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ABSTRACT

Dark matter is the theorized source of many observed large-scale gravitational
effects. It is dark in the sense that it lacks any heretofore measurable direct interaction
with the electromagnetic spectrum. Being unable to rely on absorption, reflection, or
emission of photons makes studying dark matter particularly challenging. Excluding
neutrinos, which fail to explain the observed large-scale effects, dark matter has
never been conclusively identified in a local laboratory experiment. There are many
proposed models that could explain both our large-scale observations and our lack of
local observations while still allowing for the possibility of local observation. Ultra-
sensitive direct-detection experiments attempt to make precisely such observations.
Confirmed detection of a new stable particle would provide important information
for improving our understanding of both dark matter and cosmological models.

The SuperCDMS SNOLAB experiment is a direct-detection experiment designed
with an initial focus on particle masses � 10 GeV. The experiment will measure both
phonon and ionization signals in kg-scale semiconductor crystals held at cryogenic
temperatures. In this thesis, I describe the experiment with emphasis on the ioniza-
tion readout. I also detail the characterization process I performed on the ionization
amplifier’s low-power high-electron-mobility transistors (HEMTs).

SuperCDMS high-voltage eV-resolution (HVeV) detectors are gram-scale detectors
designed to achieve single electron-hole-pair sensitivity. The first HVeV direct-
detection search produced world-leading exclusion limits for dark-matter masses
down to �1 MeV. Here, I present my work analyzing the third search using such
detectors. Run 3 was the first to include multiple detectors operated simultaneously
and achieved an order of magnitude greater exposure than previous runs. I report the
resulting exclusion limits for electron-coupled, dark-photon, and axion-like-particle
dark matter.

Lastly, I discuss work performed at Caltech towards the development of kinetic-
inductance phonon-mediated (KIPM) dark-matter detectors. KIPM detectors use
frequency-multiplexed kinetic inductance detectors (KIDs) and have the potential
for excellent event-position reconstruction and background rejection. KIPMs also
present a clear path towards sub-eV resolution on event recoil energy. Such detectors
could be used as part of a payload upgrade in SuperCDMS SNOLAB. KIPMs could
also be used in smaller-scale experiments similar to SuperCDMS HVeV.
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C h a p t e r 1

DARK MATTER

Dark matter is the label given to the theorized source of many observed gravita-

tional e�ects. It is dark in the sense that it lacks any heretofore measurable direct

interaction with the electromagnetic spectrum. Being unable to rely on absorp-

tion, re�ection, or emission of photons makes studying dark matter particularly

challenging. Instead, dark matter's existence and distribution are inferred by its

large-scale gravitational e�ects on various astronomical and cosmological measure-

ments. Since experimental work towards understanding the nature of dark matter is

the primary focus of this thesis, I will discuss a few of such measurements in this

section.

1.1 Astronomical Evidence

The astronomical evidence for dark matter includes observations of galactic rotation

curves, galaxy clusters, and gravitational lensing.

1.1.1 Galactic Rotation Curves

The orbital velocities of visible objects (stars or gas) within a galaxy can be used

in combination with the radial position of such objects to infer the total mass

contained within that galaxy. When performed for many galaxies, this calculation

has consistently implied greater mass than that explained by luminous matter alone.

In particular, the observed velocities in spiral galaxies remain constant (or increase)

at high radius, although they would be expected to decrease outside the core of

luminous matter [1]. This particular e�ect can be explained by modifying the laws

of gravity or by assuming the presence of non-luminous matter driving the velocity at

high radius (dark matter). While there have been galaxy observations with velocity

curves consistent with luminous matter only [2], these observations are rarities and

may actually be the result of inaccurate distance measurements [3].

1.1.2 Galaxy Clusters

Similar to galaxies themselves, galaxy clusters show evidence of having more mass

than that which luminous matter can account for. This result can be seen through

the velocity dispersion of a galaxy cluster's component galaxies. The unknown,
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non-luminous, matter driving velocity dispersion at high radius is what was �rst

labeled dark matter [4]. The same result can be seen by observing the intracluster

gas, which makes up the majority of a cluster's baryonic matter. The intracluster

gas emits thermal x-rays, which can be measured to determine the gas pressure in

the cluster. Assuming the cluster is stable, the gravitational force pulling a unit

cell of gas towards the cluster center must be counterbalanced by the force of gas

pressure pushing that cell radially outward. One can therefore use the gas pressure

to calculate the gravitational force as a function of radius. Using the gravitational

force, one can then calculate the cluster's mass [5]. Both measurements imply

greater mass than explained by luminous matter alone.

1.1.3 Gravitational Lensing

Gravitational lensing is the de�ection of light from a distant source caused by the

bending of spacetime due to mass between the source and observer. Observing how

an object (such as a galaxy cluster) lenses the light from various sources (such as

background galaxies) is another way to measure an object's mass. When performed,

these measurements also indicate the presence of non-luminous dark matter in

objects such as galaxy clusters [5].

