detectors in order to
improve the sensitivity to low-mass DM particles. I also present new analysis
techniques that optimize the sensitivity to low-mass DM particles, including
noise discrimination with multivariate classifiers, instrumental background
modeling, and a profile likelihood signal and background fitting approach.
In this analysis we set an upper limit on the DM-nucleon scattering cross
section in germanium that is a factor of 2.5 improvement over the previous
CDMSlite result for a DM mass that is five times the proton rest mass.

iii



Lay Summary

It has been well established through astrophysical observations that there
is a form of matter that we cannot see (“dark matter”) that is five times
more abundant than ordinary matter (i.e. stars, planets, dust, etc.) in the
universe. Through gravity, dark matter is responsible for the formation of
most galaxies, and in that sense we owe our existence to it, but little is
known about its character. Leading theories posit that it consists of a halo
of particles surrounding most galaxies, and in this model many thousands of
dark matter particles stream through the Earth every second with low inter-
action rates with normal matter. In this thesis I describe my contributions
to an experiment designed to detect the rare collisions between dark matter
particles and detector material. In an analysis of data from the experiment,
I rule out smaller interaction rates between dark matter and these detectors
than previous analyses.
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Preface

Chapter 1 and 2 contain numerous citations to recognize the body of
work of others upon which a thesis such as this is built. These contribu-
tions include the establishment of the WIMP dark matter paradigm with
contributions dating back to the 1920s, as well as the development of CDMS
detectors dating back to the early 1990s. These contributions of others are
discussed in order to set the stage for the later chapters.

Chapter 3 is based on detector characterization work carried out at the
University of California, Berkeley under the supervision of Professor Matt
Pyle and research scientist Bruno Serfass. The derivations presented in this
chapter resulted from conversations with Matt Pyle. Bruno Serfass assisted
greatly with software issues that arose when operating the detectors and
analyzing the data. Nicholas Zobrist (now a graduate student at University
of California, Santa Barbara) took on the majority of the work required
to maintain stable operation of the dilution refrigerator for the 1-2 week
intervals during which we tested a series of detectors. The data analysis
presented in this chapter is my own.

Chapter 4 and 5 are based on an analysis that has been submitted for
publication. I was the lead author and responsible for a significant por-
tion of the analysis presented, and co-led the coordination of the analysis
effort with D’Ann Barker. We co-chaired weekly working group meetings.
Major analysis contributions came from D’Ann Barker and Ryan Under-
wood. The “Background Models” section (Sec. 5.1) is largely adapted from
the manuscript and is based on work carried out by D’Ann Barker. Ryan
Underwood carried out the majority of the work in the “Fiducial Volume”
section, with conceptual contributions from Wolfgang Rau and some tech-
nical contributions from myself. Eleanor Fascione, Dan Jardin, and Andrew
Scarff also contributed to the data analysis. Rob Calkins, Scott Oser, and
Wolfgang Rau supervised the analysis. As the lead author I contributed
significantly to the manuscript composition and ushered it through internal
collaboration review as well as through journal peer review.
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HS Housing (for surface backgrounds)

HV High Voltage

iZIP interleaved Z-sensitive lonization and Phonon Detector
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PSD Power Spectral Density
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ptOF Total phonon energy, estimated with the 1D optimal Iter algorithm,
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R2 CDMSIlite Run 2, which occurred over the course of 2014 and consisted
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R3 CDMSIlite Run 3, which occurred over the course of 2015 and consisted
of operating the T2Z1 detector up to 75 V
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S12C A Silicon prototype detector, with the same dimensions and channel
layout as the SuperCDMS Soudan iZIP detector

SHM Standard Halo Model

SN Series Number

SNOLAB Sudbury Neutrino Observatory Laboratory
SUSY Supersymmetry

SQUID Superconducting Quantum Interference Device
T ¢ Superconductor critical temperature
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WIMP  Weakly Interacting Massive Particle
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Chapter 1

Detection of Particle Dark
Matter

1.1 Early Evidence

In 1933 Fritz Zwicky calculated the mass of the Coma galaxy cluster by
way of the virial theorem, using the velocity dispersion of galaxies from
the measurements taken by Hubble and Humason [1], and found a mass-to-
luminosity ratio of roughly 500, signi cantly higher than expected for galaxy
clusters [2]. Three years later Sinclair Smith performed a similar analysis
of the Virgo galaxy cluster and observed a signi cant discrepancy, by a
factor of about 200, between the expected mass per galaxy from luminosity
measurements and his calculation of the mass per galaxy [3]. The term
\dark matter" was being used in the literature at this point, but it was not
thought of in today's paradigm, with Smith asserting that the discrepancy
was due to uniformly distributed or low luminosity internebular material [4].

After Zwicky and Smith, more accurate measurements were made of
the mass of galaxies, many of which were based on the rotational speeds of
nearby galaxies. At high galactic radii within which the majority of luminous
matter is enclosed, if all the mass in the galaxy were luminous then Newton's
and Gauss' laws predict the rotational speed of orbital bodies around the
galactic center to be: r

v(r) = P GM, ;—L (1.1)

where M, is the mass of the luminous matter. Horace Babcock in 1939
measured rotational speeds of the Andromeda galaxy (M31) and found rising
speeds out to distances beyond where the luminous matter was enclosed (100
arc minutes), in tension with Eq. 1.1. He attributed the measurements to
large amounts of non-luminous matter in the outer part of the galaxy or to
new dynamics that would account for the high rotational speeds without a
new mass component[4, 6].

We now know de nitively that the rotation speed of objects around the
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Figure 1.1: (left) The hydrogen surface densities (azimuthally averaged) for
ve galaxies and (right) the rotation galactic rotation curves. The bars un-
der the galaxy names indicate the spatial resolution of the measurements.
Rgo corresponds to the galactic radius containing 80% of the Hydrogen den-
sity determined from the 21 cm emission. Plot copied from Ref. [5], with
permission. Measurements were performed by Rogstad and Shostak in 1972
from the Owens Valley Radio Observatory using 21cm observations.
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galaxy does not fall 0 asr 2. In the 1960s and 70s, using the Doppler
shift of the H (optical) hydrogen emission line, Vera Rubin and Kent Ford
measured the rotation speeds of hydrogen in M31, showing that the speeds
are roughly constant at large radius from the galactic center [7]. Subsequent
measurements of a host of spiral galaxies by Rubin, Ford, and Thonnard also
showed at rotation curves [8]. Outside of the optical band, Rogstad and
Shostak analyzed the rotation curves from ve galaxies using hydrogen's
21cm photon emission [5]. The at rotation curves measured for these ve
galaxies are shown in Fig. 1.1.

To explain the at rotation curves, if we instead modeled mass in the
galaxy as a spherically symmetric distribution that varies with distance,
M (r), the constanhstellar rotational velocity at large distances given by

v=C= GM(r) rl can be explained by an enclosed mass that varies
linearly with the distance from the center:

M(r)/ r

Therefore the enclosed mass has a density proportional to the inverse square
of the distance from the galactic center, (r) / r% Most of this matter must
be dark because the luminous mass density falls o much more rapidly. To
account for this missing matter, the leading model is a spherically symmetric
\halo" of dark matter distributed throughout our galaxy and other galaxies,
interacting gravitationally and making up the majority of mass in the galaxy

and the universe.

1.2 Galaxy Clusters

Measurements of galaxy clusters since the work of Zwicky and Smith have
provided additional evidence for dark matter and important information re-
garding the composition of dark matter. Observations of galaxy clusters|
the largest gravitationally collapsed astrophysical structures|are particu-
larly powerful because di erent techniques can be used to make independent
measurements of their mass.

The Chandra Observatory measures the x-ray emission from the inter-
galactic gas of galaxy clusters. With the clusters' gravitational potential
largely due to dark matter, their intergalactic gas gains kinetic energy and
heatsto 1C® K, and they are therefore among the brightest x-ray sources.
By measuring the x-rays, the temperature and pressure of the gas can be
computed. If the cluster is in equilibrium, the gravitational potential can be
computed under the good assumption that gravitational forces cancel with

3
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pressure forces. Recent publications matching models of the interstellar gas
and dark matter halo to Chandra Observatory data indicate that ordinary
matter makes up 12-15% of the total mass of the cluster [9].

In an independent measurement of the cluster mass, the Hubble Space
Telescope measures light from background objects that bends around the
massive structures. The total gravitational mass of the cluster is computed
by the strength of the gravitational lensing, which con rms that the majority
of gravitational mass of the clusters is not due to the luminous matter[10].

