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The Super Cryogenic Dark Matter Search (SuperCDMS) experiment at SNOLAB is

designed to probe dark matter candidates in the 1–10 GeV/c2 mass range. Located 2 km

underground in Canada’s SNOLAB laboratory, the experiment will deploy 24 silicon and

germanium detectors arranged in four towers. The detector payload combines high-voltage (HV)

phonon detectors, excellent low-energy sensitivity, with iZIP phonon–ionization detectors that

enable background rejection. This thesis presents two projects that contribute to the preparation

for the first science run.

The first project centers on a detector tower testing campaign, where a tower of six HV

detectors was deployed and tested at the Cryogenic Underground TEst facility (CUTE). This effort

included detector characterization, development of calibration strategies, and demonstration of

sustained in-situ operation. I contributed to both operations and data analysis, with a focus on

establishing calibration procedures that spanned from low-energy, low-background setups to

high-energy calibrations in both high and no voltage bias conditions.

The second project involves ionization yield measurements performed at the Ionization

Measurement with Phonons At Cryogenic Temperatures (IMPACT) experiment. In this study, the

ionization yield in silicon was measured down to 100 eV for the first time. My work concentrated

on the second phase of the analysis, which aimed to identify single electron–hole pair events.
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While noise levels prevented observing such events, the analysis confirmed that electron–hole pair

production exhibits no threshold even at these low energies.

Together, these projects deliver critical calibration tools, analysis pipelines, and performance

benchmarks that will support the commissioning of SuperCDMS SNOLAB, now underway.
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CHAPTER 1
DARK MATTER INTRODUCTION AND MOTIVATION

Since the 1930s, accumulating empirical evidence has implied that visible matter is not the

only kind of matter in our universe [1]. However, the evidence was not widely recognized, as most

opted to question some of the assumptions used in the analysis of such measurements. Zwicky’s

work on the mass of clusters is an example of this. Nonetheless, the field gained momentum in the

1970s when several new observations of the velocity curves of a multitude of spiral galaxies

indicated that there must be more mass than initially thought. In fact, it did not take much for the

community to realize that our universe is mainly dominated by a dark class of matter. This chapter

will enumerate some evidence of existence, inferred properties, and a few of the proposed particle

candidates.

1.1 Dark Matter Motivation

1.1.1 Rotation Curves of Galaxies

The rotation velocity for the accretion disk of a galaxy is one of the first pieces of evidence

for dark matter. Spiral galaxies typically consist of a central bulge and an accretion disk. We can

approximate the mass distribution to be uniform 𝑀 (𝑅) = 4𝜋𝑅2𝜎 where 𝜎 is the density of the

planar mass. However, a simplification can be imposed when dealing with spiral galaxies, which

is to consider that most of the mass is concentrated in the center of the galaxy, resulting in a

simple average potential at an arbitrary point 𝑅 in Equation 1-1. Applying the viral theorem yields

the velocity as a function of distance from the center of the galaxy, as indicated in 1-2

⟨𝑉⟩ = −𝐺𝑀𝑡𝑜𝑡

𝑅
(1-1)

𝑣 =

√︂
𝐺𝑀𝑡𝑜𝑡

𝑅
(1-2)
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A similar treatment can be performed without the mentioned simplification, resulting in a

similar velocity profile shown in 1-3 where 𝛼 is a constant determined by the geometry of the

mass distribution ( 𝛼 ≤ 1 for uniform symmetric distributions) .

𝑣 =

√︂
𝛼
𝐺𝑀𝑡𝑜𝑡

𝑅
(1-3)

Measurements performed by Fritz Zwicky in 1933 showed a disparity between expectation

and observation. These measurements remained a point of contention until the 1970s, when

multiple studies published significant deviations from theoretical expectations, as seen in Figure

1-1. The measurements imply the existence of non-luminous matter mostly with a halo structure

around these types of galaxies. Additionally, this type of matter is concluded to be electrically

neutral, considering the lack of its interaction with light.

Figure 1-1. Measurement and the best-fit result for an observation captured by [2]. The fit was
created by mixing three mass distributions as indicated in the plot.
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1.1.2 Gravitational Lensing

Gravitational lensing is the bending of light’s trajectory due to a massive object bending the

space-time around it. This phenomenon was first described by Albert Einstein in his theory of

general relativity. The theory predicts that for a spherically symmetric mass distribution, there

should be a deflection angle of magnitude
2𝑅𝑠

𝑟
where 𝑅𝑠 is the Schwarzschild radius. Although

this assumption is not very realistic, it can, to a first order, demonstrate the effect. Matching the

deflection angle and the observation angle 𝜃𝑜𝑏𝑠 leads to the possibility of determining the mass of

the ”lens” as seen in equation 1-4 where 𝑑 is the distance to the lens and 𝐺 is the gravitational

constant.

𝑀 =
𝑐2𝑑 tan(𝜃𝑜𝑏𝑠) (𝜋 − 2𝜃𝑜𝑏𝑠)

4𝐺
(1-4)

For more realistic mass distributions, gravitational lensing is used to map the gravitational

potential, which can be used to infer the mass distribution [3]. Several measurements, built on this

principle, showed that the lensing effects has been amplified in specific regions that do not match

the observed luminous matter. A famous example of this discrepancy is the lensing of the bullet

cluster merger [4]. Combining the measurements of the Magellan optical telescope and the

Chandra X-ray telescope enables tracing the mass distribution contours. The gravitational lens

map not only indicated that most of the mass is non-ordinary matter but also that it can only

interact weakly with itself, as most of it emerged from the collision almost unaffected as shown in

1-2.

1.1.3 Cosmic Microwave Background

Another strong piece of evidence backing the existence of dark matter (DM) is the cosmic

microwave background (CMB). CMB measurements have been a powerful tool in testing

cosmological models as they impose strong constraints on the densities of different components of

the universe. Most successful and widely adopted cosmological model explain the anisotropies in
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Figure 1-2. (Left) Color image from the Magellan images of the merging cluster. (Right) Chandra
image of the cluster. Shown in green contours in both panels are the weak-lensing
reconstructions. Figure is copied from [4].

the CMB with the existence of a dark energy component (driving the expansion of the universe)

and a dark matter component (damping the expansion along with baryonic matter).

The Planck collaboration measurement of the anisotropies in CMB (shown in fig 1-3) and

subsequent fitting revealed the necessity of the DM component. The fit was obtained by fitting for

7 parameters that include the energy densities of different components. The fit gives a matter

density of Ω𝑀 = 0.313 ± 0.013 and a relative baryon density to dark matter density of:

Ω𝑐

Ω𝑏

≈ 5.4 (1-5)

showing a great consensus with different independent estimates for DM.

1.1.4 Large-structure Formation

Since the first attempts at mapping the universe in the 1980s, a web-like structure has

appeared on large scales (10 - 200 Mpc)[6]. The discovery of filaments and galaxy clusters

created a new fundamental puzzle, as the expectation was a uniformly distributed baryonic matter

across space. The puzzle became more severe when earlier explanations used only baryonic and

radiation components, and the distribution of densities imprinted in the CMB to model the

evolution of large-scale structure. The models did not reproduce the observed structure.
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Figure 1-3. CMB power spectrum measurement and fit as published by the Planck collaboration
[5]

The issue stemmed from the strong coupling between baryons and radiation before

recombination, limiting structure formation through gravitational instability [7]. A collisionless

and electromagnetically decoupled DM would allow clustering earlier, as soon as the universe is

dominated by matter. Numerical simulations showed that DM would form the nodes and skeleton

for clusters and filaments where baryons end up 1-4. The abundance needed to form a similar

structure to astrophysical observations is consistent with the abundance predicted from ΛCDM

[8, 9].

1.2 Dark Matter Properties

1.2.1 General Properties

As the CMB observations indicate that DM is non-baryonic. The motivations looking

beyond the SM for DM candidates. Additionally, other motivations impose a few general

properties constraining building beyond-SM theories. The properties include:

• Massive: DM candidates should have mass since the only observed coupling is through
gravity.
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(a) z = 18.3 (b) z = 5.7

(c) z = 1.4 (d) z = 0

Figure 1-4. Slices of simulated large structure formations at different red shifts [8].
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• Neutral (or millicharged): DM are, as the name implies, ”Dark”. Meaning, DM does not
interact through EM or QCD interactions, so they cannot have any considerable charge.

• Non-relativistic: Galactic formation implies that DM must be ”cold” or non-relativistic.
This is necessary for large-scale structure formation [10].

• Weakly-Interacting: DM has to be very long-lived or stable to exist with the current
observed abundance, given it was produced in the early universe.

• Maintains SM successes: DM has not been observed to cause violations of conservation
laws of energy, momentum, angular momentum, and charges.

1.2.2 Local Properties

1.2.2.1 Local Mass Density

Some of the motivations for proposing DM can be used to estimate the local density. This

estimation is important for direct detection experiments as the signal rate depends on the density,

as it will be discussed later. The most widely used method is simulating galactic kinematics based

on observed trajectories of stars in galaxies.

Most models typically follow the widely accepted Standard Halo Model (SHM), which

describes the dark matter distribution in galactic halos as an isotropic, isothermal sphere.

Combined with the fact that gravitational potential can be described by a Poisson’s equation

(Equation 1-6), one can yield a system of Jean-Poisson equations that can be compared to

observed distributions. References [11, 12, 13] detail distribution-dependence on the nature of the

calculations and modeled components.

4𝜋𝐺𝜌 = ∇2Φ (1-6)

where 𝐺 is the gravitational constant, 𝜌 is the total mass density and Φ is the gravitation potential.

Measurements for the Milky Way over the last decade have converged to a local mass

density of 𝜌𝜒 ∼ 0.3 GeV/c2 [1, 14]. Though it’s worth mentioning that this measurement is

heavily reliant on the assumed SHM. Any refinement can lead to a different conclusion. For

instance, [15] argues that adding more complex kinematics for DM will result in a local mass

density of 𝜌𝜒 ∼ 0.5 GeV/c2.
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Overall, different models vary the local mass density within the range of ±0.2 GeV/c2 [16].

This seemingly large variance, however, does not resemble such a big concern for DM direct

detection experiments as the signal rate is linearly dependent on the local DM mass density.

1.2.2.2 Velocity Distribution

The final component is the velocity distribution of dark matter in the galactic halo, 𝑓 (𝑣).

Assuming SHM leads to a Maxwell-Boltzmann velocity distribution in the galactic frame,

truncated at the galaxy’s escape velocity 𝑣𝑒𝑠𝑐:

𝑓 (𝑣) = 1
𝑁


𝑒−𝑣

2/𝑣2
0 , 𝑣 < 𝑣𝑒𝑠𝑐

0, 𝑣 > 𝑣𝑒𝑠𝑐

(1-7)

where 𝑣0 is the circular speed of the Sun about the center of the Milky Way (approximately

220 km/s), and N is a normalization constant ensuring that the integral over velocity space equals

unity. The escape velocity is typically taken to be 600 km/s.

This velocity distribution is formulated in the galactic frame and must be transformed to the

detector (Earth/Lab) frame:

𝑓𝐿 (®𝑣, ®𝑣𝑒) = 𝑓 (®𝑣 + ®𝑣𝑒) (1-8)

where ®𝑣𝑒 is the Earth’s velocity relative to the galactic center. The Earth’s velocity comprises

several components: the circular speed of the Sun about the galactic center, the Sun’s peculiar

velocity, and the Earth’s orbital velocity about the Sun. This last component changes over the

course of a year, leading to a non-trivial annual modulation in the expected WIMP rate-dependent

signals; a signature that motivates dedicated searches for time. For long-running experiments, the

time-averaged value of Earth’s orbital speed is used, and the time dependence is neglected.

The velocity integral can be formally defined as:

𝑔(𝐸𝑅) =
∫ 𝑣𝑒𝑠𝑐

𝑣𝑚𝑖𝑛

𝑓 (®𝑣 + ®𝑣𝑒)
𝑣

𝑑3𝑣 (1-9)
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In this formulation, we see that we can detect a modulation signal arising from the Earth’s

orbital motion. This is the assumption made by the much-contested DAMA/LIBRA results [17].

This assumption, however, is not necessarily true as recent measurements using Gaia satellite shed

some doubts on the Maxwellian nature of the velocity distribution. [18] (and references therein)

analysis argues the existence of dark shard streams which are not attributed in the traditional

SHM. These streams, when boosted to the lab frame, introduce features that cause deviations from

the Gaussian shape assumed earlier (see Figure 1-5).

These irregularities in the shape of the velocity distribution open the door to reinterpret the

results of DAMA/LIBRA and all modulation DM search experiments. Additionally, the feature at

the tail of the distribution will introduce an enhancement in the detection signal for lighter DM

candidates like ALPs and Axions. For heavier candidates, however, the nuclear recoil search will

not experience significant deviations from the typical distribution of SHM. Figure 1-6 summarizes

the effects of the proposed non-Maxwellian velocity distribution.

1.3 Candidates

The aforementioned DM properties are very loose, and depending on the production

mechanisms, one can devise several theoretical candidates modeling DM. The current status of

the field consists of several candidates spanning a mass range of more than 50 orders of

magnitude. Some of the theories were initially proposed to solve other issues in other fields, like

the Weakly Interacting Massive Particles (WIMPs) and Axions.

1.3.1 Thermal DM

The thermal DM hypothesis can reproduce the measured dark matter abundance from a

minimal set of assumptions, making it also more appealing. In the remainder of this section, I will

discuss the 2 production mechanisms of DM as discussed in [20] and [21].

The contents of the early universe can be analyzed in terms of the equilibrium densities. If

particles undergo rapid interactions, they can be described by a common temperature T. When

rapid reactions can change the number of particles, the number density will approach a
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Figure 1-5. Speed distribution in lab frame as modeled in [18]. The black solid line shows the
distribution accounting for substructure components assuming 𝜁𝑡𝑜𝑡 of 10% (the
percentage of DM in the dark shards).

Maxwell-Boltzmann distribution. This equilibrium distribution exhibits dramatically different

behavior depending on how the temperature compares with the particle mass.

This can be seen clearly through the evolution on the number density (n) through a

Boltzmann equation that accounts for the expansion of the universe (through the Hubble

parameter H) and the annihilation process.

𝑑𝑛

𝑑𝑡
+ 3𝐻𝑛 = −⟨𝜎𝑣⟩[𝑛2 − 𝑛2

𝑒𝑞] − Γ[𝑛 − 𝑛𝑒𝑞] (1-10)

Equation 1-10 contains three physically distinct terms. The term 3𝐻𝑛 represents ”Hubble

friction,” accounting for the dilution of particle density due to the expansion of the universe. The

right-hand side represents collision terms: annihilation (proportional to 𝑛2), production

(proportional to 𝑛2
𝑒𝑞), and the decay term (proportional to 𝑛). The Hubble parameter itself scales

as 𝐻 ∼ 𝑔∗𝑇2/𝑀𝑃𝑙 , where 𝑔∗ counts the effective number of relativistic degrees of freedom and

𝑀𝑃𝑙 is the Planck mass.
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(a) Effect on nuclear recoil rates. (b) Effect on modulation rates.

Figure 1-6. A summarized effect of the dark shard streams on DM direct detection experiments.
(Left) The time-averaged nuclear recoil rate for as a function of energy for a 20 GeV
WIMP-like particle scattering through a spin-independent interaction with xenon.
(Right) The modulation of the integrated event rate in two ionization energy bins of
1–3 and 1–6 keV (top and bottom panels in each column, respectively). Both figures
are adapted from [18].

Figure 1-7. Candidates summary of particle DM. Figure is adapted from [19].
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When Γ or (𝑛𝑒𝑞 ⟨𝜎𝑣⟩) is large compared to H, the number density n is driven toward its

equilibrium value (ie; the interactions are strong enough to maintain thermal equilibrium). This is

called for freeze-out mechanism. Conversely, when H is large, the interactions are insufficient to

maintain equilibrium: n becomes frozen and simply scales with the expansion of the universe (ie;

freeze-in). For DM, most hypotheses (but not necessarily all) assume a 𝑍2 symmetry, killing the

decay term, which simplifies modeling production further.

The freeze-out mechanism for DM begins with DM in chemical equilibrium with the SM

plasma at early times, with equilibrium maintained by scattering processes where pairs of DM

annihilate into Standard Model particles (𝜒 + 𝜒 → SM+SM) and the reverse. However, the

expansion of the universe eventually results in a departure from equilibrium. Because the density

𝑛𝑒𝑞 falls exponentially for temperatures below the mass, all interactions involving massive

particles are likely to fall out of equilibrium at sufficiently late times. The DM particles become

sufficiently diluted that they can no longer find each other to annihilate, and they cease tracking

the Boltzmann distribution (See Figure 1-8).

This can also be interpreted the other way around. Once A frozen-out DM’s mass and cross

section for annihilation into SM particles are specified, the relic density can be predicted. The

remarkable feature is that one simple, reasonable assumption (that dark matter is in equilibrium

with the SM at early times) is sufficient to predict the dark matter density today in terms of the

particle physics properties of DM.

Freeze-in operates under opposite assumptions: it assumes a negligible initial number

density and requires small couplings such that the particle never reaches its equilibrium number

density. If the couplings governing freeze-in are sufficiently small, the resulting particle’s lifetime

could be large enough for it to constitute dark matter, even if it is not strictly stable. This differs

fundamentally from freeze-out, where the relevant interactions must be strong enough to maintain

equilibrium at early times.

Different interaction types lead to different systematics and consequently different phase

diagrams for DM production. For example, [20] discusses 2 different scenarios, one with a quartic
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Figure 1-8. The comoving number density Y (left) and resulting thermal relic density (right) of a
100-GeV DM particle as a function of temperature T. The solid gray contour is for an
annihilation cross section that yields the correct relic density, and the shaded regions
are for cross sections that differ by order to three orders of magnitude above and below
the correct relic value. The dashed gray contour is the number density the thermal
equilibrium case. Figure is adapted from [21].
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interaction of the form (𝜒2 · 𝑆𝑀 · 𝑆𝑀) allowing for a 𝜒 that is exactly stable and interacts with

pairs of SM particles in the thermal bath. Alternatively, a Yukawa interaction of the form

(𝜒 · 𝜓1 · 𝜓2), where 𝜒 is the DM, 𝜓1 is a heavier dark sector particle, and 𝜓2 is a SM fermion,

produces a rich parameter space with regions corresponding to non-relativistic or relativistic

freeze-out, freeze-in parameter space for 𝜒.

Since the mass range varies from few eVs to several TeVs, it warrants a different detection

mechanism, either through nuclear or electron recoil. Figure 1-9 summarizes the thermal DM

candidates and possible detection interactions. In the remainder of this subsection, I will talk

about a few candidates that are related to the detectors I worked on as part of my thesis.

