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Superconducting Nanowire Single Photon Detectors (SNSPDs) are a leading detector
technology for time-correlated single-photon counting from the UV to the near-infrared.
Due to their unique combination of low energy thresholds and low intrinsic dark count
rates, SNSPDs have become attractive as sensors for emerging low-mass dark matter (DM)
detection experiments, where they offer the potential to fill existing technology gaps and
enable the exploration of previously unconstrained parameter space. One developing DM
detection concept, sensitive to MeV-scale DM electron recoils, uses n-type GaAs as a cryo-
genic scintillating target instrumented with a large-area SNSPD as the sensor for scintilla-
tion photons.

This thesis focuses on the development and characterization of SNSPDs with mm?-
scale active areas for DM applications in general, and specifically for the detection of scin-
tillation light. This work demonstrates the coupling of n-type GaAs with SNSPDs, and the
design of novel characterization experiments using optical and energy-tagged X-ray exci-
tation to measure the effective light yield and photoluminescence timescales of cryogenic

scintillators using SNSPDs. The isotropic nature of scintillation light and the large active



areas of the devices studied in this work introduce unique challenges for SNSPD design,
nanofabrication, and performance. This thesis provides insights into the current state-of-
the art, limitations, and approaches to scaling SNSPDs to cm?-scale active areas for future
work. The presented findings advance the status of SNSPDs for DM detection and other

emerging High-Energy Physics applications.
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What we observe is not nature itself, but nature exposed to our method of questioning.

- Werner Heisenberg
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Chapter 1: Dark Matter

1.1 Introduction

Elucidating the particle nature of dark matter (DM) is one of the largest unsolved prob-
lems in fundamental physics. Though DM has evaded direct detection to date, indirect
probes of its gravitational interactions with celestial bodies at multiple scales indicate that
it comprises nearly 80% of the matter in the Universe and is necessary to explain large-scale
structure formation.

The most mature and large-scale experimental DM search programs have focused on
the Weakly Interacting Massive Particle (WIMP) paradigm. Due to a lack of conclusive de-
tection signal, new theoretical frameworks have emerged in recent years, and there is now
strong motivation to explore a broader set of candidate particles experimentally. Hidden
sector DM candidates are neutral under Standard Model (SM) forces and charged under
new forces that can weakly couple to ordinary matter via portal interactions. The range of
potential mass of hidden sector DM is broader than that of the WIMP DM. Importantly, the
mass range below a GeV, the so-cal&ah-GeVDM contains theoretically well-motivated
targets that are either below the noise oor or not accessible in WIMP search experimental
programs and thus require the development of novel experimental approaches. Increasing
the sensitivity of direct detection experiments to lower masses of DM requires the develop-
ment of new target materials sensitive to proposed interactions and new low-noise sensors

with low-energy thresholds. As these technologies develop, sub-GeV DM can be explored



substantially with smaller-scale table-top direct detection pilot experiments.

This chapter serves as a brief introduction to DM. Section 1.2 brie y summarizes the
experimental evidence for DM, Section 1.3 presents an overview of relevant DM candi-
date particles, and Section 1.4 introduces DM detection strategies to motivate the work

contained in this PhD thesis.

1.2 Evidence for Dark Matter

Evidence for the existence of DM has steadily increased over the last several decades.
Observational support includes its gravitational effects, such as galaxy rotation curves,
gravitational lensing, and the large-scale structure of the universe, all of which cannot be
accounted for by visible matter alone. Further evidence comes from cosmological observa-
tions consistent with predictions from the Lambda cold dark matter mad&b{\), which

serves as the standard model of Big Bang cosmology.

1.2.1 Galactic Rotation Curves

The earliest evidence for a cold, non-luminous matter pervading the Universe came
from the study of galactic rotation curves. These were rst measured in the Coma Cluster
by Franz Zwicky in the 1930s [1] and later in the 1970s by V. Rubin [2] in the Andromeda
galaxy and others [3]. Obtaining a rotation curve entails measuring the rotational velocity
of galaxy or galaxy clusters via Doppler shifts and subsequently plotting this quantity with
respect to the distance from the center of the galaxy.

The rotational velocity of a galaxy can be expressed using Newtonian mechanics as

r

)= o, 1)




whereM is the enclosed mass,is the radial distance from the galactic center, &

the gravitational constant. Assuming that visible matter comprises the entirety of the mass
distribution,nys; should decrease a% for distances beyond the visible galactic disc. In
practice, the measuregh; curves atten at large (see gure 1.1), implying a constant
mass distribution that can't be explained by visible matter alone.

