LIGHT DARK MATTER CONSTRAINTS FROM A SUPERCDMS CRYOGENIC
SILICON DETECTOR WITH SINGLE-CHARGE SENSITIVITY

Enze Zhang

A thesis submitted in conformity with the requirements
for the degree of Doctor of Philosophy

Department of Physics
University of Toronto

© Copyright 2025 by Enze Zhang



Light Dark Matter Constraints from a SuperCDMS Cryogenic Silicon Detector with Single-Charge
Sensitivity

Enze Zhang
Doctor of Philosophy

Department of Physics
University of Toronto
2025

Abstract

Astrophysical observations suggest that the universe contains a substantial amount of dark mat-
ter, likely composed of particles beyond the Standard Model. The SuperCDMS (Cryogenic Dark
Matter Search) SNOLAB experiment is a next-generation direct detection e ort using cryogenic
germanium and silicon detectors to measure phonon and ionization signals from dark-matter recoils.
It aims to improve sensitivity to dark-matter particles with masses below 10 GeV by an order of
magnitude. As part of this e ort, HVeV detectors (high voltage eV scale), which are gram scale with
single-charge sensitivity, serve as a prototype to provide insight into detector response, calibration
methods and background sources. Three prior HVeV runs have yielded competitive constraints on
low-mass dark matter.

This dissertation analyzes data from the HVeV Run 4 experiment, conducted in an underground
laboratory at Northwestern University. The experiment bene ts signi cantly from the identi cation
and elimination of the luminescence from the printed circuit boards in the detector holder used
in Run 3, resulting in a lower background event rate and stronger constraints. Data from 10.80
gram-days of exposure were analyzed in a blinded study using a likelihood-based method. Limits
are set on the dark matter-electron scattering cross-section in the mass range of MeV to GeV, dark
photon absorption mixing parameter and axion-like particle coupling constant in the mass range of
eV to tens of eV. The results turn out to be competitive and world-leading in some of the lower mass
ranges. The experiment also provides information on potential background sources in the low-energy

range, where future HVeV runs are expected to reduce or model them.
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Chapter 1

Introduction to Dark Matter and
SuperCDMS Experiment

This chapter gives a general introduction to dark matter and the SuperCDMS experiment. Section
1.1 reviews the historical development of the dark-matter hypothesis. Section 1.2 summarizes three
major lines of evidence that support the existence of dark matter. Some key properties of the local
dark matter distribution are discussed in Section 1.3. In Section 1.4, several dark-matter candidates
are introduced, with more details of certain low-mass candidates presented in Chapter 4, since they
are the signal models of this analysis. In the end, Sections 1.5 and 1.6 introduce the dark-matter
direct detection method and provide an overview of the SuperCDMS experiment.

1.1 The History of Dark Matter

The concept of dark matter was rst put forward in the early 20" century, in order to explain
the observations of large gravitationally bound structures, indicating that stars in galaxies orbit at
speeds faster than what would be expected based on the visible matter they contain.

Lord Kelvin was one of the rst physicists to make a dynamic estimation of the amount of dark
matter in the Milky Way [3]. He proposed the assumption to describe stars in the Milky Way as gas
of particles under the in uence of gravity. A relationship is then established between the size of the
system and the velocity dispersion of the stars, given by the virial theorem from thermal dynamics,
as shown in Eq. 1.1:

Ti= 5 W Tid; (1.1)

where T is the total kinetic energy of the N particles in the system, F represents the force on the
ki, particle located at position Ty, and the angle brackets represent the average over time of the
enclosed product. If the forceF on the particles has an associated potential energy in the form of
Eqg. 1.2:

V(iry=r"; (1.2)
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which is proportional to some powern of the distancer between particles. The virial theorem will
be simplied as in Eq. 1.3:

hTi = %hth i (1.3)

where Vi is the time average of the total potential energy over all pairs of particles in the system.
In the special case of gravity,n = 1.

Inspired by Kelvin's \theory of gases” idea, Henri Poincae rst explicitly used the word \dark
matter" [4]. In 1922, Jacobus Kapteyn developed a quantitative model of the Galaxy's shape and
size, describing it as a attened distribution of stars rotating around an axis aligned with the
Galactic Pole [5]. In 1932, Jan Oort published an analysis of the vertical kinematics of stars in the
solar neighborhood, where he derived the most probable value for the total density of matter near
the Sun as 63 10 24 g=cm?® [6]. Astronomers at that time believed that dark matter was likely
composed of faint stars instead of a completely new category of matter. All of them reached the
similar conclusion that the total mass of nebulous or meteoric matter near the sun is probably less
than the total mass of visible stars, or even much less [5].

In 1933, Fritz Zwicky analyzed the redshifts of various galaxy clusters and observed a signi cant
variation in the apparent velocities of eight galaxies within the Coma Cluster, with di erences
exceeding 2000 km/s [7]. After applying the virial theorem to estimate the velocity dispersion and
comparing it to the observed value, he came to the surprising conclusion that dark matter is present
in much greater quantities than luminous matter.

Apart from the question of whether the dynamics of galaxy clusters require the existence of
dark matter, the nature of dark matter has sparked increasing interest among physicists. With the
development of quantum mechanics and the discoveries of more and more fundamental particles,
the Standard Model of particle physics was developed throughout the latter half of the 28 century,
which describes all of the known elementary particles as quarks, leptons and bosons, and describes
three of the four fundamental forces: electromagnetic, weak, and strong. In the early ages, dark
matter was hypothesized by many scientists as gases, massive collapsed objects [8], HI (hydrogen
line) snowballs [9] and M8 dwarf stars [10]. However, measurements of the primordial light element
abundances eventually ruled out these possibilities, instead favoring a non-baryonic nature for dark
matter. In 1985, Mark Goodman and Ed Witten proposed that if dark matter consists of parti-
cles, it might be detectable using methods similar to those used in neutrino detection [11]. This
proposal marked the beginning of direct detection experiments for dark matter. The rst such ex-
periment commenced in 1986 at the Homestake Mine in South Dakota, employing a low-background
germanium ionization detector [5].