1.3.1.1 WIMPs

The Weakly Interacting Massive Particles (WIMPs) theories represent some of the most

studied candidates. WIMPs are loosely defined as DM candidates that are stable, interacting with

SM through gravity and one other force that is at least as weak as the weak nuclear force. WIMPs

are produced in thermal equilibrium in the early universe. The WIMP hypothesis falls into the

freeze-out production mechanism. To correctly reproduce the observed abundance of DM, the

mass range for such candidates has to be within the GeV to few TeV mass range.

WIMPs arise naturally in popular SM extensions like supersymmetry and sterile neutrino

theories, which also address other open questions in particle physics. The ”WIMP miracle”—that

weak-scale particles naturally produce the correct dark matter abundance—combined with

multiple SM extensions predicting candidates at precisely this mass range, makes WIMPs

compelling dark matter candidates and strongly motivates experimental searches.

However, it is important to note that the cosmological history of the universe at

temperatures above approximately 1 MeV (before Big Bang Nucleosynthesis) represents an

extrapolation based on the Standard Model plus additional ingredients such as dark matter.

Features such as inflation, the existence of dark matter itself, and the baryon asymmetry all

indicate that our understanding of earlier epochs remains incomplete. This uncertainty means that

while the freeze-out calculation provides strong motivation for the WIMP hypothesis, alternative
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Figure 1-9. DM candidates and a summary of detection mechanisms for thermal DM. Figure is
adapted from [22].

production mechanisms and modifications to the standard cosmological picture cannot be ruled

out without direct experimental evidence.

Expected Signal Model

Since WIMPs are non-relativistic and massive, the expected interaction with a SM target

can be modeled as two-body elastic scatter of a WIMP off a target nucleus. The recoil energy (𝐸𝑅)

carried by the nucleus after such an interaction can be calculated using simple kinematics:

𝐸𝑅 =
𝜇2
𝐴
𝑣2

𝑚𝐴

(1 − cos 𝜃) (1-11)

where 𝑚𝐴 is the mass of the target nucleus, 𝜇𝐴 = 𝑚𝜒 · 𝑚𝐴/(𝑚𝜒 + 𝑚𝐴) is the reduced mass

of the WIMP-target nucleus, 𝑣 is the velocity of the incoming WIMP, and 𝜃 is the angle between

the final trajectories of the two particles. To estimate the average expected event rate (R) in a

detector, we begin with a general expression:

𝑅 = 𝑁𝑇 · 𝑛𝜒⟨𝑣⟩ · 𝜎 (1-12)
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where 𝑁𝑇 is the number of target, and 𝜎 is the total WIMP-nucleus scattering cross section.

Additionally, we can account for the dependence of the cross section on the recoil energy

and velocity distribution. Expressing the rate per unit detector mass rather than for a specific

number of target nuclei provides a more general description. The differential rate per unit recoil

energy per unit detector mass can be written as:

𝑑𝑅

𝑑𝐸𝑅

=
𝜌𝜒

𝑚𝜒𝑚𝐴

∫ 𝑣𝑒𝑠𝑐

𝑣𝑚𝑖𝑛

𝑣 𝑓 (𝑣) 𝑑𝜎
𝑑𝐸𝑅

𝑑𝑣 (1-13)

The 𝑓 (𝑣) is the normalized distribution of WIMP speeds within the galactic halo.

Additional parameterizations were implemented to help generalize the rate equation, like the local

DM number density 𝑛𝜒 expressed as 𝜌𝜒/𝑚𝜒. The lower limit of integration, 𝑣𝑚𝑖𝑛, represents the

minimum velocity required to produce a recoil with energy 𝐸𝑅 derived from equation 1-11 as

𝑣𝑚𝑖𝑛 =
√︃

𝐸𝑅𝑚𝐴

2𝜇2
𝐴

.

The cross-section term can also be described in terms of zero-momentum transfer

cross-section (𝜎0), and a form factor function 𝐹2(𝐸𝑅) (as in Equation 1-14). This encodes

suppression terms arising from the nuclear structure of the target nuclei.

𝑑𝜎

𝑑𝐸𝑅

=
𝑚𝐴𝜎0

2𝜇2
𝐴
𝑣2

𝐹2(𝐸𝑅) (1-14)

To calculate the cross-section’s dependence on energy, one has to consider the full effective

Lagrangian of the entire interaction. Most frameworks assume canonically that WIMPs are spin-1
2

Majorana particles (see [23, 24, 25]). In the low momentum transfer regime relevant to direct

detection, the Lagrangian is simplified to split into a spin-spin interaction (spin-dependent) and a

scalar interaction (spin-independent).

𝜎0 = 𝜎𝑆𝐼
0 + 𝜎𝑆𝐷

0 (1-15)
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𝜎𝑆𝐼
0 =

4𝜇2
𝐴

𝜋
(𝑍 𝑓𝑝 + (𝐴 − 𝑍) 𝑓𝑛)2 ≃

4𝜇2
𝐴

𝜋
𝐴2 𝑓 2 (1-16)

where 𝑍 is the number of protons in the target nucleus, (𝐴 − 𝑍) is the number of neutrons, and 𝑓𝑛

and 𝑓𝑝 are the WIMP couplings to neutrons and protons, respectively, and they are typically

assumed to be equal.

𝜎𝑆𝐷
0 =

32𝐺2
𝐹
𝜇2
𝐴

𝜋

𝐽 + 1
𝐽

(𝑎𝑝 ⟨𝑆𝑝⟩𝑎𝑛⟨𝑆𝑛⟩)2 (1-17)

where 𝐺𝐹 is Fermi’s constant, 𝐽 is the total nuclear spin, 𝑆𝑝, 𝑆𝑛 are the proton and neutron spins,

and 𝑎𝑝, 𝑎𝑁 are the couplings to protons and neutrons.

After factorizing the constants to simplify the expression and scaling the rate by the total

target mass for the measured rate to:

𝑑𝑅𝑇𝑎𝑟𝑔𝑒𝑡

𝑑𝐸𝑅

=
𝑀𝜎0𝜌𝜒

2𝜇2
𝐴
𝑚𝜒

𝐹2(𝐸𝑅)
∫ 𝑣𝑒𝑠𝑐

𝑣𝑚𝑖𝑛

𝑓 (𝑣)
𝑣

𝑑𝑣 (1-18)

It is worth mentioning that the form factor also depends on whether the interaction is

spin-dependent or not. References [25] and [26] discuss in detail how the form factor can be

calculated for the different cases.

The primary unknowns—the WIMP mass (𝑚𝜒) and the WIMP-nucleon cross section

(𝜎𝑆𝐼
𝑁

)—are the main targets of direct detection experiments. By measuring the energy spectrum

and rate of nuclear recoils, experiments aim to constrain or determine these fundamental

parameters, ultimately testing whether the WIMP hypothesis correctly describes dark matter.

1.3.1.2 LDM

The lack of discoveries for WIMPs motivated the need to look for DM elsewhere. One

direction is Light Dark Matter (LDM) (also referred to as Dark Sector candidates) with candidates

within the mass range of keV/c2 to a few GeV/c2. The production mechanisms for such

candidates are either through Freeze-in or through secluded freeze-out [27]. Detection of these
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candidates is, however, difficult through the typical nuclear recoil signal described in the previous

subsection. This is due to the maximum energy transfer possible (described by Equation ??) is on

the limit of detector resolution thresholds of around 100 eV of deposited energy.

Δ𝐸𝑚𝑎𝑥 =
2𝜇2𝑣2

𝜒

𝑚𝑇

(1-19)

The workaround is to consider inelastic scattering off electrons rather than elastic nuclear

recoil considered earlier. It can be shown [28] that the maximum energy transfer scale is much

larger and detectable by many existing experiments. Additionally, experiments can track models

describing the absorption of DM rather than scattering. In the remainder of the section, I will

describe some of the models explored by semiconductor experiments like SuperCDMS and

DAMIC.

Δ𝐸𝑚𝑎𝑥 ≤
1
2
𝜇𝑣2

𝜒 (1-20)

DM-electron scattering can be modeled in the same fashion as the nuclear recoil

candidates, with the caveat of introducing a mediator 𝐴′. The interaction rate can be as shown

below [28]:

𝑑𝑅𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝑑 ln 𝐸𝑅

=
𝑀𝜌𝜒

𝑚𝜒𝜇
2
𝐴

· 𝜎̄𝑒𝛼𝑚
2
𝑒

∫
𝑑 ln 𝑞(𝐸𝑒

𝑞
)𝜂(𝑣𝑚𝑖𝑛 (𝑞, 𝐸𝑒)) · 𝐹𝐷𝑀 (𝑞)2 | 𝑓𝑐𝑟𝑦𝑠𝑡𝑎𝑙 (𝑞, 𝐸𝑒) |2 (1-21)

where 𝑞 is the transferred momentum, 𝛼 is the fine structure constant, 𝑚𝑒 is the mass of the

electron, and 𝜂 is the integral over the velocity distribution. Here, the form factor is for the DM
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and electron system can depend on the relative mass between the mediator and electrons:

𝐹𝐷𝑀 ≃


𝛼2𝑚2

𝑒/𝑞2, 𝑚𝐴′ ≪ 𝛼𝑚𝑒

1, 𝑚𝐴′ ≫ 𝛼𝑚𝑒

(1-22)

Appendix A in [28] details the derivation for the rate accounting for crystal excitation, along with

the formulation for crystal form factor 𝑓𝑐𝑟𝑦𝑠𝑡𝑎𝑙 (𝑞, 𝐸𝑒) used to account for the band structure.

Absorption models also gained momentum in the past decade as a possible DM detection

signal. The concept is similar to the photoelectric effect, where a Dark Sector particle is absorbed,

causing an ionization signal. SuperCDMS detectors are sensitive, with varying degrees, to these

candidates depending on the detector deployed.

The first candidate to consider is Dark Photons (DPs). DPs are hypothetical massive vector

bosons that kinetically mixes with a SM dark hypercharge. If the mixing parameter of these

candidates and SM is sufficiently low and mass of the DP is smaller than 1/2 the mass of the

electron, the decay lifetime is larger than the age of the universe (see [29] and references therein).

The interaction rate can be shown as:

𝑅 =
𝜌𝜒

𝜌𝑇𝑚𝐴′
𝜀2
𝑒 𝑓 𝑓ℜΠ(𝑚𝐴′) (1-23)

where 𝜌𝑇 is the density of the target, 𝑚𝐴′ is the mass of the DP, Π(𝑚𝐴′) is the complex

conductivity of the target, and 𝜀𝑒 𝑓 𝑓 is the effective mixing parameter after accounting for target

material modulation. Reference [30] has estimated the effective mixing parameter as:

𝜀2
𝑒 𝑓 𝑓 =

𝜀2𝑚4
𝐴′

[𝑚2
𝐴′ −ℜΠ(𝑚𝐴′)]2 + [ℑΠ(𝑚𝐴′)]2

(1-24)

The second absorption DM candidate is the Axion-Like Particles (ALPs), though they are

not necessarily produced thermally as discussed earlier [31]. They follow the same rationale as

DPs, where they get absorbed by ionizing an electron in what is described as the axioelectric
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effect [32]. ALPs coupling to SM is model-dependent. For recoil DM detection, ALPs abundance

is assumed to be solely by a candidate (𝑎) of mas 𝑚𝑎 with interaction of [29]:

L =
1
2
𝜕𝜇𝑎𝜕

𝜇𝑎 − 1/2𝑚2
𝑎𝑎

2 + 𝑖𝑔𝑎𝑒𝑒𝑎𝑒𝛾
5𝑒 (1-25)

with a rate of:

𝑅 = 𝜌𝜒𝜎𝑝𝑒 (𝑚𝜒) ·
3𝑔2

𝑎𝑒𝑒𝑚𝜒

16𝜋𝛼𝑚2
𝑒

(1-26)

where 𝑔𝑎𝑒𝑒 is the interaction coupling, 𝜎𝑝𝑒 is the photoelectric cross-section of the target.

1.3.2 Beyond Thermal DM

As mentioned earlier, the range of DM candidates spans more than 50 orders of magnitude

of mass. In this subsection, I will briefly mention some of the candidates despite the rest of the

thesis does not address them. They are mentioned in an attempt of completeness, though the

reader might find a more comprehensive review in [33].

Primordial black holes (PBHs) are black holes formed from overdensities in the early

Universe. The interest in this possibility surged following the discovery of gravitational waves

from mergers of tens of solar mass black hole binaries by LIGO-Virgo. Unlike WIMPs, PBH can

emit gravitational waves that interact with regular matter, and their existence in the early universe

could explain some observed gravitational lensing effects that could not arise from ordinary

matter. PBHs can produce dark matter non-thermally through their evaporation, with early matter

domination leading to black hole formation that subsequently evaporates before big bang

nucleosynthesis, potentially producing dark matter in the 100 GeV/c2 – 10 TeV/c2 mass range

[34, 35].

Sterile neutrinos were proposed in 1993 as an additional neutrino species without the

electroweak interactions of SM neutrinos, which could be produced in the early Universe through

oscillations of SM neutrinos. One production mechanism involves sterile neutrinos in the 100

eV/c2 to 10 keV/c2 mass range produced via lepton number-driven resonant MSW
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(Mikheyev-Smirnov-Wolfenstein) conversion of active neutrinos, resulting in a non-thermal

energy spectrum that allows these particles to revert to non-relativistic kinematics at an early

epoch [36]. Sterile neutrinos with masses of a few keV/c2 are common warm dark matter

candidates, as they freeze out before reaching thermal equilibrium and their properties are

consistent with astrophysical bounds from structure formation.

Bosonic DM candidates can be very light with an upper bound of 60 keV/c2 with an

unrestricted lower bound. They are long-lived, making them good candidates for DM. QCD

Axions stand out the most in this class since they also could solve the strong CP problem, if their

mass lies within the range of 10−3 − 10−6 eV/c2 by the Peccei-Quinn solution [37]. Recent

experimental constraints from the Axion Dark Matter eXperiment (ADMX) using an ultralow

noise Josephson parametric amplifier cavities have excluded axions with masses between 2.64 to

5.4 𝜇eV/c2 at 90% confidence level, assuming a SHM [38]. This experiment aims to extend the

range by deploying multiple cavities in hopes of widening the mass range.
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Figure 1-10. Summary of possible DM candidates. The visualization is adapted from [33]. This
visualization is inclusive or exclusive of all remaining DM candidates; rather, it lists
some of the ones with active contributions in the community.
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CHAPTER 2
DARK MATTER DIRECT DETECTION

In this chapter, I will discuss the main concepts for direct detection of thermal D,M

including basic target choices, excitation signals, and the working principle of several existing

experiments. The will then end with detector physics for the SuperCDMS experiment.

2.1 Target Material Selection

The choice of target material in direct detection experiments is constrained by the

kinematics of elastic DM-target scattering. For simplicity, I will focus on DM-nucleus scattering.

When calculating the integral expected rate from equation 1-18 given the maximum recoil energy

discussed in equation 1-19, we can see that heavier targets are always better. We, however, have

neglected a key factor, which is the experimental energy threshold.

Realistically, the lower bound for the integral rate is not set to zero, since each experiment

has to set its own threshold. Below this threshold, the confidence in either event reconstruction or

discrimination from backgrounds cannot be guaranteed. Typically, larger target experiments (like

noble gases) have a higher energy threshold. Also, as discussed earlier, lighter targets maximize

the energy transfer for the light candidate case. Additionally, for a larger target, the form factor is

severely diminished, resulting in a smaller rate. This presents a trade-off between exposure and

sensitivity.

For light WIMP masses in the sub-GeV to few-GeV range, experiments favor lighter target

nuclei such as silicon and germanium. Silicon, with atomic mass 𝐴 = 28, is employed by the

SuperCDMS and DAMIC collaborations and provides optimal sensitivity for WIMPs in the mass

range 𝑚𝜒 ∼ 1–10 GeV/𝑐2. Lighter targets enable detectors to achieve lower energy thresholds,

with SuperCDMS demonstrating thresholds as low as ∼ 30 eV nuclear recoil energy in silicon for

large-scale detectors [39].

Germanium, with atomic mass 𝐴 = 73, represents an intermediate target material utilized by

SuperCDMS, CDEX, and EDELWEISS experiments [19, 22]. Germanium provides sensitivity to

WIMPs in the mass range 𝑚𝜒 ∼ 5–100 GeV/𝑐2, offering a compromise between the advantages of
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light and heavy targets. A key advantage of this substrate is its mature technology of crystal

growth. This has enabled the production of ultra-pure crystals with minimal contamination.

For high-mass WIMPs above 𝑚𝜒 ∼ 10 GeV/𝑐2, the field is dominated by liquid noble gases.

Xenon, with atomic mass 𝐴 = 131, can be used to construct multi-tonne liquid detectors

maximizing target exposures. Xenon is employed by the LZ, XENONnT, and PandaX-4T

collaborations. Liquid argon represents another noble liquid approach, with the DarkSide-20k

experiment exploiting argon depleted in the cosmogenic 39Ar isotope. Argon, with atomic mass

𝐴 = 40, targets WIMPs in the mass range 𝑚𝜒 ∼ 10–1000 GeV/𝑐2. The scintillation pulse shape in

liquid argon differs between nuclear and electron recoils due to different populations of singlet

and triplet excited states, enabling pulse-shape discrimination as an additional background

rejection tool [22, 40].

Several experiments employ sodium iodide crystals, particularly to test the annual

modulation signal reported by the DAMA/LIBRA collaboration. The ANAIS and COSINE

experiments use NaI scintillating crystals with the same target material as DAMA to perform an

independent test of the modulation signature [17].

This physics and the large possible mass range motivate a complementary approach. Heavy

targets for high-mass DM searches, while light targets for lighter candidates. The multi-target

strategy employed by the dark matter community ensures comprehensive coverage of theoretically

motivated parameter space across four orders of magnitude in DM mass.

2.2 Excitation Channels

The deposited energy is partitioned among multiple excitation channels depending on the

target properties. DM-nucleus interactions produce three primary signals: ionization,

scintillation, and heat (lattice vibrations). Each channel carries distinct information about the

interaction, and combining them enables background rejection. Figure 2-2 summarizes direct

detection experiments with their underlying signals.
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(a) Different target. (b) Different masses.

Figure 2-1. Variation of event rates with energy threshold for (Left) different targets with fixed
masses and (right) different low WIMP masses with Ge target. The experimental
thresholds on the x-axis are just absolute values and are not related to the possible
experimental setup. We notice that for Xe to be more competitive for such a low mass
candidate, the threshold has to be below 1 keV. Figures are courtesy of Enectali
Figueroa-Feliciano.

Figure 2-2. Summary of excitation channels possible for DM-nucleus and DM-electron recoils.
Figure is adapted from [22].
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2.2.1 Scintillation Signal

In noble liquid detectors such as liquid xenon and liquid argon, particle interactions produce

prompt scintillation light through the formation and decay of excimer states. When energy is

deposited in the liquid, atoms are excited or ionized. Excited atoms and electron-ion pairs can

combine to form temporary diatomic molecules (excimers) in either singlet or triplet

configurations. These excimers decay, emitting photons.