Figure 1.2: 1E 0657-56 @ 2004 X-ray: NASA/CXC/CfA/M.Markevitch

et al.; Optical: NASA/STScl; Magellan/ U.Arizona/ D.Clowe et al.; Lensing
Map: NASA/STScl; ESO WFI; Magellan/ U.Arizona/ D.Clowe et al., by
permission) [11] [12] .

The \Bullet" Cluster is one of the most famous examples of the dark
matter making itself apparent in our universe. The Hubble Space Telescope
and Chandra Observatory have observed the collision of two galaxy clusters
and measured the distributions of both the gravitational matter measured
with strong gravitational lensing and luminous matter measured with x-ray
emission. As shown in Fig. 1.2, these two distributions are observed to have
separated. The luminous matter (pink) is superimposed on the distribution
of gravitational matter (i.e. predominantly dark matter) as measured by
lensing (purple). The two dark matter distributions have passed through
each other while the luminous distributions lag behind due to the impedance
of their collisions. The nearly non-interacting dark matter streams through
unimpeded.
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1.3 Big Bang Nucleosynthesis

Measurement of the abundances of light elements produced in the early
universe was an important step in constraining the dark matter composi-
tion hypotheses. These measurements indicated, using a dierent set of
observables (and di erent systematics) than the measurements discussed in
Sec. 1.1 and 1.2, that the baryon density of the universe was signi cantly
smaller than the total matter component. These measurements not only
pointed to the existence of dark matter, but also indicated that dark matter
must be non-baryonic.

In the rst minutes after the Big Bang the energy of photons dropped
below the binding energy of deuterium (2.2 MeV), allowing protons and
neutrons to fuse into deuterium (p+n ! 2H+ ). Because both3He
and “He have higher binding energies than deuterium, subsequent reactions
produced those nuclei. The binding energies of nuclei inthé& =5 8 range
are lower than that of “He, and so combined with the fact that particle
densities at this stage of the universe forbade 3-body interactions, light
nuclei production stopped (to rst order) at “He. Therefore, only2H, 3He,
and “He were produced in signi cant quantities in the early universe (with
small amounts of ’Li). The abundances of these nuclei are sensitive to the
baryon density in the early universe. For example, the e ciency of the
primary reaction that turns deuterium into helium, H+p ! S3He+
depends on the proton number density. Models of these nuclear processes
predict abundances shown as colored bands in Fig. 1.3, and show a strong
dependence on the baryon density.

The measurements of these abundances in today's universe are compli-
cated by the fact that the high densities within stars do result in 3-body
interactions, allowing for nuclei production heavier than “He. Measurements
of the deuterium abundance, made by observing high redshift quasars and
exploiting the di erence in the absorption properties of deuterium to hydro-
gen, provide the best estimates for the baryon density [13]. This measure-
ment is shown by the smallest yellow box in Fig. 1.3. The baryon to photon
ratio of 6 10 10 translates to a 5% baryon mass-energy density of the
universe, which is signi cantly smaller than the mass density needed to ex-
plain galactic rotation curves and to explain measurements of the cosmic
microwave background, discussed next in Sec. 1.4.
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Figure 1.3: Y is the 4He mass fraction of all baryons. The blue, red, and
green bands are the modeled number densities 8H, 3He, and ’Li, respec-
tively, relative to 'H as a function the baryon density. Yellow boxes show
measurements (95% CL) of the light element abundances; of note is that only
upper limits on 3He abundance have been made, and the measurements of
’Li are in slight tension with the model. The pink hatched band shows the
inferred baryon to photon ration from the °H measurement, while the blue
hatched band shows the range indicated by CMB measurements. From [14]
with permission. 6
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Figure 1.4: CMB power spectrum predicted by a -CDM cosmology (i.e. a

dark energy (69%) and cold dark matter (26%) dominated universe). Data
points in red are measurements by the Planck collaboration [15]. Power
spectrum of temperature uctuations in the Cosmic Microwave Background

(@ 2013 ESA/Planck, and the Planck collaboration, from Planck 2013 re-
sults. I. Overview of products and results, by permission).

1.4 The Cosmic Microwave Background

The Cosmic Microwave Background (CMB) provides the most accurate mea-
surement of the fraction of the dark matter density of the universe. Approx-
imately 400,000 years after the Big Bang, the expanding universe cooled to
a point where it became energetically favorable for the plasma of protons
and electrons to fall out of equilibrium with photons and form neutral hy-
drogen. At this point of \recombination," the universe became transparent
to the photons which make up the CMB radiation, which matches a black-
body spectrum with (currently) a temperature of 2.7 K. Slight di erences, or
anisotropies, in this temperature across the sky, on the order of 10K, have
been a rich source of cosmological information, including the most accurate
measure of the non-baryonic (dark matter) matter density in the universe.
Transforming the spatial anisotropies into spherical harmonics gives the
CMB power spectrum, or the variance of the spatial uctuations as a func-
tion of angular scale. The acoustic peaks of the power spectrum show the
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angular scales at which the photons were slightly hotter and slightly colder
than average at recombination. The hotter overdensities are regions where
the photons, coupled to the baryonic matter up to the point of recombi-
nation, had clumped together because of gravitational wells into which the
baryonic matter was attracted.

Importantly for the case of the non-baryonic dark matter, the amplitude
of the peaks depends on the dark matter density in the universe. This is be-
cause the pressure of the photons coupled to the baryonic matter opposes the
formation of gravitational wells. In order to accurately model the location
and amplitude of the peaks, a decoupled non-baryonic matter component
must exist which continues to collapse regardless of the photon restoring
force. The photon pressure restoring force does set up an oscillation of the
baryon-photon plasma, which is highly sensitive to the non-baryonic matter
density, and which is imprinted on the CMB at last scattering in the form
of the peaks in the power spectrum [16]. With the CMB power spectrum we
are therefore able to determine the non-baryonic matter density. The CMB
power spectrum is sensitive to numerous other properties of the universe,
such as the dark energy fraction, and these cosmological parameters are t
in a multidimensional space to the power spectrum. The best current mea-
surement of the cold dark matter density fraction of the universe is 268%
(with a 68.3% dark energy component) [17]. Reference [17] contains further
details on the power spectrum tting, including discussion of the covariances
between cosmological parameters.

1.5 Composition Hypotheses

Despite overwhelming observational evidence that dark matter does exist,
very little is known about its composition. A number of theories have been
put forth.

In one e ort to account for the dark matter, experiments searched for
hidden massive compact halo objects (MACHOS), such as black holes or
massive non-luminous planets. They looked for MACHOSs in the Milky Way
by waiting for slight unexpected gravitational lensing of distant luminous
galaxies as a MACHO passed between us and the galaxy. These searches
ruled out the possibility of MACHOs constituting any more than 25% of
the Milky Way's dark matter halo, and therefore disquali ed them as the
primary dark matter candidate [18].

Most theories predict that non-baryonic particles make up dark matter
halos around galaxies, but still there exist many possibilities for the type of



1.5. Composition Hypotheses

particle. If we assume that dark matter is non-baryonic, it is highly likely
that such dark matter is also non-relativistic, or \cold", dark matter. Rel-
ativistic, or \hot", dark matter con icts with the accepted model of galaxy
formation [19]. Returning to the discussion of Sec. 1.4, had the dark mat-
ter been relativistic then its kinetic energy would have largely prevented its
gravitational collapse. However, the gravitational landscape at recombina-
tion is well understood, and not only is it imprinted on the CMB but it also
explains the formation of the dense small scale structures (galaxies) seen in
the universe today. That the majority of dark matter is cold rules out a
hot relativistic (neutrino-like) species from contributing substantially to the
26.8% dark matter component.

Theoretical models that predict new particles with these characteristics
include, but are not limited to, axions [20, 21] and WIMPs [22]. In the
following subsections we brie y review these and other candidates, with a
focus on candidates to which CDMS detectors are sensitive.

1.5.1 The WIMP Hypothesis

The SuperCDMS experiment, along with many competitor experiments,
searches for Weakly Interacting Massive Particles (WIMPs). The WIMP
hypothesis is intriguing because it ts into a parameter space supported by
supersymmetric (SUSY) theory as well as cosmology. A number of assump-
tions regarding matter in the early universe allow cosmologists to estimate
the WIMP cross section. First, WIMPs would have been constantly created
and annihilated until some critical point of the universe's cooling where the
low temperature would prevent any further WIMP creation. Following this,
expansion of the universe would have made it exponentially unlikely that
a WIMP would collide with its antiparticle and annihilate [22]. This sec-
ond critical moment|when annihilation ceases|is known as thermal relic
\freeze out." The particle abundance resulting from freeze out depends on
the WIMP annihilation cross section as shown in Fig. 1.5, with a detailed
derivation given in Chapter 3 of Ref. [16]. In order to account for the dark
matter in the universe, the WIMP annihilation cross section is estimated to
be roughly at the scale of the weak force where yet undiscovered particles
are expected to exist as postulated by SUSY [22].