1.2 Observational Evidence

There is a lot of observed astrophysical evidence that supports the presence of dark matter. In this
subsection, a few major lines of evidence are introduced.
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1.2.1 Galaxy Rotation Curves

Historically, galaxy rotation curves, meaning the circular speed of stars and gas in a galaxy as a

function of their distance to the galactic center, played a signi cant role in convincing the scienti ¢

community of the existence of large amounts of dark matter in the outer regions of galaxies. The

gravitational potential energy of a galaxy of stars orbiting around the center is described in Eq. 1.4:
GmM (r)

V(r) = - (1.4)

where G is the gravitational constant, r is the distance from the center and M(r) is the total mass
enclosed within radius r. In the simplest case of a circular orbit and a spherical potential, the
object's velocity as a function of radius can be derived as in Eq. 1.5:

r GM (r) .
T
Despite the simpli cation here from the general elliptical orbit to a circular one, the velocity
dependence on the radiug is similar to what we concluded in Eqg. 1.5. Since the amount of stellar
and gaseous matter at the outer edges of a galaxy is relatively small, the total enclosed mass should
approach an asymptotic value at large radii, which yields a velocity drop/ r'=2, as predicted by
Eq. 1.5.

(1.5)

Figure 1.1: The rotation curves for the galaxies M31, M101, and M81 (solid lines) obtained by
Roberts and Rots in 1973, overlaid with the curve of the Milky Way Galaxy for comparison. Plot is
taken from Ref. [5].

However, this prediction of galactic rotational velocities is likely to be wrong as more and more
astronomical observations provided inconsistent results. In 1970, the rst explicit claims emerged,
suggesting that additional mass was required in the outer regions of certain galaxies. This conclusion
was drawn from comparisons between rotation curves predicted from photometry and those measured
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Figure 1.2: Rotation curve data for M31. The purple points are emission line data in the outer
parts from Babcock 1939 [12]. The black points are from Rubin and Ford 1970 [13]. The red points
are the 21-cm HI line data from Roberts and Whitehurst 1975 [14]. The green points are 21-cm
HI line data from Carignan et al. [15]. The black solid line corresponds to the rotation curve of
an exponential disc with a scale length according to the value given in Freeman 1970 [16], suitably
scaled in velocity. 21-cm data demonstrate clearly the mass discrepancy in the outer parts. Plot is
taken from Ref. [5].

from 21 cm observations. Fig. 1.1 shows the rotation curves for the galaxies M31, M101, and M81
(solid lines) obtained by Roberts and Rots in 1973 [17], where a at tail was noticed in their outer
parts. Fig. 1.2 provides more observation results for M31 from di erent scientists.

To explain the observed rotation curves, several hypotheses have been proposed. One path is to
assume that the gravitational theory needs correction, but the more popular and widely accepted
hypothesis is that the mass distribution of galaxies is not what we anticipated. For a sphere with
a symmetric mass distribution in all directions, the total enclosed mass at a distance is given by
Eq. 1.6:

VA
M(r)y=  4r 2 (r); (1.6)

where (r) is the radial mass dependence function. If we focus on the tail region of Fig. 1.2 where
the rotational velocity is asymptotically constant at a speed of veonst , then combining with Eq. 1.5,
we can derive (r) at large radius as Eq. 1.7:
V2
(n= 742'}“2: .7)

Eq. 1.7 indicates that the shape of rotation curves makes sense if the galactic mass follows a
r 2 density distribution, which implies not only that the majority of the galactic mass is located
farther from the galactic core, but also that a signi cant portion extends well beyond any observable
objects. It is now widely accepted that galaxies contain large dark matter structures with a mass
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density that follows a r 2 scaling relation [5].

1.2.2 Cosmic Microwave Background

The Cosmic Microwave Background (CMB), also known as relic radiation, discovered in 1965 by the
American radio astronomers Arno Penzias and Robert Wilson, is microwave radiation that permeates
all space in the observable universe, as shown in Fig. 1.3. Although standard optical telescopes show
the background between stars and galaxies to be nearly completely dark, a su ciently sensitive
radio telescope reveals a faint, nearly uniform glow which is not linked to any star, galaxy, or other
celestial object and is most prominent in the microwave region of the radio spectrum.

Figure 1.3: Cosmic Microwave Background temperature map derived from Planck, WMAP, and 408
MHz observations. Figure is taken from Ref. [18].

The CMB is landmark evidence of the Big Bang theory for the origin of the universe. In the Big
Bang cosmological models, the early universe was hot and dense enough to produce all Standard
Model particles [19], and some dark matter models, such as WIMPs, are also produced thermally.
The expansion in scaleR and cooling of the universe is described by the Friedmann equation, as
shown in Eq. 1.8:

8G (ot kc?

3 ﬁ; (1.8)

H?2=(R=R)? =

where o is the total energy density, k is the curvature parameter, H is de ned as the Hubble
parameter, G is Newton's constant, andc is the speed of light.

Cosmological measurements support a at universe, i.ek =0 [20]. Given the Hubble constant
Ho today, the critical energy density where the universe is exactly at is given by Eq. 1.9:

w

_ 3HE.

c= o (1.9)

[e¢]

The energy densities of di erent particles such as neutrinos and photons, are typically expressed
as a fraction of the critical energy density = = ., with H2=H3 = for the evolution of the
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universe. For non-relativitic particles, their kinetic energies are much smaller than their rest masses,
and therefore / R 3. On the other hand, radiation including relativistic particles is red-shifted
as the universe expands, and their energy density falls faster, with / R 4. In the early, hot
universe, radiation was the dominant component. However, as the universe cooled, non-relativistic
matter began to play a central role in its evolution. This shift happened when the universe was
roughly 3000 times smaller than it is today [19]. Observations of the expansion of the universe
indicate the presence of a third component; dark energy, which did not a ect the early universe
but causes the expansion of the universe to accelerate today, parameterized with a constant energy
density component = . The cosmological standard model includes cold dark matter [21] and
dark energy components in addition to baryonic matter to t the CMB and other cosmological
observations.