The number of scintillation photons produced is given by

𝑁𝛾 =
𝐸𝑅

𝑊𝑝ℎ

· (𝑆𝑒𝑒/𝑆𝑛𝑟), (2-1)

where 𝑊ph is the mean energy per scintillation photon and 𝑆𝑒𝑒/𝑆𝑛𝑟 represents the relative

scintillation efficiency for electron recoils versus nuclear recoils.

The measurement of scintillation light is done by arrays of photomultiplier tubes (PMTs) or

silicon photomultipliers (SiPMs) that surround the detector in a time projection chamber (TPC).

The decay time of the scintillation pulse contains information about the type of interaction. In

liquid argon, this difference is particularly pronounced, with singlet states decaying with ∼ 6 ns

time constants and triplet states decaying with ∼ 1.6 𝜇s time constants. Nuclear recoils produce a

higher fraction of triplet states compared to electron recoils, resulting in scintillation pulses with

longer tails. This pulse shape variation provides a strong tool for background discrimination [40].

In liquid xenon detectors operated in dual-phase mode, ionization electrons that escape

recombination are accelerated upward through the liquid into a thin gas layer above the liquid

surface, causing them to produce secondary scintillation light. The secondary pulse (S2) is

detected by the same PMT arrays and is proportional to the ionization charge, while the primary

scintillation signal (S1) is proportional to the total energy. The ratio between the pulses can

discriminate between nuclear recoils and electron recoils [41].
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2.2.2 Ionization

When a particle deposits energy 𝐸𝑅 in a semiconductor crystal, a fraction of this energy is

converted into electron-hole pairs through impact ionization. The energy partitioned into

ionization is described by the ionization yield 𝑦(𝐸𝑅):

𝐸ion = 𝐸𝑅 · 𝑦(𝐸𝑅) (2-2)

The ionization yield depends on the type of recoiling particle, with electron recoils exhibiting

𝑦ER ≈ 1 (nearly all energy goes into ionization) while nuclear recoils have 𝑦NR < 1. This

difference in ionization efficiency forms the basis for discriminating nuclear recoils from DM

signals from electron recoil backgrounds.

The number of electron-hole pairs created by the ionization energy is determined by the

average energy required to produce one electron-hole pair 𝜖 :

𝑁𝑒/ℎ =
𝐸ion
𝜖

. (2-3)

At the cryogenic operating temperatures of SuperCDMS detectors (∼ 15 mK), the mean

ionization energy is 𝜖𝑆𝑖 = 3.8 eV for Si and 𝜖𝐺𝑒 = 3.0 eV for Ge. These values are slightly higher

than room-temperature values. This is due to thermal contraction during cool-down that shifts the

band gap.

The measurement of the ionization signal proceeds by applying a bias voltage across the

crystal. The electric field drifts the electron-hole pairs to the collection electrodes on the surface

of the detector. The collected charges induce a spike current in the readout electrodes to produce a

voltage pulse proportional to the total collected charge.

2.2.3 Heat Signal

Superheating technology is usually deployed in bubble chambers. Typically, targets are

kept at very high pressures and temperatures. When DM particle scatters off the substrate, the

substrate boils, resulting in small bubbles. The chambers are constantly imaged. The images are
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then analyzed for energy reconstruction. PICO collaboration has demonstrated that this

technology can present a competitive limit on WIMPs [22, 1, 19].

Phonons detection is another crucial signal used for DM, especially in cryogenic detectors

like SuperCDMS experiments. At the millikelvin, thermal phonon populations are negligible, and

the phonon system can act as a sensitive bolometer that measures the total energy deposited by

particle interactions. The phonon signal consists of three distinct components: primary phonons,

recombination phonons, and Luke phonons.

2.2.3.1 Primary Phonons

The fraction of deposited energy not converted into ionization is immediately released as

high-frequency phonons. These primary phonons carry energy:

𝐸primary = 𝐸𝑅 · [1 − 𝑦(𝐸𝑅)], (2-4)

For nuclear recoils with an ionization yield of 𝑦 ∼ 0.3, approximately 70% of the recoil energy is

converted into primary phonons. For electron recoils with 𝑦 ≈ 1, nearly all energy initially goes

into ionization.

The primary phonons generated by particle interactions are athermal, with frequencies

typically in the terahertz. These phonons propagate through the crystal at a fraction of the speed

of sound, which is approximately 𝑣𝑠 ∼ 5 km/s in Si. As phonons propagate through the crystal,

they undergo multiple reflections at the surfaces, ions, and impurities. Through these quasi-elastic

reflections, phonons gradually down-convert in frequency, populating lower-energy states at a rate

proportional to 𝑓 5 [42]. Eventually, phonons reach the detector surfaces where they are absorbed,

which converts the phonon energy into measurable electrical signals.

2.2.3.2 Recombination Phonons

The electron-hole pairs created by ionization carry energy 𝐸ion that is temporarily stored in

the electronic system. In the absence of an applied voltage or after charge collection in biased

detectors, these charge carriers eventually recombine. When an electron and a hole recombine,
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they release their remaining kinetic energy along with the band gap energy. The total energy is

emitted as phonons:

𝐸recomb = 𝐸ion = 𝐸𝑅 · 𝑦(𝐸𝑅). (2-5)

Similar to the primary phonons, the recombination phonons do not travel ballistically. There is

also a delay between the emission of these phonons, which depends on the recombination site.

That is why these phonons contribute to the extended tail in the pulse shape. This effect, however,

is highly pronounced since the range of delay is of the order of 𝑂 (𝜇𝑠).

The total energy measured by the phonon system is the sum of primary and recombination

components if there is no voltage bias applied:

𝐸0𝑉
phonon = 𝐸primary + 𝐸recomb = 𝐸𝑅 [1 − 𝑦(𝐸𝑅)] + 𝐸𝑅𝑦(𝐸𝑅) = 𝐸𝑅 . (2-6)

This energy conservation ensures the phonon measurement provides a calorimetric determination

of the recoil energy, independent of the partition between ionization and phonon energy.

2.2.3.3 Luke Phonons and the Neganov-Trofimov-Luke Amplification

In high-voltage detectors, an electric field is applied across the substrate to drift charge

carriers toward collection electrodes or the surface. As electrons and holes drift through the

crystal, they gain kinetic energy from the applied field. This kinetic energy is continuously

dissipated into the lattice through phonon emission. Each charge carrier, as it drifts through the

potential difference, converts its gained potential energy into phonons. This process, known as the

Neganov-Trofimov-Luke (NTL) effect [43], generates Luke phonons with total energy

𝐸Luke = 𝑁𝑒/ℎ · 𝑒𝑉 =
𝐸ion
𝜖

· 𝑒𝑉 (2-7)

where 𝑒 is the elementary charge, 𝑉 is the applied voltage, and 𝜖 is the mean ionization energy.

The Luke phonon energy is proportional to both the ionization signal and the applied voltage.
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The NTL mechanism provides significant amplification of the ionization signal. For typical

high-voltage Ge detectors operated at 𝑉 ∼ 100 V with 𝜖 ∼ 3 eV, the amplification factor is ∼ 30.

This amplification is the key to achieving ultra-low energy thresholds in SuperCDMS HV

detectors.

The total phonon energy measured in a high-voltage detector includes all three components:

𝐸HV
phonon = 𝐸primary + 𝐸recomb + 𝐸Luke = 𝐸𝑅 [1 − 𝑦(𝐸𝑅)] + 𝐸𝑅𝑦(𝐸𝑅) +

𝐸𝑅𝑦(𝐸𝑅)
𝜖

· 𝑒𝑉 (2-8)

This simplifies to

𝐸HV
phonon = 𝐸𝑅

[
1 + 𝑦(𝐸𝑅) ·

𝑒𝑉

𝜖

]
(2-9)

For a nuclear recoil with 𝐸𝑅 = 10 eV and 𝑦 ∼ 0.3 , the total phonon signal is approximately

110 eV, well above typical phonon baseline noise levels of ∼ 70 eV. This amplification enables the

detection of recoil energies that would be completely buried in noise in a zero-bias detector.

It is important to note that full NTL amplification occurs only during the charge drift across

the entire lattice. Near detector surfaces or edges where electric field non-uniformities exist,

incomplete charge collection leads to reduced Luke phonon signals. Similarly, if charge carriers

become trapped at crystal defects or impurities, the full Luke phonon energy is not achieved.

2.2.4 Ionization Yield

We have used the ionization yield in the last section without formally modeling it. As

defined in equation 2-2, it is the ratio of ionization energy to total recoil energy. Until a decade

ago, the Lindhard model was the most widely accepted. The model focuses on the partition of

energy between electronic and nuclear stopping.

The model assumes electrons’ share of initial energy deposition is negligible, and most of

the energy goes to the nucleus. The model treats the slowing-down process of the nucleus as a

cascade of successive collisions, where the recoiling ion loses energy through two competing

mechanisms: inelastic collisions with electrons producing ionization (coined as electronic
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stopping) and elastic collisions with other ions (referred to as nuclear stopping). The rates of these

mechanisms are computed given that the electrons produce minimal electronic recoil, and the

binding energy is much smaller than the deposited energy and can be neglected [44, 45].

The Lindhard model can be formulated as

𝑦(𝐸𝑅) =
𝑘𝑔(𝜀)

1 + 𝑘𝑔(𝜀) , (2-10)

where the material-dependent parameter is 𝑘 = 0.133𝑍2/3𝐴−1/2, and the energy-dependent

function is 𝑔(𝜀) = 3𝜀0.15 + 0.7𝜀0.6 + 𝜀. The dimensionless energy variable is defined as

𝜀 = 11.5𝐸𝑅𝑍
−7/3, where 𝐸𝑅 is expressed in keV and 𝑍 is the atomic number. At low recoil

energies (𝐸𝑅 < 1 keV), the Lindhard yield varies approximately as 𝑦 ∝ 𝐸0.15
𝑅

, decreasing slowly as

energy decreases.

Experimental measurements of ionization yield in silicon and germanium at low energies

show deviations from the Lindhard prediction, with measured yields typically 10–30% lower than

predicted [46, 47, 48]. In the latter part of this thesis, I will discuss a measurement of the yield

down to 100 eV of recoil energy, reaffirming deviations
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CHAPTER 3
SUPERCDMS DETECTOR DESIGN AND CONCEPT

The SuperCDMS experiment employs silicon and germanium targets operated at millikelvin

temperatures, covered with superconducting transition-edge sensors (TES) for phonon detection.

Three distinct detector designs have been developed to optimize sensitivity across different WIMP

mass ranges: iZIP (interleaved Z-sensitive Ionization and Phonon) detectors provide excellent

background rejection for WIMP masses, HV (High Voltage) detectors extend sensitivity down

with improved thresholds through maximum Luke phonon amplification, and HVeV (High

Voltage eV-resolution) prototype detectors achieve world-leading sensitivity to sub-GeV WIMPs.

3.1 SuperCDMS Detector Technologies

3.1.1 Transition-Edge Sensors

All SuperCDMS phonon measurements rely on transition-edge sensors (TES), a thin film of

tungsten biased at near superconductivity. The idea exploits the steep resistance-temperature

relationship in the superconducting-to-normal transition region. A single tungsten TES film has

dimensions typically 20 𝜇m × 2.5 𝜇m × 40 nm patterned on the detector surface. The critical

temperature of the tungsten film is tuned to approximately 𝑇𝑐 ∼ 45 mK, which is above the crystal

temperature of ∼ 15 mK [39].

Along the TES, SuperCDMS implements a thin superconducting Al film between the crystal

and the TES, creating a Quasiparticle-trap-assisted Electrothermal-feedback Transition-edge

sensors (QETs) device. When the athermal phonons propagate to the Al film, they break Cooper

pairs, which get collected by the TES, improving energy collection (see Figure 3-1)

[49, 50, 51, 52].

The TESs are operated in the transition region since this region of the transition curve is

relatively linear in the small signal approximation, which simplifies event energy reconstruction.

The TES resistance varies steeply with temperature as parametrized with 𝛼 ≡ 𝜕 ln 𝑅/𝜕 ln𝑇 [53].

This high sensitivity enables the detection of small energy depositions.

When a phonon deposits energy in the QET, the temperature rises and the resistance

increases. The increased resistance reduces the current (at fixed voltage bias), and this current
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Figure 3-1. A general schematic of detector physics with the top plot showing propagation of
phonons to the TESs.

decrease is measured by the SQUID as a voltage pulse. The magnitude of the current change is

proportional to the phonon energy absorbed.

The fixed voltage bias configuration creates an electrothermal feedback (ETF), stabilizing

the sensor. When the TES temperature increases due to either phonon absorption or a thermal

fluctuation, the resistance increases, causing the Joule power 𝑃 = 𝑉2/𝑅 to decrease. This reduced

heating, creating negative feedback.

The energy resolution of a TES is limited by thermal fluctuation noise arising from the

exchange of phonons between the sensor and the heat bath. The thermal fluctuation noise power is

given by

N2
TFN = 4𝑘𝐵𝑇2𝐺 (3-1)

where 𝑘𝐵 is Boltzmann’s constant, 𝑇 is the operating temperature, and 𝐺 is the thermal

conductance between the sensor and the heat sink. Integrating this noise power over the effective

measured signal gives the energy resolution:

𝜎2
𝐸 = 𝑐𝑘𝐵

𝑉𝑇2

𝜖2 (3-2)

where 𝜖 is the energy transfer efficiency, c is the specific heat, and V is the volume of the

TESs. This relation highlights the tradeoff needed when designing a detector; the bigger the

volume of the TES, the lower the operation temperature has to be. More details can be found in

Appendix E in [50]. For SuperCDMS, detectors target a baseline energy resolution of
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(a) TES transition curve. (b) TES signal readout.

Figure 3-2. Demonstration of (left) TES transition curve and (right) readout.

approximately 𝜎𝐸 ∼ 50 eV and ∼ 30 eV for germanium and silicon detectors, respectively [39].

Additional noise sources include Johnson noise from the resistance of the TES and readout

electronics, amplifier noise from the SQUID, and electrical interference from the experimental

environment.

An interesting feature of the TES design is the pulse shape is independent of the energy

deposited in the small pulse approximation. This is because the rise time is dominated by the LR

circuit time constant, while the fall time relies on the thermal conductance and heat capacity

(𝜏 𝑓 𝑎𝑙𝑙 ∝ 𝐶
𝐺𝑒 𝑓 𝑓

). This enables a simple, rigorous event energy reconstruction. I refer the reader to

[53], [50] and [54] for more detailed analysis of pulse shapes.

3.1.2 iZIP Detectors

The interleaved Z-sensitive Ionization and Phonon (iZIP) detector combines ionization

charge along with phonon collection. This enables powerful discrimination between nuclear

recoil signals and electron recoil backgrounds. Each iZIP detector consists of a crystal with a

diameter of 100 mm and a thickness of 33.3 mm, resulting in masses of approximately 1.4 kg for

germanium and 0.6 kg for silicon.

Both the top and bottom surfaces of the crystal are covered with phonon sensors and charge

electrodes arranged in an interleaved pattern. The phonon side of each face contains six TES
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Figure 3-3. (Left) iZIP. (Right) HV. (Top) detectors in their housings. (Bottom) Channel layout.
Each channel contains hundreds of lithographically defined QETs. The wedge
channels on the bottom surface are rotated by 45deg with respect to those on the top
for iZIP detectors and 60deg for HV detectors.

sensor channels that could provide position-sensitive phonon detection. Each channel consists of

approximately 1000 individual TES elements connected in parallel. The charge electrodes are

split into inner and outer electrodes that resemble a series of concentric rings. This electrode

geometry is replicated on both detector faces but in reverse polarity.

The surface event rejection is enabled by the asymmetric charge collection that occurs for

near-surface interactions. When a particle interacts within a few micrometers of one detector

surface, the ionization charge is created very close to the electrodes on that face. As a result,

charge collection on the interaction face near the interaction site is dominant. For bulk

interactions, charges on both faces drift across the entire crystal, resulting in symmetric collection

on top and bottom faces.

3.1.3 HV Detectors

The High Voltage(HV) detector design is an evolution of the iZIP concept to maximize

sensitivity to low mass WIMPs by incorporating voltage amplification. HV detectors use the same
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crystal dimensions as iZIP (100 mm diameter, 33.3 mm thickness) and expand the phonon channel

segmentation to 12 channels (6 per face).

A voltage difference of 50–100 V is applied between the two faces, creating a uniform

electric field of approximately 15–30 V/cm throughout the crystal volume. This aims to maximize

NTL amplification while avoiding dielectric breakdown.

In HV detectors, NTL amplification is a factor ∼ 30 larger than the direct phonon signal.

Since the phonon collection has excellent baseline resolution, the threshold is significantly

improved over iZIP. For instance, nuclear recoil events with energies as low as 100 eV produce

phonon signals of approximately 500 eV, well above the baseline noise. The lower threshold

extends WIMP sensitivity to masses approaching 1 GeV/𝑐2.

The HV design’s excellent sensitivity comes with a compromise. The high voltage creates

the possibility of incomplete charge collection, particularly near detector sidewalls where field

non-uniformities occur. Events with incomplete charge collection have reduced Luke phonon

signals, which can lead to systematic uncertainties in energy reconstruction. Additionally, the

strong electric field can cause charge trapping at crystal defects, preventing some carriers from

contributing to the Luke phonon signal. Figure 3-4 demonstrates some of the possible scenarios

for charge propagation. The twelve-channel phonon readout aims to preserve position information.

This could enable fiducialization, rejecting events with less-than-ideal amplification.

3.1.4 HVeV Detectors

The High Voltage eV-resolution (HVeV) prototype detector design represents a possible

optimization for maximum sensitivity to low-mass WIMPs. The crystal geometry of HVeV

detectors differs significantly from iZIP and HV. It uses thin crystals with a size of only

10 × 10 × 4 𝑚𝑚3 [55]. The reduced thickness decreases the charge drift distance, ensuring more

complete charge collection at high applied voltages.

The phonon readout of HVeV detectors is also simplified compared to iZIP and HV. Two

TES channels cover only one surface of the detector. Like HV detectors, HV detectors employ

NTL amplification with an applied voltage is typically 100–150 V [55, 56].
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Figure 3-4. Possible scenario of what charges can experience in the crystal. The nominal behavior
is shown at the left-most graph, while charge trapping (CT), impact ionization (II),
and leakage are demonstrated.

The reduced overall TES volume improves the baseline resolution, significantly improving

the analysis threshold. Recent HVeV science runs have shown an impressive resolution of

∼ O(1) eV [57]. This provides a competitive edge in the search for ERDM candidates.

Deployment of several HVeV detectors is hypothesized to improve the sensitivity also for

low-mass nuclear recoil candidates significantly [39].