Measured galactic rotation curves are all consistent with a spherically symmetric mass
distribution that increases linearly with[4]. On the contrary, the visible mass, consti-
tuted by stars and gases which can absorb and emit light, is concentrated in the inner disk.
Zwicky, in addition to pioneering these early measurement techniques, coined the term
"dunkle materie” (dark matter) to refer to the non-luminous component of the mass distri-
bution.

Other proposed explanations for this discrepancy include modi cations to gravity in-
cluding Modi ed Newtonian Gravity [5]; however, these lack consistency with phenomena

at other scales [6] that are explained in the following sections.

1.2.2 Cosmological scale

The Cosmic Microwave Background (CMB) is the background radiation in the Uni-
verse comprised of the photons that rst decoupled from matter shortly after the Big Bang.
It was initially believed to be isotropic until faintK-scale) anisotropies in temperature
and polarization were discovered in the early 1990s. The origins of these anisotropies
are understood to be from the matter-energy density of the early universe. Namely, it is
hypothesized that oscillations in the baryon-photon uid under the in uence of the gravita-
tional potential due to local wells and peaks of cold dark matter produced the temperature
anisotropies, which now manifest in the CMB power spectrum as acoustic peaks [9].

The CMB has a blackbody spectrum with a temperature:@88 R, peaked at =



Figure 1.1: Rotation curve measured for the galaxy NGC 6503 (black dots) and t to DM-halo
model shown with the solid black line. The dashed black line is the Keplerian prediction based on
visible matter. The dotted-dash is the DM-halo rotation curve that is required to explain the atness
of the curve at large. Figure adapted from ref. [7]



Figure 1.2: The CMB map as seen by NASAs COBE (top)and WMAP (middle) missions and
ESA's Planck mission (bottom). Figure adapted from [8].



1:06 mm. Atmospheric water molecules absorb this wavelength of light, making it amenable
to study via ground and space-based missions (see gure 1.2 for examples). Missions
such as COBE [10], WMAP [11], and Planck [12] have directly measured the tempera-
ture anisotropies. The power spectrum of these temperature uctuations offers a means to
validate cosmological models that make predictions about this spectrum.

Lambda-Cold Dark Mattel(CDM), a mathematical model of the Big Bang serving as
the cosmological standard model, contains three main components describing the baryonic
matter, dark matter, and dark energy contents of the Universe. As shown in gure 1.3, the
L CDM model prediction ts the CMB anisotropy data with high statistical signi cance.
This alignment reinforces the robustness and accuracy af@i&M model and the impor-
tance of dark matter in our understanding of the Universe and its evolution.

The baryonic and non-baryonic matter densities extracted from the 2018 Planck col-
laboration araM,h? = 0:0224 andWpyh? = 0:120, whereh is the dimensionless Hubble
constant [12]. The ratio between dark matter and baryonic matter densities is given by
Wom=W, 0:120=0:0224 5:4, indicating that dark matter is approximately ve times

more abundant than ordinary matter.

1.2.3 Gravitational Evidence

Gravitational lensing measurements have also provided a compelling set of evidence
for the existence of dark matter. Gravitational lensing is a phenomenon whereby a massive
celestial body causes signi cant perturbations in the space-time metric such that light is
bent from a distant source as it travels toward an observer. Most lines of sight that are ac-
cessible are in the weak gravitational lensing regime, where distortions can't be measured
from a single source. In composite lensed images, mass distributions can be reconstructed

through correlations in the observed ellipticity of the distorted objects. In these measure-



Figure 1.3: Temperature power spectrum of CMB measured by Plank mission — red dots , and the

| CDM model prediction is shown in blue. Figure taken from ref. [12]

ments, the reconstructed mass causing the lensing phenomenon exceeds the visible mass of
the object by a factor of tens to hundreds, pointing to the presence of dark matter.

A well-known example is the bullet cluster [13], which was formed through the colli-
sion of two galaxy clusters roughly 3.8 billion years ago. The Hubble space telescope was
used to obtain weak gravitational lensing measurements, from which the mass distribution
was derived. The luminous mass distribution was also extracted from X-ray spectra of the
cluster measured by the Chandra x-ray observatory. The mass reconstructed from lensing
is a factor of 200 more abundant than the luminous mass extracted from the spectroscopic
measurements. As shown in gure 1.4, there is a clear offset between the visible center
of mass and the center of mass reconstructed from weak gravitational lensing. This off-
set arises because dark matter only interacts conventionally through gravity and not via
traditional electromagnetic forces. Consequently, during the collision, dark matter passed
through largely unaffected, while the visible matter, which interacts electromagnetically,

experienced drag and slowed down, leading to the observed separation between the two.