In the interesting case of the "Bullet Cluster" (1E 0657-56), gravitational lensing

has been used to observe the movement of mass during a collision between two

galaxy clusters. Lensing con�rms that a majority of the mass from each cluster

passes unobstructed through the other. Meanwhile, observations of x-ray emissions

by the intracluster gas con�rms that the majority of baryonic matter is slowed

by interaction during the collision. This discrepancy reveals once again that the

majority of mass must actually be non-baryonic [6]. Additionally, the separation of

the lensing-derived mass and the luminous matter cannot be resolved with a simple

modi�cation to the theory of gravity. The Bullet Cluster has also been used to

set limits on the self-interaction of dark matter since the two clusters' dark-matter

contents must have passed through each other during the collision. With this method,

the self-interaction cross section (per unit mass) is proposed to bef •< Ÿ 0•7 cm2/g

[7]. Recent studies have shown that more careful treatment of the intracluster gas

may weaken this limit [8].

1.2 Cosmological Evidence

Cosmology is the sub-�eld of astronomy that speci�cally deals with the origin and

evolution of the large-scale properties of the universe. The existence of dark matter
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(or a modi�ed gravitational theory) would signi�cantly impact large-scale evolution,

so cosmological observations have important implications for dark-matter research.

Cosmological evidence for dark matter includes the cosmic microwave background

(CMB) and the formation of large-scale structure.

1.2.1 CMB Power Spectrum

The cosmic microwave background (CMB) is the highly uniform light remaining

from the moment of recombination. Recombination occurred when electrons cooled

enough to bind with protons and form neutral hydrogen, decoupling baryonic matter

from photons and making the universe transparent to light for the �rst time. While

uniform to one-hundredth of a percent, the CMB has small anisotropies, which carry

signi�cant information about the early universe.

When plotted as a function of angular separation, the CMB's temperature power

spectrum has several peaks corresponding to wavelengths of acoustic waves with

maximum density or maximum rarefaction at the time of recombination. Before

recombination, acoustic waves in the baryon density occurred due to the competing

forces of gravity and radiation pressure. Modes of di�erent wavelengths reached

di�erent stages of oscillation before recombination, modulated by the speed of the

baryon-photon plasma. Modes that reached maximum compression (density) at the

time of recombination contribute to the �rst peak in the power spectrum. Modes

that compressed once, then expanded to reach maximum rarefaction contribute to

the second (and so on). Since dark matter is una�ected by radiation pressure, it

did not oscillate like the baryons. Instead, it began a continuous accumulation that

enhanced (via gravitational force) the compression-phase of baryons afterward. For

this reason, the dark matter density in the early universe a�ects the height of all

peaks beyond the second. By modeling dark matter's e�ect on the baryon oscillation,

astronomers have con�rmed that dark matter must make up about 85% of the mass

in the universe [9].

1.2.2 Structure Formation

The stars, galaxies, and galaxy clusters observed today are the result of matter

accumulating via the gravitational force. However, the force from luminous matter

alone should not be su�cient to have formed the observed structure in the time

since recombination (when the CMB con�rms that baryonic matter had a highly

uniform distribution). Before recombination, baryonic matter was ionized and

oscillated due to radiation pressure (as described in Section 1.2.1). It therefore
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could not begin accumulating before recombination. Dark matter provides an elegant

solution. Dark matter began accumulating after radiation-matter equality (before

which expansion prevented structure growth) and continued through recombination

and beyond. After recombination, baryonic matter was gravitationally drawn to the

dark-matter structure, making the structure visible to modern astronomers. This

model essentially allows structure formation to begin earlier (via dark matter) than

would be possible with baryonic matter alone. Simulation has shown this to be a

viable explanation [10].

A requirement of this model is that most structure-forming dark matter was non-

relativistic at the time of matter-radiation equality. Such dark matter is known as

either cold or warm dark matter (CDM or WDM, respectively) depending on its

mass. CDM includes particles with mass� 1 GeV. WDM includes models with

mass between 1 keV and 1 GeV. Both CDM and WDM would have su�ciently low

velocities to recreate the gradual clumping of mass over time that eventually leads

to large-scale structure [11]. This is the bottom-up formation model that is currently

favored by cosmologists. The alternative model, known as top-down formation,

describes massive objects breaking down to form the less-massive objects which

constitute the universe today. Top-down models �t better with hot dark matter

(HDM), which is any dark matter that had relativistic velocity at the time of matter-

radiation equality. In order to attain such velocity, HDM particles must have< �

� 10s eV. Neutrinos are HDM that has already been observed by direct detection.

HDM alone cannot recreate bottom-up structure formation because its mean free

path was too large to form structure as small as galaxies. It has been proposed that

WDM may resolve some issues observed with CDM-formation models (such as the

missing satellites problem) [11].