This coincidence is what some refer to as the \WIMP miracle," since
SUSY was initially proposed as a solution to other problems with the Stan-
dard Model of particle physics, but could naturally solve the dark matter
problem as well. SUSY adds particles to the Standard Model and the light-
est of these particles, the neutralino, could be the dark matter WIMP. This
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Figure 1.5: Number density of WIMPs in the Universe as a function of
time, where the relic density depends on the WIMP annihilation cross sec-
tion, (@ NASAV/IPAC Extragalactic Database (NED) which is operated
by the Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration, by per-
mission).
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convergence of SUSY and cosmology is the primary motivation behind the
WIMP hypothesis and has launched the dozens of experiments attempting
to detect WIMPs [22].

1.5.2 Axions

The axion was originally proposed as a solution to the strong charge parity
(CP) problem [20, 21] and has since become a leading light mass (1®to
10 2 eV) DM candidate. The strong CP problem refers to the observation
that there is no violation of CP-symmetry in quantum chromodynamics,
despite the fact that the theory contains CP-violation. One manifestation
of CP-violation would be an electric dipole moment in the neutron, but
no such moment has been observed and upper limits [23] have been placed
that are signi cantly lower than those navely expected from quantum chro-
modynamics. Peccei and Quinn [24] proposed a solution to the strong CP
problem that includes a new patrticle (the axion) that cancels out the quan-
tum chromodynamic e ects that permit CP-violation.

Through interactions with standard model particles, axions would be
produced in stars and provide an additional process for the stars to shed en-
ergy. Models of these processes combined with stellar lifetime values predict
a 10 2 eV upper limit on the axion mass [25]. The axion can convert to two
photons, and terrestrial experiments search for this conversion in resonant
cavities threaded by a strong magnetic eld [26].

1.5.3 Dark Sector Particles

The DM could be a new particle from a \dark sector" that does not interact
via the standard model force mediators. Dark sector theories in particular
postulate the existence of particles in the lower mass range (1{10 Ge\t?)
[27{29], whereas the SUSY WIMP favors higher masses. One dark sector
theory postulates a new force mediated by a dark photon, which can kine-
matically mix with the standard photon and therefore interact with stan-
dard model particles [27]. Interactions of such particles with protons can
be searched for in detectors nominally designed for WIMP detection (which
are discussed in Sec. 1.6.1).

A second class of dark sector models goes under the name of \asymmetric
dark matter," and these models propose an asymmetry between the dark
matter and its antiparticle [30{32], analogous to the baryon/anti-baryon
asymmetry of the universe. Such models postulate the existence of DM par-
ticles in the 5{15 GeV/c? mass range [32]. Many asymmetric DM models
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exist, some of which t into the SUSY framework, and some of which are
motivated by new dark force mediators. It is not guaranteed that asymmet-
ric DM interacts with standard model particles, but interactions are possible
and could proceed via DM-proton scattering. In this case, again, detectors
nominally designed for WIMP detection would be sensitive to these interac-
tions [32].

1.6 Dark Matter Detection

1.6.1 Direct Detection

When DM WIMP particles interact in a detector on earth, the DM can lose
energy by colliding with electrons and nuclei in the detector material. The
amount of energy that the DM can lose is signi cantly greater for nuclei
than electrons (as described in more detail below), and so direct detection
experiments look for DM-nucleon recoils in terrestrial detectors and em-
ploy di erent targets (e.g. liquid argon, liquid xenon, germanium, silicon,
calcium tungstate), background rejection techniques, ampli ers, and/or en-
ergy thresholds. Direct detection experiments are optimized to certain DM
masses and cross sections based on their detector technology.

For a DM WIMP, the expected elastic scattering energy transfer to a
target particle is given by:

m mv

Erecoil =( = ——
recol ( m + mt

, V2
)m—T(l cos( )) 1.2)

where m is the WIMP mass, mt is the target particle's mass, v is the
WIMP velocity, and is the WIMP scattering angle.

The WIMP velocity is given by v and deserves brief discussion. In the
Standard Halo Model (SHM) the DM halo is isothermal and isotropic. The
phase space density for a DM particle in the halo, under these assumptions,
is given by Maxwell-Boltzmann statistics

f(3v) = Cexp( E(xv)=ksgT) (1.3)
with an energy given by
E(x;%) = %m M+ m (%) (1.4)

where ( %) is the gravitational potential and C is a normalization constant.
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The velocity distribution function is calculated by integrating over the
spatial coordinates
z
f(¥)=  df (%)
Z
Cexp( m v?=2kgT) exp( m ( x)d3x (1.5)

C%xp( m v?=2kgT)
Clxp( v?=2 2

where in the last step we have de ned the DM velocity dispersion as 2 =
ks T=m . The velocity dispgsig is related to the characteristic velocity
of the dark matter by , = 1=2vq. Since DM particles moving too fast
will gravitationally escape the galaxy, f (v) is generally truncated at the
escape velocity Yesc is taken to be 544 km/s in the SHM, as estimated from
high velocity stars [33]). Therefore, the nal velocity distribution function
is given by
( 2,2
V=V,
f(v) = C%( 0) V< Vesc (1.6)
0 V > Vege

The characteristic velocity of the DM is not a constant as a function of radial
distance from the galactic center, and Ref. [34] shows that at radii compara-
ble to the Sun's location, the characteristic velocity is approximately given
by the local circular velocity at the radius of the Sun's orbit. Historically
a value of vp=220 km/s is used as estimated by galaxy surveys [35]. The
earth is moving through this halo with a velocity ¥, the vector sum of the
sun's circular and peculiar velocity as well as a small (6%) annual modu-
lation due to the earth's orbital velocity around the sun. The SHM uses
ve = 232 km/s for the average velocity of the earth, and boosts the DM
velocity distribution into this frame with the transformation «! v+ ¥ in
Eq. 1.6.

One key element of direct detection of elastic scatters is made clear from
Eq. 1.2]the WIMP cannot e ciently transfer energy to target components
that are much less massive than a nucleon. Consider the maximum en-
ergy transfer of a WIMP-electron collision (! 180; mt  mg), giving
E recoil 2mev2 = 0:25eV. Signals of this magnitude are \in the noise"
projected for the even the lowest threshold next-generation dark matter ex-
periments, although through upgrades detector resolutions for the following
generation of experiments are projected to approach these values.
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Instead consider the maximum energy transfer of a WIMP-nucleon col-
lision where the dark matter particle is well matched kinematically to a Ge
nucleus target: ( ! 180; m mt 72mp). In this case Eecoil
(1=2)mTVv2 16:5keV, which is certainly a detectable energy.

The local dark matter density is approximately g, = 0.3 GeV/em 3 [36].
Recent measurements of 4, combine stellar kinematic data with simula-
tion to estimate the local galactic gravitational potential in the vicinity of
the Sun which is then converted to a dark matter density by subtracting
out the contribution from luminous matter [37]. The measurements are
prone to signi cant systematic uncertainties, though most measurements
are within 2 of 4y, = 0.3 GeV/cm 2, albeit with signi cant error bars [37].
Despite ever improving measurements of g, from improved stellar kine-
matic data and simulations, the DM direct detection community assumes

am = 0.3 GeV/cm 2 for consistency and in order to be able to compare DM
results between competing experiments and with previous results.

This density means that many DM particles stream through the detec-
tors every day, with lower mass DM particles generating a higher ux, and
direct detection experiments hope to measure this rate of DM events. The
expected di erential scattering rate, as a function of Eecoil , IS given by:

drR dm 21

d

— 3 T .

= vif(v) ——(V; E i) dv  keV kg da
dErecoil mtm ( ) dErecoil ( rec0|l) g y

Vmin

a.7)
where d 1 =dE;ecoi IS the di erential cross section, vmin is the minimum
WIMP velocity in order to produce recoil energy Eecoii X, and gm is the
local dark matter density [40].