Figure 1.4: Composite image taken from ref. [13]of the galaxy cluster 1E 0657- 56, also known as
the “Bullet Cluster.” Pink depicts the hot gas measured by Chandra X-ray observatory and includes
most of the normal baryonic matter - Blue depicts the concentration of mass determined by weak

gravitational lensing



1.3 Dark Matter Candidates

It has has been conclusively shown that none of the particles in the Standard Model
can account for the properties of dark matter, as they either interact too strongly with light
or do not have the necessary mass and behavior. DM thus requires extensions beyond
the Standard Model of particle physics, which describes the known fundamental particles
and forces. This has led to the development of numerous theoretically well-motivated
dark matter candidate particles. Constraints on these candidates are typically calculated
one model at a time, but it is possible that dark matter is composed of multiple species
of particles. This collection of particles is often referred to asdaek sector The dark
sector may involve complex interactions, similar to the visible sector, but these would be
extremely weak or invisible to current detection methods, making them dif cult to study
directly.

There are speci c properties that dark matter models must satisfy based on obser-
vational evidence. First, dark matter does not emit light, meaning any viable candidate
must have an extremely weak or vanishing electric charge and electric or magnetic dipole
moments. As a result, dark matter cannot radiate energy electromagnetically or ther-
malize through photon emission, making it approximately dissipationless. Additionally,
dark matter is known to be collisionless—if collisions occurred, dark matter halo pro les
would be spherical, but observations show that DM halos are clustered, with prolate shapes
in their centers and triaxial structures toward their outskirts [14]. Finally, dark matter
is non-relativistic (or 'cold’), as indicated by the formation of large-scale cosmic struc-
tures [15, 16].

Dark matter candidates are discussed extensively in reviews [17—-20]. The following
sections contain rst an overview of the general classes of DM candidates, WIMP dark

matter for context regarding the previous work in the community, and nally sub-GeV



dark matter for its relevance to the context of the work contained in this PhD thesis.

1.3.1 Classes of Dark Matter Candidates

The search for DM has expanded beyond Weakly Interacting Massive Particles (WIMPS)
and now includes a wide range of alternative candidates. These candidates can be broadly
classi ed into two categorieswavelike(or ultralight) andparticle-like dark matter. The

classi cation depends on the de Broglie wavelengg, which is given by:

o=y

| ag =

whereh is Planck's constant, anplis the momentum of the particle. This wavelength
provides insight into whether the particle behaves more like a classical particle or exhibits
wave-like properties. Wave-like behavior occurs when the de Broglie wavelength is com-
parable to or larger than the characteristic scale of the system, for example the the average
inter-particle separation in a galaxy like the Milky Way. Particle-like behavior is exhibited
when the de Broglie wavelength is much smaller than the relevant physical scales, causing
the dark matter to behave classically with trajectories similar to standard particles. These
two classes differ fundamentally in their mass, behavior, and detection strategies.

In general, wavelike dark matter consists of particles with extremely low masses. These
candidates include bosonic elds such as scalars or pseudoscalars [21]. Axions are a
prominent example, originally introduced to resolve the strong CP problem in quantum
chromo-dynamics (QCD) [22]. Their mass range is typically 2@V to 10 ®eV, and
they are promising dark matter candidates due to their ability to form a coherent oscillat-
ing eld. Axions can be detected through haloscope experiments like ADMX [23], where
they convert into photons in the presence of strong magnetic elds. Other novel detec-

tion technigues involve nuclear magnetic resonance (NMR) [24] and condensed matter
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systems [25]. Dark Photons are another example of wave-like dark matter, arising from
a hiddenU (1) gauge symmetry [26, 27]. With masses less than 1 eV, dark photons can
oscillate with ordinary photons, leading to observable signatures. Detection methods of-
ten involve photon mixing experiments, such as cavity searches or precise atomic clock
measurements.

Particle-like dark matter candidates arise in extensions of the Standard Model and can
range from keV to solar mass scales. Sterile Neutrinos [28] are one such candidate, with
masses in the range of keV to MeV. Unlike active neutrinos, sterile neutrinos do not interact
via the weak force, making them challenging to detect. Additionally, models proposing a
Dark Sector suggest the existence of dark baryons, analogous to protons and neutrons but
con ned to a dark sector. This dark sector may involve its own set of forces and particles,
weakly interacting with Standard Model particles. Detection could arise from, missing
energy signatures in collider experiments, dark sector particles decaying into visible matter,

or direction detection searches [29-31].