In the earliest stages of the universe, it was shrouded in a dense, hot plasma consisting of sub-
atomic particles. As the universe expanded, this plasma cooled, allowing protons and electrons to
combine and form neutral atoms, primarily hydrogen. The recombination epoch was characterized
by an extremely hot and dense primordial uid composed of baryonic matter and radiation. These
components were closely coupled through scattering processes between charged particles and pho-
tons. The radiation within this uid exerted an outward pressure as a result of its density. In
contrast, dark matter during this period was largely decoupled from the baryonic radiation uid,
though it still interacted with it via gravitational forces. The gravity of dark matter caused the uid
to compress into regions of higher density, leading to corresponding regions of lower density due to
matter conservation. The pressure of the uid acted to push it from over-dense regions into under-
dense areas. These competing forces resulted in oscillatory compressions and decompressions of the
uid, similar to sound waves. At the end of the recombination, the radiation was released from the
baryonic matter, and the density uctuations of the uid ceased. Consequently, the remaining bary-
onic matter was imprinted with a pattern of high-density and low-density regions. The high-density
regions eventually served as seeds for the formation of the large-scale structure of the universe. Light
escaping from high-density regions generally had a higher temperature than light from low-density
regions. Thus, the temperature uctuations observed in the CMB re ect the density uctuations of
the primordial uid at the end of recombination.

Figure 1.4 displays the temperature anisotropies measured by Planck [22], a space observatory
operated by the European Space Agency from 2009 to 2013. The measurements from the Planck
Collaboration, as summarized in Table 1.1, are consistent with a at universe model. This model
suggests that approximately 5% of the universe is composed of baryonic matter, 26% of cold (i.e.,
non-relativistic) dark matter, and the remaining 69% is dark energy.

Table 1.1: Matter-energy abundances from CMB data, scaled with the reduced Hubble constant
[22].

H Parameter Symbol Value H
I Baryon abundance ph? 0.2230 0.00014]]
[ Dark matter abundance -h? 0.1188 0.0010 ||
[ Dark energy density h? 0.6911 0.0062 ||
[ |

Reduced Hubble constant h = Ho=(100 kms IMpc 1) 0.6774 0.0046
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Figure 1.4: Observed CMB temperature power spectrum as a function of the multipole numbet.
Data points are found from observations of the CMB, and the red curve is the best-t result of
numerical models. Plot is taken from Ref. [22].

1.2.3 Gravitational Lensing

One of the consequences of general relativity is gravitational lensing. This phenomenon occurs when
massive objects situated between a light source and an observer act as lenses that bend the light from
the source. An illustrative example is a galaxy cluster positioned between a more distant source,
such as a quasar, and the observer. The degree of lensing observed increases with the mass of the
intervening object.
The angular de ection of light due to a point-like lens with massM is given by Eq. 1.10:
_4GM _ Zrg

- = ==. 1.1
rc? r’ (1.10)

where G is the gravitational constant, c is the speed of light,r is the distance between the light and
the lens in the plane perpendicular to the observer, and's = 2GM=c? is the Schwarzschild radius
(a physical parameter in the Schwarzschild solution to Einstein's eld equations that corresponds
to the radius de ning the event horizon of a Schwarzschild black hole). Eq. 1.10 gives an accurate
approximation of the angular de ection of light. When the background object, lens, and observer
are well aligned, gravitational lensing can produce structures known as Einstein rings. Additionally,
Eq. 1.10 demonstrates that the mass of the lens can be inferred from observations of gravitational
lensing, even without detailed knowledge of the lens's internal composition.

When two galaxy clusters collide, the plasma, which constitutes the majority of visible matter
in the cluster, will interact signi cantly. In contrast, most stars and galaxies will pass through
the collision without experiencing substantial deceleration. Collisionless dark matter will follow
a trajectory similar to that of the galaxies, remaining distinct from the plasma. The gravitational
potential in these systems can be mapped by analyzing the distortions of background galaxies caused
by gravitational lensing.

The most prominent example of gravitational lensing with respect to dark matter is the \Bullet
Cluster". Studies of the \Bullet Cluster" [23], as shown in the optical image in Fig. 1.5, reveal that
the gravitational potential of merging clusters aligns with the galaxies rather than with the plasma.
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Gravitational lensing measurements indicate that the mass surrounding the visible galaxies is seven
times greater than that surrounding the plasma component. Additionally, the visible mass at the
peak of the plasma is twice that of the brightest galaxy. These ndings suggest that the majority
of the matter in the Bullet Cluster must originate from an unknown and unseen substance. It also
supports the notion that dark matter is primarily collisionless, as the distinct dark matter compo-
nents from the colliding clusters seem to have passed through one another, leaving the interstellar
plasma una ected.

Figure 1.5: Composite image of the \Bullet Cluster". The pink coloring shows the X-ray gas, while
the blue color indicates the gravitational potential inferred with gravitational lensing in Ref. [23],
on top of a visible-light image.

1.3 Local Dark Matter Properties

Based on the observational constraints, a particle dark matter candidate should have the following
properties:

1. Dark matter must have mass. Its gravitational in uence causes the galaxy rotation curves to
deviate from theoretical predictions.

2. Dark matter is dark, meaning it is electrically neutral, or at least with very limited (fractional)
charge. Otherwise, it will interact with ordinary matter through electromagnetic interaction,
making it visible optically.

3. Dark matter is most likely to be cold, meaning it is non-relativistic in terms of its speed.
This property is crucial for explaining the formation of structures in the universe. Cold dark
matter is expected to cluster around smaller-scale objects, such as galaxies, whereas hot dark
matter would cluster around larger-scale structures such as galaxy clusters or superclusters.
Observations of the large-scale structure of the universe support the cold dark matter model
[24].

4. Dark matter is non-baryonic. As mentioned in Section 1.1, strong evidence indicates that
dark matter is not composed of ordinary/baryonic matter. Both observations of the CMB and
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studies on the Big Bang nucleosynthesis conclude that baryonic matter cannot account for the
missing dark matter. In terms of Big Bang nucleosynthesis, a greater abundance of baryonic
matter in the early universe would have led to a signi cantly di erent distribution of isotopes
than what we observe today.

