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Many astrophysical observations point to the abundant existence of |[dark matter| (DM) in the uni-

verse composed of particles beyond the Standard Model. However despite numerous experiments using

di erent techniques, DM particles have yet to be directly observed. The [Super Cryogenic Dark Matter]|

[Search| (SuperCDMS) SNOLAB experiment will employ silicon and germanium crystal detectors oper-

ated at temperatures as low as 15 mK to probe DM interactions using phonon and ionization signals.

Recently, R&D facilities have developed gram-sized |high-voltage eV-scale| (HVeV) silicon detectors that

achieve single-electron-hole-pair resolution. By probing e ective DM-electron interactions, these devices
can be used for searches of low-mass DM candidates.

This dissertation presents a DM search experiment known as HVeV Run 2 that employs a second-
generation HVeV detector operated in an above-ground laboratory at Northwestern University (IL,
USA). Energy spectra are obtained from a blind analysis with 0.39 and 1.2 g-days of exposure with the
detector biased at 60 and 100V, respectively. The 0.93 gram detector achieves a 3eVV phonon energy
resolution, corresponding to a world-leading charge resolution of 3% of a single electron-hole pair for a
detector bias of 100 V. With charge carrier trapping and impact ionization e ects incorporated into the
DM signal models, the resulting exclusion limits are reported for inelastic DM-electron scattering for
DM masses from 0.5{10* MeV=c?; in the mass range from 1.2{50eV=c? the limits for dark photon and
axion-like particle absorption are reported.

Several DM search experiments, including HVeV Run 2, are sensitive to low-mass DM candidates
that rely on the temperature-dependent photoelectric absorption cross section of silicon. However dis-
crepancies in the underlying literature data result in dominating systematic uncertainties on the DM
exclusion limits. In order to reduce these systematic uncertainties, this dissertation presents a novel
method of making a direct, low-temperature measurement of the photoelectric absorption cross section

of silicon at energies near the band gap (1.2{2.8eV).
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Chapter 1

Dark Matter. The Missing Mass

1.1 A Brief History of Dark Matter

Throughout history, philosophers and astronomers alike looked up into the stars to ponder and study the
universe in which we live. The rst observations of the cosmos were made with just the human eye by
tracking the motion of planets and stars. Yet scienti ¢ curiosity prevailed over technological limitations
with each new breakthrough in astronomy, from Aristotle's model of the cosmos that placed Earth at
the center of an immutable universe, to lbn al-Shatir's use of experimental techniques and empirical
observations to construct lunar and solar models, to the major paradigm shift caused by the Copernican
revolution that reasoned the Sun to be at the center of the Solar System instead of the Earth.

Each new advancement in astronomical technology gave scientists a new window to view the cosmos
(see Fig. 1.1). The development of the telescope in the early 1600's provided unprecedented observations
of the Solar System, and in one of its rst uses, Galileo concluded the Milky Way is composed of
innumerable stars. It wasn't until 1924 when Hubble con rmed that the Milky Way is not the only
galaxy in the universe. Eventually massive telescopes could be launched into space, and in 1995 the
Hubble Space Telescope captured the famous Hubble Deep Field image that shows thousands of young
galaxies [4], demonstrating plainly that to look far into space is to look back in time.

In the early 1900's, astrophysical experiments began to draw a strange yet similar conclusion: that
systems of stars and galaxies behaved as if there were more mass than what was observed. Up to this
point, the mass of stars and galaxies would be inferred by measuring the amount of light they emit
(i.e. their luminosity). So these strange observations suggested that there exists some massive substance
that isn't visible by light, or so-called dark matter (DM). At rst, DM did not necessarily imply the
existence of some new, mysterious substance, but rather just implied the presence of unseen matter that
interacted with other objects through gravity. Perhaps DM is composed of just very dim stars, or some
interstellar material that does not emit nor interact with light. The brief historical recounting of DM
provided here follows the excellent summary given in Ref. [5].

Some of the rst quantitative measurements of DM were made by Jacobus Kapteyn, Jan Oort,
James Jeans, and Bertil Lindblad in the 1920's and 30's, whereby the local density of DM was inferred
by observing the kinematics of stars in the solar neighbourhood. However one of the most signi cant
watershed moments for DM came from observations made by Fritz Zwicky in 1933. Zwicky was studying
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Figure 1.1: Composite image illustrating the history of astronomy. From left to right with citations for

the respective images: Ibn al-Shatir uses experimental techniques and empirical observations to develop
a lunar model [6]; the Copernican revolution puts the Earth at the center of the Solar System [7]; after
the invention of the telescope, Galileo is able to make extremely detailed illustrations of the Moon [8];

in 1995, the Hubble Space Telescope captures the famous Hubble Deep Field image, showing a zoo of
young galaxies [4]; recent temperature map of the Cosmic Microwave Background, the earliest state of
the universe that can be observed by light [9].