1.3.2 WIMP Dark Matter

Of the possible DM candidates, the (particle-like) Weakly Interacting Massive Particle
(WIMP) paradigm has been the most tested experimentally over the past several decades.
Broadly, a WIMP is a proposed fundamental particle which interacts via gravity and an-
other force(s) that is non-vanishing in strength at the weak-scale or below, with a mass
range from a few GeMc? to several Te¥c?.,

The primary WIMP production mechanism is thermal freeze out. In the early hot and
dense Universe, WIMPs interacted more frequently with ordinary matter due to the high
temperature. As the Universe expanded and cooled, the interactions between WIMPs and

other particles became less frequent due to lower particle densities. Eventually the expan-
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sion rate of the universe exceeded the annihilation rate of the dark matter, resulting in a
reduced number of WIMPs and leaving a stable relic density.

Through observational evidence from cosmological surveys and insights from particle
physics experiments, the relic abundance of DM has been determined with high precision.
Any DM theory must account for this precise relic abundance in order to be considered
viable. The relic density of WIMP DM can be obtained from the Boltzman equation and
expressed as:

3 10 ?’cm’s !

We T (1.2)

wherehs ani is the thermally averaged annihilation cross section for DM larslthe
dimensionless Hubble parameter. A particle with electroweak-scale interactions naturally
leads to a relic abundance that is consistent with the relic abundance derived from cosmo-
logical constraints. This has been referred to as the “WIMP miracle”.

WIMP experiments are generally designed to detect nuclear recoils caused by interac-
tions between WIMPs and atomic nuclei. The interaction cross-section for WIMPs with
nuclei is typically larger than that with electrons. Thus, the recoil energy deposited in a
nucleus from a WIMP collision is generally more signi cant than the energy deposited in
an electron collision.

Targets designed to probe WIMP interactions include noble liquids such as xenon and
argon. The LZ experiment is one of the largest-scale WIMP searches. The characteristic
nuclear recoil energy in liquid xenon is on the order of 10 keV, which is comparable to
the recoil energy from radiogenic backgrounds. Because of this, one of the primary design
considerations in WIMP experiments is the minimization of radiogenic backgrounds.

Another challenge facing WIMP experiments is the the intrinsic scaling of the interac-

12



tion rate. The number of WIMP interactiong;y, is given by the relation:

' bm
Nnpm = — 1.3
Mo (1.3)

wherer pyv is the dark matter density amdpy, is the mass of the dark matter particle.
As Mpy increasesnpy decreases, making the interaction rate lower. For this reason,
WIMP experiments need to have extremely large target volumes to signi cantly probe the
parameter space. For example, the latest iteration of the LZ experiment features a target

mass of 7 tons of liquid xenon.

1.3.3 Axions and Axion-Like Particles (ALPS)

The concept of axions emerged in the 1970s as a solution to the strong CP problem in
guantum chromodynamics (QCD). The strong CP problem refers to the apparent absence
of a signi cant violation of the CP symmetry (combined Charge Conjugation and Parity)
in strong interactions, despite the fact that the QCD Lagrangian allows for a potential CP-

violating term:

L qcp= 3i2p2camném“ (1.4)

whereGmnis the gluon eld strength tensor, aita™"is the axion eld strength tensor.
The parameteq is expected to be a small number, but its value is not constrained by
theory, and large values would induce strong CP-violation effects that are not observed
experimentally.

In 1977, Peccei and Quinn proposed a solution to this problem by introducing a new
symmetry (Peccei-Quinn symmetry) that spontaneously breaks, leading to what became

known as thexxion The axion is a light scalar particle that provides a dynamic mechanism
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to relax the value of thg-term to near zero, effectively solving the strong CP problem.

Axion-like particles (ALPs) are generalizations of the axion. These are hypothetical
light scalar particles that do not necessarily arise from the Peccei-Quinn mechanism but
share similar properties, such as interactions with photons and other particles.

The axion elda(x) can be described by the following Lagrangian density:

1 1 ~
L axion= éﬂmaﬂma émgaer Jag@FmnF ™" (1.5)

Here,my is the axion masd$;nnis the electromagnetic eld strength tensor, aranis
its dual. The coupling constagiygdescribes the interaction strength of the axion with two
photons. This term allows axions to couple to photons and can lead to observable effects,
such as axion-photon conversion in external magnetic elds.