5. Dark matter is most likely to be stable The evidence of dark matter's in uence on the CMB
and the formation of large-scale structures in the universe indicates that dark matter has been
present since the early stages of the universe. This strongly suggests that dark matter has a
very long lifetime. Many theoretical models propose that dark matter particles are the lightest
particles in an unknown \dark sector".

Apart from the properties mentioned above, when it comes to the local dark matter in a speci c
galaxy, the notion of \dark matter halo" is put forward, indicating the structures of dark matter
around galaxies. It is a hypothetical region that has decoupled from cosmic expansion and contains
gravitationally bound matter. Dark matter halos are expected to encompass the entire galactic disk
and extend well beyond the visible matter in a galaxy. For that reason, the Earth is continuously
moving through a dark matter halo. Predictive models for detecting DM from Earth rely heavily
on the characteristics of dark matter in the vicinity of the Earth.

We will discuss below two most important constraints of the local dark matter: the local density

pvm and the velocity distributions.

1.3.1 Local Density of Dark Matter

The estimation of py dates back to the 1920s and 1930s, when Jacobus Kapteyn, Jan Oort, and
James Jeans observed stellar kinematics [5]. After that, numerous additional measurements have
been conducted. Ref. [25] provides a detailed summary and analysis of these dark matter measure-
ments on py . According to Ref. [25], a population of \tracer" stars moving in a gravitational
potential will obey the collisionless Boltzmann equation, as shown in Eq. 1.11:

o f
a:%t+rxf!vrvfrxzo; (1.12)

wheref"( x'; v ) is the distribution function of stars with positions! x and velocities v, while is
the gravitational potential. When the gravity eld is weak, the force r  is related to the total
mass density through Eq. 1.12 (the Poisson equation):

r2=4¢; (1.12)

where G is the gravitational constant.

Since is the total mass density of all the stars, gas, and dark matter in the system, solving
Eq. 1.11 for a set of tracer stars can provide an estimate ofpy . However, it is still a challenging
task to solve Eq. 1.11, and therefore several methods are developed as introduced in Ref. [25]. A
summary of py measurements made over time is shown in Fig. 1.6.

Currently, the widely accepted value of the local dark matter density is pwm 0:3 GeV=cm?®,
which we choose to adopt in our signal models.
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Figure 1.6: Summary of the measurements of the local dark matter density o,y made over time.
The currently accepted value of py IS pwm 0:3 GeV=cm®. The grey band is the DM density
extrapolated to the entire DM halo. Plot is taken from Ref. [25].

1.3.2 \Velocity Distributions

The velocity distribution is another key property of local dark matter. The energy depositions are
di erent when dark matter particles travel at di erent speeds and collide with a detector on Earth.
The velocities of dark matter particles are typically modelled using the Standard Halo Model (SHM)
[26], where the dark matter halo is assumed to be an isotropic and isothermal sphere with a density
that scales as / r 2, wherer is the distance to the center of the galaxy. Under such assumptions,
the dark matter particles with velocities' v are expected to obey a Maxwell distribution in the rest
frame of the galaxy, as shown in Eq. 1.13:

fgal!(V): . (2 V)2=3 j j ESC; (113)

L.
0 JV]  Vesc

where N is a normalization constant, and  is the one-dimensional velocity dispersion related to
the local circular velocity ve as y = ve= 2.

The upper threshold of the dark matter velocity is constrained by the escape velocity of the
galaxy Vesc, Since otherwise it would not be bound within the galaxy. Some other models suggest
that a portion of the local dark matter could include non-galactic dark matter particles that are not
gravitationally bound to the Milky Way and have velocities exceeding the galactic escape velocity
[27], but we do not consider that in this analysis.
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Typical values for v, and vesc are 220 km/s and 550 km/s, respectively. It is also worth
noticing that for the dark matter detection experiments carried out on Earth, we also need to add
the Earth's motion relative to the DM halo as a vector sum:! v ! ! \% +!vE, Where'vE is the Earth's
velocity in the galaxy rest frame. Combining the orbital motion of Earth around the Sun and the
orbital motion of the Sun around the center of the galaxy,!vE varies about 15 km/s at di erent
times of the year [28]. This slight variation in velocity can result in an annual modulation of the
expected dark matter interaction rate, which could be detectable by certain dark matter experiments.

1.4 Dark Matter Candidates

Various dark matter candidates have been proposed in the past few decades, each supported by a
di erent particle theory to explain the astronomical observations. In general, dark matter particles
are thought to exist in an unknown \dark sector" and interact with known Standard Model parti-
cles through some mediating force. This dark sector could consist of either multiple types of dark
particles or just a single type. For a long time, the Weakly Interacting Massive Particles (WIMPS)
have been the most popular candidate within the science community, yet in recent years, the ab-
sence of discovery forces physicists to shift interests on other potential candidates. In the next few
paragraphs, we will introduce WIMPs as well as several other popular candidates, including the ones
on which we will set limits in this analysis.

141 WIMPs

The argument for WIMP dark matter arises from calculating the velocity-averaged self-annihilation
cross section  that yields the current dark matter density observed today. As detailed in Ref. [29],
the relic abundance of stable dark matter particles remaining after the freeze-out period corre-
spondsto , 3 10 2’ cm®=s. This value is approximately comparable to the self-annihilation
cross section expected for a new particle with weak-scale interactions and a mass ofl00 GeV.
Interestingly, various theories that extend beyond the Standard Model (such as several versions of
the Supersymmetry model [29]) predict the existence of a new particle around this mass, which
motivates physicists to take WIMPs as the primary search candidate of direct detection experiments
for decades.