Except for the di erential cross section d 1 =dEeqi and the WIMP
mass, all the parameters of the di erential scattering rate are estimated in
the SHM. The di erential cross section clearly has large implications for the
detectability of WIMP particles. The total cross section could be the sum
of a spin-independent and spin-dependent term. As Witten and Goodman

1The revolution of the earth around the sun seasonally adds and subtracts from the
WIMP velocity relative to the earth, and detecting a seasonal variation in a possible
WIMP signal would be another sign that the signal is indeed the dark matter halo. A dif-
ferent direct detection experiment|the DAMA/LIBRA collaboration|claims that they
are seeing this annual modulation in their data and interpret this as a dark matter signal
[38]. As shown in Fig. 1.6, multiple other direct detection experiments exclude the DM
interpretation of the DAMA/LIBRA data. Additionally, the COSINE-100 experiment
searches for DM using the same target (sodium iodide) as DAMA/LIBRA to conduct a
model independent test of DAMA's claim; COSINE-100 observes no signal above the ex-
pected background and is currently searching for evidence of an annual modulation signal
in their data [39].
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noted in their 1984 paper [41], the spin-independent term in the cross section
scales as the number of nucleons squared, which is sometimes referred to as
\coherent rate enhancement.” This e ect signi cantly ampli es the spin-
independent term relative to the spin-dependent term, and therefore most
direct-detection experiments present their results as a sensitivity to the spin-
independent cross section and as a function of the dark matter mass , as
shown in Fig. 1.6.

Spin-dependent interactions would occur if the DM particle has a non-
zero spin and the target nucleon has a non-zero spin, although the spin-
dependent interaction is more di cult to probe. This is not only because of
the lack of coherent rate enhancement, but also because of lack of dark mat-
ter nuclei targets with a large nuclear spin. The spin-dependent interaction
will cancel for DM scattering o of paired nucleons with equal magnitude
but opposite signed spins, and so experiments hoping to detect this inter-
action use light odd-proton or odd-neutron nuclei (e.g. 1°F as used in the
PICASSO experiment [42]) in order to maximize the nuclear spin per unit
mass.

We compute the right hand side of Eq. 1.7, and integrate over thek cil
spectrum to obtain the total number of events expected for di erent targets
and di erent cross sections as a function of energy threshold. The results
are shown in Fig. 1.7. In the left plot we show a relatively light WIMP
(10 GeV/c?) with a cross section of 5 = 10 4! cm?, now ruled out at
the 90% con dence level by a number of experiments. In the right plot we
show a 100 GeVt2 WIMP with a cross section of g = 10 “° cm?, close
to the 90% exclusion limit of the xenon-based dark matter searches [43{45].
As a rough reference, reading o from Fig. 1.7 (left), a recoil threshold of
6 keV gives a rate of £10 [events kg day !]. CDMS Il had roughly 5 kg
of detector bulk, translating to a rate of 0.5 events per day.

At these relatively low nuclear-recoil energies and low event rates, one
fundamental challenge to direct detection experiments is background dis-
crimination. One advantage is that the majority of backgrounds will scatter
o electrons in the detector bulk, and most direct detection technologies
have means to distinguish electron recoils from nuclear recoils and thus
reject background events, which is further discussed in Sec. 2.1.1. In addi-
tion, all direct detection experiments shield the detector as best as possible
to reduce the background rate. To shield from cosmic-ray muon-induced
neutron scattering in the detector, the detectors are operated underground
which reduces the muon ux with the rock overburden. The ux reduc-
tion for underground sites in which the CDMS detectors have operated is
shown in Fig. 1.8. In addition to being underground, the SuperCDMS cryo-
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Figure 1.6: Current (solid) and projected (dashed) 90% limits on the WIMP
mass vs. WIMP-nucleon cross section parameter space. The yellow shaded
region represents the DM cross section at which experiments will observe an
\irreducible" background from nuclear scattering neutrino events. At lower
DM mass, the background from solar neutrinos from’Be and 8B reactions
dominate, whereas at higher DM mass atmospheric and the di use super-
novae neutrino background (DSNB) dominate. Figure from SuperCDMS
collaboration approved public plots.
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Figure 1.7. The expected WIMP event rate for the givenm and spin-
independent cross section. 5;=10 “*'cm? corresponds to roughly the cross
section reported by DAMA/LIBRA, CRESST, CDMS Si, and CoGent.

s1=10 “5cm? corresponds to a cross section excluded only by results in
the last 2{3 years. Internal CDMS gure, from [46].

stat was surrounded by layers of shielding (polyethylene to block neutrons,
ancient leacP to block -rays), and as a result the dominant source of back-
ground particles in the detector comes from radioactivity of the shielding
itself, other apparatus materials, and the detectors themselves. Finally, most
direct-detection experiments have the capacity to estimate the position of
an event in the detector, which is useful for ducialization , or removing
background events that occur close to the surface of the detector (at the ex-
pense of removing that outer detector volume from the dark matter search
as well).

The above is in principle how CDMS and other direct detection exper-
iments hope to discover WIMPs. However, ever since the 1990s when the
rst limits on WIMP cross sections were published by CDMS, no such rate
has been observed. There have been reported detections [38], but they have
not held up to further scrutiny and are not widely accepted by the com-

2Lead on Earth naturally contains some amount of 23®U, which decays to a radioactive
type of lead, 2°Pb, which has a half life of 22 years. Most of the uranium is removed
when the lead is rst processed, and the #'°Pb begins to decay which further puri es the
lead over time. In ancient lead almost all of the ?°Pb has already decayed, resulting in
radioactive background rates for ancient lead that are 1000 times lower than non-ancient
lead.
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Figure 1.8: The depth of di erent underground sites, shown as muon ux on
the y-axis, and meters of water equivalent (mwe) on the x-axis, from di erent
generations of CDMS experiment. SUF stands for Stanford Underground
Facility.

munity. CDMS has gone through three generations of experiments: CDMS,
CDMS I, and SuperCDMS Soudan, and is now preparing for SuperCDMS
SNOLAB. Each generation of the experiment has increased the total de-
tector mass and implemented improved detector technology. In two of the
iterations the detectors were moved to a cosmogenically cleaner site (deeper)
and radiogenically cleaner environment. Meanwhile competitor experiments
made similar improvements and new detection technologies were developed
in order to address (1) a low rate of WIMP-nucleon collisions, and (2) back-
ground rejection.

1.6.2 Collider Production

DM patrticles could be produced in collisions of leptons and hadrons in high
energy colliders. Because the dark matter particles are stable and inter-
act negligibly with the detector, their production in a collision would be
observed as a missing transverse momentum.
Both of the general-purpose Large Hadron Collider detectors, ATLAS

and CMS, have searched for a DM-like missing momentum in collisions [47,

]. The data have been consistent with expectations from Standard Model
processes and limits have been placed on the DM production rates. In a
highly model-dependent fashion, production limits can be converted to limits
in the DM-nucleon cross section vs. DM mass plane and be compared with
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Figure 1.9: Limits on the DM-nucleon scattering cross section, as a func-
tion of DM mass from the CMS (left) and ATLAS (right) experiments for
di erent sets of model assumptions. Figures from [47, 48].

direct-detection limits. These conversions are shown in Fig. 1.9. At high
DM mass, collider experiments are not as sensitive as the direct detection
detectors because they are limited by the energy available in the particle
collisions. At low DM mass by contrast, the collider experiments are more
sensitive than direct detection detectors because they are not as limited by
the low energy thresholds that dictate the mass reach of direct detection
experiments.

1.6.3 Fixed Target

Fixed target experiments hope to detect dark matter particles by rst pro-
ducing them from proton beam collisions with a \ xed target," and then
detecting the dark matter particles in a downstream detector. For example,
the MiniBooNE [49] experiment hopes to produce dark matter particles via
8 GeV/c? proton collisions in steel, either by proton Bremsstrahlung or by
Oor meson (produced copiously in the proton beam interactions with the
steel) decay. MiniBoone searches for these dark matter production mech-
anisms from a \dark photon" kinematically mixing with standard model
particles (as mentioned in Sec. 1.5.3). Once the dark matter particles are
produced, their elastic nuclear collisions in a downstream detector could be
observed. The MiniBooNE detector consists of 818 tons of CH mineral
oil scintillator, and dark matter nuclear collisions would produce a proton
or neutron track that would generate a small, but detectable, amount of
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scintillation light. In 2018 new limits were placed on the kinematic mixing
amplitude for dark matter masses between 10 MeV/é and 1GeV/c? [49].
Many other proposed and ongoing experiments plan similar studies, such as
T2K [50] and NO A [51], and new e orts such as LDMX [52] and HPS [53].

1.6.4 Indirect Detection

Indirect detection e orts involve looking for signatures of DM interaction
with standard model particles in observable astrophysical objects. One sig-
ni cant challenge in these e orts is accurately modeling of all other non-DM
astrophysical processes so that if a DM signal exists in the data it can be
correctly attributed as such at a high con dence level.