the redshifts' of galaxies in the Coma Cluster in order determine their apparent velocities. He then used
the virial theorem to determine the mass of the entire cluster. For a system ofN particles bound by
potential forces, the time-averaged kinetic energyhTi of the entire system is given by:

LN
Wi= = W (1.1)

22
where Fy is the force acting on thek™ particle located at . If the forces acting on the particles result
from a potential energy V dependent on the distancer between particles such thatV / r", the virial
theorem takes the form:

2HTi = nhvi: (1.2)

where for a gravitational potential, n = 1. This relationship says that for a system with more potential
energy (i.e. more mass in a gravitational potential), the average kinetic energy of the particles will be
larger. Zwicky noticed that the high velocities of galaxies implied that the total mass of the Coma
Cluster is much larger than the mass found by observing the total luminosity. In other words, the Coma
Cluster must contain a signi cant amount of DM in order to explain the high velocities of the galaxies.
In 1936, Sinclair Smith came to similar conclusions after observing the circular motion of galaxies in the
Virgo Cluster.

As astronomers and astrophysicists deliberated about this missing mass, the eld of particle physics
was surging. The turn of the 19" century saw the discovery of the electron and proton, quantum

» A redshift is an increase in the wavelength of light that occurs to light emitted from distant objects due to both
the relative motion of the object and the expansion of the universe. The relative velocities of galaxies in a cluster can
be inferred by measuring each galaxy's redshift; galaxies travelling toward Earth will appear slightly bluer compared to
galaxies travelling away from Earth.
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mechanics was formalized in the 1920's and 30's, and later throughout the $0 century the Standard
Model (SM) was developed, describing all of the known elementary particles (quarks, leptons, and bosons)
and three of the four fundamental forces (electromagnetic, weak, and strong). Eventually, the nature of
DM became just as much a question of particle physics as it was a question of cosmology. Perhaps DM
is ordinary matter made up of SM patrticles. Or perhaps DM is made up of some yet unknown particle
and/or force mediator. In 1985, Mark Goodman and Ed Witten suggested that if DM is composed of
particles, then it might be detectable using techniques similar to neutrino detection. Thus began the
era of DM direct detection search experiments, starting with an experiment carried out in 1986 at the
Homestake Mine in South Dakota using a low-background germanium ionization detector [10].

More recently in 1998, the DAMA/LIBRA collaborations conducted a DM search experiment at the
underground Gran Sasso Laboratory in Italy using scintillating sodium iodide detectors. In their rst
results they observed a signal consistent with DM scattering with an annual modulation (slight variations
in the signal rate due to the Earth's rotation around the Sun), and have since observed the same signal
with increasing statistical signi cance [11]. Unfortunately, other DM search experiments were unable
to corroborate the signal observed by DAMA/LIBRA, and so it remains di cult to determine whether
the signal was in fact DM. Yet as Ref. [5] says, no convincing alternative explanation for this signal has
been identi ed. In more recent years, the CoGeNT and CRESST-II collaborations have reported similar
signals as the DAMA/LIBRA experiments, but the observed amplitudes of the annual modulations are
a few factors higher than what would be expected [12].

This dissertation is yet another step toward uncovering the true nature of DM. Chapter 1 summarizes
the most pertinent evidence and properties related to DM, and describes the various DM models that
are relevant to later chapters. Chapter 2 outlines the physics of detecting DM using cryogenic solid-
state detectors, and Chapter 3 details the design of a second-generation high-voltage eV-scale (HVeV)
detector. In Chapters 4 and 5, a DM search experiment and subsequent analysis using this HVeV
detector is presented in its entirety. Chapter 6 presents a novel method for measuring the photoelectric
absorption cross section in detector materials at cryogenic temperatures, and uses the results to evaluate
the impact on DM exclusion limits. Lastly, Chapter 7 provides some concluding remarks and a brief
outlook on future experiments. All of the work presented in this dissertation was conducted as part of
the Super Cryogenic Dark Matter Search (SuperCDMS) collaboration.

1.2 Evidence of Dark Matter

Just as phenomena related to electricity were studied and characterized well before the discovery of the
electron by J. J. Thomson in 1897, phenomena related to DM have been studied despite the true nature
of the substance remaining unknown. This section summarizes several key observations relating to DM,
which together provide extremely compelling evidence of the existence of this mysterious form of matter.
For the sake of brevity, the following sub-sections that cover this topic are terse. Many other fascinating
details and examples are omitted, and so the reader is encouraged to learn more about each topic by
following the references provided.