The WIMPs model discussed in this subsection is derived from Ref. [30][28]. Consider an inter-
action between a WIMP  with mass m and a nucleus of the target material. The deposited recoil
energy isEr. For a target material with a total mass of mt and a nucleus massny, the total
number of target nuclei is mt=my . If the cross section of the WIMP-nucleus scattering is , then
the e ective area of the target is m =my . The ux of dark-matter particles passing through the
detector isn hvi, wheren = py =m is the number density of WIMPs and hvi is the average
WIMP velocity. Putting all these together, the number of expected interactions N detected over
some timet is given by Eq. 1.14:

N=t T DM (1.14)
mpy m

Typically, interactions are described as an event rate R, measured as the number of events per
unit time per unit mass of the detector. Transforming Eq. 1.14 into R gives Eq. 1.15:



CHAPTER 1. INTRODUCTION TO DARK MATTER AND SUPERCDMS EXPERIMENT 12

4

R= M pyj= _DBM vil(v)dBv: (1.15)
my m mym

wherelvi is substituted by an integral over the velocity distribution of dark-matter particles. Eq. 1.15
can be further written as a di erential rate over the possible recoil energie€g, as shown in Eq. 1.16:
z

dE _ DM d | k. .
dR ~ mym dEn vi(v)d®v: (1.16)

The relative speed of WIMPs and nuclei is at the order of a few hundred km/s, which implies
that the scattering interactions occur in the non-relativistic scenario. For a 2-body elastic scattering
collision with a nucleus initially at rest, the nal velocity of the nucleus in the laboratory frame vy
is given by Eq. 1.17:

* *

2m . N .
VW = V——Sin— =2vVv— sin —; 1.17
N m + my 2 my 2 ( )

where v is still the initial WIMP velocity in the laboratory frame,  * is the scattering angle in the
center of mass frame, and y = m my=(m + my) is the WIMP-nucleus reduced mass. The recaoil
energy deposited by the WIMP to the nucleus is therefore given by Eq. 1.18:

1 2 v2

v
Er = SMn Vi = m (1 cos™): (1.18)

From Eq. 1.18, one can determine the minimum WIMP speedvp, that can result in a recoil
energy ofEg, as given in Eq. 1.19:
S

Ve = M Er.
min  — 2
2N

(1.19)

Eqg. 1.19 provides an important relationship betweenvy,, and the mass of the target nuclei.
In the region wherem <my, Vmin increases withmy, which implies that a target with heavier
nuclei requires a higher minimum WIMP velocity to produce a recoil energyEr compared to a
target with lighter nuclei. For scattering events in the non-relativistic limit, the scattering cross
section is approximately isotropic. This means that the cross section over all scattering angles® in
the center-of-mass frame is constant between 0 and 180 degrees, and therefdred (cos *) = =2.
Similarly, the di erential cross section is given by Eq. 1.20:

dE _ d dcos* _ my
dR_dcos* dEgr _Zﬁvz'

(1.20)

The interaction between a WIMP and a nucleus is highly dependent on the energy transfer
involved. Deeper scatters probe the internal structure of the nucleus, whereas low-energy scatters
interact primarily with the collective nuclear charge. This dependence is quanti ed through the
form factor F(ERr), as shown in Eq. 1.21:

d my

d
dEx =( E)OF(ER)Z = W oF 2(ER); (1.21)
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where ¢ is the cross section at zero momentum transfer. Thed =dE r term is the di erential
cross section when the nucleus is treated as a point-like target- (Er) captures the dependence on
momentum transfer and accounts for the suppression observed when considering the substructures
within the target nuclei. The total WIMP-nucleus cross section can be separated into a spin-
dependent (SD) and spin-independent (SI) component, as shown in Eq. 1.22:

NOZ ROt RO (1.22)

The distinction between these contributions pertains to the speci ¢ coupling of the WIMP to the
quarks within the nucleus. The terms \spin-dependent" and \spin-independent" indicate whether
the coupling depends on the net spin of the target nucleus. The spin-dependent (SD) term results
from an axial-vector coupling, with the cross-section expressed as in Eq. 1.23:

b 3262 2J+1

NrO = (@ <Sp>an <Sy >)% (1.23)

where Gr is Fermi's constant, J is the total nuclear spin, Sy, Sy are the expectation values of the
proton and neutron spins, and a,, ay are the couplings of the WIMP to protons and neutrons.
This spin-dependent contribution can only be explored using target materials with a non-zero total
nuclear spin, such as uorine. Other materials like Si and Ge, whose most naturally abundant
isotope has no nuclear spin, are unable to probe this type of interaction.

The SI term primarily arises from a scalar coupling, with the cross section given by Eq. 1.24:

2
o= 4—N(pr+(A Z)fn)%: (1.24)

where A is the number of nucleons,Z is the number of protons, andf,, fy are the couplings of the
WIMP to protons and neutrons, which in most cases are similar, giving a simpli ed form of Eq. 1.24
as Eqg. 1.25:
Si 4 R 2¢ 2
No= —LAYMZ (1.25)
In order to compare and combine results from experiments that use di erent target materials,
the WIMP-nucleon cross section ;' is de ned as in Eq. 1.26:

2
Si _4n
n,0 —

f2: (1.26)

where |y is replaced by ,, the WIMP-nucleon reduced mass, and theA? dependence is removed.
In this way, the SI cross section for any target nucleus containing A nucleons is given as Eq. 1.27:
Sl Si l2\l 2
N:0 = mo—5 A% (1.27)
n
Putting all these together, the expected di erential event rate for spin-independent WIMP scat-
tering can be written as Eq. 1.28:
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z
dR 2 o1,
= M Sl N AZE2(Eg) —fiv ) v (1.28)

dEr 2 2m 2 o

Note that the integration of the velocity term in Eq. 1.28 has an implicit maximum velocity set
by the escape velocity of the galaxy, usually taken asresc  55km=s [31]. The form factor term
F(ER) is typically found experimentally for various elements, as shown in Ref. [29]. In the case of
lighter nuclei, it can often be approximated by unity, which results in  §' = ﬁ!o. Figure 1.7 shows
the parameter space for the SI WIMP-nucleon cross section, along with the exclusion limits from
several recent experiments.

The type of target material used in an experiment determines the mass range to which it is
sensitive. A higher WIMP mass is expected to lead to a reduced interaction rate due to the lower
abundance of WIMPs available to interact with the detector. Consequently, heavier target materials
are more appropriate for WIMP searches at masses greater than 10 GeV. On the other hand, lighter
target materials o er better sensitivity to WIMP masses below 10 GeV due to the kinematics of
WIMP-nucleus scattering. Experiments such as XENONI1T [32] and PandaX [33] that use liquid
xenon as the target material fall into the rst category, while the SuperCDMS experiment using

germanium and silicon targets belongs to the latter.