One channel by which to look for dark matter is its annihilation into
gamma rays, e.g. ! , Where is a DM particle and is an anti-
DM particle. Researchers look for gamma ray excesses in regions of the sky
where there is predicted to be a high DM density, such as the Milky Way
galactic center. The Fermi Large Area Telescope has observed an excess of
gamma rays (at roughly GeV energies) from the galactic center [54], and in
some publications this excess has been interpreted as consistent with anni-
hilation of 36{51 GeV/ ¢ DM particles [55]. Subsequent analyses [56, 57]
have found that models with unresolved point sources account for the excess
and are a better t to the data, with high statistical signi cance. The un-
resolved point sources (e.g. millisecond pulsars) are predicted to generate a
gamma ux just below the current Fermi Large Area Telescope point source
detection threshold. Lowering of this threshold with future measurements
and detecting the point sources will provide additional information about
the processes creating the gamma rays in the galactic center.

Another indirect detection method is to look for neutrino excesses from
astrophysical bodies where DM particles would gravitationally accumulate,
where the probability of their annihilation is higher. One such body is the
Sun, and while most of the standard model annihilation products such as
gammas would be trapped by the Sun, the neutrinos would escape. Both
the IceCube [58] and Super-Kamiokande [59] experiments look for the spec-
trum of excess neutrinos, and with the analyses indicating that the data
are consistent with expected backgrounds they have placed limits on DM
annihilation in the Sun.
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1.7 Further Reading

While this chapter provides a broad overview of the evidence and search
for DM, for a deeper background there are numerous other review articles.
Reference [55] contains further discussion of the history of dark matter. Ref-
erence [60] reviews DM from an observational and theoretical perspective.
Reference [22] establishes and reviews the theoretical motivation for WIMP
DM. Reference [36] provides more detailed discussion of the DM rate and
energy spectrum expected in terrestrial detectors.
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Chapter 2

Detectors for the Cryogenic
Dark Matter Search

2.1 Semiconductor Detector Physics

The CDMS detectors consist of kilogram-scale cylindrically-shaped ultra-
pure germanium and silicon crystals. Germanium and silicon have good
charge transport properties and small band gaps, which are important for
a favorable detector response to a particle interaction in the detector, as
discussed in the following sections. In addition, the availability of both
germanium and silicon with low concentrations of radioactive contaminants
assists in minimizing the number of background events in the detector bulk,
which is critical for increasing sensitivity to a DM signal.

The CDMS detectors are operated at low temperatures ( 50 mK) at
which the germanium and silicon behave as insulators because the =h*
pairs are frozen out of the conduction band. The low temperature also de-
creases the heat capacity of the crystal and helps to lower the noise of the
readout electronics. When a particle (DM signal or background particle)
recoils in the germanium or silicon, it loses energy as it interacts with the
electrons and nuclei. For electrons and gammas (i.e. the dominant back-
grounds), it is kinematically favorable to interact with and lose energy to the
electrons in the detector material. Recoiling heavier particles & 1 GeV/c?),
such as neutrons or DM WIMPs, nd it kinematically e cient to impart sig-
ni cant energy to nuclei in the detector as well as electrons. The detectors
exhibit a di erent response to nuclear recoils (NRs) versus electron recoils
(ERs), and historically this enabled discrimination between a DM signal
and background events. Because of the importance of these two interaction
types in the CDMS detectors, we now discuss some basic dynamics of these
two types of recoils.
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E create Egap
Ge 3.0 0.74

Si 3.8 1.12

Table 2.1: Electron-hole pair creation energies (in eV) and bandgap energies
for germanium and silicon. Values from Ref. [62].

2.1.1 Electron Recoils

Electromagnetically-interacting background particles such as and par-
ticles recoil o electrons in the detector bulk. For example, when a medium
energy -ray (10keV to 1MeV) passes through the detector bulk, it is likely
to interact with an electron via the photoelectric e ect or by Compton scat-
tering [61]. A recoiling electron will lose energy by Coulomb interactions
with other electrons in the material, creating an electronic cascade. The
stopping lengths for keV-scale electrons in germanium and silicon are on
are the scale of m and decrease for lower energy electrons, as shown in
Fig. 2.1. Because the stopping lengths are signi cantly smaller than the
length scale of the detector, all of the electron's energy will be deposited
within the crystal.

In germanium, the energy to create ane =h" pair (Ecreate) iS 3.0 eV.
This \ionization energy" is frequently also denoted as . Therefore, the elec-
tronic cascade from a fully absorbed 10keV -ray spreads its energy out by
ionizing e =h* pairs into the conduction band until the individual electrons
have insu cient energy to excite another electron, producing 3000e =h*
pairs in the detector. In general, for an electron recoil, the number o =h*
pairs is given by

Ne=h = Er=Ecreate = Er= (2.1)

where E; is the energy of the recoil.

With the e =h* pairs in the electronic cascade having on average 3.0 eV
of energy, they are unable to lose additional energy to other electrons. How-
ever, they have an energyEceae that is greater than the bandgap en-
ergy (Egap = 0:74 eV) in germanium. Therefore, thee =h" pairs relax
down to the bandgap energy and they shed energy as lattice vibrations (i.e.
phonons). The correspondinge =h*" pair creation energies and bandgap
energies for silicon are shown in Table 2.1.

The values ofEcreate and E yqp dictate the partitioning of the initial recoil
energy, of an electron recoil, between thee =h" pairs and the phonons.
Speci cally, for germanium the fact that the e =h* pairs transfer all of their
energy to phonons as they relax from 3.0 to 0.74 eV means that the fraction
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Figure 2.1: Estimated energy vs. electron range in germanium and silicon,
based on the electron stopping power from Coulomb interactions. Figure
adapted from [61].

of original recoil energy that goes into phonon creation is 1 Egap=Ecreate,
or 3=4. For silicon this fraction is 7=10.

2.1.2 Nuclear Recoils

WIMP DM particles and neutrons recoil o germanium and silicon nuclei
in the detector bulk. Nuclear recoils are similar to electron recoils in many
ways; however, they di er most importantly in that a lower fraction of energy
goes intoe =h" pairs. Lindhard theory, which models the propagation of
ions through semiconductors, serves as the basis for the following discussion
of semiconductor response to NRs [63{65].

When a nucleus recaoils, it is capable of transferring energy to other
nuclei and other surrounding electrons. Nuclei are capable of this from
a purely kinematic standpoint, whereas electrons are not because of their
small mass [66]. The more even division of energy transfer to excitations of
electrons versus energy transfer to excitations of other nuclei is particularly
true for lower energy NRs (1 MeV in Ge), and these low energy recoils
are particularly relevant for low-mass DM interactions. The nuclei are freed
from the crystal lattice and excite other nuclei in a cascade separate from
the electron cascade. Once the nuclei's kinetic energy drops below the lattice
binding energy, they have insu cient energy to excite other nuclei and they
lose their energy to phonon production. In contrast to the electronic cascade,
for nuclei there is no analogousEyap. Therefore, nuclear cascades are more
e cient than electron cascades in phonon production.

The derivations of the nuclear recoil energy partitioning between elec-
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trons and phonons are computationally intensive [63{65] and not repeated
here, but the Lindhard model provides a parametrization for the fraction of
the nuclear recoil energy that ends up ine =h* pairs. This fraction depends
on the energy of the nuclear recoil and is called the \ionization yield" (or
is sometimes referred to as the \quenching factor”). The ionization yield is
normalized so that the ionization yield of electron recoils is equal to 1. The
number of electron-hole pairs generated in a nuclear recoil can be written
as a function of the ionization yield (Y) and the nuclear recoil energy Enr)
as:

Ne=h = (Y(Enr) Er)=: (2.2)

The ionization yield as a function of nuclear-recoil energy is predicted by
the Lindhard theory to be

_ ko) .
Y(Enl’) - W: (23)
wherek = 0:1332273A 172 g(") = 3"9154+0:7"064+" " = 11:5E ,,(keV)Z =3,

and Z is the atomic number of the detector material [67]. Measurements
of Y in germanium are generally consistent with a small range ok values
approximately centered on the Lindhard model prediction of k = 0:159.
Figure 2.2 shows ionization yield (e ciency) as a function of energy for the
Lindhard model as well as measurements of the yield in germanium [68{72].
Section 5.2 discusses how the spread in experimental measurements is in-
corporated as a systematic uncertainty onk whenever using the Lindhard
model to determine how a nuclear recoil signal would appear in a CDMS
detector.