3.2 Signal Processing: Optimal Filtering

Since the pulse shape does not change within the amplitude range of interest ignoring

position dependence, SuperCDMS employs optimal filtering techniques based on matched filter

theory. The optimal filter is designed to maximize the signal-to-noise ratio by weighting

frequency components according to their signal content and noise power. Two variants are

employed: single-channel (1×1) optimal filtering for independent channel analysis, and

multi-channel-multi-template (𝑁 × 𝑀) optimal filtering that exploits noise correlations between

channels and possible pulse shape variation to improve performance.
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3.2.1 Single-Channel Optimal Filter

Consider a measured time-series 𝑑 (𝑡) that contains a signal pulse 𝑠(𝑡) with unknown

amplitude 𝐴 plus additive noise 𝑛(𝑡):

𝑑 (𝑡) = 𝐴 · 𝑠(𝑡) + 𝑛(𝑡) (3-3)

The signal pulse has a known shape (the template) but unknown amplitude, which is

proportional to the deposited energy. The noise is assumed to be stationary and Gaussian with

known power spectral density 𝐽 ( 𝑓 ). The goal is to estimate the amplitude 𝐴 from the measured

data 𝑑 (𝑡) in a way that minimizes a frequency-domain 𝜒2 described by equation 3-5.

The optimal filter is typically most expressed in the frequency domain. Taking Fourier

transforms of the data, signal, and noise gives

𝑑 ( 𝑓 ) = 𝐴 · 𝑠( 𝑓 ) + 𝑛̃( 𝑓 ), (3-4)

𝜒2 =

∫ ∞

−∞

|𝑑 ( 𝑓 ) − 𝐴𝑠( 𝑓 ) |2
𝐽 ( 𝑓 ) 𝑑𝑓 (3-5)

where tildes denote Fourier transforms. Minimizing 𝜒2 yields an amplitude:

𝐴̂ =

∫
𝑠∗( 𝑓 )𝑑 ( 𝑓 )/𝐽 ( 𝑓 ) 𝑑𝑓∫
|𝑠( 𝑓 ) |2/𝐽 ( 𝑓 ) 𝑑𝑓

(3-6)

implying the filter can be expressed as 𝜙( 𝑓 ):

𝜙( 𝑓 ) = 𝑠∗( 𝑓 )
𝐽 ( 𝑓 ) (3-7)
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The variance of this estimator is

𝜎2
𝐴 = [1

2
𝜕2𝜒2

𝜕𝐴2 ]−1 =

∫ ∞

−∞
|𝜙( 𝑓 ) |2𝐽 ( 𝑓 ) 𝑑𝑓 (3-8)

which achieves the minimum possible variance given a Gaussian noise with the signal-to-noise

ratio of:

SNR2 =

∫ |𝑠( 𝑓 ) |2
𝐽 ( 𝑓 ) 𝑑𝑓 (3-9)

This filter, in an intuitive form, weights each frequency component of the signal template by

the inverse of the noise power at that frequency. Frequencies with large signal content and low

noise receive high weight, while frequencies with small signal or large noise are suppressed.

So far, we assumed we have the pulse and template aligned. This is not the case in general.

The time shift propagates as a phase in the frequency domain. The calculation tracks the same

steps with minimal computational complexity, with an amplitude of:

𝐴̂ =

∫
𝑒𝑖𝜔𝑡0𝑠∗( 𝑓 )𝑑 ( 𝑓 )/𝐽 ( 𝑓 ) 𝑑𝑓∫

|𝑠( 𝑓 ) |2/𝐽 ( 𝑓 ) 𝑑𝑓
(3-10)

where 𝑡0 is the time delay. In practice, the implementation of optimal filtering proceeds as follows:

• a pulse template is generated by averaging many high-signal-to-noise calibration pulses.
The pulses are aligned in time by identifying a fiducial point, such as the peak or a thresh-
old crossing. The average is normalized to unit amplitude. The template is Fourier trans-
formed to obtain 𝑠( 𝑓 ).

• The noise power spectral density is estimated by computing the Fourier transform of many
baseline (no-pulse) traces, squaring the magnitude, and averaging. This gives the estimate
𝐽 ( 𝑓 ) = ⟨|𝑛̃( 𝑓 ) |2⟩.

• For each event, the raw data trace is Fourier transformed and the optimal filter is applied in
the frequency domain by computing the numerator and denominator integrals. In discrete
implementation with sampling frequency 𝑓𝑠 and 𝑁 samples, the integrals become sums
over the discrete Fourier transform bins.
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A few assumptions were introduced implicitly along the way. The first is that the pulse

template captures the pulse shape variation fully. This is difficult, especially for large detectors,

because positional dependence may introduce pulse shape variation that is not TES-related. The

second assumption is noise power spectrum measurement is Gaussian and captures the true noise

characteristics of the detector and readout electronics. Realistically, cross-talk noise is sometimes

significant and correlated across different channels. This is why NxM OF was introduced.

3.2.2 NxM Optimal Filtering

Since different channels are not independent; they share common noise sources, have

cross-talk, and are subject to position-dependent pulse shape variations, a 1x1 OF becomes

non-optimal leading to biased amplitude estimates and degraded energy resolution. The historical

solution was to fit the summed pulse from all channels washing out position information. This,

nevertheless, fails to account for correlated noise. Multi-channel multi-template (NxM) optimal

filtering exploits the correlations between channels and accommodates pulse shape variations.

Consider a detector with 𝑁 channels, each corresponding to the same physical event. The

data prediction for channel 𝑐 in the time domain with 𝑀 templates is

𝑑𝑐 (𝑡) =
𝑀∑︁
𝑖=1

𝑎𝑐𝑖𝑇𝑐𝑖 (𝑡𝑐) (3-11)

where 𝑇𝑐𝑖 is the 𝑖-th template for channel 𝑐, 𝑎𝑐𝑖 is its amplitude, and 𝑡𝑐 is the time delay for that

channel. All templates from the same channel share a common time delay 𝑡𝑐 to avoid degeneracies

with amplitude parameters that would result in unstable fits with multiple local minima.

The time delays themselves carry position information. For large detectors, the time

required for phonons to propagate from the interaction site to different sensors vary considerably.

For a SuperCDMS SNOLAB HV detector (100 mm diameter, 33.33 mm thick) with phonon

velocities of approximately 5 km/s, the time delay difference between channels can reach 25 𝜇s,

corresponding to roughly 16 time bins at the 625 kHz sampling rate. This time delay variation is

one of the most sensitive probes of event position.

54



The Fourier transform of a time-shifted template 𝑇 (𝑡 − 𝑡𝑐) is 𝑇 ( 𝑓 )𝑒−2𝜋𝑖 𝑓 𝑡𝑐 , which rotates the

complex Fourier coefficients by angle 𝜙 = 2𝜋 𝑓 𝑡𝑐. To handle this while maintaining a real

covariance formalism, we construct a data vector d̃ 𝑓 of length 2𝑁 containing alternating real and

imaginary components from all channels:

d̃ 𝑓 =

©­­­­­­­­­­­­­­­­­­«

Re(𝑑1)

Im(𝑑1)

Re(𝑑2)

Im(𝑑2)
...

Re(𝑑𝑛)

Im(𝑑𝑛)

ª®®®®®®®®®®®®®®®®®®¬

(3-12)

The time shift is then implemented as a phase rotation through a block-diagonal rotation

matrix R(®𝑡) of size 2𝑁 × 2𝑁:

R(®𝑡) =

©­­­­­­­­­­­­«

cos 𝜙1 sin 𝜙1 0

− sin 𝜙1 cos 𝜙1

. . .

cos 𝜙𝑛 sin 𝜙𝑛

0 − sin 𝜙𝑛 cos 𝜙𝑛

ª®®®®®®®®®®®®¬
(3-13)

where 𝜙𝑐 = 2𝜋 𝑓 𝑡𝑐. Each 2 × 2 block rotates the real and imaginary components of channel 𝑐 by

the appropriate phase.

The template matrix T̃ 𝑓 has size 2𝑁 × (𝑁 × 𝑀) and contains the real and imaginary parts of

all Fourier-transformed templates arranged in a block-diagonal structure. The model prediction is

then
ˆ̃d 𝑓 = R(®𝑡) · T̃ 𝑓 · ®𝑎 ≡ A 𝑓 · ®𝑎 (3-14)
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where A 𝑓 = R(®𝑡) · T̃ 𝑓 is a 2𝑁 × (𝑁 × 𝑀) matrix that projects the fit parameters onto the predicted

data.

The noise is characterized by a 2𝑛 × 2𝑛 real, symmetric covariance matrix V 𝑓 at each

frequency. This matrix encodes both auto-correlations within each channel and cross-correlations

between channels:

V 𝑓 =

©­­­­­­­­­­­­«

𝐽RR
11 𝐽RI

11 𝐽RR
12 𝐽RI

12 · · ·

𝐽IR
11 𝐽II

11 𝐽IR
12 𝐽II

12 · · ·

𝐽RR
21 𝐽RI

21 𝐽RR
22 𝐽RI

22 · · ·

𝐽IR
21 𝐽RI

21 𝐽IR
22 𝐽II

22 · · ·
...

...
...

...
. . .

ª®®®®®®®®®®®®¬ 𝑓
, (3-15)

where 𝐽RR
𝑖 𝑗

represents the covariance between the real parts of channels 𝑖 and 𝑗 , 𝐽RI
𝑖 𝑗

represents the

covariance between the real part of channel 𝑖 and the imaginary part of channel 𝑗 , and so forth.

Critically, the real covariance formulation preserves correlations between the real

component of one channel and the imaginary component of another which are correlations that

reflect time delay differences between channels and would be missed or miscounted by a simple

complex covariance matrix formulation.

Treating the real and imaginary parts of the data residual as independent measurements, the

𝜒2 at a single frequency is

𝜒2
𝑓 = (d̃ 𝑓 − A 𝑓 · ®𝑎)𝑇V−1

𝑓 (d̃ 𝑓 − A 𝑓 · ®𝑎). (3-16)

For stationary noise, the power spectral density does not change with time, and a key

consequence is that noise is uncorrelated between different frequencies. This allows the

covariance matrix between different frequencies to be zero, and the total 𝜒2 can be written as a

sum over frequencies:

𝜒2(®𝑡, ®𝑎) =
∑︁
𝑓

(d̃ 𝑓 − A 𝑓 · ®𝑎)𝑇V−1
𝑓 (d̃ 𝑓 − A 𝑓 · ®𝑎)𝑎 (3-17)
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The 𝜒2 depends non-linearly on the time delays but linearly on the amplitude parameters ®𝑎.

A complete solution would require searching over all possible combinations of channel time

delays—for a 12-channel detector with a ±5 bin search window, this would require evaluating 𝜒2

approximately 1210 ≈ 1011 times, which is computationally prohibitive. The standard approach is

to use time delay estimates from single-channel optimal filter fits as fixed inputs to the NxM filter,

reducing the problem to amplitude estimation only. There is a systematic uncertainty associated

with this approximation, but it enables practical implementation.

With fixed time delays, minimizing 𝜒2 with respect to ®𝑎 yields an analytical solution.

Taking the derivative and setting it to zero gives the optimal amplitude estimator:

®𝑎 =
©­«
∑︁
𝑓

A𝑇
𝑓 V

−1
𝑓 A 𝑓

ª®¬
−1 ∑︁

𝑓

A𝑇
𝑓 V

−1
𝑓 d̃ 𝑓 (3-18)

Since for uncorrelated white noise with equal noise power in each channel, the

single-channel filter achieves a
√
𝑁 improvement in amplitude resolution simply by combining

information from 𝑁 channels. When channels have correlated noise or cross-talk, as is typical in

SuperCDMS detectors, the multi-channel filter performs even better by subtracting the correlated

components. These better amplitude reconstruction and time-delay resolution enable

fiducialization, allowing rejection of events near detector edges where charge collection or phonon

collection may be degraded.

3.3 SuperCDMS SNOLAB: Configuration and Projected Sensitivity

The SuperCDMS SNOLAB experiment represents the next-generation deployment of

SuperCDMS technology, designed to achieve world-leading sensitivity to low-mass WIMPs. The

experiment is being installed in SNOLAB, a facility located 2 km beneath the surface in Sudbury,

Ontario, Canada, which provides exceptional shielding from cosmic ray backgrounds.

3.3.1 Facility and Underground Location

SNOLAB occupies former mining caverns in the operational Creighton Mine of Vale Inco,

at a depth of 2070 m below the surface. The overburden, taking into account the average density
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of the rock, provides shielding equivalent to approximately 6000 meters water equivalent (m.w.e.).

Figure 3-5 shows that the extreme depth reduces the cosmic ray muon flux by approximately seven

orders of magnitude relative to the surface muon flux. The residual muons that reach the

experimental halls at this depth are primarily high-energy muons from the tail of the cosmic ray

spectrum, with typical energies exceeding 300 GeV.

The reduction in muon flux directly diminishes the radiogenic neutron background, one of

the most challenging backgrounds for direct detection experiments. Muons traversing detector

materials or surrounding rock can produce neutrons through spallation, photonuclear reactions,

and muon capture. These neutrons can scatter elastically from detector nuclei, producing nuclear

recoils that mimic WIMP signals. Combined with passive shielding, SuperCDMS SNOLAB

expects fewer than one neutron-induced nuclear recoil per year in the signal region [58].

The SNOLAB facility also maintains strict contamination protocols, including underground

cleanrooms, radon filtration systems, and materials screening programs, ensuring that detector

components achieve the required radiopurity.

Figure 3-5. The vertical intensity (a) and total muon flux (b) at different underground laboratory
sites. The red dashed line in (b) is the empirical formula for the down mine shaft case.
The blue dashed line and shade in (b) are the fitting result and uncertainty. Figure is
adapted from [58].

3.3.2 Detector Configuration and Target Masses

The SuperCDMS SNOLAB detector array comprises 4 detector towers with 2 distinct

detector types. The total configuration will include 12 iZIP detectors and 12 HV detectors,

distributed between silicon and germanium targets as shown in Figure 3-6.
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The iZIP detector array forms the foundation for background studies. This array consists of

10 germanium iZIP detectors providing an exposure of 56 kg·year. Additionally, 2 silicon iZIP

detectors contribute 4.8 kg·year of exposure.

The HV detector array extends sensitivity to lower WIMP masses in the range 1–10 GeV/𝑐2

by employing NTL amplification to reduce thresholds. This array includes 8 germanium HV

detectors (44 kg·year total) and 4 silicon HV detectors (9.6 kg·year total), operating at voltages of

100 V [49].

3.3.3 Cryogenic System and Shielding

The SuperCDMS SNOLAB installation is designed to operate under ultra-low background

conditions. Hence, the shielding is multilayered, consisting of an outer water tank, active radon

purge systems, ultrapure lead, and polyethylene layers. The entire apparatus is mounted on a

seismic isolation platform to mitigate vibrational noise as demonstrated by Figure 3-7.

All SuperCDMS detectors operate at base temperatures around 15 mK, maintained by a

custom-designed dilution refrigerator system. The innermost region, the SNOBOX, consists of

nested copper cans housing the four detector towers. A detailed discussion of the experimental

setup can be found in [39].

3.3.4 Expected Background Sources

The backgrounds are broadly categorized into radiogenic backgrounds arising from

radioactive contamination, neutron backgrounds from both environmental and cosmogenic

sources, and electromagnetic backgrounds from electrons and photons. The anticipated

backgrounds fall into two categories. Bulk events occurring throughout the detector volume and

surface events localized near detector faces.

Bulk backgrounds include detector contamination from cosmogenic tritium (3H, 18.6 keV

endpoint) produced by cosmic-ray exposure before deployment. In Si detectors, the

naturally-occurring 32Si also considerable (80+110
−65 decays/kg/day). Germanium detectors face

additional cosmogenic activation producing electron-capture isotopes including 68Ge, 65Zn, and
73As. External sources include radioactive contamination in construction materials (particularly
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Figure 3-6. SuperCDMS SNOLAB detector Configuration. The detector tower arrangement with
the type of target substrate indicated.

Figure 3-7. Overview of the SuperCDMS SNOLAB experiment setup. The assembly rests on top
of a seismic platform to provide isolation from major seismic events. The outer water
tanks provide protection from cavern neutrons. A gamma shield protects from
external gamma-rays, and the inner polyethylene layers serve to absorb radiogenic
neutrons emitted from the cryostat and gamma shield. Figure is adapted from [39]
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copper components), environmental radioactivity from cavern walls and air (238U, 232Th, 40K),

and muon-induced neutrons in the overburden. At the lowest energies, coherent elastic

neutrino-nucleus scattering from solar neutrinos represents a fundamental background floor for

future low-mass searches, though they are not necessarily within the targeted sensitivity for the

foreseeable runs.

Surface backgrounds arise primarily from 210Pb contamination deposited during detector

fabrication and handling when radon daughters plate out on exposed surfaces. The 210Pb decay

chain produces multiple signatures: 210Pb itself yields low-energy betas and X-rays (63 keV

endpoint), 210Bi produces harder betas (1.16 MeV endpoint), and critically, 210Po alpha decay

creates 206Pb nuclear recoils with 103 keV energy that can mimic WIMP signals if directed into

the detector. Additional surface contamination from 14C and 39Ar (from fabrication processes and

citric acid passivation) contributes electron recoil backgrounds.

To deal with these backgrounds, iZIP detectors can discriminate surface backgrounds, while

radial fiducialization rejects sidewall events. Adjacent detector vetoes can also can be

implemented to further suppress backgrounds from alpha-recoil coincidences and multi-site

depositions. Reference [39] and references therein go into a detailed discussion of the expected

backgrounds and their effect on sensitivity.

3.3.5 Projected Sensitivity

The sensitivity curves are calculated using the optimum interval method [59, 60], which

determines a 90% confidence level exclusion cross section without background subtraction.

Background events are drawn randomly from post-cut background spectra, and the expected dark

matter spectrum is compared to determine the median exclusion limit across many

pseudo-experiments.

Analysis thresholds are set by the larger of two criteria: 7 times the phonon sensor

resolution (7𝜎Ph) or the NTL phonon energy from a single electron-hole pair. This yields nuclear

recoil thresholds of 40 eV for Ge HV, 78 eV for Si HV, 272 eV for Ge iZIP, and 166 eV for Si iZIP
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detectors. The analysis energy range extends from these thresholds up to 25 keV for HV detectors

and 120 keV for iZIP detectors [49].

In the projection shown here, it was assumed a signal acceptance efficiency is approximately

85% for HV detectors and 75% for iZIP detectors after fiduclization. For iZIP detectors, the

combination of fiducial-volume and yield cuts removes enough surface and electron recoil

backgrounds that coherent elastic neutrino-nucleus scattering (CE𝜈NS) dominates at some

energies around the 5 – 10 GeV/𝑐2 mass range [49, 39].