1.3 Candidates

While the e�ects of dark matter have been observed in these large-scale examples, it

has never been observed directly in a laboratory or local experiment (excluding the

observed neutrinos, which fail to explain the large-scale e�ects). Direct-detection

experiments like SuperCDMS attempt to make precisely such observations. Assum-

ing there is nothing unusual about our own galaxy, dark matter should be present

with approximately the same abundance observed in others. If dark matter interacts

via methods other than gravity, its interaction cross section must be small enough to

have gone unnoticed throughout human history. There are many proposed models

that could explain both our large-scale observations and our lack of local observa-
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tions while still allowing for the possibility of local observation via ultra-sensitive

direct-detection experiments.

1.3.1 WIMPs

Historically, the most popular model for searches has been the Weakly Interacting

Massive Particle (WIMP). Rather than a single model with one de�nition, WIMPs

are actually a class of particles proposed to have mass and interaction strength

comparable in magnitude to the weak (W and Z) bosons. Since their inception, a

number of speci�c WIMP models have been proposed. WIMP dark-matter can-

didates include the lightest supersymmetric particle (LSP) predicted by supersym-

metry (SUSY), the lightest Kaluza-Klein particle (LKP) predicted by compacti�ed

universal extra dimensions (UED), and the lightest particle with odd T-parity (as

de�ned in little Higgs theories) [12]. Additionally, SUSY, UED, and little Higgs

theories each provide potential solutions to the hierarchy problem.

WIMP models can explain the relic dark-matter density observed today using the

freeze-out production mechanism. With this mechanism, WIMPs are proposed to

have been in thermal equilibrium with the high-temperature early universe. Dur-

ing this time, WIMPs were constantly produced via high-energy interactions be-

tween standard-model particles and annihilated via self-interaction. As temperature

dropped, the relatively light standard-model particles no longer had su�cient energy

to produce WIMPs, while the annihilation process continued. As the number of

WIMPs decreased and the universe expanded, the probability of WIMP-WIMP inter-

actions (and the corresponding annihilation) also decreased. The eventual ceasing

of both production and annihilation can successfully reproduce the relic dark-matter

density we observe today [13]. Speci�cally, this model reproduces the relic density

when dark matter is assumed to have weak-scale interactions. This result only faintly

depends on particle mass and is true for masses from� 1 GeV to� 100s of TeV. The

fact that the interaction and mass scales both agree with a new weak-scale particle

is what has historically been known as the "WIMP miracle."

Unitarity arguments provide an additionalO¹100TeVº upper bound on individual

particle mass for freeze-out CDM [14]. Such arguments show that for higher masses,

dark matter would overclose the universe. To "overclose" the universe means to

de�ne a model that describes a greater density than cosmological measurements

allow. Being weak-scale, WIMPs are expected to have mass within 1-2 orders of

magnitude of the W and Z bosons (� 100 GeV). This means that WIMPs satisfy the
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freeze-out requirement, the unitarity bound, and are classi�ed as CDM (see Section

1.2.2).

It is worth noting that the WIMP paradigm does not require that all of dark matter

be WIMPs. There may be a large variety of dark-matter particles (WIMP and

non-WIMP) with their own complex interactions. Varying the fraction of the relic

density comprised of WIMPs allows one to justify a wider range of WIMP masses

and cross sections [15].

Nuclear-recoil direct-detection searches have excluded signi�cant mass and cross-

section parameter space in the traditional mass range of WIMPs (see Figures 1.1 and

1.2). Collider experiments are also capable of excluding WIMP parameter space,

particularly for the higher end of this mass region [16].

1.3.2 QCD Axion

Another historically popular dark-matter candidate is the axion. The axion was

proposed as part of the Peccei-Quinn solution to the strong-CP problem from quan-

tum chromodynamics (QCD). The QCD Lagrangian contains terms that violate CP,

while no strong-interaction CP violation has been observed experimentally [11].

The usual method of probing strong-CP violation is to measure the neutron electric

dipole moment (EDM). Failure to observe such an EDM has constrained the scale

of strong-CP violation to a very small value. The Peccei-Quinn solution attempts

to resolve this issue by proposing an additional symmetry that could absorb the

CP-violating term via a �eld rede�nition. The QCD axion is the resultant particle

associated with that �eld. Axions are not expected to have undergone freeze-out,

since their standard-model coupling would be too small to reach thermal equilibrium

with the early universe. Instead, axion production is generally attributed to other

mechanisms such as vacuum misalignment or emission from cosmic strings (not to

be confused with superstrings of string theory) [17]. The misalignment mechanism

describes the scenario where an initial �uctuation in the value of the axion �eld is

frozen by expansion before the �eld can relax. With either production mechanism,

axions would still be classi�ed as CDM.

The historically accepted range for axion dark-matter mass is between10� 5 and10� 2

eV. This range is bound on the lower end by the requirement to not overclose the

universe and on the upper end by previous laboratory experiments and astronomical

observations [17]. It has been recognized more recently that the assumptions leading

to the over-closure bound were unreasonably strong. Therefore, the lower bound
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can be weakened and the mass window expanded using various other assumptions

[18].