2.1.3 Yield Discrimination

The fact that NRs produce fewere =h* pairs, and therefore a smaller ion-
ization signal, than ERs of the same recoil energy o ers a powerful means of
discriminating between the two types of events. CDMS detectors measure
the ionization yield and the recoil energy for each event independently by
measuring the signal from both thee =h" and the phonons.

The expected di erence in ionization yield between ERs and NRs is ob-
served in 133Ba and 2%2Cf calibration data that induce the two di erent
types of recoils, and is shown for a CDMS Il detectot in Fig. 2.3. The ER

3CDMS Il was a generation of the experiment that operated from 2003-2009.
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Figure 2.2: Measurements of the ionization yield of nuclear recoil events, as
a function of energy. The prediction from the Lindhard model is overlaid.
From Ref. [73].

background events can be removed by only selecting events with lower ion-
ization yield. The upper (lower) 2 band in Fig. 2.3 de nes the ER (NR)
region of parameters space, where the width of the bands is determined by
the energy resolution of thee =h* and phonon measurements. The resolu-
tion of these measurements worsens as the energy decreases, demonstrated
by the widening of the bands at lower energy, and the speci cs of the mea-
surements is discussed in Sec. 2.2. Deciding where to \set the cut” in the
ionization yield vs. recoil energy plane is analysis- and detector-dependent
(some complications of which are discussed in Sec. 2.4), though the lower
2 bands shown in Fig. 2.3 depict a reasonable selection area for NRs.

2.1.4 Phonon Generation and Propagation

While Sec. 2.1.1 and 2.1.2 outlined electron and nuclear recoil dynamics,
special attention should be given to the di erent production mechanisms of
phonons in the detector. Phonon production and ampli cation is a partic-
ularly important aspect of the CDMSIlite detector operation, which is the
focus of Chapter 4 of this thesis. Phonons are produced at three di erent
stages of an event, as depicted in Fig. 2.4, and we describe each stage in
more detail below.

The phonons produced in the initial electron or nuclear recoil cascade are
referred to asprompt phonons These prompt phonons are high frequency
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Figure 2.3: lonization yield versus recoil energy for calibration data, from
a CDMS |l detector. The blue data was acquired during exposure of the
detector to a neutron 2°°Cf source producing primarily NRs, which accord-
ingly have a measured ionization yield less than 1. The red data is from
a 133Ba calibration, which primarily consists of ERs from interactions in
the detector. The black bands correspond to the 2 area in the ioniza-
tion yield vs. recoil energy plane where ERs and NRs occur. These bands
provide a visualization of the discrimination in this plane, and a cut in this
plane would be customized for a speci ¢ analysis (not necessarily at the 2
level). From Ref. [46].

Figure 2.4: A simple depiction of an event in the detector and the resulting
prompt, NTL (or Luke), and recombination phonon production.
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( > 1 THz) and their total energy is given by:

EP = Er Ne:hEgap: (24)

Two frequency-dependent scattering processes|anharmonic decay (with a
scattering rate, a, proportional to °) and isotope scattering (g / %)|
downconvert the initial high frequency phonons into lower frequency phonons.
The initial prompt phonons scatter with mean free paths that are much
smaller than the size of the detector, but once they reach frequencies of

2 THz, the decrease in the scattering rates leads to intermediate mean
free paths of 10 m{1 cm [74]. This intermediate propagation regime is re-
ferred to as \quasi-di usive," and the di usive phonon ball that spreads out
from the recaoil site carries information about the position of the event. Over
timescales of 100 s, the quasi-di usive phonons continue to downconvert
to lower frequency, which in turn lowers the scattering rate and increases
the mean free path to length scales comparable to the size of the detector.
This propagation regime is referred to asballistic, where the distribution of
phonons is homogenous through the detector and carries no position infor-
mation about the initial recoil. These phonons bounce around the detector,
re ecting o the detector surfaces, and are absorbed with some probability
when they strike an aluminum collection n (discussed in Sec. 2.2.2).

A second production mechanism of phonons adds to the total phonon
signal after the initial electron or nuclear recoil. A voltage is applied across
the detector so that once an electron cascade has occurred, the excited
e =h* pairs do not de-excite back into valence states, but rather drift toward
the surfaces of the detector. Ase =h" pairs drift across the crystal due to
the electric eld, they quickly reach a terminal velocity in the crystal and
the additional work done on the carriers is transferred to the crystal lattice
in the form of Neganov-Tro mov-Luke (NTL) phonons [75, 76]. For a single
e =h* pair generated in the bulk of the detector, the work done to drift the
carriers to the surface of the detector by a distancal is given by

Wq = gEjd = eW; (2.5)

where e is the absolute value of the charge of the electronE is the electric
eld through the detector, and V, is the voltage di erence between the
surfaces of the detectot. With the number of e =h* pairs generated in an

4Non-uniformities in the electric eld through the detectors, which complicate the
relationship given by Eq. 2.5, are discussed in Sec. 2.5.
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electron or nuclear recoil given by Eq. 2.1 and 2.2 respectively, the total
energy in the NTL phonons is given by

EntL = eWbNe=p! (2.6)

A third class of phonons, calledrecombination phonons, also contribute
to the total phonon signal. Once thee =h* pairs reach the surface of the
detector they recombine at the charge collection electrodes (discussed in
Sec. 2.2.1) and the bandgap energy of the charge carriers is converted into
phonons. The energy of the recombination phonons is given by

There is some uncertainty in the detector's collection e ciency for the re-
combination phonons. The possibility of reduced collection e ciency of this
type of phonon, relative to prompt and NTL phonons, is discussed further
in the context of bias scan calibration data (Appendix A.1).

The total phonon energy (E) is nominally the sum of these three sources
(prompt, NTL, and recombination), given by

Et = Er Ne:hEgap + e\/bNe:h + EgapNe:h , (28)
which simpli es to

Y (E
Eo=E 1+ (E)eY%

(2.9)
In comparing the energy contribution of prompt (Eq. 2.4), NTL (Eq. 2.6),
and recombination (Eqg. 2.7) phonons to the total phonon energy (Eg. 2.8),
notice that for low detector voltage V,, the prompt and recombination
phonons dominate. However, once/, = 3 volts the NTL phonon contri-
bution makes up half of the total phonon signal (for electron recoils). In
the CDMSlite operating regime of V, = 75 volts, the NTL phonon energy
dominates the total energy, with 25 times more energy than the prompt and
recombination phonons.

2.2 Ampliers

The detector surfaces are instrumented with sensors designed to measure the
e =h* pairs and phonon energy such that the energy, ionization yield, and
position of an event can be estimated as accurately as possible. As energy
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Figure 2.5: (top) A cartoon of the iZIP detector, with the individual phonon
channels labeled and uniquely colored. (bottom) A characteristic phonon
signal (i.e. pulse) from the bulk of an iZIP detector. The dierent pulse
shapes on the individual channels indicate that this event occurred close to
channel DS2 and CS1.
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CDMS | SCDMS | SCDMS
I Soudan Soudan

Detector ZIP iZIP CDMSlite
Mass per Detector [kg] 0.25 0.62 0.62
Number of Detectors 19 15 2
Phonon Channels per Det. 4 8 4
Phonon Energy Res. [eV] 180 200 70
Trigger Threshold [eV] 2000 3000 50
Charge Energy Res. [eV] 300 450 {
Voltage between faces [V] 3 4 70

Table 2.2: Detector ampli er speci cations for di erent generations of the
germanium CDMS detectors. Adapted partially from Ref. [66].

resolutions improve, event discrimination improves and detector thresholds
can be lowered. As position resolutions improve, radioactive backgrounds
that occur near the surface of the detector can be removed more e ciently.

All of these factors improve sensitivity to a DM signal.

With R&D advances in sensor design, the resolutions of CDMS detec-
tors have improved over time, and di erent generations of CDMS detectors
employed di erent sensor layouts. Table 2.2 provides some information on
the ampli er speci cation for three di erent generations of CDMS detec-
tors. We speci cally list the \iZIP" and \CDMSlite" style detectors used in
the SuperCDMS Soudan generation of the experiment, which we discuss in
more detail in Sec. 2.4 and Sec. 2.5. The DM search analysis described in
Chapter 4 of this thesis used the \CDMSlIite" style detectors. We also list
the \ZIP" detector from the earlier CDMS Il generation of the experiment.

2.2.1 Measuring the e =h* Energy

As described previously, a voltage is applied across the CDMS detectors so
that the e =h* pairs generated in an event do not recombine at the recoil
site but rather drift to the detector faces. As the ionization drifts to the sur-
face, image charges are induced on the top and bottom faces of the detector.
In CDMS Il and SuperCDMS detectors, FET (Field E ect Transistor) am-
pli ers read out the image charge on the electrodes and amplify this signal as
a voltage that is further ampli ed by downstream ampli ers and eventually
digitized as a function of time by the data acquisition system.