1.2.1 Galaxy Rotation Curves

Galaxy rotation curves are studies of the circular velocity pro les of orbiting stars or gas as a function of
their distance from the galactic center, and are an important chapter in the history of DM observations.
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Galaxies are composed of millions or billions of stars and interstellar gas that all orbit around the galactic
center. The motion of these object can be predicted using the virial theorem for a gravitational potential,
as given by Eqg. 1.2. For a star or object with massm orbiting a mass M, the time-averaged potential

energy is given by:
GmM (r)
r 1

hi = (1.3)

where G is the gravitational constant, r is the radius from the center and M (r) is the mass enclosed
within r. If the object has a circular orbit and a velocity v, its time-averaged kinetic energy is given by:
.1,
hTi = Emv : (1.4)

Using the virial theorem in Eq. 1.2, the object's velocity as a function of radius is given by:
r

GM(r),
—

(1.5)

Although Eq. 1.5 provides the velocity pro le for the simplest example of an object in circular orbit, the
general form remains consistent for more complicated cases, such as elliptical orbits and di erent (but
symmetric) mass distributions. As the amount of stellar and gaseous matter at the edge of a galaxy
is relatively small, the total enclosed mass should reach an asymptotic value for large radii. Therefore,
Eqg. 1.5 predicts that the velocities of objects near the edge of a galaxy should fall as 172,

This prediction was put to the test starting in the 1970's using astrophysical observations. Vera
Rubin and Kent Ford used observed optical light from the Andromeda Galaxy to measure the velocity
pro le of ionized hydrogen, and soon after David Rogstad and Seth Shostak used 21-cm observations to
measure the velocity pro le of hydrogen gas in several galaxies [5]. These and other scientist all came to
notice that the velocities of objects orbiting near the edges of galaxies do not fall as 172; instead, their
velocities remain constant. Figure 1.2 shows a superposition of the rotation curves for several galaxies
later measured by Rubinet. al.

Figure 1.2: Superposition of the rotation curves for several galaxies. The velocity of objects far from
the galactic core (nucleus) is relatively constant. Figure provided by Rubinet. al. [13].

Several hypotheses emerged to explain the observed rotation curves. One formally prevalent category
of hypotheses assert that the theory of gravity is incorrect. The solution therefore is to introduce a
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new theory of gravity, the most well-known being modi ed Newtonian dynamics (MOND). The basic
premise of MOND is that Newton's second law can be modi ed to exhibit di erent behaviour at low
accelerations [5]:

F=m = a (1.6)

whereay 1.2 10 m/s? and (a=a) is some unspeci ed function with the limits (a=a) ! 1 for
(a=%¢) land (a=a)! (a=a)for (a=gz) 1. With this formulation, MOND can indeed explain the
behaviour of galaxy rotation curves. The original formulation of MOND also presented problems with
energy and momentum conservation, although more complex models have since been introduced to solve
such issues [5]. More importantly to this discussion, theories of modi ed gravity are unable to explain
other dark matter observations, such as the e ects of gravitational lensing as outlined in Sec. 1.2.2.
Despite these setbacks, MOND and modi ed theories of gravity continue to develop and evolve (see, for
example, Ref. [14]).

Another hypothesis that can explain the observations made of galaxy rotation curves asserts that
the mass distribution is incorrect. For a sphere with a radius-dependent mass density(r), the total
enclosed mass at a distance is given by:

Z
M(r)=  4r 2 (r)dr: (1.7)

Furthermore in the constant-velocity regime of Eq. 1.5, the mass distribution for objects with velocity
Veonst 1S M (r) = V2, r=G. Equating this to Eq. 1.7 and taking the derivative in r, the mass density is
given by:
Ar 2 (r) - Vgonst .
G (1.8)

(r): Vgonst .
4Gr 2’

This demonstrates that the behaviour of rotation curves can be explained if the galactic mass is described
by a density distribution that scales asr 2. Not only does this suggest that most of the galactic mass is
distributed further away from the galactic core, it also suggests that much of the mass is distributed far
beyond any observable objects. The next question that naturally arises is what would cause such a mass
distribution to exist in galaxies? With all of the combined evidence, it is now commonly thought that
galaxies contain massive DM structures with a mass density that scales as 2. However the conclusion
of DM is not necessarily apparent based on this evidence alone. Perhaps galaxies contain a signi cant
amount of mass due to non-luminous but ordinary matter. Yet as Ref. [15] outlines, objects composed of
ordinary matter such as stars with low luminosity and interstellar gas cannot account for the apparent
mass distribution.

1.2.2 Gravitational Lensing

In Einstein's theory of general relativity (GR), light travels such that it follows the curvature of spacetime.