Axion-like particles have similar interactions, but their Lagrangian can also include

interactions with other particles, depending on their origin:

1 1 - _
L aLp = Qﬂmaﬂma §m§32+ Gag@FmrF ™"+ Gayy ayy (1.6)

wherey represents a fermion eld, and the second term introduces the possible inter-
action of ALPs with fermions.

RF resonant-cavity experiments, such as ADMX and HAYSTAC (Haloscope At Yale
Sensitive To Axion CDM), aim to detect axion dark matter by exploiting axion-photon con-
version in a strong magnetic eld. The axion signal is expected to manifest as a narrow-
band electromagnetic wave at a frequency determined by the axion mass, resonantly en-
hanced by a tunable microwave cavity. ADMX and HAYSTAC focus on axion masses in
the range 1-40nmeV, corresponding to frequencies in the GHz range. HAYSTAC has
probed masses in the region o#4—-20meV, complementing ADMX at slightly higher fre-

guencies. These experiments contribute to systematically excluding portions of the viable
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axion parameter space.

Resonant-cavity experiments face several limitations that constrain their ability to ex-
plore the full axion parameter space. These setups are inherently narrow-band, sensitive to
a small range of axion masses at a time. Scanning a broader range requires precise tuning
of the cavity frequency, which is time and resource intensive. Additionally, the resonant
frequency of a cavity is determined by its dimensions, making it challenging to probe very
small axion masses(1meV) due to the prohibitively large cavity sizes required, or very
large axion masses (40meV), where resonant enhancement becomes inef cient. Noise
further limits sensitivity, with thermal noise dominating at lower frequencies and quan-
tum noise at higher frequencies, though the HAYSTAC collaboration has made signi cant
progress in overcoming the latter through quantum squeezing techniques. Finally, the weak
axion-photon coupling strengtl4;¢) necessitates long integration times to detect potential
signals, adding to the challenges.

Despite signi cant progress by experiments like ADMX [23, 32—-36] and HAYSTAC [37,
38], large regions of the axion mass parameter space remain unexplored. The low-mass
range € 1meV) and high-mass range (40nmeV) are particularly challenging due to the
constraints of cavity design and sensitivity. Exploring these regions will require innovative
approaches and new technologies, as resonant-cavity designs are fundamentally limited in
their scalability. Developing broadband haloscopes is essential to overcome these chal-
lenges, enabling simultaneous searches over wide mass ranges and reducing the time re-
quired to explore the uncharted axion landscape. The Broadband Re ector Experiment for
Axion Detection (BREAD) collaboration introduces an innovative approach to search for
axion and dark photon dark matter across a wide range of masses, spanning approximately
meV to eV, without requiring tuning. The experiment utilizes a cylindrical dish resonator
designed to t within solenoidal magnets. In this setup, axions (in the presence of the mag-

netic eld) or dark photons interact with the metallic surface of the dish, converting into
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photons independent of their mass. These photons are subsequently directed by a parabolic
focusing re ector onto a highly sensitive single-photon counting detector.

For the pilot dark photon experiment within the BREAD program, the large-area mi-
crowire arrays developed and characterized in this thesis are currently being integrated as
the single-photon detector. Chapter 8 describes the characterization and integration of these

sensors into the experiment and plans for the future.

1.3.4 Dark Photons

Dark photons are hypothetical particles that are introduced as the gauge bosons (force
carriers) of a new U(1) symmetry associated with DM interactions. The idea behind dark
photons is that they could mediate interactions between dark matter particles and possibly
visible matter, but with a very weak coupling to the standard model particles. This idea is
motivated by the dark sector in theoretical physics, which posits the existence of a hidden
sector of particles that interact very weakly with ordinary matter.

In its theoretical framework, a dark photon can mix with the standard photon, leading to
the possibility of dark matter-photon interactions. This interaction is particularly interesting
for explaining anomalies observed in certain experiments, such @s2renomalyin the
muon magnetic moment, and for providing a candidate for dark matter.

The Lagrangian for the dark photon can be written as:

1 1

e
L= ZFmdF™ ZFnF ™ SFmd M mpA AT (1.7)

whereFnnis the eld strength tensor for the standard photBf,, is the eld strength
tensor for the dark photon, ardis a small parameter that represents the mixing between
the standard photon and the dark photon. The t%m:orresponds to the mass of the dark

photon, and the mixing term enables the possibility for photon-dark photon oscillations.
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The interaction between the dark photon and standard model particles is typically mod-

eled as a kinetic mixing term:

L int = €FmaF ™" (1.8)

This term leads to weak couplings between ordinary matter (via the electromagnetic

interaction) and dark matter (via the dark photon).