1.3.3 Hidden-Sector Dark Matter

More recently, the dark-matter community has begun considering a broader range of

models with less emphasis on simultaneously resolving other outstanding questions

in physics. This has lead to new models (such as dark photons) as well as gen-

eralizations of historically popular models (including the QCD axion and WIMP).

Many of the resulting models are classi�ed as "hidden-sector" dark matter. Hidden-

sector dark matter is a general term for candidates that rely on a "dark portal" for

interaction with the standard model. The "dark portal" would be a new force with a

new mediator which interacts in some way with both the hidden and normal sectors

of matter. Dark-portal interactions that couple the hidden and normal sectors must

be su�ciently weak to have remained previously undetected.

1.3.4 Dark Photons

The typical example of a proposed "dark portal" mediator is the dark photon. Dark-

photon models propose there are two kinetically mixed vector (spin 1) bosons.

One of these bosons would directly interact with the standard model. The other

boson would directly interact with the hidden sector. Mixing between the two

bosons is de�ned by a kinetic mixing factor (Y). When the resultant Lagrangian is

diagonalized, it produces two stable bosons: the standard massless photon and a

dark photon which may be either massive or massless.

In the massive case, the dark photon may interact with both hidden-sector and

standard-model particles, while the standard photon interacts only with standard-

model particles. The lack of observed interactions with a massive dark photon can

be attributed to the modulation of the interaction byY, which may be very small.

In the massless case, the regular photon may interact with both sectors, while the

dark photon only interacts with the hidden sector [19]. The possible coupling be-

tween regular photons and the hidden-sector may seem contradictory to the sector's

"hidden" nature, but the small coupling would make dark matter only appear as

very lightly or milli-chargedparticles. Although the massless dark photon would

not directly couple to ordinary matter, it could still interact through its coupling to

the regular photon. These interactions would be suppressed by the requirement that

they be of dimension 5 or higher. A full description of the massive and massless

cases is out of the scope of this thesis, but can be found in [19].
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In some models, the massive dark photon itself is the missing dark matter. Similar to

axion models, dark-photon dark matter could be generated with the right abundance

via vacuum misalignment and would be considered CDM. Such dark matter would

be detectable through photoelectric absorption of a photon by an atom in a detector.

The only di�erence from regular photon absorption would be the presence of the

mixing parameter [19]. The modi�ed absorption cross section can be seen in Eq.

1.1.

f � 0 = Y2f ?•4• (1.1)

1.3.5 Axion-Like Particles

The QCD axion described in Section 1.3.2 is another hidden-portal candidate. It

can also be generalized to the Axion-like particle (ALP), which uses the same

coupling and production mechanisms, but is not bound by the constraints of solving

the strong-CP problem [19]. With the constraints loosened, ALP models have a

greater range of possible masses and interaction strengths for experiments to probe.

There are also theoretical motivations for some non-QCD-axion ALP candidates,

including the majoron and familon [20].

1.3.6 Hidden-Sector WIMPs

Proposed hidden-sector particles include hidden-sector equivalents to WIMPs. In-

stead of interacting via the weak or other visible-sector forces, these WIMP-like

particles would interact via the dark-portal force or a gauge force exclusive to the

hidden sector. Hidden-sector WIMPs could have undergone their own version of

freeze-out (originally described in Section 1.3.1) to generate the observed relic

abundance. Hidden-sector freeze-out di�ers from regular freeze-out in that the

hidden-sector thermal history does not need to match that of the visible sector. In-

stead, constraints on the ratio of the sectors' temperatures can be set based on the

hidden-sector's impact on cosmology. For example, hidden-sector particles would

contribute to the number of relativistic degrees of freedom in the early universe.

This is true even without a dark portal between the two sectors. Relativistic degrees

of freedom a�ect the expansion rate of the universe. Big Bang nucleosynthesis

(BBN) is highly sensitive to the early expansion rate. Therefore, the requirements

of BBN constrain the hidden-sector thermal history [15]. We discussed above

how freeze-out produces the correct relic density (
 j ) for weak-scale coupling and

mass. Other combinations of coupling (6j ) and mass (< j ) can produce the same
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relic density when scaled according to Eq. 1.2. By adjusting the strength of the

proposed hidden-sector force, one can justify a large range of hidden-sector WIMP

masses and still produce the correct relic abundance. This is sometimes referred

to as the "WIMPless miracle" [15]. While this miracle does not propose to resolve

any outstanding questions about the standard model, it does justify a new potential

search region for WIMP-like interactions.


 j �
< 2

j

64
j

(1.2)

Theoretical models which could explain hidden-sector WIMPs include gauge-

mediated supersymmetry breaking (GMSB). GMSB naturally predicts multiple

sectors which interact via messenger particles (our "dark portal"). GMSB also

predicts superpartners with mass proportional to the proposed coupling squared.

This is the same relationship required by Eq. 1.2. If one assumes the right scale

for GMSB, they can then justify all the same combinations of hidden-sector WIMP

properties allowed by the freeze-out model [15].