Figure 1.7: Parameter space of the spin-independent (SI) WIMP-nucleon scattering cross section

5! over WIMP mass. The curves shown are the exclusion limits on 3, obtained by various dark
matter search experiments over recent years. The yellow shaded region represents the neutrino fog
[34]. The plot is taken from Ref. [28].

1.4.2 Light Dark Matter

Light dark matter (LDM) is usually motivated by production mechanisms that extend beyond the
standard freeze-out process and can be found in various theoretical frameworks where the sub-GeV
mass scale arises. Moreover, the origin of the dark matter relic density can be explained by several
mechanisms, which propose that light dark matter interacts with Standard Model particles, for
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instance, through the exchange of a light \dark photon," an axion, or via an electromagnetic dipole
moment.

The masses of fermionic dark matter, such as WIMPs and light dark matter, are constrained to
have masses above the keV level due to the Lyman-alpha forest astrophysical observations made of
substructure formation [35]. Speci cally, the number density of sub-keV fermionic dark matter would
be large enough that its Fermi degeneracy pressure in the early universe would a ect the formation of
galactic substructure [36]. This constraint has led to a class of \Ultralight Dark Matter" comprised of
bosonic dark matter candidates; bosonic dark matter would not produce Fermi degeneracy pressure
and thus avoids the issue with galactic substructure formation. Two prominent bosonic dark matter
candidates that are described in this subsection are dark photons and axion-like particles (ALPS).

Since light dark matter (including both sub-GeV fermionic dark matter scattering with electrons
and bosonic dark matter of dark photons and ALPS) is the target signal of this analysis, we leave
the details of the signal model derivations to Section 4.

1.4.3 Lightly lonizing Particles

Free particles with fractional charges are a possibility in extensions of the Standard Model that
include additional U(1) gauge symmetries [37][38]. However, they have yet to be detected in collider
or astrophysical experiments. As they pass through matter, these particles would lose energy at a
much slower rate than known minimum ionizing particles, leading to their classi cation as Lightly
lonizing Particles (LIPs), or Fractional Charged Particles (FCPs).

The lightly ionizing nature of LIPs allows for their detection in direct detection experiments,
though the search strategies dier. LIPs are expected to interact primarily with electrons, losing
only a small amount of energy in the process. As a result, energetic LIPs would leave straight
trajectories that could be reconstructed using a stack of detectors. The modular design of the
CDMS is particularly suited for this purpose. Stringent upper limits on the ux of cosmogenically
produced energetic particles with an electric charge smaller than e/6 were derived from CDMS
Il data [39]. Using a similar approach, SuperCDMS SNOLAB could be sensitive to LIPs with a
fractional charge 10 times smaller than that detected by its predecessor CDMS II. This enhanced
sensitivity is attributed to SuperCDMS SNOLAB's lower background levels, thicker detectors, and
improved detector resolution. Fig. 1.8 shows the projected sensitivities of SuperCDMS SNOLAB
LIP searches, overlaid with the results from MACRO, the most sensitive prior search for energetic
cosmogenic fractional charges greater than e/6.

1.5 Dark Matter Direct Detection

Searches for WIMP dark matter can be broadly categorized into three types: direct searches, which
look for dark matter interacting with a detector target; indirect searches, which seek particles pro-
duced from dark matter decaying or annihilating in the universe; and collider experiments, where a
transverse energy imbalance in the nal state may indicate the presence of a non-interacting par-
ticle. Fig. 1.9 illustrates the three types of searches using Feynman diagrams, and Fig. 1.10 shows
observables of an elastic WIMP interaction with matter under di erent detecting strategies.
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Figure 1.8: The projected sensitivity of the cosmogenic LIP searches at SNOLAB compared to prior
LIP searches. The projected sensitivity of the low-background-level, one-tower search (green dots)
and the higher-background-level one-detector search (black dot-dashed) is shown. Both are sensitive
to fractional charges far smaller than any prior search. The most sensitive prior search for energetic,
cosmogenic fractional charges greater thae=6 is MACRO (gray solid) [40]. The most sensitive prior
search for fractional less thane=6 is CDMS Il (red solid) [41]. Both Kamiokande-Il [42]( 's) and
LSD [43] (+'s) have performed searches for LIPs with fractional charges of e/3 and 2e/3.

Figure 1.9: lllustration of di erent dark matter detection methods in terms of the Feynman diagrams.

1.5.1 Direct Detection

Direct detection experiments seek to observe dark matter particles as they interact with a target
medium while passing through the Earth. The most commonly hypothesized interaction mechanism
is the DM-nucleus scattering, which would result in low-energy recoils within the target medium
that can be detected. This approach includes a variety of detection techniques. Cooled crystal
detectors can be used to measure the ionization or heat generated by particle interactions. Noble
gas detectors can measure the scintillation light produced by interactions with liquid xenon or argon.
Charge-coupled devices can detect ionization across an array of pixels. In addition, bubble chambers
and resonant detectors designed to probe low-mass dark matter candidates are also employed in this
eld.

1.5.2 Indirect Detection

Indirect detection experiments aim to identify the products generated by the self-annihilation of
dark matter particles or, if dark matter is unstable, by the decay of these particles. The primary
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Figure 1.10: Possible signatures of direct detection WIMP experiments. Diagram taken from
Ref. [44].

products of interest are high-energy gamma rays or Standard Model particle-antiparticle pairs. These
experiments often search for an excess of decay products around massive objects such as stars or
black holes, where the accumulation of dark matter in these regions would signi cantly enhance the
likelihood of self-annihilation. Balloon-borne instruments and space probes are also included in this
category.

1.5.3 Collider Searches

Most searches for dark matter using particle accelerators focus on detecting a signi cant imbalance
in momentum among the products of particle collisions. This imbalance is typically caused by a

non-interacting particle escaping, which results in a recoil e ect against, for example, a hadronic

jet [45], photons [46], orZ and W bosons [47]. Collider searches may also look for vertices and
resonances, from an invisible particle decaying into multiple SM particles that leave reconstructed

tracks in the detector.