1.3.5 sub-GeV Dark Matter

The absence of a DM signal in existing WIMP direct detection experiments and the lack
of supporting non-Standard Model physics in collider experiments have led to interest in the
development of other candidates for DM. The lack of sizable interaction between DM and
ordinary matter motivate the hypothesis that dark matter is neutral under all standard model
forces but interacts through new forces that to-date have been undiscovered. This is referred
to as hidden sector DM. In several frameworks, the sub-GeV scale arises naturally and via
production mechanisms beyond the standard freeze-out. Each mechanism implies targets
in the DM parameter space that are accessible experimentally. The DM relic density can be
accounted for by mechanisms that describe portal interactions between hidden sector forces
and ordinary, for example via an exchange of a dark photon. Importantly, the parameter
space for these models is unexplored experimentally and also, in part, beyond the scope of
astrophysical bounds.

The higher mass region of the hidden sector parameter space is well-probed by WIMP
search experiments (few GeV to 100 TeV). The lower region of the hidden sector DM
parameter space below a few GeV is not well-probed by WIMP search experiments and
requires new detection strategies. This is referred to as sub-GeV dark matter.

One of the challenges in probing light dark matter via traditional nuclear recoil methods
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lies in the kinematics; for lighter masses of DM, the total kinetic energy transferred to the
nucleus during a recoil is suppressed. Low nuclear recoil energies are a challenge to detect
and necessitate sensors with drastically reduced energy thresholds and background rates.

Another avenue to search for DM is through interaction with electrons in target ma-
terials as opposed to nuclei. This is more kinematically favorable, as a higher fraction
of kinetic energy can be transferred from a light DM particle to an electron via inelastic
scattering processes, for example. Due to the inverse relationship between interaction rate
and the DM mass shown in Equation 1.3, interactions can be probed with smaller target
volumes and exposure for lighter dark matter masses. For this reason, pilot programs for
sub-GeV DM searches are able to utilize table-top sized experiments.

The measurable signatures of hidden sector DM are dictated by the type of new force
coupling the DM to ordinary matter. As are described in benchmark models [39], a new
force can be mediated by scalar of vector bosons which couple to leptons or hadrons. The
bench-marked coupling models are described in detall in this reference for hidden sector
DM in general, and also the low-mass (sub-GeV) parameter space for hidden sector dark
matter .

For concreteness, sub-GeV DM that interacts with electrons through a dark-photon

mediator is described in the following section.

DM-electron scattering

Using the notation in reference [40], a DM particecan couple to the standard model
via aU (1) gauge bosom’ (dark photon) A%kinetically mixes with the SMJ(1) eld via
the following interaction:

e mn— 0

2cos F/ Fon (1.9)

whereq is the mixing anglee is the coupling strength, arl%d(m" and Frfmare the eld
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strengths.

The scattering cross-section can be written as

1épngeae’ap
o = LopnEae’ap e (1.10)
T a D agnieetes |
—; 0
(amg) :
whereme is the DM-electron reduced mass ad 92D (theU(1)p coupling.
The corresponding form factor can be written as
M2+ a2 1, mp ame
Fom(d) = Ao—rzng 2 (1.11)
Mot @ e,

whereq is the DM-electron momentum transfer. The DM form factor describes how the
interaction between dark matter particles and ordinary matter varies with the momentum
transfer in a scattering event which which is essential for calculating event rates in dark
matter detection experiments and understanding the interaction mechanisms. In a DM-
electron scattering interaction, the DM can transfer at most its kinetic eneflygain?,
wheren = 10 3¢ is the galactic DM velocity and is the speed of light. The parameter

space for both regimes is shown in gure 1.6.

DM-electron absorption

Dark matter (DM) candidates such as axion-like particles (ALPs) and dark photons can
interact with ordinary matter via absorption, especially through interactions with bound
electrons. The absorption of dark photoXfcan be modeled as the absorption of a non-
relativistic particle with mass with couplinge to electrons [26, 27]. In absorption other

DM transfers its entire rest mass energyc?.
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The absorption of dark photons or axion-like particles occurs when these particles inter-
act with electrons bound in atoms. The process is commonly referred to as the axio-electric
effect for axions and axion-like particles. This interaction leads to the absorption of the
dark-matter particle, which transfers its energy to an electron, causing it to be ejected from
its atomic orbit. For a dark photon, this effect arises due to kinetic mixing with the photon
eld, while for axions, the interaction is based on the axion's coupling to the electromag-
netic eld.