The experiment targets initial sensitivity to nuclear recoil cross sections of ∼ 1 × 10−43 cm2

for 1 GeV/c2 dark matter mass. Ge HV detectors achieve best sensitivity around 1 GeV/c2, while

Si HV detectors extend sensitivity to sub-GeV masses.

The projected sensitivities represent over a few orders of magnitude improvement on current

experimental limits for 1 GeV/c2 nucleon coupled DM and for DP candidates. Figure 3-8

summarizes the projected world-leading sensitivity for different candidates. The Sensitivity for

ALPs, however, is not as significant, as projections do not improve on the limits set by

astrophysical observation (see Figure 3-9).
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Figure 3-8. Projected sensitivity for DM search for spin-independent nucleon-coupled DM
candidates (left) and DP candidates (right). Solid lines present current limits while
dashed lines indicate projected sensitivity. The plot is generated using Ciaran
O’Hare’s library found in [61]. The plot was generated from published limits before
April 2025.

Figure 3-9. Median expected sensitivity for HV detectors (Si: blue; Ge: red) for ALPs. Light
shaded regions show all existing limits up to 2022, while the dark shaded regions
highlight current exclusion limits from searches for ALP absorption in terrestrial
targets. The yellow band indicates the ALP stellar cooling hint.
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CHAPTER 4
DETECTOR CALIBRATION AND CUTE TOWER TESTING

In preparation for the SuperCDMS SNOLAB science run, one of two HV detector towers

was tested at the Cryogenic Underground TEsting facility (CUTE) at SNOLAB. The main goals

were characterizing the HV detectors, assessing their performance, and calibrating them. In this

chapter, I showcase the results of the effort, with emphasis on the Ge detectors, as the Si detectors

are still work in progress.

The campaign spanned the period between October 2023 to March 2024, and was split into

4 fridge runs. The first two runs focused on building the basics of the operability of the detectors,

readout system, and DAQ in a setup similar to SuperCDMS. The last two targeted calibration at

both 0V and HV configuration, neutralization, noise studies, and HV response studies.

The tested detector tower consisted of 6 individual HV detectors. Four detectors were Ge

detectors, while only 2 were Si. The detectors are named depending on the plane of installation,

with Z1 being closer to the tower structure. Figure 4-1 shows the detector configuration. One of

the Ge detectors (Z4) had issues in multiple channels regarding SQUID performance and the

readout cables, leading to halting the detector operation entirely.

4.1 Ge Detectors

4.1.1 Calibration Theory

For Ge detectors, the primary calibration strategy involved using internal activation

triggered by MeV neutrons emitted from a 252Cf source. The neutrons are captured by 70Ge

producing 71Ge. The resultant decays with a life-time of 11.4 days to 71Ga through electron

capture, emitting X-rays and Augure electrons. The emission corresponds to distinct peaks in the

energy spectrum corresponding to energies 10.37, 1.3, and 0.16 keV with probabilities of 87.6,

10.5, and 1.78 % (referred to as K-, L-, and M-shell, respectively)[62, 63].

At higher energies, a 37-kBq 133Ba source is deployed to eradiate the detectors with

gammas produced by the 133Ba decay via electron capture. The resultant energy lines are 276.4,

302.9, 356.0, and 383.9 keV [64, 65].
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(a) Cross section of CUTE apparatus.
(b) SuperCDMS SNOLAB towers

configuration.

Figure 4-1. A schematic of the CUTE experiment setup and SuperCDMS tower configuration.

4.1.2 Data Acquisition & Event Reconstruction

4.1.2.1 Data Acquisition

A multi-stage trigger system originally designed for SuperCDMS SNOLAB was

implemented to enable data acquisition of a small fraction of the continuous waveform for

analysis. The reduction is needed to accommodate the maximum data rate limits of the detector

control and readout cards (DCRCs).

The first level (L1) processes six channels on one side of a detector. A finite impulse

response (FIR) filter is used to highlight certain features in the data by convolving a signal with

the FIR coefficients. The coefficients are calculated from the noise PSD of real data and a

template signal to represent an optimal filter. The template signal is the averaged pulse shape from

random series. Since no quality cuts are applied to the sample generating this average, the trigger

threshold is set well below the noise amplitudes to avoid cases where the templates do not match

the actual pulse shape, making the triggering efficiency for events within the studied amplitudes

virtually 100%. A more detailed discussion of the L1 trigger can be found in [66].
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Level 2 (L2) trigger is mainly responsible for defining the type of trigger and the

coincidence between the sides of a detector, along with other detectors. This is done based on a

user-set configuration file. For example, a trigger on one side that is within 1.5 ms of a trigger on

the other side is combined into a single trigger ID. A detector trigger with 2.0 ms from another

detector’s trigger is assigned as a coincident event. The trigger types are split into in-run-random

triggers (IRR) at a rate of 0.5 Hz, begin-of-run-random triggers (BORR) at a rate of 2 Hz, and

physics triggers. BORR triggers are used to calculate the noise PSD of the series, and IRR

triggers are used to monitor noise changes. The physics triggers are above-threshold events used

for science analysis.

4.1.2.2 Event Reconstruction

Triggered events are recorded as 52-ms-long traces with a sampling frequency of 625 kHz.

An OF is implemented to retrieve pulses’ amplitudes, which are later calibrated to the energy

scale, as we will discuss in a different section. The noise PSD of each series is extracted as the

discrete Fourier transform of BORR events for each data series. The OF, as discussed in section

3.2.1, also requires a template capturing the general pulse shape.

To generate the template, a preliminary prompt processing was needed to extract reduced

quantities (RQs). These RQs are then used for event selection for template generation. Typically,

the event selection targets events with above-noise low amplitude events as shown in Figure 4-2.

The selected pulses are aligned either using a percentage of the maximum after a low-pass filter is

applied or using the delay parameter. The aligned pulses are averaged and normalized to a

maximum of 1, and the baseline is subtracted. A four-exponential functional form - described by

equation 4-1 - is implemented to fit the averaged signals. The fits are performed to all channels

individually in addition to the sum of all channels (PT) and the sum of each side (PS1 & PS2); ie,

a total of 15 channels for each detector.

𝑓 (𝑥) = 𝐴1𝑒

−(𝑥 − 𝑝𝑡)
𝑠𝑟 ∗ 𝑡2 + 𝐴2𝑒

−(𝑥 − 𝑝𝑡)
𝑠𝑟 ∗ 𝑡3 + 𝐴3𝑒

−(𝑥 − 𝑝𝑡)
𝑠𝑟 ∗ 𝑡4 − (𝐴1 + 𝐴2 + 𝐴3)𝑒

−(𝑥 − 𝑝𝑡)
𝑠𝑟 ∗ 𝑡1 (4-1)
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where:

𝐴𝑖 = the amplitude of the ith falling exponential

𝑡1 = the rise time

𝑡𝑖+1 = the fall time constant of the ith decaying exponential

𝑠𝑟 = the sampling rate

𝑝𝑡 = the trigger time sample

𝑥 = the array of time samples

Because the templates generation algorithm is sensitive to the preliminary processing RQs

(specifically, delay parameters) or relative channel calibration (described in a later section), this

algorithm is iterated until the template shape does not change. The template generation process is

performed on low-background, high-energy, and HV scan data sets at their different voltage

configurations.

Additionally, to decouple the reconstruction of events from position dependence, it was

settled that the sum of individual channel amplitudes is used (designated as PSum) instead of the

OF fitting the summed signals. The latter fit (designated as PTOFamps) was used in evaluating the

cuts. Finally, an implementation of a version of the N×M OF was used for the first time in a new

analysis. This allows for the simultaneous fitting of N channels using a superposition of M

different templates to account for pulse shape variations. In doing so, the N×M OF algorithm also

accounts for correlated noise. For this analysis, we only take advantage of the N×M reconstruction

by implementing a 12×1 OF to reduce computational cost. We, also, fix the start time for each

channel to the value derived by the standard OF algorithm rather than allowing each channel

individually to shift in time.

4.1.2.3 Relative Channel Calibration

In an ideal situation, the energy collected across the different channels should be equal on

average, given equal illumination of the detector when the Ge substrate is activated. This is not

the case as the 252Cf illuminates the detector from one side. This is, however, not the largest

contributor to variation in collected energy. The TES characteristics of different channels and
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Figure 4-2. (Left) An example of event selection for events taken by detector Z1 at 50V.
PTOFamps represents the OF amplitude of the sum of all channels on both sides.
PTOFchisq represents the frequency domain OF 𝜒2 described in section 3.2.1. (Right)
An example of aligned fits used as templates for Z1 low background data taken at 50V.

their different parasitic powers lead to a significant position dependence in reconstruction. This is

corrected for by assigning weights to different channels, which I will refer to as relative calibration

factors.

A simulation based on a superCDMS-specific simulation engine called Geant4 Detector

Monte Carlo (G4DMC). The engine is an adaptation of the Geant4 Condensed Matter Physics

package [67, 68], simulating relevant physics processes in the semiconductor target. Specifically,

the simulation focuses on charge creation and phonon propagation in the semiconductor with a

voltage bias applied. The simulation also registers where the phonons and charges hit the top and

the bottom surfaces. This opens the road to using the simulation to find the ratios of the energy

collected by each channel in an ideal situation and then comparing with real data.

For 0V data, one thousand 10 keV energy depositions spread across the bulk of the detector

were simulated, and a thousand 1 keV were simulated at 50 V. The energy depositions are

specified as single-hit electron-recoil events simulating the deposition in the detectors. Looking at

the geometry of the HV detectors shown in Figure 4-3, we can expect the wedge channels’ spectra

to be equal on average. A parameterization was used to project the spectra into 2D as indicated by
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the equations 4-2 and 4-3. The expected shape of a well-balanced energy distribution should be an

equilateral triangle, and the weights can be adjusted to satisfy that and match the simulation. As

for the central and the ring channels, no obvious geometric shape can be used, highlighting the

need for the simulations. The same 2D projection was implemented to align the main features in

both the simulation and real data. Figure 4-4 shows examples of the projection after applying

relative calibration for Z1. The K-shell peak at 0V and the L-shell peak at HV were used for this

study.

𝑥 =
𝑤1𝐴1 cos(0◦) + 𝑤2𝐴2 cos(120◦) + 𝑤3𝐴3 cos(240◦)

𝑤1𝐴1 + 𝑤2𝐴2 + 𝑤3𝐴3
(4-2)

𝑦 =
𝑤1𝐴1 sin(0◦) + 𝑤2𝐴2 sin(120◦) + 𝑤3𝐴3 sin(240◦)

𝑤1𝐴1 + 𝑤2𝐴2 + 𝑤3𝐴3
(4-3)

where:

𝐴𝑖 = the amplitude of one of the channels

𝑤𝑖 = the assigned relative calibration

It’s worth noting that some of the channels in the simulation, the ring channels, showed

significantly larger amplitudes than those taken by real data. This could be due to ill-tuned TES

parameters in the simulation. This, however, does not affect the outcomes of this study, as we are

only concerned with aligning the features in the data on average, not the actual amplitudes.

4.1.3 Data Quality Cuts

A total of 14 data quality cuts were implemented to remove events that were taken during a

period of instability or unstudied features in the data. Some of the cuts are basic cuts specifying

the detector under analysis (cTrigDetNum), whether the event is meant for physics study or noise

studies (cTrigType), discarding ill-recorded events (cGoodFit), and removing events recorded

when the LEDs were flashing or baking the detectors (cLED).
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Figure 4-3. Layout of the HV detectors deployed at CUTE and SNOLAB. Each side has 6
channels, as noted by the colors ( 1 central (F), 3 wedges (named E, D, C), and 2 ring
channels (named A, B). All channels have the same effective coverage.

4.1.3.1 cDuplicate

During the main calibration run, it was noticed that a considerable but not significant

number of events across a large period of time included duplicate pairs of events. The pairs shared

the same raw pulses and different RQs values; however, they were tagged with different event

numbers, trigger IDs, and trigger amplitudes. Additionally, there was a category of events where

pairs of events had an identical set of RQs across all except for the detector they triggered on.

Usually, one of them triggered on one of the 6 detectors and the other on a virtual detector that is

used for trigger testing.

After investigation, it was found that one of these pairs usually triggers on one side of the

detectors near the end of an L1 trigger polling cycle, resulting in duplication with different readout

times despite having the same trigger times. A crude cut was used to compare all events within a

given dataset, eliminating events with identical RQs. The cut overall removes around ∼ 0.5% of

events.

4.1.3.2 cPileUp

For high-energy calibration data, the 133Ba source caused a high event rate in all detectors,

resulting in a high rate of pile-up. Pile-up occurs if a single triggered 52-ms trace contains

70



(a) ECD at 0V (b) ECD at 50V

(c) ACD at 0V (d) ACD at 50V

(e) FCD at 0V (f) FCD at 50V

Figure 4-4. Examples of feature alignment in real data compared to G4DMC simulations. The
examples shown are only for low background data taken by detector Z1 and Side 1
(S1). The x and y values are derived from the triangular projection defined in
equations 4-2 and 4-2. The names of the channels are defined in figure 4-3.
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multiple signals. A peak counting algorithm was implemented from the ROOT package to count

the number of peaks after Markov sampling and Gaussian deconvolution. The algorithms look for

peaks above the pre-trigger baseline noise by 7 sigma and separated by more than 10 time samples

(16 𝜇s). After implementation, it was noticed that some noisy channels had a very high rate of

false positives, motivating the application of an upper threshold on the average number of peaks of

all channels.

Additionally, there few cases where a very high energy deposition forces the QETs deep into

saturation, where the signal response becomes flat, degrading the peak counting efficiency. This

affects the pre-trigger baseline calculation, leading to a few false negatives. To reject these events,

a lower threshold was set at high amplitudes to reject events with an average number of peaks less

than 1. Figure 4-5 shows an example of the cut applied, and one of the high-energy events.

4.1.3.3 cEventTime

During the run, pulses from specific time periods showed elevated low-frequency 𝜒2. This

observation was initially observed when studying the M-shell of high-voltage low-background

calibration data. During these periods, pulses showed what looks like telegraphic noise. It was

decided to remove all data sets with an elevated low-frequency 𝜒2 for the noise peak. Figure 4-6

highlights the affected series removed.

4.1.3.4 cBaseline

The preceding two cuts were not enough to remove pulses with elevated noise. A threshold

was set on each channel’s pre- and post-trigger baseline standard deviation depending on the

channel and voltage configuration. A summary of the applied cuts is shown in Table 4-1.

Table 4-1. Summary of baseline cut applied where std refers to the standard deviation and the
suffix refers to the pre- o post signal.

Data Cut applied
Low-backgorund 0V stdpre < 6e-8
Low-backgorund 0V stdpre < 6e-8 + stdpost < 6e-8

High-energy 0V stdpre < 1e-7
High-energy 50V stdpre < 6e-8 + stdpost < 6e-8
Voltage scan 0V stdpre < 6e-8 + stdpost < 6e-8
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(a) Pulse with a single detected peak (b) Cut threshold example

Figure 4-5. (Left) An example of a pulse where the algorithm counted a single signal, although
visually there are 2 and separated by more than 10 time bins. The x-axis is the time
samples and the y-axis is the amplitude in ADC count units. (Right) An example of
the applied cut on Z1 for high-energy high-voltage data is shown as the solid black
lines. The x-axis represents the amplitude of the summed trace, while the y-axis
represents the average peak number calculated.

4.1.3.5 cDelaytime Window

In an optimal trigger configuration, the L2 trigger should realign pulses such that the trigger

point is set to the middle of the trace (26 ms time bin). However, it was noticed that a

non-negligible number of events were misaligned. This was either due to a misconfiguration of

the trigger itself, an artifact of the OF trigger on large-amplitude pulses, or odd pulses with a long

noisy falling edge. All these factors introduced a shift of a few milliseconds in the pulses in some

or all the channels.

To remove these pulses, an OF delay cut was introduced. During development, a couple of

thresholds were tested, where one was a tight cut allowing events within ∼ 0.5 ms from the center

point of the trace, and the other allowed a variation within 8 ms. Figure 4-7 shows the introduced

cuts and the effects on pulse reconstruction quality. Further investigation into some low-amplitude

events with a high shift showed pulses with unstable features (see figure 4-7). The safest option is

to apply a strict cut for low-amplitude events (PTOFamps < 20uA), and the looser cut for pulses

with higher amplitudes.
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(a) 𝜒2
𝐿𝐹

as a function of series number. (b) Spectrum before and after the cut is applied.

(c) Example of pulse with elevated noise rejected by the cut.

Figure 4-6. (Left) Example of rejected region in gray for HV low-background data of Z1. (Right)
Amplitude spectrum before and after applying the cut for the combined series shown
on the left.
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(a) Delay parameter joint distribution
with pulse amplitude. The dashed
lines note the cut definitions.

(b) 𝜒2 joint distribution with pulse
amplitude. The figure highlights
the effect of cuts on pulse quality.

(c) Delay parameter joint distribution
with pulse amplitude. Selection
of events with significant delay
shift.

(d) Example of trace with low
amplitude with a high shift. Some
of those signals show telegraphic
noise.

Figure 4-7. Examples of delay parameter definition for low-background HV calibration data for
detector Z1.
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4.1.3.6 cChisq & cPmin

After applying all these cuts, most, if not all, bad events were removed from the

low-background data. On the other hand, the high-rate high-energy calibration series still showed

a worsening reconstruction (high 𝜒2
𝐿𝐹

) with amplitude. Additional 𝜒2
𝐿𝐹

cut was introduced to

remove these misconstructions. Most of the rejected events were signals with a decaying baseline,

implying the events followed a high-energy event that heated the crystal up. A linear interpolation

between hand-chosen points was used to set up a threshold on allowed 𝜒2
𝐿𝐹

values as a function of

amplitude. This was implemented on high-rate high-energy data as explained in Figure 4-8. For

consistency’s sake, the same cut was implemented on the low-background data.

Additionally, some of the detector Z3 pulses exhibited an odd behavior around the M-shell

peak when operated at HV configuration. These pulses are very close to the noise threshold, and

different cuts do not perform as well at that amplitude range. A simple flat cut on the minimum of

each channel’s trace was applied across the various data types.

4.1.3.7 cRadial

In SuperCDMS detectors, the electric fields should be uniform across the detector; however,

the fields near the side walls are not uniform. This non-uniformity could lead either the holes or

the electrons to end up on the walls and not traverse the whole crystal. This lessens the

(a) Low-background data at 50V.
(b) High-rate high-energy data at

50V.

Figure 4-8. Examples of 𝜒2
𝐿𝐹

cut definition for HV calibration data for detector Z1.
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amplification effect of NTL and degrades resolution. That is why it is crucial to develop a radial

fiducial volume cut.

Initial attempts considered the time delay difference between different channels. This,

unfortunately, did not perform well in terms of resolution improvement because this method is

sensitive to the discretizations of recording the data. In addition, this method relies heavily on the

goodness of the fit of the OF filter, which is not guaranteed at higher amplitudes when the

saturation takes effect.