1.6 The SuperCDMS SNOLAB Experiment

The Super Cryogenic Dark Matter Search (SuperCDMS) at the Sudbury Neutrino Observatory
(SNOLAB) is a next-generation experiment designed to search for low-mass dark matter particles
less than 10 GeV. It is the successor to previous generations of CDMS experiments including CDMS-
I, CDMS-II and SuperCDMS Soudan. Projected sensitivities for the experiment suggest that it will
be capable of conducting a comprehensive search for dark matter particles within this mass range.
The primary scienti ¢ objective of SuperCDMS SNOLAB is to detect WIMPs with masses below
10 GeV through spin-independent dark matter-nucleus elastic scattering, utilizing complementary
target nuclei (Si and Ge) and detection techniques. Additionally, secondary goals include searching
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for other low-mass dark matter candidates such as solar axions and lightly ionizing particles. The
detectors used in this experiment feature a lower energy threshold compared to previous CDMS
detectors, enhancing sensitivity to lower dark matter masses. Moreover, the SNOLAB facility,
operated in a class-2000 clean room 2 km underground as illustrated in Fig. 1.11, provides 6000
meters of water-equivalent shielding, reducing background radiation from cosmic rays by a factor of
50 million. It o ers an exceptionally low-background environment, further improving sensitivity to
potential dark matter interactions.

Figure 1.11: A diagram illustrating the location of the SuperCDMS facilities in SNOLAB [1].

Figure 1.12 shows a schematic diagram of the SuperCDMS SNOLAB experiment [2]. The Super-
CDMS SNOLAB detectors are con gured in tower arrangements and housed within a vacuum-sealed
container known as the \Snobox," which is constructed from copper. A dilution refrigeration sys-
tem cools both the Snobox and its internal detectors to temperatures ranging from approximately
15 to 30 mK. The Snobox is surrounded by multiple layers of shielding to protect against various
sources of background radiation. The outer water tanks shield against cavern neutrons, the gamma
shield mitigates external gamma rays, and the inner polyethylene layers absorb radiogenic neutrons
emitted from the Snobox and gamma shield. Additionally, the entire setup is placed on a seismic
platform to ensure isolation from seismic disturbances.

Although the SNOLAB facility provides a low background environment, several sources of back-
ground are still present and could in uence the experiment, as shown in Fig. 1.13. Background
sources are generally classi ed into those causing electron-recoil (ER) events and those causing
nuclear-recoil (NR) events. Major contributors to ER-type backgrounds include beta decay prod-
ucts from cosmogenically produced tritium (GH) contamination in the detectors, gamma rays and
beta particles from the decay of contaminant radioisotopes in non-detector materials, and decay
products from radioisotopes in non-detector materials activated by high-energy cosmic-ray secon-
daries. For silicon (Si) detectors, the most signi cant source of background events is the beta decay
of the naturally occurring 32Si isotope. In germanium (Ge) detectors, another signi cant background
source is the activation lines produced by long-lived radioisotopes that decay via electron capture.
The event rate from NR-type background sources is expected to be signi cantly lower compared
to that from ER-type sources. Major contributors to the NR background rate include coherent
neutrino-nucleus scattering, beta decay products from contaminant radioisotopes in non-detector
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Figure 1.12: A schematic diagram of the SuperCDMS SNOLAB experiment is shown. The dark
matter detectors are arranged in a tower con guration inside the Snobox. A dilution refrigeration
system cools the Snobox and its contents to temperatures as low as 15 mK. Several shielding layers
surround the Snobox to protect against various background sources. The entire setup is mounted
on a seismic platform to isolate it from seismic activity. Diagram taken from Ref. [1].

materials, and neutrons induced cosmogenically or within the cavern environment.

Two designs of detectors, interleaved Z-sensitive ionization phonon (iZIP) detectors and high
voltage (HV) detectors, are employed in the SuperCDMS SNOLAB experiment, each applied to Si
and Ge materials. The details of detector physics will be discussed in Section 2. The iZIP and HV
detectors employ distinct but complementary detection techniques to explore the parameter space
of WIMP-nucleus scattering. The initial payload of SuperCDMS SNOLAB will feature four detector
towers, which will collectively include ten Ge iZIP detectors, two Si iZIP detectors, eight Ge HV
detectors, and four Si HV detectors. Together, these detectors will contribute to a total exposure of
144.4 kg-years [2]. Fig. 1.14 shows the projected limits on the spin-independent (SI) WIMP-nucleon
cross section for the initial payload of the SuperCDMS SNOLAB experiment. The yellow-shaded
region called \the neutrino oor" represents the background level of neutrino interactions when
searching for dark matter particles.

In addition to the SNOLAB experiment, the SuperCDMS collaboration includes several other
smaller scale experiments conducted at various research and development (R&D) test facilities.
Among those, the HVeV experiment, initially designed as a prototype detector study but later
yielding promising constraints on several dark matter models, is the primary focus of this disser-
tation. The details of the HVeV experiments and detector designs are introduced in Chapter 2.
The experimental setup for the latest run, HVeV Run 4, which we analyze in this dissertation, is
introduced in Chapter 3. Chapter 4 will focus on the signal models and detector response models of
this analysis. Finally, Chapter 5 will cover all details of the HVeV Run 4 analysis e ort and show
the nal results.
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Figure 1.13: Raw background spectra of single scatter interactions in Si (left) and Ge (right) detec-
tors, obtained from the Monte Carlo simulation [2] are presented. The spectra are categorized by
components and plotted as a function of recoil energy (ER or NR, depending on the interaction).
Tritium ( 2H, pink) and silicon-32 (3?Si, purple) are the predominant individual contributors to the
backgrounds in the Ge and Si detectors, respectively. The activation lines for Ge (black) are shown
convolved with a 10 eV RMS resolution ( p, for the Ge HV detectors) to enhance clarity in this
gure. Other components include Compton scatters from gamma rays (red), surface beta particles
(green), surface?°®Pb recoils (orange), neutrons (blue), and coherent elastic neutrino-nucleus scat-
tering (cyan). Plot is taken from Ref. [2].