For dark photons, the absorption cross section can be expressed as:

e? E?
sg(E) = @ oETr E? (1.12)
wheree is the kinetic mixing parametemypo is the mass of the dark photoR, is the
energy of the incoming dark photon, ab# is the energy width of the absorption process,
typically related to the material's band gap or the electron binding energy.

For axion-like particles (ALPs), the absorption cross section is given by:

Fag E?
mi DE2+ E2

sa(E) = (1.13)

wheregagg is the axion-photon coupling constant, is the mass of the ALP, and the
other terms are analogous to those for dark photons.

Current direct detection experiments such as XENON100 [41-43], CDMSilite [44], and
SuperCDMS [45-47] are sensitive to these types of interactions, especially with electron
recoil events. The cross section can be probed by observing the energy deposited by dark-
matter particles in the form of electron recoils, allowing for the constraining of the coupling
constants & for dark photonsgagg for ALPs) in regions of parameter space that were
previously unexplored.

However, the sensitivity of these experiments to lower mass range for dark-matter parti-
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cles, especially below a few MeV, remains poorly probed. This region is dif cult to explore
due to the relatively low recoil energies associated with light dark-matter candidates, which
are often below the detection thresholds of existing experiments. Moreover, many direct
detection experiments have better sensitivity at higher masses (e.g., GeV-scale DM), leav-
ing a signi cant gap in their ability to probe lighter candidates such as dark photons or
ALPs with small masses.

To overcome these limitations, future experiments are under development with the goal
of lowering the energy thresholds and increasing the sensitivity of detectors. These next-
generation experiments aim to probe the unexplored regions of parameter space where dark
photons and axions may exist. Theoretical studies have already begun to investigate the
potential for detecting bosonic DM absorption in materials with lower energy thresholds,
such as semiconductors and superconducting materials. These materials probe potentially
weakly coupled interactions of low-mass dark photons and axions, and thus could enable

the detection of these particles in new mass ranges [48, 49].

1.4 DM Detection Strategies

As shown schematically in gure 1.5, there are the three general categories of exper-
iments that provide complementary insight into the nature of dark matter. Indirect dark
matter detection strategies focus on the measurement of the products of dark matter inter-
actions (i.e. gravitationally) rather than the dark matter itself. Accelerator experiment aim
to produce dark matter directly or via decays of heavier new particles. Direct DM detection
experiments aim to directly measure the collisions between dark matter and a target ma-
terial in terrestrial apparatuses. Importantly, the veri cation of an excess as a dark matter
signal would require concurrent study and veri cation between all of the above channels

as well as consistency with expected daily and annual modulation of the signal [50, 51].
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Figure 1.5: Schematic showing the possible channels of dark matter detection. Indirect DM detec-
tion involves searching for the standard model (SM) products of dark matter interactions and con-
straining annihilation cross sections. Collider searches seek to produce DM through high-energy
collisions. Direct Detection probe interactions of DM with a target material through a measurable
signal of the energy deposition.

Direct detection experiments search for DM interactions with nuclei or electrons in target
materials. Large-scale, mature experiments have placed exclusions on much of the DM pa-
rameter space above 1 GeV. With the theoretical developments and evidence from collider
experiments that DM might have a lighter mas$3eV) than once previously thought, it is

important to devise novel detection strategies to explore the sub-GeV DM parameter space.

1.4.1 Direct Detection of sub-GeV Dark Matter

Many new experiments spanning a diversity of elds from atomic [52] and molecu-
lar [53] physics to condensed matter physics [54], [55], [56], [57] have been proposed to

probe sub-GeV DM via both electron and nuclear recoils. Figure 1.6 shows the approxi-
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mate mass range of sub-GeV regime, along with some of the proposed experiments that are

under development.

Figure 1.6: (a) Parameter space of dark matter (DM) mass showing the sub-GeV regime between
WIMP and axion DM predictions. (b) Experiment proposals for sub-GeV dark matter searches.
Materials in use are indicated by solid lines, while those under consideration for the near-term
and long-term are shown by solid-dashed and light-dashed lines, respectively. The horizontal scale
indicates the mass-sensitivity range. Figure adapted from ref. [58].