Eventually, a threshold is put on the difference between the inner-most and outer-most

channels’ amplitude on both sides relative to the total trace amplitude as shown in equation 4-4.

The threshold is set by iterative fitting to the calibration peaks of the low-energy low-background

calibration shell peaks until the best response is achieved. It is worth mentioning that, for detector

Z3, one of the outer ring channels was not operated, so the cut was modified to only include the

channels from the fully operational side with half the threshold. Events rejected by this cut

represent the bulk of the above noise threshold rejected events with ∼ 85%.

𝑅 =
𝑤PFS1𝐴PFS1 + 𝑤PFS2𝐴PFS2 − 𝑤PAS1𝐴PAS1 − 𝑤PAS2𝐴PAS2

𝐴PT
(4-4)

where:

𝐴𝑖 = the amplitude of one of the channels

𝑤𝑖 = the assigned relative calibration

4.1.4 Calibration

4.1.4.1 Low Energy Calibration

After implementing all standard and data quality selection criteria—including low-radius

event selection for data acquired under finite detector bias conditions. The spectral peaks

originating from 71Ge decay were identified for a long running low background data taken at 0V

and 50V.
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Peak position determination employed a two-stage fitting approach. Initially, each peak in

the binned histogram underwent Gaussian fitting using least-squares fit. This preliminary fit

informed the event selection, which retained events within the three-sigma region of each

identified peak. Subsequently, the selected events underwent a second Gaussian fit using unbinned

negative log-likelihood optimization. The final calibration and resolution assessment relied on

results from this second fitting stage.

Under zero bias conditions, both K-shell and L-shell peaks were successfully identified in

detectors Z1 and Z3, with peak positions exhibiting consistency with linear calibration. For

detector Z6, only the K-shell peak could be reliably identified, precluding linearity assessment.

At 50 V bias, the energy scale demonstrated slight non-linearity ( 10% deviation at the

K-shell peak). This behavior stems from saturation effects, consequently causing energy

underestimation when employing energy-independent template fitting. While simple pulse

integration maintains linearity across much higher energy ranges (as will be discussed in the high

energy calibration section), it yields inferior resolution compared to the OF method.

To achieve linear energy scaling while preserving OF resolution advantages, we applied a

logarithmic correction function described by equation 4-5. The inverse transformation generates a

corrected energy scale based on OF measurements, yielding peak positions consistent with linear

calibration.

𝐴𝑂𝐹 = 𝑎 log(𝑏 · 𝐴𝐼𝑁𝑇 + 1) (4-5)

where:

𝐴𝑂𝐹 = the amplitude of the OF estimator

𝐴𝐼𝑁𝑇 = the amplitude of the integral estimator

𝑎, 𝑏 = fitting parameters

Figure 4-9 presents uncalibrated OF spectra for detector Z1 under both 0 V and 50 V bias as

an example for teh calibration process. Table 4-2 provides the calibration constants and fitting
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parameters necessary for converting measured OF amplitudes to recoil energies after applying the

linearization for 50V.

4.1.4.2 Resolution

Baseline Resolution

The baseline resolution analysis examined three energy estimators through their respective

distributions. Analysis focused exclusively on beginning-of-run random events, where only

phonon pulse amplitudes were considered under the assumption of simultaneous occurrence with

the trigger (no-delay).

Each distribution underwent binned Gaussian least-squares fitting. The resulting fitted mean

and standard deviation values were converted to eV units using calibration factors derived from

linear fits of the activation peaks. The Gaussian fit standard deviation represents the detector’s

baseline resolution. These converted values were subsequently plotted (Figure 4-10) to

demonstrate baseline resolution dependence on energy estimator selection.

The analysis encompassed two operational scenarios: single detector and multi-detector

configurations. Single detector operation involved activating one detector while deactivating all

other DCRCs during data acquisition, whereas multi-detector operation maintained simultaneous

operation of multiple detectors.

Multi-detector operation consistently degraded resolution due to increased electronic noise

pickup from readout systems and elevated parasitic power. This behavior was confirmed for

detectors Z1 and Z3, where single detector data yielded superior resolution compared to

Table 4-2. Calibration factors for the OF-based energy scale at 0 V (C0), and linearization
constants 𝑎 and 𝑏 (see Equation 4-5) and calibration factor for the linearized OF-based
energy scale at 50 V (C50). Note that the inverse of Equation 4-5 converts the OF scale
into integral units, explaining the different magnitude of C50 when compared to C0.

Det 0 V 50 V
C0 𝑎 𝑏 C50

[keV/𝜇A] [mA] [1/𝜇A] [keV/mA]
Z1 6.55±0.03 0.188±0.020 19.8±2.3 20.9±0.1
Z3 3.66±0.01 0.223±0.024 19.2±2.4 13.9±0.2
Z6 7.47±0.01 – – –
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(a) Spectrum at 0V.

(b) Spectrum at 50V.

Figure 4-9. Detector Z1 amplitude spectra with all cuts applied. The red vertical lines are
approximate locations of the activation peaks.
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multi-detector configurations. However, detector Z6 exhibited anomalous behavior, showing

apparent resolution improvement during multi-detector operation.

Detailed channel-by-channel analysis revealed that Z6’s improved overall resolution resulted

from significant degradation in three individual channels, while remaining channels maintained

stable or improved performance. This suggests that detector isolation positively impacts Z6 as

well, but environmental factors affecting the three compromised channels dominated the

aggregate measurement due to their magnitude.

Table 4-3 summarizes the baseline resolution results for both single detector and

multi-detector operational series, providing quantitative comparison of the performance

differences observed across all detector configurations.

Resolution Model

The detector resolution model employed in this analysis models three components that

account for the dominant sources of energy resolution degradation as described by Equation 4-6.

The radical term (𝐴 · 𝐸𝑅) captures the statistical uncertainty in electron-hole pair production

during energy deposition. While this process fundamentally follows Poisson statistics, the spread

is reduced by the Fano factor. The coefficient A relates to an effective Fano factor (𝐴 = 𝐹𝑒 𝑓 𝑓 · 𝜖),

where additional effects beyond the intrinsic Fano limit may contribute, resulting in 𝐹𝑒 𝑓 𝑓 ≥ 𝐹𝐹𝑎𝑛𝑜.

While the linear term ((𝐵.𝐸𝑟)2) is primarily driven by spatial variations in TES response, electric

field non-uniformities, and other detector response variations across the crystal volume.

(a) Single detector operation. (b) Multi detector operation.

Figure 4-10. Detector Z3 baseline resolution at 0 V comparison between detector operation
conditions and estimator used.
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Table 4-3. Single-detector operation baseline resolution for each detector. In all cases, the NxM
OF leads to a resolution that is a few percent worse than when using the 1x1 OF,
indicating that correlated noise is not well accounted for in the current implementation.

Baseline res. Z1 Z3 Z6
1x1 OF [eV] 89.2 ± 0.7 80.2 ± 1.0 212 ± 1.0

NxM OF [eV] 102.7 ± 0.7 85.6 ± 1.3 363 ± 3

𝜎𝑡 (𝐸𝑟) =
√︃
𝜎2
𝑏𝑙
+ 𝐴 · 𝐸𝑟 + (𝐵 · 𝐸𝑟)2 (4-6)

where:

𝐸𝑟 = The recoil energy

𝜎𝑡 = The total resolution

𝜎𝑏𝑙 = The baseline resolution

𝐴 and 𝐵 = Fit parameters

The model was fitted to experimental data using least-squares optimization for the 50 V bias

conditions in detectors Z1 and Z3, utilizing the PTOFamps energy estimator after applying

linearization and calibration. Detector Z6 provided insufficient data points (only baseline and

K-shell resolution) for reliable three-parameter fitting. Results are reported in Figure 4-11.

The extrapolated effective Fano factors (0.28±0.06 and 0.47±0.1 for Z1 and Z3 respectively)

are significantly larger than the theoretical literature value of 0.13 [69], but consistent with

previous CDMSlite measurements (0.21-0.29 for Runs 2 and 3 [70, 71]).

4.1.4.3 High Energy Calibration

Understanding their high-energy response provides valuable insights into the radioactive

background environment, ultimately improving dark matter sensitivity constraints. While

standard OF becomes unreliable due to saturation effects, simple trace integration (referred to

PTIntAll)maintains energy sensitivity across much higher energy ranges with degraded resolution.

The 37-kBq 133B gamma source was positioned behind internal lead shielding due to the

source’s excessive activity for direct exposure. This configuration resulted in highly
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(a) Detector Z1. (b) Detector Z3.

Figure 4-11. Resolution model for 50 V Z1 and Z3 using the baseline resolution, M-, L- and
K-shell activation peaks.

inhomogeneous illumination, with Ba-induced events concentrated near detector edges. Detector

Z1 provided optimal geometry for both 0 V and 50 V bias measurements, while detector 6

remained almost completely blocked.

Initial analysis using data preliminary processing with uniform relative calibration factors

revealed the distinct source spectral features using the integral energy estimator. However,

transitioning to optimized processing where relative calibration factors were derived from

unsaturated events, significantly deteriorated high-energy resolution. Rather than re-optimizing

calibration factors for saturated events, we defined a new parameter (PTIntSumAll) representing

the unweighted sum of individual channel integrals, successfully recovering the spectral features.

The 0 V spectrum exhibited four expected peaks, though analysis focused on the three

highest-energy features due to limited statistics for the 276 keV line. Calibration utilized the

prominent 356 keV gamma peak as reference for linear calibration, with subsequent peak fitting

revealing excellent agreement between observed and expected energies: 383.9 keV (expected)

versus 382.3±1.7 keV (measured), and 302.9 keV (expected) versus 302.1±1.1 keV (measured).

Systematic uncertainties from non-flat backgrounds were assessed through combined fitting with
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reverse sigmoid background models, confirming potential systematic shifts below the percent

level.

At 50 V bias, detector response exhibited clear non-linearity. The expanded energy range

revealed both high-energy peaks and low-energy activation lines, providing seven calibration

points total. The L-shell peak required selection using OF peak-selection followed by integral

fitting due to its proximity to noise peaks of the integral estimators.

A second-degree polynomial calibration function (𝑦 = 𝑎𝑥2 + 𝑏𝑥) was fitted using weighted

least-squares methodology accounting for uncertainties in both energy and measured position

coordinates. Systematic uncertainties were conservatively estimated through alternative fitting

approaches using single-sided Crystal Ball functions with reverse sigmoid backgrounds, yielding

systematic shifts generally below 1% except for the poorly constrained 276 keV peak (up to 2%

deviation).

The resulting calibrated spectra (Figure 4-12) demonstrate the possibility of high-energy

measurements with HV detectors, providing a capability for background characterization studies

while maintaining the primary low-energy optimization.

4.1.5 HV Study

4.1.5.1 NTL Amplification

Previous observations in Si HVeV detectors revealed NTL amplification factors exceeding

theoretical predictions [56], prompting systematic investigation of similar effects in germanium

large scale detectors. Coincidentally, the study provides an excellent opportunity to understand

detector breakdown under voltage like what has been observed in CDMSlite where different

detectors exhibited breakdown at voltages of 30 V and higher [72, 71, 73].

A comprehensive voltage scan was conducted across all three germanium detectors (Z1, Z3,

Z6) with bias voltages ranging from 0 V to 90 V. The activation peaks served as calibration

references, with peak positions determined through both binned least-squares followed by an

unbinned Poisson negative log-likelihood fitting for events within 3-sigma.
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(a) HV quadratic calibration fit.

(b) Calibrated high energy spectra at 0 V and 50 V.

Figure 4-12. Calibration summary at high-energy range for Z1. Calibrated 0 V and 50 V energy
spectra, with lines showing the expected peak positions. The difference between the
two spectra at low energy is believed to be dominated by the trigger conditions as
during the 0 V data set, the DAQ did not record coincident events.
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Linear response was maintained up to approximately 40 V for K-shell peaks using the OF

estimators, beyond which saturation effects caused deviations from linearity. The integral

estimator extended this linear range to ∼ 60 V for detectors Z1 and Z6, while Z3 experienced

earlier degradation due to pulse clipping effects. In contrast, L-shell peaks demonstrated linear

response across the entire voltage range for all detectors, though limited statistics reduced their

calibration utility.

Cross-validation through zero-intercept linear fitting of unsaturated HV peak amplitudes

yielded high reduced correlation coefficients (R2 ≥ 0.99). This implies strong linearity up to 120

keVt within the unsaturated regime (See Figure 4-13).

While Figure 4-13 suggest linearity all across the entire voltage range, it can be shown that

there are small but significant deviations. To study this, the 0V peak position was used to create

expected positions for the rest of the K-shell positions and the L-shell position at 0V (assuming

linearity at 0V) using the PSum estimator. For the integral estimator, the K-shell position at 0V

was used to create the expected positions similarly. The ratio between the measured position and

expected position is then plotted as a function of the applied bias voltage, as seen in Figure 4-14.

Two clear observations are that a) the K-shell ratio drop as function of voltage much earlier

than thought, and b) while some individual L-shell HV measurements are compatible with the 0-V

K-shell data point, most of them are not, and if we look at the mean of the L-shell data points or

the L- and K-shell data points (all at HV between 5 and 90-V), it is clear that they is not

compatible with the 0-V data by a large margin.

The first of the two observations may possibly be related to saturation; the second one is

very similar to the overamplification observations made in [56], where the NTL amplification was

also observed to be larger than expected. When quantifying the overamplification, it is revealed

overamplification factors of approximately 12-15% across all detectors. Table 4-4 summarize the

factors.

This is the first time this effect has been demonstrated in Ge detectors; it is also the first time

that it could be shown that there is no significant voltage dependence over a wide range of voltage
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Table 4-4. Over-amplification observed in the three detectors, determined by the L-shell peak
position. The error on mean is the quadrature sum of uncertainty of weighted mean
and stranded deviation of central values.

Detector 1 3 6 Mean
Over-ampl. (%) 14.9±2.1 11.4±2.0 14.7±2.8 13.4±2.1

biases. This could be an indication that it is related to differences between bulk and surface

charge-carrier recombination, though further studies are required to draw firm conclusions.

4.1.5.2 Baseline Resolution Variation with Voltage

Here’s the combined and paraphrased version:

The baseline resolution performance under varying bias voltage conditions was also

investigated across the three germanium detectors Z1, Z3, and Z6. The high voltage operation can

introduce multiple noise sources that could compromise detector sensitivity. This analysis

employed same approach as the baseline resolution estimation of the low background data sets.

Baseline resolution was extracted from the standrad deviation of a Gaussian fitting of event

distributions within mean ±2𝜎 ranges to avoid fit bias. Both 1×1 and N×M OF configurations

were studied, with the latter consistently providing better resolution performance, implying the

presence of correlated noise components.

The dominant observation across all detectors was systematic baseline resolution

degradation with increasing bias voltage. However, counterintuitively, resolution improved

between 0 V and 10 V before following a degradation pattern at higher voltages (See Figure

4-15a). The cause of the improvement is different for the various detectors. For Z6, this could be

due to overamplification of sub-threshold IR events out of the noise range.

Detectors Z1 and Z3 demonstrated modest, gradual resolution deterioration with voltage,

consistent with expected electronic noise scaling. However, detector Z6 exhibited dramatically

enhanced voltage sensitivity, showing significant baseline resolution degradation substantially

exceeding the other detectors.

Individual channel analysis revealed substantial magnitude differences in baseline resolution

between channels within single detectors (Shown in 4-15b), accompanied by large fluctuations
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(a) K-shell Peak position using OF estimator.

(b) K-shell Peak position using integral estimator.

(c) L-shell Peak position using OF estimator.

Figure 4-13. A summary of the peak position as a function of voltage for the germanium detectors
for the PTOFamps estimator. The linear fits the unsaturated HV peaks to extrapolate
the peak position at 0 V (A0), where 𝜖 is fixed to 3 eV. The shaded region around
each line represents the 1-sigma uncertainty.
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Figure 4-14. Summary of the ratios for OF estimators. The percentages are the average of the
overamplification.

within individual channels. These variations suggest variable noise pickup by the DCRCs as the

primary mechanism, indicating that electronic system optimization could yield some performance

improvements.

4.2 Silicon Detectors

4.2.1 Low-Energy Calibration Challenges

The calibration of Si detectors is a significantly greater challenges compared to Ge

detectors, particularly in the low-energy regime below 10 keV where sensitivity to low-mass dark

matter candidates is maximal. Unlike Ge, which benefits from internal activation via neutron

capture producing 71Ge discussed earlier, Si lacks analogous low-energy activation peaks [74].

Silicon’s stable isotopes lack comparable neutron capture possibilities that produce

radioactive daughters with convenient half-lives and appropriate low-energy decay signatures.

While 28Si(𝑛, 𝛾)29Si does occur, the product nucleus is stable.

Previous SuperCDMS Si HVeV detector calibrations utilized optical photons from LEDs to

produce monoenergetic electron-hole pairs under high-voltage bias conditions [56, 51, 55]. In this

approach, photons of a known energy (typically in the 1.5-3 eV range) create single electron-hole

pairs in the silicon crystal. Charges while drifting, can induce additional ionization across the

crystal. This produces a spectrum of discrete peaks separated by (𝐸𝑝ℎ𝑜𝑡𝑜𝑛 + 𝑒𝑉), enabling precise

calibration (see Figure 4-16).
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(a) Detector resolutions using different estimators.
(b) Individual channel baseline resolution for

Z3.

Figure 4-15. Uncalibrated baseline resolution comparison between different detectors and
different estimators, in addition to the baseline resolution of individual channels.
Note that detectors 1 and 3 were operated simultaneously while detector 6 was
operated separately.

Figure 4-16. combined spectra of laser data (black histogram) at 60 V and the calibration of
HVeV R1 data [55]. The red curves represent Gaussian fits to each individual peaks.
Bottom panel displays the residuals between the laser peak position after the
calibration and the expected value.
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However, LED-based calibration suffer several limitations for large-scale detectors. LED

photons deposit their energy at the detector surface within the absorption depth, creating

interactions that will not be full amplified by the NTL effect. In HVeV detectors, this is resolved

by applying a high voltage (more than ∼60 V [56, 51]) so some of the surface charges cross the

thin crystal. In large scale detectors, at such high voltages, crystal breakdowns are frequent

limiting the prospects of this method increasingly with volume.

The SuperCDMS CDMSlite runs demonstrated these scaling limitations. Different

CDMSlite Ge detectors (dimensions 7.6 cm diameter × 2.5 cm thick) experienced breakdown at

voltages ranging from 30 V to 75 V depending on the individual detector’s characteristics

[73, 75, 71]. These breakdown events appeared as sudden increases in leakage current or noise

bursts. The variability in breakdown voltage between seemingly identical detectors highlights that

breakdowns are sensitive to crystal defects, surface preparation quality, and electrodes-substrate

interface conditions. All are difficult to control perfectly in large-scale detector production.