1.4 Direct-Detection Methodology and World-Leading Limits

Direct-detection experiments seek to observe local (in-lab or perhaps on-Earth)

interactions with one or more of the proposed dark-matter particles. Con�rmed

detection of a new stable particle would provide important information that can be

used to improve our understanding of dark matter. Measurements of the mass and

interaction strength could be used to calculate how much of all dark matter might

consist of such a particle. If the particle makes up a large amount of dark matter, it

may be suitable for explaining the large-scale observations discussed in Sections 1.1

and 1.2. Explaining the aforementioned gravitational observations could remove any

need for a modi�ed theory of gravity on large (non-quantum) scales. Measurements

could also be used to improve cosmological models and constrain various particle-

physics theories. It is worth noting that there are theories with overlapping regions

of proposed mass and coupling, and therefore even con�rmed direct detection will

not necessarily elevate one of the proposed models above all others.

1.4.1 Exclusion Plot Basics

Direct-detection experiments use target masses where energy depositions can be

studied in order to identify interactions with dark matter. Often the target material
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is chosen for its compatibility with a detection mechanism and its availability in a

radiopure form. Typical materials include semiconductor crystals (as in the cases

of SuperCDMS, SENSEI, or EDELWEISS) and liquid noble gases (as in the cases

of XENON or LUX). The typical experimental goal is to record a statistically

signi�cant number of dark-matter interactions (with the target mass) which cannot

be explained by backgrounds alone.

In the case that a discovery is not made, most experiments use their data to set

an exclusion limit, or a value of interaction strength above which said experiment

would have made a discovery (with some statistical con�dence). Exclusion limits

are generally set on whatever interaction parameter is relevant to the model being

tested. In traditional WIMP searches looking for nuclear recoils, this might be the

cross section for interaction between a WIMP and a nucleon. Another example

would be the kinetic mixing parameter (Y) used in dark-photon models. Exclusion

limits are usually set for a range of potential dark-matter masses which are then used

as the x-axis in typical exclusion-limit plots. This section will display and discuss

a number of example exclusion plots (Figures 1.1 � 1.5).

1.4.2 Neutrino Fog

A common feature on many dark-matter exclusion plots is a lower region labeled

as the "neutrino fog." The neutrino fog represents the region of parameter space

where one would observe a statistically-signi�cant number of solar, atmospheric,

and/or supernova background neutrinos [21]. Energy depositions from such neu-

trinos (through coherent elastic neutrino-nucleus scattering, CEaNS) will appear

dark-matter-like in conventional direct-detection experiments. The high systematic

uncertainty on the expected rate of neutrinos increases the di�culty in distinguish-

ing them from dark matter and making a discovery in this region. This uncertainty

is currently dominated by the uncertainty on atmospheric neutrinos. Having an

improved model of such would lower the neutrino fog. The neutrino fog can also be

navigated by considering characteristics other than the energy-deposition spectra.

Dark matter is expected to undergo annual modulation, meaning that the precise

rate of events should change based on the position (and therefore motion) of Earth

relative to the sun. This modulation would not appear identically in neutrinos. The

velocity of halo dark matter is also expected to predominately lie in the galactic

plane, in the direction of the galaxy's rotation. This behavior can be exploited by

directional detectors to di�erentiate dark matter from neutrinos.
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1.4.3 Spin-Independent and Spin-Dependent Nuclear Recoils

Many experiments search for target-mass nuclei recoiling from interactions with

dark matter. Resulting limits are generally set for two types of interactions: spin-

independent (SI) interactions, where dark-matter couples to the nuclear mass (� ),

and spin-dependent (SD) interactions, where dark-matter couples to the nuclear spin

(� ). Historically, SI limits have been much stronger (and closer to the neutrino fog)

than SD limits. The di�erence can partially be attributed to SI coupling being

proportional to� 2. Experimentalists are therefore motivated to select the largest�

material that is compatible with their experiment's other requirements. Example SI

nuclear-recoil exclusion plots can be seen in Figure 1.1. Cross section is converted

to cross-section per nucleon, allowing results from experiments with di�erent target

nuclei to be compared. The comparison implicitly assumes that protons and neutrons

have identical dark-matter interactions.

Figure 1.1: 90%-con�dence exclusion limits for spin-independent nucleon cross
section. The neutrino fog, where solar neutrino backgrounds begin to confound
traditional dark-matter searches, is shown for a xenon target in grey. Taken from the
Snowmass 2021 Particle Dark Matter Report [21].

For SD nuclear recoils, target nuclei with an odd number of neutrons, an odd number

of protons, or an odd number of each are required. Such nuclei have� < 0 and

are therefore sensitive to spin interactions. The coupling is proportional to� ¹� ¸ 1º

and can be optimized, but high-� materials are relatively rare (and the highest

possible� = 8). Additionally, many typical direct-detection targets (such as silicon
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or germanium) have an even number of protons and naturally low concentrations

of odd-neutron isotopes. Experiments using liquid xenon targets are an exception,

since natural xenon has large fractions of129Xe (� = 1•2) and 131Xe (� = 3•2)

[22]. SD limits are often calculated under one of two assumptions: dark matter

only interacting with neutrons or only interacting with protons. The di�erence is

signi�cant because of the di�erence in spin contribution from the component quarks

of each nucleon [23]. Example SD nuclear-recoil exclusion plots can be seen in

Figure 1.2. In this example, the di�erence between protons and neutrons is ignored.