Figure 1.14: Projected limits on the spin-independent (SI) WIMP-nucleon scattering cross section
S over WIMP mass for the initial payload of the SuperCDMS SNOLAB experiment. The projected
limits are shown separately for the four types of detectors that will be used, overlaid with exclusion
limits from other dark matter search experiments in this low-mass region [48][49][50][51][52][53].
The yellow-shaded region is the neutrino oor for a Si target [54]. This plot was produced using the

SuperCDMS Limit Plotter v5.18.



Chapter 2

HVeV Runs and Detector Designs

This chapter provides an overview of the HVeV experiments and the detector designs. Section
2.1 introduces the underlying cryogenic semiconductor detector physics used in the SuperCDMS
experiment. Section 2.2 discusses the HVeV detectors and their characteristic optimizations. Finally,
Section 2.3 reviews previous HVeV runs.

2.1 SuperCDMS Cryogenic Semiconductor Detectors

This section discusses the physical processes in the detection of dark matter particles with cryogenic
semiconductor detectors.

2.1.1 Semiconductor Crystal lonization

The periodic lattice of a semiconductor crystal features a continuous range of electron energy levels,
resulting in a complex band structure, as illustrated in Fig. 2.1 for silicon and germanium. A narrow
energy gap divides the lled valence bands from the empty conduction bands. When electrons are
excited across this gap, mobile electron-hole pairs are generated, which can then be manipulated and
detected. The energy di erence between the conduction and valence bands is known as the band
gap energyE4. Electrons will occupy energy states with energyE according to the Fermi-Dirac
distribution f(E), as shown in Eq. 2.1:

1

TE)= g8 Eoymet ©

1; (2.1)

where kp, is the Boltzmann constant, T is the temperature of the system, andEgr is the Fermi
constant, which is halfway between the valence and conduction bands. Methods such as doping
can change the value ofEg to make it harder or easier for a semiconductor to carry a current, as
illustrated in Fig. 2.2. Here, p-type means a semiconductor doped with Group V elements, while n-
type means one doped with Group Il elements. However, for semiconductor detectors, only intrinsic
semiconductors without doping are widely used.

When the temperature is high, electrons in the valence band have a certain probability of moving
to a state in the conduction band aboveEg, leaving a \hole" in the valence band. This pairing of

21
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an electron and a corresponding hole is usually referred to as an electron-hole paie (h*). The
electrons in the conduction band and the holes in the valence band can move around in the crystals,
providing conductivity to the semiconductor.

However, if the temperature is very low as we operate cryogenic semiconductor detectors, almost
all electrons occupy states in the valence band, with negligible probability of appearing in the
conduction band at equilibrium. Electrons will only move into the conduction band if there is an
external energy deposition larger than the band gap energy, which allows us to take advantage of
such features to detect interactions between dark matter and Standard Model particles.

Figure 2.1: Scissor corrected [55][56] band structure for silicon (left) and germanium (right) as
calculated with Quantum ESPRESSO [57] with a very ne k-point mesh. The horizontal dashed
line indicates the top of the highest valence band. The four bands below the horizontal dashed
line are the valence bands while the bands above the dashed line are the conduction bands. The
density-of-states (DOS) are shown as a function of the energy for a very ne k-point mesh [58] (blue)
and for the 243 k-point mesh (red). A Gaussian smearing of 0.15 eV was used to generate a smooth
function. Plot is taken from Ref. [58].

Figure 2.2: Filling of the electronic states in various types of materials at equilibrium. Here, height
is energy while width is the density of available states for a certain energy in the material listed.
The shade follows the Fermi{Dirac distribution. Plot is taken from Ref. [59]

2.1.2 Neganov-Tro mov-Luke E ect and Phonon Ampli cation

There are two types of phonons in the semiconductor crystal, thermal phonons and athermal
phonons. Phonons as quantized vibrations of atoms in a solid are often treated as particles in the
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study of heat and sound conduction. Typically, phonons in a material are in thermal equilibrium,
which means that their distribution follows the Bose-Einstein distribution at a given temperature,
as shown in Eq. 2.2:

hn;ji = &E  )=kT L (2.2)

where; his the average number of particles in the energy stat&;, is the chemical potential, ky, is
the Boltzmann constant and T is the temperature. Such phonons are referred to as thermal phonons
and will have energies of 1eV for a detector operated at the temperature of 10 mK. Meanwhile,
athermal phonons occur in situations where the thermal equilibrium is disturbed. It can happen, for
example, when a material is subjected to a sudden, non-equilibrium process such as the scattering of
a dark matter particle with either the nucleus or the electron, depositing recoil energy in the crystal.
Moreover, when the electron-hole pairs ionized from the scattering drift across the detector under an
external electric eld, secondary phonons will be generated due to the phonon ampli cation caused
by the Neganov-Tro mov-Luke (NTL) e ect [60][61]. Both the prompt phonons from the primary
recoil and the secondary NTL phonons are athermal phonons, with an average energy in silicon or
germanium crystals 0:4 meV at 10 mK [62], discriminating themselves from thermal phonons.
The superCDMS cryogenic semiconductor detector technology exploits the interconnected charge
and phonon systems in Si and Ge to make ultra-low-energy measurements free from the dark current.
At cryogenic temperatures, the crystal lacks free charge carriers, so no current ows when a voltage
is applied, and only a small population of low-energy thermal phonons is present. When a particle
interacts with a nucleus or electron in a semiconductor, the resulting recoil generates both free charge
carriers (electron-hole pairs) and athermal phonons, both with energies signi cantly higher than
thermal energies. By applying an electric eld to drift the charges to the surface for collection and
by detecting the produced phonons, the energy, position, and type of the recoil can be reconstructed.

Figure 2.3: lllustration of emission of primary phonons from the interaction site and generation of
Neganov-Tro mov-Luke phonons along the ionization drift path [2].

For an electron recoil in germanium, an electron-hole pair is generated for every 3.0 eV of recoil
energy (3.8 eV in silicon [63]). Nuclear recoils are less e cient, with e ciency reduced by a factor of
2 to 10 above 1 keV recoil energy (ke}), as well described by the Lindhard yield model (which will
be discussed later) at higher energies. Most of the energy not used in electron-hole pair production
is instead released as athermal phonons. The generated electron-hole pairs quickly relax to the
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