4.2.2 Compton Step Calibration Strategy

To address these calibration challenges, we implemented a Compton scattering step features

approach, following the methodology recently demonstrated by the SuperCDMS collaboration for

HVeV detectors operated at NEXUS [74]. This technique exploits fundamental atomic physics

that manifests in the differential cross section for photon-electron Compton scattering.

The Compton scattering process happens when an incident photon transferring momentum

to an atomic electron, with the photon scattering at angle 𝜃 and the electron recoiling.

Conservation of energy and momentum yields the standard Compton equation:

𝐸′
𝛾 =

𝐸𝛾

1 + 𝐸𝛾

𝑚𝑒𝑐
2 (1 − cos 𝜃)

(4-7)

where 𝐸𝛾 and 𝐸′
𝛾 are the incident and scattered photon energies, and 𝑚𝑒𝑐

2 = 511 keV is the

electron rest mass. The energy transferred to the recoiling electron is 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 = 𝐸𝛾 − 𝐸′
𝛾.
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However, this classical treatment implicitly assumes free electrons. For bound atomic

electrons, the scattering process must overcome the electron’s binding energy 𝐸𝑏 before scattering

can occur. When the energy transferred to the electron becomes less than the binding energy of

the electron’s atomic shell, they, in that shell, can no longer participate in the scattering process

[74, 76]. This absence of available scatterings produces a discontinuous decrease in the

differential cross section at energy transfers corresponding to each shell’s binding energy,

manifesting experimentally as step-like features in the deposited energy spectrum.

For silicon, these Compton steps occur at energies corresponding to the electron shell

binding energies: approximately 1.839 keV for the K-shell, 149 eV for the L1-shell, and 99 eV for

the degenerate L2/L3-shells [77, 78]. These energies span the critical range for SuperCDMS

SNOLAB dark matter searches targeting WIMP masses in the 0.3-10 GeV/c2 range [49]. The step

heights scale with the number of electrons in each shell and the photon energy, with the K-shell

step typically producing the most prominent feature due to its relatively high binding energy.

The SuperCDMS HVeV Compton step calibration built upon this foundation while

addressing the unique challenges of cryogenic operation at sub-eV energy thresholds. The work

successfully identified K-shell steps and resolved L-shell steps near 100-150 eV [74].

Additionally, the study revealed that detector response at 0 V bias differs by approximately 30%

from high-voltage operation for equivalent phonon energy depositions; a feature similar to the one

observed in [56] and the Ge overamplification observation presented earlier.

4.2.3 Implementation at CUTE

During the CUTE campaign, Tower 3 silicon detectors were irradiated with a 133Ba gamma

source emitting primary lines at 276.4, 302.9, 356.0, and 383.9 keV [64, 65].

The resultant Compton scattering spectrum exhibits several calibration features exploitable

for energy calibration. First, the K-shell Compton step at ∼1.84 keV provides a robust calibration

point observable at both 0 V and high-voltage configurations. Second, hints of L-shell steps

appear in high-voltage data, though the L-shell steps’ proximity to noise thresholds makes their

use more challenging. Third, the gamma rays induce fluorescence in the copper detector housing
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line at ∼8.05 keV [79]), creating well-defined calibration peaks that supplement the Compton step

calibrations at higher energies. Figure 4-17 demonstrates the K-shell step structure and copper

fluorescence peak observed for Tower 3 Detector 2 under zero-bias operation.

Figure 4-17. Uncalibrated amplitude spectrum for Tower 3 Detector 2 at 0 V bias during 133Ba
gamma irradiation. The K-shell Compton step (E ∼ 1.8 keV) and copper
fluorescence X-rays (E ∼8 keV) are visible. The solid line serves to guide the eye
rather than represent a fitted model. The error bars are indicators of the statistical
uncertainty in each bin

Though the analysis is not complete at the time of writing this thesis, the successful

identification of K-shell Compton steps and copper X-ray in Tower 3 silicon detector data at both 0

V and 50 V bias conditions validates this calibration approach for large-scale SuperCDMS

SNOLAB silicon detectors. The preliminary indications of L-shell step features in high-voltage

data suggest that sub-keV calibration is possible with reduced noise and improved statistics.

Together, these features span the critical 0.1-10 keV energy range where silicon detector

sensitivity to low-mass dark matter candidates is optimized.
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4.3 Outlook

These calibration studies integrate with the broader SuperCDMS SNOLAB detector

commissioning program, which aims to comprehensively characterize all deployed detectors prior

to science data collection. The calibration methodologies validated at CUTE will directly transfer

to SNOLAB operations, where maintaining accurate energy scales throughout multi-year data

collection campaigns requires reliable calibration techniques. The Si Compton step and Ge

activation peaks approaches provide the strategies necessary to maintain the systematic

uncertainties below the statistical sensitivity of SuperCDMS SNOLAB’s projected dark matter

search.
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CHAPTER 5
IONIZATION YIELD MEASUREMENT IN SILICON AT THE IMPACT EXPERIMENT

5.1 Motivation

Since the search for dark matter particles has driven the development of increasingly

sensitive detector technologies, current-generation experiments like SuperCDMS target nuclear

recoil detections with energies as low as a few hundred eV. This ever-increasing sensitivity has

revealed a gap in our understanding of the semiconductor crystals’ response to such low-energy

nuclear recoils.

One of these responses is the ionization yield (Y), which defines the ionization response to

an energy deposition, either for nuclear or electronic recoil. For decades, the Lindhard model [44]

provided an adequate description of ionization yield in silicon for nuclear recoils above 4 keV

[80, 81]. However, recent measurements have revealed significant deviations from this model at

lower energies, with some experiments suggesting the possibility of an ionization threshold that

could fundamentally limit detector sensitivity [82, 83].

These deviations create uncertainty in the calibration of dark matter detectors operating in

the sub-keV regime. Different experiments have reported conflicting results, with some

measurements suggesting a quick falloff of ionization yield at low energies while others indicate

more gradual changes. The disagreement between measurements highlights the critical need for

independent, high-precision measurements of ionization yield in the 100 eV to 1 keV range, which

is the energy region most relevant for next-generation dark matter searches. Figure 5-1 shows

some of the recent contradicting measurements along with Lindhard.

The Ionization Measurement with Phonons At Cryogenic Temperatures (IMPACT)

experiment was launched to address this gap. IMPACT aims to provide a solid measurement of

ionization yield in silicon down to 100 eV, lower than any previous measurement.

5.2 Experimental Concept and Setup

5.2.1 Overview

The IMPACT experiment was conducted at the Triangle Universities Nuclear Laboratory

(TUNL) using the FN Tandem Van de Graaff Generator facility. The experimental approach relies
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Figure 5-1. Different measurements of the yield as cited in [82] and references therein. This work
indicates the publication of F. Izraelevitch et al. in 2017.

on measuring nuclear recoils of known energy through neutron elastic scattering, combined with

precise phonon energy measurements using a cryogenic HVeV detector.

The fundamental principle exploits the NTL response of the phonon energy (𝐸𝑝ℎ𝑜𝑛𝑜𝑛) to the

recoil energy (𝐸𝑟𝑒𝑐𝑜𝑖𝑙), given the applied voltage bias (V) in a semiconductor detector:

𝑌 = ( 𝜖

𝑒𝑉
) × (

𝐸𝑝ℎ𝑜𝑛𝑜𝑛

𝐸𝑟𝑒𝑐𝑜𝑖𝑙

− 1) (5-1)

where 𝜖 is the average energy to create an electron-hole (eh) pair (3.8 eV in silicon), and e is

the elementary charge.

5.2.2 Neutron Beam Generation

A pulsed proton beam with 2.5 MHz rate was directed onto a 100 nm monolayer LiF target,

inducing the nuclear reaction 7Li(p, n)7Be to produce monoenergetic neutrons with approximately

∼ 56 keV energy [84]. The beam current was monitored continuously throughout data acquisition

to ensure stable neutron production rates.
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A series of collimators shaped the neutron beam and directed it toward the detector cryostat.

The beam intensity was optimized to provide sufficient statistics while maintaining low enough

rates to avoid detector saturation and preserve energy resolution.

5.2.3 Phonon Energy Detection

The phonon energy was measured by the gram-scale HVeV silicon detector suspended

within an adiabatic demagnetization refrigerator (ADR) and maintained at a stable operating

temperature of 52 mK. This detector’s baseline energy resolution was measured of approximately

4.5 eV in a previous DM search at 0 V bias.

Two voltage configurations were employed: a 100V bias optimized for measuring recoils in

the 100-460 eV range, and a 180V bias designed to probe the lowest accessible energies to see if a

single electron-hole pair event can be detected.

5.2.4 Neutron Detection

Two distinct arrays of liquid scintillators and photomultiplier tubes (referred to collectively

as PMTs) in a ring configuration provided neutron detection capability at different scattering

angles. The ”lone wolves” (LW) detectors were positioned at fixed angles near the ADR to

measure recoils in the 750-4000 eV range (ordered from highest energy to lowest), covering

energies previously explored by other experiments for validation purposes.

The ”ring detectors” comprised the core measurement system, positioned at two different

distances from the target to sample three distinct recoil energies in the unexplored 100-400 eV

range. This configuration enabled simultaneous measurement across multiple energy points,

improving statistical precision.

A beam pickup monitor upstream of the LiF target provided a timing reference for

time-of-flight calculations. Coincidence windows of 400 ns were established to correlate neutron

detection events with phonon signals in the silicon detector. A schematic of the experiment is

shown in Figure 5-2.
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Figure 5-2. A schematic of the IMPACT experiment setup displays the PMTs configuration
relative to the ADR and the HVeV detector.

5.3 Analysis

5.3.1 Data Acquisition and Processing

My primary responsibility as principal analyzer for the 180V run involved developing and

implementing the complete analysis pipeline for extracting ionization yield measurements. The

180V configuration represented the most challenging aspect of the experiment, attempting to

verify measurements of the ionization yield and detect single eh events. The 100V measurement

aimed to precisely nail down the yield at unprecedently low energies down to 100 eV.

The detector operated in continuous data acquisition mode at 1.5 MS/s sampling frequency.

An offline trigger with 50 eV threshold was applied to identify energy depositions while avoiding

near-threshold artifacts that could bias low-energy measurements [52]. This conservative

threshold was crucial for the 180V analysis, where the signal energies approached the detector’s

noise resolution.

Daily laser calibration data were acquired to track and correct gain variations induced by

ADR thermal cycles. The target was to develop calibration procedures that achieved a 5%

uncertainty requirement across the full dynamic range from 100 eV to 109 keV.

This was achieved by employing the following strategies:
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• Low power laser at 100 V: this data set was taken every day, serving the purpose of
cross-calibrating the detector for day-to-day variation. Covering the energy range of ∼0-600
eV.

• Low power laser at operation voltage at 0.5 Hz: this data was taken during the last week of
operation, to study detector behavior variation throughout a day. Covering the energy range
of ∼0-600eV.

• High power laser at 250 V: this data set was taken on two days only, serving the purpose of
calibration up to 7.5 keV with 30 eh pairs @ 250 V. Covering the energy range of 250 eV-7
keV.

• 55Fe at voltages up to 70 V: this data set was taken once, serves the purpose of calibration
from 6 keV to 120 keV, with k-alpha at 5.9 keV and k-beta at 6.5 keV. Covering the energy
range of 6 keV- 120 keV.

• 57Co at 0V: this data set was taken once, serves the purpose of calibration at high energy,
with no NTL gain. Covering the energy range of ∼100 keV.

The wide range of energies explored necessitated exploring different energy estimators other

than the typical OF used in CUTE. A hybrid matched (MF) integral estimator where the pulse was

integrated up to the 90% point from the maximum, while the rest was integrated from the template

after matching the tails of the pulses and template (See Figure 5-3). Additional baseline

corrections were imposed to correct for thermal drift throughout operations.

5.3.2 Coincidence Analysis and Event Selection

The analysis pipeline begins with offline correlation of phonon signals with PMT neutron

detection events. For each PMT trigger, time-of-flight (TOF) calculations determine the neutron

arrival time at the silicon detector. Events falling within the 400 ns coincidence window are

selected for further analysis. The threshold was defined by a Geant4 simulation. Similarly, the

time difference between a phonon trigger and a PMT trigger was recorded (dt). Its distribution

was used to apply a coincidence cut and determine the background spectra. Figure 5-4 shows the

distributions and implemented cuts.

Shifting baseline and degraded event reconstruction necessitated the development of robust

data quality cuts, especially considering the HVeV detector saturates around 10 keV of phonon

energy. One cut is the deviation of the pre-trigger baseline of each pulse relative to the mean
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Figure 5-3. Demonstration of the energy estimator MF using an event. The purple region of the
trace is above the threshold, and the contribution to MF from this region is the integral
of the trace. The yellow region of the trace is below the threshold, where the
contribution is calculated from the integral of the fitted template. MF equals is to the
summation of the purple region and the yellow region. The grey region represents
leakage or pileups and is rejected.

(a) TOF distribution for LW3 for both the
180V and 100V data.

(b) dt distribution for all LWs only
considering the 180V data sets.

Figure 5-4. Demonstration of the TOF and dt distributions. The TOF cuts applied did not change
between the 2 runs, similar to dt.
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baseline. The distributions show that the 180V data show a much higher baseline shift. This is

attributed to the fact that the detector was not optimized to handle such high voltage, causing a lot

of leakage events (Figure 5-5).

Additional cuts were applied to remove bad reconstruction, highly saturated pulses, and

periods of unstable PMT operation. After all the cuts were applied, around ∼0.5% of the 100V

data, and ∼0.2% of the 180V data passed all cuts.

Background discrimination proved particularly challenging for the lowest energy

measurements. The background model aimed to incorporate ambient neutron backgrounds,

detector noise, and potential electronic pickup. The background rates were measured during

anti-coincidence periods and subtracted statistically from the coincidence spectra. Figure 5-6

shows the selection criteria for background events and the spectra for the 100V data.

Looking at the final spectra 5-7, one can see how the 180V spectra is significantly reduced

complicating the ionization yield estimations. This is due to reduced run time and higher leakage.

5.3.3 Monte Carlo Simulation and Systematic Studies

A GEANT4-based Monte Carlo simulation to model the detector response and extract

ionization yields from the measured phonon energy spectra was developed. The simulation

incorporates the neutron beam energy distribution, elastic scattering spectra and detector

geometry.

The yield extraction relies on forward-folding the simulation through the detector response

and comparing it to measured energy spectra. For each trial yield value, the simulation predicts

the expected phonon energy distribution, which is then convolved with detector resolution, charge

trapping effects (12.7% probability), and impact ionization (0.6% probability) measured

previously with the same detector used [55].

The analysis also involved modeling the Fano factor (F), which characterizes the variance in

ionization production beyond Poisson statistics. For nuclear recoils at these low energies, the Fano

factor is not fully constrained, so flexible models were used to account different cases like using
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(a) Mean baseline deviation distributions. (b) Example of rejected pulse by the cut.

Figure 5-5. Demonstration of events with very high baseline shift are due to unstable operation,
pileups, and leakage current. The example pulse shown is from the 180V data set.

Poisson (𝐹 = 1), binomial (𝐹 < 1), and negative binomial (𝐹 > 1) distributions as appropriate for

different energy regimes.

5.3.4 MCMC Fitting Methodology

I employed a Markov Chain Monte Carlo (MCMC) approach using the Metropolis-Hastings

algorithm to extract yield values and their uncertainties. The MCMC sampler explores the

parameter space defined by ionization yield, Fano factor, and normalization for each energy point,

utilizing a binned log-likelihood comparison between data and simulation.

The fitting procedure simultaneously determines yields at measured recoil energies for ring

and LWs separately, incorporating correlations between energy points through shared systematic

parameters of each group of spectra. The resulting posterior samples provide full uncertainty

information including correlations between fitted parameters. Figure 5-8 shows the work flow of

the MCMC calculations.

5.3.5 Systematic Uncertainty Assessment

The dominant systematic sources were identified as:

• Detector Calibration: Energy scale uncertainties propagate directly to yield measurements
through the relationship between phonon and recoil energies. Also, the energy calibration is
very sensitive to the HVeV detector position in the ADR which hold an uncertainty that can
change the calibration by 20% for LWs with a negligible effect on ring energies. Finally, we
account for the uncertainty in energy reconstruction also in this category.
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(a) Background event selection.

(b) Background spectra.

Figure 5-6. dt distribution and the dt cut from -50 𝜇s to -20 𝜇s and from 20 𝜇s to 50 𝜇s to estimate
the background after applying all the cuts. The right panel of the background spectra is
normalized to the same total counts, showing that the spectral shapes are compatible.
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(a) 100V data spectra. (b) 180V data spectra.

Figure 5-7. Combined spectra of all energies for both the 100V and 180V runs. Spectra
corresponding to 100 eV recoil energy were multiped by factors for visibility. The
vertical dashed lines correspond to the multiple of eh energies.

Figure 5-8. A flow chart illustrating the fitting algorithm for the ring recoil energies. The same
approach was used with the LWs
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• Beam Energy: Neutron energy uncertainties affect the calculated recoil energies through
elastic scattering kinematics. The source produce a 3 keV spread in neutron energies. We
produced simulations for expected deposited energies with high and low bounds of the
spread and fed it to the MCMC.

• Charge Trapping and Impact Ionization: The measured values of charge trapping (12.7%)
and impact ionization (0.6%) carry uncertainties that affect the detector response model
[55]. I propagated these uncertainties through the full simulation chain.

• Fano Factor Modeling: The unknown Fano factor for nuclear recoils introduces
model-dependent uncertainties. Different functional forms and parameter ranges were
implemented to assess the sensitivity of yield measurements to Fano factor assumptions.

• Time-of-Flight Systematics: Since the TOF cut is set according to the simulation, with
nominal boundaries defined to be at the locations where the time of flight peak is 0.3 times
its maximum (peak) value. To test other cut boundaries, I use a narrower cut (set at
0.2*maximum) and a wider cut (0.5*maximum). The three TOF intervals roughly
correspond to neutron energy spread of ±1 keV, ±2 keV and ±3 keV, which are reasonable
choices based on the estimated standard deviation of neutron energy of 3 keV.

100 PEs were generated for each variation in the sources of the uncertainties. The median

values for each recorded parameter were recorded and their averages were taken to be the nominal

values with uncertainties equating their standard divination. The systematic uncertainty of a

single source of uncertainty was taken as one-sided if the two variations were on opposite sides of

the nominal value, and two-sided if they were on the same side with the larger divination as the

uncertainty. Figure 5-9 summarizes the uncertainties.

5.3.6 Yield Parameterization

The final step of my analysis involved parameterizing the measured yields as a function of

recoil energy. An empirical power-law function was used to model the ionization yield as shown

in equation 5-2:

𝑌 (𝐸𝑟) = 𝑌10𝑘𝑒𝑉 × (𝐸𝑟/10000)𝐵 (5-2)

where 𝑌10𝑘𝑒𝑉 = 0.302 is fixed to match the Lindhard model prediction at 10 keV, and B is

the fitted power-law index.
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(a) 100V data uncertainty. (b) 180V data uncertainty.