1.4.2 n-type GaAs as a Cryogenic Scintillating Target

Scintillators are a widely adapted experimental target for direct dark matter searches [59].
In direct DM searches, when dark matter particles interact with electrons in a scintillating

material, they deposit energy, causing the material to emit photons through radiative de-
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Acceptor Energy Level Wavelength

Shallow defects 1.44 eV 861 nm
lonized boron on arsenic site 1.33 eV 930 nm
Si GaV Ga complex 1.16 eV 1069 nm

Si GaV GaSi Ga complex 0.93 eV 1333 nm

Table 1.1: Radiative acceptorsnrtype GaAs and their associated energy levels and wavelengths.

cays. These photons are then detected by sensitive detectors, providing a measurable signal
that can be analyzed to infer the presence of dark matter. As a novel cryogenic scintillator,
n-type Gallium Arsenide (GaAs) features a band gap:62EV and desirable properties

as a target for the Mex? mass range, which falls within the poorly explored sub-GeV
regime [60]. Ann-type GaAs target coupled to a single photon detector is the system of
interest that this work will focus onN-type GaAs doped with silicon (Si) and boron (B)

was rst proposed as a cryogenic scintillator for the detection of sub-GeV DM via elec-
tron recoils due to its high luminosity and the commercial availability of large, high-purity
crystals[61-63]. Scintillation photons are emitted frostype GaAs via the following pro-

cess:

(1) Electronic excitation leaves one or more holes in the valence band

(2) Acceptors trap the valence band holes

(3) The acceptor holes recombine radiatively with delocalized donor band electrons and
scintillation photons are emitted

The emission wavelengths are thus dependent on acceptor energy levels. Known accep-
tors and their associated energy level/corresponding scintillation wavelength are listed in
table 1.1 [64]. Scintillation in the 930 nm band is the most dominant. Figure 1.7 adapted
from ref [62]shows the x-ray excited luminescence spectra-tyfpe GaAs doped with
silicon and boron measured with silicon and InGaAs CCDs at 10K, where the contribu-

tions from these different radiative decay processes can be seen. The relative intensities of
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Figure 1.7: X-ray excited luminesence spectratype GaAs doped with silicon and boron mea-

sured with a silicon CCD (left) and an InGaAs CCD (right) showing the near-infrared emission
bands. Figure adapted from ref.[62].

the emission bands depend on the dopant and free carrier concentrations, as do the decay
timescales.

One of the most desirable featuresetfype GaAs compared to other cryogenic scintil-
lators is its lack of afterglow [60], the emission of scintillation photons at long time scales
after a particle interaction has occurred. In order to avoid these afterglow effects in GaAs,
the samples must be doped above the so called Mott transition [65]. In cooling the crystals
from room temperature to below 1 K, some of the free carriers bind to individual silicon
atoms at an energy levet2meV below the conduction band, and repulsion then forces
the additional electrons into the next higher available energy level, which is in the conduc-
tion band. Electrons in the conduction band remain highly mobile down to 0 K, and they
serve two purposes: (1) annihilation of any meta-stable radiative states that would result
in unwanted afterglow, and (2) ef cient combination with electron holes to maximize the
prompt scintillation light (the desired signal).

To demonstrate this, gure 1.8 adapted from reference [63] shows the intensity of the

scintillation light emitted from a GaAs sample at 10K of sample before, during, and after

25



Figure 1.8: Figure adapted from ref [63] showing (a) the normalized intensity of emitted scintillation
light before, during, and after irradiation with 50 keVp X-ray beam and (b) an inset showing the
time during which the shutter closed. Of note is the sharp return to a baseline around 0 intensity
after irradiation.

a 600 second exposure to the 50 keVp X-ray beam. The scintillation intensity is cleanly
correlated with the opening and closing of the excitation beam shutter with no lingering

emission after irradiation, as shown by the return to a baseline around 0 intensity.

1.4.3 DM Detection concept usingtype GaAs

In the detection concept that is the focus of this work, photons are emittedrfrom
type GaAs after excitation by DM-electron scattering or absorption of DM by an electron
and subsequent radiative recombination. The near-infrared scintillation photons are then
detected by an SNSPD. The signal associated with a DM — electron interaction depends on
the mass of the DM particle and the interaction. In a DM-electron scattering event, for the
case that the DM patrticle is heavier than an electron (the case relevariyfoe GaAs as a
target material), the maximum energy transferred is the kinetic energy of the DM. Given a
galactic DM velocityve = 10 3 ¢, where c is the speed of light, a 10 Med? DM particle

transfers
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Figure 1.9: Schematic depiction of the detection concept: a DM particle scatters off (or absorbs
onto) an electron im-type GaAs, exciting it to a higher-energy level; scintillation photons are
emitted through radiative recombination processes; these are subsequently detected by the SNSPD

array
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