Cross section is converted to cross-section for a� = 1•2 nucleon, allowing results

from experiments with di�erent� to be compared.

Figure 1.2: 90%-con�dence exclusion limits for spin-dependent nucleon cross sec-
tion. In this case, scattering with neutrons or protons. The neutrino fog, where solar
neutrino backgrounds begin to confound traditional dark-matter searches, is shown
for water and �uorine targets in grey. Taken from the Snowmass 2021 Particle Dark
Matter Report [21].

1.4.4 Electron-Scattering Experiments

Dark-matter nucleon scattering is an e�ective way to search for higher mass dark

matter (greater than� 10 times the nucleon mass), but becomes signi�cantly less

useful for lower masses. This can be understood using conservation of energy and

momentum for elastic scattering in the rest frame of the target particle (see Eqs. 1.3

� 1.6).
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Eq. 1.6 con�rms that the target-particle recoil energy is maximized by selecting a

target with mass equal to the anticipated dark matter. Target masses much larger

than the dark matter will only receive a small fraction of the possible energy (e.g., a

10� larger or 10� smaller target receives only 1/3 the possible energy). This is one

reason that direct-detection experiments have begun searching for electron recoils

in addition to nuclear recoils. The lower mass of the electron allows for sensitivity

to lower mass dark-matter scattering. It is worth noting that actual bound-electron

scattering would not be purely elastic, but this calculation provides a reasonable ex-

planation for why higher-mass targets become less useful. In semiconductor targets

like those used by SuperCDMS, some deposited energy must go into excitation of

the electron above the band gap.

Dark-matter-electron scattering limits are generally calculated for di�erent choices

of momentum-transfer form factor (� � " ¹@º), which determine the dependence of

the interaction on exchanged momentum. The most common choices of form factor

are � � " = 1 and � � " = ¹U<4•@º2. The former is appropriate for point-like

interactions exchanging a heavy mediator. The latter is appropriate for interactions

that exchange a light (or massless) mediator [24]. Example electron-scattering

exclusion plots (for both form factors) can be seen in Figure 1.3.

1.4.5 Electron-Absorption Experiments

It is also common to set limits on various processes describing absorption by target

electrons. Such processes include vector-Boson absorption for dark photons and

pseudoscalar absorption for ALPs. For absorption processes, the entire rest-energy

of the incident particle is absorbed during the interaction. The resulting distribution

of energy depositions for a given mass of particle will be a delta function at that
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Figure 1.3: Dark-matter-electron scattering exclusion-limit plots taken from the
Snowmass 2021 Low-Threshold Direct Detection Report [25]. The left and right
plots assume a heavy and light mediator particle, respectively.

mass. In practice, a real detector will smear that delta function according to its

energy resolution, but the �nal signal shape will still be signi�cantly di�erent from

those of nuclear or electron scattering. Example dark-photon and ALP exclusion

plots can be seen in Figures 1.4 and 1.5, respectively.
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Figure 1.4: A dark-photon absorption exclusion-limit plot taken from the Snowmass
2021 Low-Threshold Direct Detection Report [25]. Limits are set on the kinetic
mixing parameter between dark and standard-model photons.
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Figure 1.5: ALP exclusion limits set on the axioelectric coupling factor604.
(Left) Limits on the lower-mass region, taken from SuperCDMS HVeV Run 2
[26]. SuperCDMS HVeV detectors are sensitive to single ionizations in Si (� 1.2
eV) and are therefore sensitive to absorption of particles of equivalently low mass.
(Right) Limits on the higher-mass region, taken from the SuperCDMS Soudan dark
photon and ALP paper [27]. The CDMS II, SuperCDMS Soudan, CoGeNT, and
EDELWEISS-III experiments used germanium detectors. The discontinuities at 1
and 10 keV correspond to germanium atomic binding energies, which a�ect limits
through the photoelectric cross section. Particles more massive than each binding
energy have an additional means of absorption (exciting the associated bound elec-
tron), so the experiment's sensitivity increases above each. Each experiment looses
sensitivity below its threshold. The SuperCDMS Soudan threshold was set by cuts
removing regions of the detector with high rates of low-quality events. The plot's
shaded regions are excluded by observations of stellar cooling, but require di�erent
assumptions than the direct detection limits and can be di�cult to compare.
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C h a p t e r 2

SUPERCDMS SNOLAB

The SuperCDMS SNOLAB experiment is a direct-detection experiment designed

with an initial focus on particle masses� 10 GeV. The experiment will measure

phonon and ionization signals in kg-scale semiconductor crystals held at cryogenic

temperatures.