Figure 5-9. Summary between the systematic and statistical uncertainties for both data sets. The
statistical uncertainty dominates the 180V data sets resulting in a low confidence
values. The calibration uncertainty dominates the LWs systematics which is expected
given their proximity to the detector.

The power-law fit was performed using least-squares minimization incorporating the full

covariance matrix from statistical and systematic uncertainties.

5.4 Results

5.4.1 Ionization Yield Measurements

Both runs have been analyzed and fitted separately. Both have successfully measured

ionization yield in silicon across an unprecedented energy range, down from 100 eV to

approximately 4 keV. These measurements represent the lowest-energy direct measurements of

nuclear recoil ionization yield in any semiconductor material [52].

The measured yields of the higher energy depositions are consistent with the measurements

in the literature [82, 85, 46, 83]. This, however, cannot be said about the ring energies (100 - 400

eV), where the measurements do not find any evidence to ionization production threshold down to

100 eV unlike findings of [85, 46]. This tension, however, can be attributed to the different

experiment setup (using neutron capture rather than scattering) and different fitted models. Across

the entire energy range, the yield was found to be smaller than what the Lindhard model predicted.
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The absence of an ionization threshold down to 100 eV contradicts suggestions from some

theoretical models and experiments that predicted rapid falloff of ionization efficiency at low

energies [45]. Instead, the smooth power-law behavior observed suggests that silicon detectors

maintain substantial sensitivity to nuclear recoils well below previously explored energy ranges.

The power-law fit was performed separately for both runs. The fit to the 100V dataset yields

𝐵 = 0.261+0.017
−0.011, while 𝐵 = 0.216+0.169

−0.282 for the 180V data set. The results are within 1 𝜎 from

each other with 180V having a very wide spread due to the discussed issues above. The results of

the 100V analysis was published in [52].

5.4.2 Implications for Dark Matter Detection

These results have significant implications for current and future dark matter detection

experiments using silicon targets. The measured yield values enable improved detector calibration

and background modeling for experiments like SuperCDMS SNOLAB, which will search for dark

matter with recoil energies in the range studied by IMPACT.

The absence of an ionization threshold down to 100 eV is particularly encouraging for

low-mass dark matter searches, as it indicates that detector sensitivity does not suffer a reduction.

However, the deviations from Lindhard predictions must be accurately accounted for in detector

response modeling and analysis procedures.

5.4.3 Future Prospects

The IMPACT technique has demonstrated the capability to measure nuclear recoil

ionization yield with precision sufficient to guide detector optimization. Future iterations of the

experiment could extend measurements to even lower energies, explore temperature dependence,

or investigate other semiconductor materials such as germanium.

The analysis framework developed for the TUNL runs provide a foundation for these future

measurements planned by the SuperCDMS collaboration. As, it intends to implement similar

experimental concept to measure ionization yield for germanium in its testing facility in Fermi

laboratory. The experiment at the Northwestern EXperimental Underground Site at Fermilab
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(a) 100V yield measurement and fit. (b) 180V yield measurement and fit.

Figure 5-10. Yield results for the 100V and 180V runs with their respective power-law fits.
Measurements of [85] were removed from the 180V results for visibility.

(NEXUS) is designed to utilize upgraded shielding, improved PMT sensitivity and more

consistent calibration sources to improve the measurements.
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[11] L. Söding, R. L. Bartel, and P. Mertsch, Local Dark Matter Density from Gaia
DR3 K-dwarfs Using Gaussian Processes. Monthly Notices of the Royal Astronomical
Society 542, 2987–2997 August 2025.

[12] H. Mo, F. van den Bosch, and S. White, Galaxy Formation and Evolution (Cambridge
University Press, , 2010).

[13] R. Guo, C. Liu, S. Mao, X.-X. Xue, R. J. Long, and L. Zhang, Measuring the Local Dark
Matter Density with LAMOST DR5 and Gaia DR2. Monthly Notices of the Royal
Astronomical Society 495, 4828–4844 05 2020.

[14] J. I. Read, The Local Dark Matter Density. Journal of Physics G: Nuclear and Particle
Physics 41, 063101 May 2014.

109



[15] N. W. Evans, C. A. J. O’Hare, and C. McCabe, Refinement of the Standard Halo Model
for Dark Matter Searches in Light of the Gaia Sausage. Phys. Rev. D 99, 023012 Jan
2019.

[16] M. Weber and W. de Boer, Determination of the Local Dark Matter Density in our
Galaxy. Astronomy and Astrophysics 509, Jan 2010.

[17] R. Bernabei, P. Belli, F. Cappella, R. Cerulli, C. J. Dai, A. d’Angelo, H. L. He, A. Incicchitti,
H. H. Kuang, X. H. Ma, and et al., New Results from DAMA/LIBRA. The European
Physical Journal C 67, 39–49 Mar 2010.

[18] C. A. J. O’Hare, N. W. Evans, C. McCabe, G. Myeong, and V. Belokurov, Velocity
substructure from Gaia and direct searches for dark matter. Phys. Rev. D 101, 023006
Jan 2020.

[19] C. Balazs, T. Bringmann, F. Kahlhoefer, and M. White, A Primer on Dark Matter. in
Encyclopedia of Astrophysics (Elsevier, , 2026), p. 17–32.

[20] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West, Freeze-In Production of FIMP
Dark Matter. Journal of High Energy Physics 2010, March 2010.

[21] J. L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection.
Annual Review of Astronomy and Astrophysics 48, 495–545 Aug 2010.

[22] J. Cooley, Dark Matter Direct Detection of Classical WIMPs. SciPost Phys. Lect. Notes
55 2022.

[23] J. Engel, S. Pittel, and P. Vogel, Nuclear Physics of Dark Matter Detection. Int. J. Mod.
Phys. E 1, 1–37 1992.

[24] K. Griest, Cross-Sections, Relic Abundance, and Detection Rates for Neutralino Dark
Matter. Phys. Rev. D 38, 2357–2375 Oct 1988.

[25] J. D. Lewin and P. F. Smith, Review of Mathematics, Numerical Factors, and Corrections
for Dark Matter Experiments Based on Elastic Nuclear Recoil. Astropart. Phys. 6,
87–112 1996.

[26] R. H. Helm, Inelastic and Elastic Scattering of 187-Mev Electrons from Selected
Even-Even Nuclei. Phys. Rev. 104, 1466–1475 Dec 1956.

[27] A. Dedes, I. Giomataris, K. Suxho, and J. Vergados, Searching for Secluded Dark Matter
via Direct Detection of Recoiling Nuclei as Well as Low Energy Electrons. Nuclear
Physics B 826, 148–173 2010.

[28] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto, T. Volansky, and T.-T. Yu, Direct
Detection of sub-GeV Dark Matter with Semiconductor Targets., 2016.

[29] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and T.-T. Yu, Searching for Dark
Absorption with Direct Detection Experiments. Journal of High Energy Physics 2017,
Jun 2017.

110



[30] Y. Hochberg, T. Lin, and K. M. Zurek, Absorption of Light Dark Matter in
Semiconductors. Phys. Rev. D 95, 023013 Jan 2017.

[31] P. Sikivie, Axion Cosmology. in Axions: Theory, Cosmology, and Experimental Searches,
edited by M. Kuster, G. Raffelt, and B. Beltrán (Springer Berlin Heidelberg, Berlin,
Heidelberg, 2008), pp. 19–50.

[32] A. Derevianko, V. A. Dzuba, V. V. Flambaum, and M. Pospelov, Axio-Electric Effect. Phys.
Rev. D 82, 065006 Sep 2010.

[33] G. Bertone and T. M. Tait, A New Era in the Search for Dark Matter. Nature 562, 51–56
Oct 2018.

[34] R. Allahverdi, J. Dent, and J. Osinski, Nonthermal Production of Dark Matter from
Primordial Black Holes. Physical Review D 97, March 2018.

[35] A. M. Green, Primordial Black Holes as a Dark Matter Candidate – a brief overview.,
2024.

[36] X. Shi and G. M. Fuller, New Dark Matter Candidate: Nonthermal Sterile Neutrinos.
Physical Review Letters 82, 2832–2835 April 1999.

[37] A. Hook, TASI Lectures on the Strong CP Problem and Axions., 2023.

[38] G. Carosi et al., Search for Axion Dark Matter from 1.1 to 1.3 GHz with ADMX., 2025.

[39] M. F. Albakry et al., A Strategy for Low-Mass Dark Matter Searches with Cryogenic
Detectors in the SuperCDMS SNOLAB Facility., 2023.

[40] M. Schumann, Dark Matter Search with Liquid Noble Gases., 2012.

[41] E. Aprile et al., The XENONnT Dark Matter Experiment. The European Physical
Journal C 84, August 2024.

[42] T. Saab, R. Clarke, B. Cabrera, R. Abusaidi, and R. Gaitskell, Design of QET Phonon
Sensors for the CDMS ZIP Detectors. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 444,
300–303 2000.

[43] P. N. Luke, Voltage-assisted calorimetric ionization detector. Journal of Applied Physics
64, 6858–6860 1988.

[44] J. Lindhard, V. Nielsen, M. Scharff, and P. V. Thomsen, Integral Equations Governing
Radiation Effects. (Notes on Atomic Collisions, III). Kgl. Danske Videnskab., Selskab.
Mat. Fys. Medd. Vol: 33: No. 10, 01 1963.

[45] Y. Sarkis, A. Aguilar-Arevalo, and J. C. D’Olivo, Ionization Efficiency for Nuclear Recoils
in Silicon from about 50 eV to 3 MeV. Phys. Rev. A 107, 062811 Jun 2023.

111



[46] A. Chavarria, J. Collar, J. Peña, P. Privitera, A. Robinson, B. Scholz, C. Sengul, J. Zhou, J.
Estrada, F. Izraelevitch, J. Tiffenberg, J. de Mello Neto, and D. T. Machado, Measurement
of the Ionization Produced by Sub-keV Silicon Nuclear Recoils in a CCD Dark Matter
Detector. Physical Review D 94, 10 2016.

[47] M. F. Albakry et al., First measurement of the nuclear-recoil ionization yield in silicon
at 100 eV., 2023.

[48] Y. Sarkis, A. Aguilar-Arevalo, and J. C. D’Olivo, Study of the Ionization Efficiency for
Nuclear Recoils in Pure Crystals. Phys. Rev. D 101, 102001 May 2020.

[49] R. Agnese et al., Projected Sensitivity of the SuperCDMS SNOLAB Experiment.
Physical Review D 95, April 2017.

[50] N. Kurinsky, The Low-Mass Limit: Dark Matter Detectors with eV-Scale Energy
Resolution. Ph.D. thesis, Stanford University, 08 2018.

[51] R. Agnese et al., First Dark Matter Constraints from a SuperCDMS Single-Charge
Sensitive Detector. Phys. Rev. Lett. 121, 051301 Aug 2018.

[52] M. F. Albakry et al., First Measurement of the Nuclear-Recoil Ionization Yield in Silicon
at 100 eV. Phys. Rev. Lett. 131, 091801 Aug 2023.

[53] K. Irwin and G. Hilton, Transition-Edge Sensors. in Cryogenic Particle Detection, edited
by C. Enss (Springer Berlin Heidelberg, Berlin, Heidelberg, 2005), pp. 63–150.

[54] S. R. Golwala, Exclusion Limits on the WIMP-Nucleon Elastic Scattering Cross-Section
from the Cryogenic Dark Matter Search. Ph.d. thesis, University of California, Berkeley,
2000.

[55] D. Amaral et al., Constraints on Low-Mass, Relic Dark Matter Candidates from a
Surface-Operated SuperCDMS Single-Charge Sensitive Detector. Physical Review D
102, November 2020.

[56] R. Ren, C. Bathurst, Y. Y. Chang, R. Chen, C. W. Fink, Z. Hong, N. A. Kurinsky, N. Mast,
N. Mishra, V. Novati, G. Spahn, H. Meyer zu Theenhausen, S. L. Watkins, Z. Williams, M. J.
Wilson, A. Zaytsev, D. Bauer, R. Bunker, E. Figueroa-Feliciano, M. Hollister, L. Hsu, P.
Lukens, R. Mahapatra, N. Mirabolfathi, B. Nebolsky, M. Platt, F. Ponce, M. Pyle, T.
Reynolds, and T. Saab, Design and Characterization of a Phonon-Mediated Cryogenic
Particle Detector with an eV-Scale Threshold and 100 keV-Scale Dynamic Range. Phys.
Rev. D 104, 032010 Aug 2021.

[57] M. F. Albakry et al., Light Dark Matter Constraints from SuperCDMS HVeV Detectors
Operated Underground with an Anticoincidence Event Selection. Phys. Rev. D 111,
012006 Jan 2025.

[58] Z.-y. Guo, L. Bathe-Peters, S.-m. Chen, and et. al., Muon Flux Measurement at China
Jinping Underground Laboratory *. Chinese Physics C 45, 025001 February 2021.

112



[59] S. Yellin, Finding an upper limit in the presence of an unknown background. Physical
Review D 66, August 2002.

[60] S. Yellin, Extending the optimum interval method., 2007.

[61] C. O’Hare, GitHub - cajohare/DirectDetectionPlots: Plots for DM-nucleus and
DM-electron scattering experiments — github.com.,
https://github.com/cajohare/DirectDetectionPlots, 2025.

[62] E. Schönfeld, Calculation of Fractional Electron Capture Probabilities. Applied
Radiation and Isotopes 49, 1353–1357 1998.

[63] E. B. Norman, A. Drobizhev, N. Gharibyan, K. E. Gregorich, Y. G. Kolomensky, B. N.
Sammis, N. D. Scielzo, J. A. Shusterman, and K. J. Thomas, Half-Life of 71Ge and the
Gallium Anomaly. Phys. Rev. C 109, 055501 May 2024.

[64] R. Helmer and C. van der Leun, Recommended Standards for 𝛾-Ray Energy Calibration.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 450, 35–70 2000.

[65] Y. Khazov, A. Rodionov, and F. G. Kondev, Nuclear Data Sheets for A = 133. Nuclear
Data Sheets 112, 855–1113 April 2011.

[66] J. Wilson, H. Meyer zu Theenhausen, B. von Krosigk, E. Azadbakht, R. Bunker, J. Hall, S.
Hansen, B. Hines, B. Loer, J. Olsen, S. Oser, R. Partridge, M. Pyle, J. Sander, B. Serfass, D.
Toback, S. Watkins, and X. Zhao, The Level-1 Trigger for the SuperCDMS Experiment
at SNOLAB. Journal of Instrumentation 17, P07010 July 2022.

[67] B. Cabrera, K. M. S. Leman, and et al., CDMS Detector Monte Carlo Documentation.,
https://gitlab.com/supercdms/DMC/CDMS_DetectorMC/-/blob/master/CDMS_

DMC_Manual.pdf.

[68] M. Kelsey et al., G4CMP: Condensed matter physics simulation using the Geant4
toolkit. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 1055, 168473 2023.

[69] R. C. Alig, S. Bloom, and C. W. Struck, Scattering by Ionization and Phonon Emission in
Semiconductors. Phys. Rev. B 22, 5565–5582 Dec 1980.

[70] R. Agnese et al., Low-mass Dark Matter Search with CDMSlite. Phys. Rev. D 97, 022002
Jan 2018.

[71] R. Agnese et al., Search for Low-Mass Dark Matter with CDMSlite Using a Profile
Likelihood Fit. Phys. Rev. D 99, 062001 Mar 2019.

[72] R. Agnese et al., New Results from the Search for Low-Mass Weakly Interacting
Massive Particles with the CDMS Low Ionization Threshold Experiment. Phys. Rev.
Lett. 116, 071301 Feb 2016.

113

https://github.com/cajohare/DirectDetectionPlots
https://gitlab.com/supercdms/DMC/CDMS_DetectorMC/-/blob/master/CDMS_DMC_Manual.pdf
https://gitlab.com/supercdms/DMC/CDMS_DetectorMC/-/blob/master/CDMS_DMC_Manual.pdf


[73] R. Agnese et al., Search for Low-Mass Weakly Interacting Massive Particles Using
Voltage-Assisted Calorimetric Ionization Detection in the SuperCDMS Experiment.
Physical Review Letters 112, January 2014.

[74] M. F. A. e. al., Low-energy Calibration of SuperCDMS HVeV Cryogenic Silicon
Calorimeters Using Compton Steps. Phys. Rev. D – Oct 2025.

[75] R. Agnese et al., Production Rate Measurement of Tritium and Other Cosmogenic
Isotopes in Germanium With CDMSlite. Astroparticle Physics 104, 1–12 January 2019.

[76] K. Ramanathan, A. Kavner, A. E. Chavarria, P. Privitera, D. Amidei, T.-L. Chou, A.
Matalon, R. Thomas, J. Estrada, J. Tiffenberg, and J. Molina, Measurement of Low Energy
Ionization Signals from Compton Scattering in a Charge-Coupled Device Dark Datter
Detector. Phys. Rev. D 96, 042002 Aug 2017.

[77] D. Norcini et al., Precision Measurement of Compton Scattering in Silicon With a
Skipper CCD for Dark Matter Detection. Phys. Rev. D 106, 092001 Nov 2022.

[78] NIST, X-Ray Transition Energies Database.,
https://physics.nist.gov/PhysRefData/XrayTrans/index.html, accessed 2024.

[79] J. A. Bearden, X-Ray Wavelengths. Rev. Mod. Phys. 39, 78–124 Jan 1967.

[80] A. R. Sattler, Ionization Produced by Energetic Silicon Atoms within a Silicon Lattice.
Phys. Rev. 138, A1815–A1821 06 1965.

[81] G. Gerbier, E. Lesquoy, J. Rich, M. Spiro, C. Tao, D. Yvon, S. Zylberajch, P. Delbourgo, G.
Haouat, C. Humeau, F. Goulding, D. Landis, N. Madden, A. Smith, J. Walton, D. O.
Caldwell, B. Magnusson, M. Witherell, B. Sadoulet, and A. Da Silva, Measurement of the
Ionization of Slow Silicon Nuclei in Silicon for the Calibration of a Silicon Dark-Matter
Detector. Phys. Rev. D 42, 3211–3214 11 1990.

[82] F. Izraelevitch, D. Amidei, A. Aprahamian, R. Arcos-Olalla, G. Cancelo, C. Casarella, A. E.
Chavarria, P. Collon, J. Estrada, G. F. Moroni, Y. Guardincerri, G. Gutiérrez, A. Gyurjinyan,
A. Kavner, B. Kilminster, J. Liao, Q. Liu, M. López, J. Molina, P. Privitera, M. A. Reyes, V.
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