In the CDMS Il ZIP and SuperCDMS iZIP detectors, the voltage has
been tuned to the smallest possible value such that thee =h" pairs drift
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across the full length of the detector. If the potential di erence between
detector faces is insu ciently high, the the e =h* pairs can trap in local
minima created by impurities in the crystal. At the same time, if the poten-
tial di erence between detector faces is too high, the discrimination between
ERs and NRs su ers because the NTL phonons correlate the =h* pair sig-
nal with the recoil phonon signal. Therefore, for ER vs. NR discrimination,
the optimal eld was found to be 1 V/cm; for the CDMSIlite approach
where the detector is operated at greater than 70 V, ER vs. NR discrimina-
tion is sacri ced in order to amplify the signal to achieve a lower threshold.

The propagation time of e =h* pairs to the surface of the detectors is
O(ns), the ampli er is \faster" than the propagation time (i.e. responds
to a signal on timescales< 1 ns), and the digitization rate of the ampli er
signal is 0.8 s; therefore, the risetime of thee =h* pair signal is sharp and
contained in 1 or 2 time digitization bins. The falltime of the e =h" pair
signal is controlled by electronic components of the FET ampli er, and this
falltime was selected to be signi cantly longer than the charge collection
time; therefore the e =h* pair signal pulse assumes a relatively constant
shape, regardless of the location of the initial recoil [77].

While the pulse shape of thee =h* pair signal does not contain infor-
mation about the position of the event, the electrodes are divided up into a
number of channels, and the relative amplitude of the charge signal in those
channels does provide position information. For example, the iZIP detector
design employs a speci c electrode channel layout to identify events that
occur near the surface of the detector, and this feature is described further
in Sec. 2.4.

2.2.2 Measuring the Phonon Energy

Phonon channels are instrumented on the detector faces, and each chan-
nel consists of thousands of Transition Edge Sensors (TESs). The TESs
are made from tungsten superconducting material whose transition temper-
atures (T¢) are tuned in fabrication to be at cryogenic temperatures, but
above the base temperature of the cryostat (i.e. the temperature of the de-
tectors). CDMS has fabricated TESs with T, between 30mK and 200mK.
The voltage-biased TESs are held within the range of their transition such
that when heat from phonons reaches the sensors their resistance changes
rapidly and the current through them decreases. The current through the
TES is inductively coupled to a Superconducting Quantum Interference De-
vice (SQUID) which further ampli es the reduction in current. TESs are
amongst the most sensitive phonon ampli ers in existence, and they are
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at the heart of the CDMS detectors' sensitivity to dark matter. The sensor
technology is reviewed in K. Irwin's and G. Hilton's review article (Ref. [78]).

Signi cantly more information than just the phonon energy is encoded in
the signal readout from the TESs. The prompt phonons in the rst 100 s
impart more power on the sensors closest to the event. In contrast, the
NTL and ballistic phonons carry no position information, but do provide
the best measure of the event energy. The total absorption time of the
ballistic phonons is dependent on the aluminum collection n coverage of
the detector, and this a ects the falltime of the phonon signal.

The falltime of the phonon signal is roughly linearly dependent on the
area of the coverage, and the iZIP detector's 5% coverage leads to rela-
tively long 750 s falltimes. The design decision of relatively low aluminum
coverage led to some advantageous detector response characteristics, namely
a straightforward method for separating event position from event energy
in the di erent time scales of the phonon pulse. Figure 2.5 o ers a visual-
ization of the phonon propagation and collection in the iZIP detectors. A
position-dependent signal exists in the rst 100 s of the pulses, from the
prompt phonons, with much larger signals on channel DS2 and CS1. Af-
ter 300 s the phonons are in the fully ballistic regime and impart equal
power to each phonon channel, as shown by the aligned \tails" of the pulses
at later times. We obtain an estimate of the event location by comparing
the energy deposited in the di erent phonon channels. The partitioning of
energy in the di erent channels allows a weighted average to determine the
X, ¥, and z coordinate of the initial event within the detector[77]. The pulse
shape of the phonon pulse (e.g. the peakiness of the pulse) in the individual
channels is also used to obtain more information about the event position
and energy. For example, in the analysis described in Sec. 4 of this thesis,
it was particularly important to use phonon pulse shape to estimate the
radial position of the event in the detector. This estimation is described in
Sec. 4.8.

2.3 Optimal Filter Event Reconstruction

Following the discussion of the techniques used to measure =h* and
phonon energy, it is important to discuss the techniques used to t and
extract information from the raw data. For every event, the raw data con-
sists of a time stream of data, read out for each channel, that has been
digitized from the ampliers. We list the digitization rates and other im-
portant time and frequency values in Table 2.3. Because the analysis in this

33



2.3. Optimal Filter Event Reconstruction

[R(kHz) | N [T(ms)| f (Hz) | t(s)
Charge | 1250 | 2048| 1.6384| 6104 | 0.8

Phonon 625 4096 | 6.5536 152.6 1.6

Table 2.3: Important time and frequency values for charge ¢ =h*) and
phonon ampli er digitizers from SuperCDMS Soudan. R, N, T, f, t
refer respectively to the digitization rate, the number of bins in the read
out time stream, the time length of the read out time stream, the lowest
resolvable frequency (£T), and the time length of one digitization bin.

thesis focuses on the SuperCDMS Soudan generation of the experiment, we
list the digitization rates used in that generation, though the digitization
rates do not change much between generations.

After the ampli er signals are digitized and saved, we use tting algo-
rithms to extract information from these raw data. For example, for the
raw data pulse in Fig. 2.6 (left), we would like to estimate the amplitude of
the pulse, the time at which the pulse occurs, the \peakiness" of the rst

500 s of the pulse, as well as a 2 parameter that indicates the goodness
of t. We primarily rely on three di erent types of \optimal Iter" (OF)
algorithms to t the raw data pulses and extract these pieces of information.

2.3.1 Simple 1D Optimal Filter

In this section we explain the basics of optimal Iter (OF) theory. Using
Fig. 2.6 for visualization, the OF is a t of a template (red) to the data
(blue) to determine the amplitude and start time (i.e. delay) of the pulse in
the data. The OF is truly the optimal algorithm to determine the amplitude
and delay under a set of assumptions: (1) the template perfectly describes
the shape of the underlying pulse in the data, and (2) the noise is a Gaussian
random process whose power spectral density (PSD) is known. Even when
these two characteristics aren't strictly realized in the real data, the optimal
Iter ts perform well.

For Gaussian random noise, the frequency components of the noise are
uncorrelated. This is why it is bene cial to perform the tin the frequency
domainjan equivalent t in the time domain would require accounting all
covariances between the time domain data points. The optimal Iter per-
forms the tin the frequency domain where each frequency can be weighted
by the signal-to-noise ratio, e ectively extracting the signal from the noise
to get the best estimate of amplitude and delay. We will use Je Filippini's
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Figure 2.6: (left) An example simulated pulse with the template (normalized
to the best t amplitude as given by the optimal t). The template is
also left-right aligned with the best t time delay as given by the optimal
t. (right) The frequency domain representation (magnitude only) of the
template, noise (PSD), and optimal lter.

notation from Appendix A of his thesis, where A is the template, S is the
signal, and J is the noise PSD [77]. A discussion of how to calculate the
noise PSD is provided in Sec. 3.2. Additionally, then subscript represents
the Fourier index, and A" and S are the Fourier transforms of the template
and signal, respectively.

The 2 for the t of the signal amplitude, a, is given by:

s, A2

(@)= 5

(2.10)

n

and the value of a that minimizes this 2(‘é\) can be solved for analytically

and is given by

A= X AnSn- X jAnj?
Jn Jn

n n

Typically, as suggested by the 2 in Eq. 2.10, the optimal lter is thought of
in the context of a t to a pulse; however, Eq. 2.11 shows that the optimal
Iter can also be thought of applying a Iter to the data. The denominator
of Eqg. 2.11 is simply a normalization constant (that is, it is independent of
the data S;,), and so the numerator is the application of a Fourier domain
lter ~, given by

: (2.112)

A-n.
Jn’

(2.12)

n
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2.3. Optimal Filter Event Reconstruction

to the Fourier transform of the signal. A visualization of the amplitude of
this lter is shown in Fig. 2.6 (right), where it is clear that any particularly
noisy frequency (1.2 kHz in this mock example) is deweighted in the optimal
lter .