As objects with mass cause spacetime to bend, GR predicts that light passing by a massive object can
bend around it. This e ect of gravitational lensing is similar to the e ect caused by traditional optical
lenses. With gravitational lenses, it is possible to view background objects that would otherwise be
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obscured by a massive foreground object. In the simplest example, the angular de ection of light due
to a point-like lens with mass M is given by [16]:
4GM 2rg
= — = 7' 19

rc2 r (1.9)
wherec is the speed of light,r is the distance between the light and the lens in the plane perpendicular to
the observer, andrs = 2 GM=c? is the Schwarzschild radius. For massive lenses such as black holes where
r rs,and in the limit of small angles, Eqg. 1.9 provides a good approximation for angular de ection of
light. If the background object, lens, and observer are all aligned, gravitational lensing can cause what
are known as Einstein rings. Equation 1.9 also shows that by observing gravitational lensing, the mass
of the lens can be inferred without knowing the contents of the lens itself.

In practice, observations of gravitational lensing are much more complex than the simple example
described above. The most extreme (and stunning) examples of gravitational lensing fall under the
category of strong lensing, where background objects are seen as multiple images and in giant arcs or
rings around the lens. However most examples of gravitational lensing fall under the category of weak
lensing, where background objects are only slightly sheared or distorted. In the weak lensing regime, the
shear distortion of objects such as distant galaxies can alter their major-to-minor axis ratio by 2%,
which is much smaller than the normal shape variation observed in galaxies [17]. Therefore weak lensing
is not observed for individual objects, but rather for a collection of distant background objects along
adjacent lines of sight where lensing e ects are seen at a statistical level.

The most prominent example of gravitational lensing with respect to DM is the Bullet Cluster. The
Bullet Cluster consists of two colliding clusters of galaxies and is composed of stars, X-ray emitting
interstellar plasma, and, possibly, dark matter. During the collision of these clusters, the plasma and
stellar components behave in di erent ways [18]. The stars, planets, and galaxies e ectively act like
collisionless particles. Conversely the colliding plasma, which accounts for most of the mass from ordinary
matter in the Bullet Cluster, is signi cantly slowed by electromagnetic interactions. Therefore over the
course of the collision, the stellar and plasma components are spatially decoupled [18], and can be
separately observed with optical and X-ray telescopes sensitive to the emitted light. Independently, the
mass distribution of the Bullet Cluster can be inferred through weak gravitational lensing, as shown by
Fig. 1.3.

The result from Ref. [18] and shown in Fig. 1.3 is remarkable, and provides very strong evidence of
the existence of DM. Speci cally, the most simple theories of modi ed gravity would predict that the
centers of mass determined from gravitational lensing should be aligned with the centers of mass of the
ordinary matter (i.e. the more massive interstellar plasma). Yet this result shows with a high degree
of certainty that the centers of the total mass do not align with the centers of the mass of ordinary
matter. Therefore, the majority of the matter in the Bullet Cluster must come from some unknown and
unseen substance. This result also provides evidence that DM is mostly collisionless, as the separate
DM components from colliding clusters appear to have bypassed each other and the interstellar plasma
unperturbed. More recent results have used similar observations to put constraints on the DM self-
interacting cross section [19].

= Strictly speaking, the Bullet Cluster is the smaller cluster that is moving away from the larger cluster. In practice,
the name \Bullet Cluster" typically refers to the combined system of both clusters.
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Figure 1.3: Images of the stellar (left) and X-ray emitting plasma (right) components of the Bullet
Cluster. The green contour lines show the mass distribution determined by weak gravitational lensing.
Note that the \peaks" of the contours do not align with the \peaks" of the colliding plasma. Figure
provided by Ref. [18].

1.2.3 Cosmic Microwave Background

Perhaps the most compelling evidence for the existence of dark matter lies in the Cosmic Microwave
Background (CMB). The CMB provides a snapshot of the early universe during the epoch of recombina-
tion. During recombination, the universe was an extremely hot and dense uid of matter and radiation.
At some point, this primordial uid cooled enough that electrons and protons could combine to produce
hydrogen atoms (i.e. recombination). With fewer charged particles to interact with, light was able to
escape from the hot matter, leaving a faint radiation remnant that can be seen today. The temperature
of this background radiation, however, is notexactly uniform. Rather there are tiny temperature uctu-
ations in the CMB, and it is in these anisotropies where the evidence of DM is hidden. Figure 1.4 shows
the temperature uctuations observed in the CMB.

Figure 1.4: Temperature map of the Cosmic Microwave Background derived fronPlanck, WMAP, and
408 MHz observations. As is discussed in the text, these small temperature uctuations are related to
the composition of the universe. Figure provided by Ref. [9].
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