Phonon signals provide a precise way to measure nuclear-recoil energy with a very

low intrinsic energy threshold (O¹1 meVº per acoustic phonon [28]). For example,

Eq. 1.6 shows that an elastic recoil between a 5 GeV dark matter particle traveling

300 km/s (1e-3c) and a� 30 GeV nucleus will deposit� 1 keV of energy in the phonon

system of the crystal. This corresponds to� 1e6 phonons. In semiconductors,

su�ciently energetic nuclear recoils will also generate ionization in the form of

electron-hole pairs. This is due to the positive charge of the recoiling nucleus which

can pull electrons from their sites.

The largest backgrounds in such a search will produce electron recoils rather than

nuclear recoils. An electron recoil produces more ionization than a nuclear recoil

that deposits equivalent energy. Therefore, electron recoils can be identi�ed and

removed by comparing the phonon and ionization signals. The SNOLAB iZIP

detectors (which we will discuss in Section 2.1.2) are designed to measure both

ionization and phonon energy in order to remove electron-recoil backgrounds.

As discussed in Sections 1.4.4 and 1.4.5, electron recoils may also result from

dark-matter scattering or absorption. By considering such recoils, the SNOLAB

experiment can also search for dark matter < 1 GeV without being inhibited by

the kinematic-matching e�ect. The larger ionization signal from electron recoils

increases the signal in such searches. The initial SNOLAB target crystals will be

silicon and germanium. On average, only� 3 eV of electron-recoil energy is required

to create an4� � ¸ pair in such crystals. The resulting ionization yield is& 5� the

yield in liquid noble experiments (xenon and argon have ionization energies of� 16

and� 24 eV, respectively) [29]. Using electron recoils, the initial SNOLAB payload

will be sensitive to scattering with dark matter down to a few MeV and absorption

of dark matter as light as a few eV.
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The experiment is currently under construction and will be operated in the SNOLAB

underground facility in Sudbury, Ontario. Operating in an underground lab provides

a massive overburden to help minimize non-dark-matter signals from cosmic-ray

secondaries and is common for direct-detection experiments. The SNOLAB ex-

periment is a follow-up to the previous large-scale SuperCDMS experiment, which

operated at the Soudan Underground Laboratory [30].

In the following sections, we will discuss the detectors, setup, backgrounds, and pro-

jected sensitivity of the SNOLAB experiment. We will then discuss the ionization-

signal readout in detail. In order to ensure the readout functions as intended, I

characterized each of the high-electron-mobility transistors (HEMTs) that will be

used as the input stage of the ionization ampli�er. We will discuss the HEMT

characterization procedure and results.

2.1 Detector Design

SuperCDMS SNOLAB will use both silicon and germanium crystals as its target

materials. The two materials have di�erent nuclear masses and di�erent intrinsic

backgrounds. As discussed in Section 1.4.4, nuclear mass a�ects the energy trans-

ferred during dark-matter-nucleus scattering. With a nuclear mass of� 30 (� 70)

GeV for Si (Ge), we expect� 75% (� 44%) of a 10 GeV particle's kinetic energy to

be transferred to the recoiling nucleus. The transfer e�ciency decreases for lighter

dark-matter particles.

The SNOLAB experiment will also use two di�erent designs of SuperCDMS de-

tector (HV and iZIP). We will discuss the details and bene�ts of both designs in the

following subsections. Each detector design has been produced using both Si and

Ge, leading to four total device types (Si HV, Si iZIP, Ge HV, and Ge iZIP).

2.1.1 HV Detectors

The SuperCDMS high-voltage (HV) detectors consist of cylindrical crystals with

arrays of phonon sensors lithographically patterned on the top and bottom �at

surfaces. The phonon sensors are Quasiparticle-trapping-assisted Electrothermal-

feedback Transition-Edge Sensors (QETs). During a phonon-generating event in the

crystal, the QETs' superconducting aluminum �ns collect phonon energy, generating

quasiparticle excitations in the Al. The quasiparticle energy is then transferred (via

quasiparticle di�usion and trapping) to tungsten Transition-Edge Sensors (TESs)

in contact with each �n. Each TES is maintained (via electrothermal feedback)

precisely in its transition between normal and superconducting. In this state, the
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addition of quasiparticle energy will cause a sharp increase in TES resistance. In

response, electrothermal feedback will provide less power to the TESs to return

them to their original (mid-transition) state. The decrease in Joule dissipation in the

TES is integrated to calculate the energy absorbed by the TES.

Figure 2.1: A diagram illustrating the operation of the SuperCDMS QET phonon
sensors. Taken from the SuperCDMS SNOLAB Technical Design Report.

Phonon sensors are used to detect both recoil phonons and Neganov-Tro�mov-

Luke (NTL) phonons. NTL phonons are produced by accelerating charge across a

semiconductor [31, 32]. The phonon energy is equivalent to the total work done

on the charge. If charge is accelerated across a known voltage, the NTL-phonon

energy can be used to extract the charge value. SuperCDMS detectors use NTL

phonons to indirectly measure ionization signal using QETs. This is achieved by

applying a large voltage di�erence (� + ) between the top and bottom �at surfaces.