The best t amplitude of the signal, given by a, and the time o set or

delay, given bytg, are obtained by minimizing the following 2:

X s, ae 2itofn g2

2(~- —
1t -
(a;to) 3.

(2.13)

n

which has used the fact that a shift in the time domain (A(t tg)) corre-
sponds to a phase rotation in the frequency domain &(f )e 2 of). This
2D 2 can be minimized analytically, and therefore OFs can be performed
e ciently, with the limiting computational step being a fast Fourier trans-
form [77].

We frequently refer to best t quantities from the 1D OF algorithm with
the \OF" sux. For example, \ptOF" refers to the energy of the total
phonon pulse (the sum of the phonon pulses on all the detector channels)
as estimated by the tted amplitude from the standard 1D OF algorithm.

2.3.2 Non-Stationary Optimal Filter

In the previous section, we described how the OF formalism was only optimal
if the template perfectly described the underlying shape of the pulse in
the data. However, in Sec. 2.4, we described the position-dependent pulse
shapes in the iZIP detectors. The non-stationary optimal Iter improves
the energy resolution of the 1D OF algorithm by treating the pulse shape
non-uniformity as a source of non-Gaussian, non-stationary noise The
insight of treating the position dependence of the signal as noise came from
M. Pyle [79]. The non-uniform pulse shape of 10 keV events in the CDMSlite
Run 3 detector is shown in Fig. 2.7 (left) with the residuals shown in Fig. 2.7
(right). The position-dependent pulse shape variation noise between bin
500 and 600 is clearly highly correlated across time and frequencies. This
introduces a complication because, in considering the non-stationary noise,
the frequency domain no longer exhibits the convenient noise orthogonality
assumed in Eq. 2.16 for a 1D optimal Iter. Therefore the non-stationary

5The term \non-stationary" describes a type of noise whose variance changes in time.
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2.3. Optimal Filter Event Reconstruction

Figure 2.7: (left) Example 10keV total phonon pulses with the OF tem-
plate overlaid in blue. (right) The residuals (phonon pulse template)
showing that the position-dependent part of the pulse can be treated as a
non-stationary source of noise.

OF algorithm promotes the noise PSDJ to a matrix V:

*(a;to) = X (S (f) aA ()Mo )(V(ff 9 )(S(Y aA(fYe 21 o™):
fif O
(2.14)
and the covariance between frequency modes is included when this? is
minimized.

The covariance matrix V is determined using the Fourier transforms of
the pulse residuals (the phonon pulse minus the best t phonon template)
shown in Fig. 2.7. The complete non-stationary optimal lIter algorithm
also accounts for the fact that the magnitude of the stationary noise is
independent of the pulse energy but the non-stationary noise increases as a
function of the pulse energy, and therefore the o -diagonal components off
undergo a magnitude scaling as a function of the pulse energy. The details
of this implementation are beyond the scope of this discussion, and further
details can be found in Ref. [80].

We frequently refer to best t quantities from the non-stationary OF
with the \NF" su x. For example, \ptNF" refers to the energy of the total
phonon pulse as estimated by the non-stationary OF algorithm.
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2.3. Optimal Filter Event Reconstruction

2.3.3 Two Template Optimal Filter

In contrast to the position-dependent deweighting approach of the non-
stationary OF, the two-template OF seeks to t the position-dependent
part of the pulse with two templates and then use the best template t
amplitudes and delays to extract enhanced energy and position information
about the event. Motivated by the prompt vs. ballistic phonon propagation
dynamics discussed in Sec. 2, the two template OF posits that the signal is
a linear superposition of two di erent pulses each with di erent time con-
stants. A \fast" template (with a fast falltime) is used in addition to the
standard \slow" template, such that we can describe the signal pulse as

S(t) = arAa(t  to) + axAx(t  to) + n(t) (2.15)

where the noise termn(t) is modeled as Gaussian noise. The slow template
(A4) is identical to that used in the 1D OF and the non-stationary OF. Then
the signal is t with the fast and slow template, and Fig. 2.8 shows examples
of such ts. Computationally this is relatively straightforward, where the

2 rewritten with new index j=1,2 for the two templates is

A iSh ae 2it °f”A“1;n ase 2t Oan"z;njz

I (2.16)

2(ag;ap;to) =
n

and the 2 is minimized for tg and the two amplitudes, a; and a,.
We frequently refer to best t quantities from the two template OF with
the \2T" su x.

2.3.4 Use of Dierent OF Algorithms

For the Run 3 analysis, based on the analysis task being performed, we
use the parameter(s) derived from one of the three di erent OF algorithms.
The dierent optimal lters used for the dierent analysis tasks is given

in Table 2.4. After applying the corrections discussed in Sec. 4.4.1, the
energy resolution of the non-stationary OF is superior to that of the other
two algorithms, and therefore we use the non-stationary OF algorithm for
energy estimates. As discussed in Sec. 4.8, the parameters derived from the
two template OF are superior to other OFs for determining the position of
the event in the detector. Information from the standard 1D OF is used to
distinguish good events from instrumental background events.

38






	Abstract
	Lay Summary
	Preface
	Table of Contents
	List of Tables
	List of Figures
	Glossary
	Acknowledgements
	Detection of Particle Dark Matter
	Early Evidence
	Galaxy Clusters
	Big Bang Nucleosynthesis
	The Cosmic Microwave Background
	Composition Hypotheses
	The WIMP Hypothesis
	Axions
	Dark Sector Particles

	Dark Matter Detection
	Direct Detection
	Collider Production
	Fixed Target
	Indirect Detection

	Further Reading

	Detectors for the Cryogenic Dark Matter Search
	Semiconductor Detector Physics
	Electron Recoils
	Nuclear Recoils
	Yield Discrimination
	Phonon Generation and Propagation

	Amplifiers
	Measuring the e-/h+ Energy
	Measuring the Phonon Energy

	Optimal Filter Event Reconstruction
	Simple 1D Optimal Filter
	Non-Stationary Optimal Filter
	Two Template Optimal Filter
	Use of Different OF Algorithms

	iZIP Interleaved Design
	CDMSlite Detectors
	CDMSlite Biasing and Readout Configuration
	Calibration
	CDMSlite History: Run 1 and Run 2


	Detector Characterization
	Detector Resolution
	Data-Driven Resolution Measurement
	Phonon Amplifier Noise
	TES Voltage Biasing
	Phonon Collection Efficiency
	Optimal Filter Baseline Resolution

	Detector Leakage Current
	Detector Ionization Environment at Surface Facilities
	Muon Veto Analysis Techniques
	Phonon Noise as a Function of Detector Voltage


	Data Analysis of CDMSlite Run 3
	Motivation
	Salting
	Determining the Target Number of Salt Events
	Selecting Events To Replace
	CDMSlite R3 Salt Application and ``Unsalting''

	Experimental Setup
	Detector Selection and Configuration
	Vibration Monitoring
	High Voltage Current Monitoring
	Charge Triggers

	Energy Scale
	Energy Corrections
	Nuclear Recoil Energy Scale

	Quality Cuts
	Overview
	Prepulse Noise Cut
	Bad Series Cut
	Phonon Pulse-Shape Cuts

	Low Frequency Noise Cuts
	Motivation
	High Energy LF Noise Cut
	Detector-Detector Correlations
	Motivation for Multiple Templates
	Boosted Decision Tree (BDT)

	Bifurcated Analysis
	Introduction
	Application to CDMSlite Run 3
	LF Noise Background Correlation
	Box Relaxation

	Fiducial Volume
	Radial Pulse Simulation
	Energy Distribution of Reduced NTL events
	Radial Distribution of Reduced NTL events
	Optimizing the Radial Cut

	Livetime and Signal Efficiency
	Livetime
	Trigger Efficiency
	Signal Simulation
	Quality Cut Efficiency
	Fiducial Volume Efficiency
	Combining and Parametrizing the Efficiency


	Profile Likelihood Dark Matter Search with CDMSlite Run 3
	Background Models
	Energy Resolution Model
	Cosmogenic Activation
	Electron Capture of 71Ge
	Compton Scattering
	Surface Backgrounds

	Likelihood and Limit Setting
	Components Needed for the Likelihood
	Likelihood Function
	Limit-Setting Approach

	Results
	Background Model Goodness of Fit
	Exposure of Salt
	Final Spectrum Fit
	Background Rates
	Sensitivity Estimate
	DM Limit


	Conclusion and Future Outlook
	Bibliography
	Voltage Scan Calibration Results
	Linearity
	Significance of Calibration Systematics