Speci�cally, the phonon readout systems (QETs and readout lines) on each surface

are biased with opposing DC voltages. The potential di�erence creates an electric

�eld through the bulk of the detector pointing from one �at surface to the other.

When electron-hole pairs are created by an ionizing event, the bulk electric �eld

accelerates the opposing charges towards opposite detector surfaces and produces

NTL phonons. For each electron-hole pair, the NTL-phonon energy (� #) ! ) will be
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equivalent to4� + (the work done accelerating a charge4 across the entire crystal).

For a uniform electric �eld, this result is independent of the event's depth within the

detector. If=4� electron-hole pairs are created, the total phonon energy (� C>C0;) will

follow Eq. 2.1.

� C>C0;= � A42>8;̧ � #) !

= � A42>8;̧ =4� 4� +
(2.1)

� A42>8;is the phonon energy produced in the initial interaction including the energy

that ionizes the electrons and holes. During an event, some fraction of� A42>8;

is stored in the excited4� � ¸ pairs. Upon reaching surface metal,4� s and� ¸ s

recombine with free charges and release the stored energy as phonons. Therefore,

all of � A42>8;is eventually observable as phonons.

Figure 2.2: A visualization of the initial recoil phonons and the NTL phonons
generated by the acceleration of one electron-hole pair. Reproduced from the
SuperCDMS SNOLAB Technical Design Report.

We can see from Eq. 2.1 that increasing� + will increase the total energy of an

ionizing event. Since the QET energy resolution is independent of� + , we can

dramatically improve a detector's signal resolution by choosing a very large� + . In

practice, this means selecting the largest� + that does not cause the semiconductor

to break down and transmit signi�cant leakage current. The NTL e�ect would

convert such leakage current into a large phonon background. The SuperCDMS HV

detectors are designed to achieve low energy threshold by using the maximum viable

� + across a detector with QETs optimized for energy resolution. With anticipated
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� + of 100 V and phonon-energy resolutions of a� 10s eV, the HV detectors are

sensitive to dark-matter masses signi�cantly below 1 GeV [33].

The QETs on each detector surface are divided into separate channels covering

di�erent regions of the surface. Each channel contains 100s of QETs, which would

require extensive cryogenic and warm readout electronics to measure individually.

Instead, all QETs in a channel are read out in parallel (combining their signals) and

cannot be distinguished. For the HV detectors, each �at surface has six channels:

An inner channel at the center of the surface, three wedge-shaped channels covering

di�erent azimuthal regions around the center, and two concentric ring-shaped chan-

nels covering the high-radius edge of the surface. An image of an HV detector and a

diagram of its phonon channels are shown in Figure 2.3. The separate channels allow

for basic position reconstruction of individual events. The reconstruction will be

used to remove events that are close to the radial edge of the detectors. Near-surface

events are more likely to originate from weakly-penetrating backgrounds. The bias

electric �eld will also be less uniform near the radial edge and may produce events

with incomplete charge drifting. For both reasons, it is bene�cial to identify and

remove events at high radius. The wedge-shaped channels also provide information

on the azimuthal position of each event. This information can be used to remove

events from a localized background in the testing apparatus (e.g., a radio-impure

screw on one side of the detector housing).

A measurement of� C>C0;with imprecise position reconstruction provides no means

of di�erentiating the recoil and ionization signals. Without this information, the

HV detectors are incapable of identifying and removing electron-recoil backgrounds.

These backgrounds therefore limit the HV-detector sensitivity.

2.1.2 iZIP Detectors

SuperCDMS interleaved Z-sensitive Ionization Phonon (iZIP) detectors have the

same form factor and phonon-sensing method as HV detectors. In addition, the iZIP

detectors have lithographically patterned electrodes interleaved with the phonon

channels. These electrodes collect charge for the ionization measurement and

apply the iZIP's NTL voltage bias (while the iZIP QETs are maintained at DC

ground). Interleaving biased electrodes with grounded QETs generates an electric

�eld parallel to the surface near the top and bottom of each detector (see Figure 2.4).

This is a purposeful feature that forces ionization generated near either �at surface to

be entirely absorbed by metal on that surface. By removing events with asymmetric
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Figure 2.3: The SuperCDMS SNOLAB HV detector. (Top) A prototype Super-
CDMS HV detector in its Cu housing. (Bottom) The locations of separate phonon-
sensor channels on an HV detector. Channels of matching color on the top and
bottom surfaces are not connected. The three azimuthally separated wedge channels
are o�set by 60° between top and bottom to allow for additional position informa-
tion.

charge collection, iZIP detectors can therefore remove surface background events

[34]. In the crystal bulk (> few mm deep), the electric �eld will be perpendicular to

the �at surfaces and will accelerate electrons and holes to opposing detector surfaces

(as in the HV detectors). iZIP detectors are "Z-sensitive" because of this di�erent

response to bulk and surface events.
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