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Abstract
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Doctor of Philosophy
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2025

In this dissertation, an attempt was made to address the problem of the nature of dark
matter using an experimental approach. An analysis of data from the Super Cryogenic
Dark Matter Search (CDMS) HVeV silicon chip detector, equipped with transition-edge
phonon sensors of high collection efficiency, is presented. Various particle theories of dark
matter are tested against the data, yielding competitive exclusion limits for the interaction
strengths of light (sub-GeV) dark matter candidates with electrons. To do this, a compre-
hensive understanding and modeling of the rich physics involved at every step from energy

deposition to the observable readout signal was necessary.

The precise measurement of phonon energy deposition allowed by the TES provides
possible advantages over simple ionization counters like Skipper-CCDs used in DAMIC-
M and SENSEI experiments. After a brief review of the signal models considered and
assumptions behind them, and an overview of the technical details of the experimental
apparatus, an analysis of the data taken in March of 2022 is presented (HVeV Run 4). Of
course, special attention to calibration and detector response modeling is required to take
full advantage of such precise calorimetry. Further, a brief study of the potential reach
of the SuperCDMS experiment at SNOLAB to the solar axion signal is presented. I end
with a discussion on low-energy backgrounds and the future of the HVeV program as it

approaches optical scale resolution.
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Foreword

In 1897, Sir Joseph John Thomson demonstrated the first concrete evidence for the ex-
istence of subatomic particles (“corpuscules”) that carry negative electric charge, using
observations from various cathode ray tubes. Today, the electron is a well-known particle
of mass 510.99895000 + 0.00000015 keV, according to the Particle Data Group, and it sits
theoretically as a fundamental Dirac fermion within the Standard Model (SM) of particle
physics, a quantum field theory (QFT) often thought of as an effective theory in need of a
high energy completion. In the time between, known as the twentieth century, a vast mul-
titude of discoveries occurred in physics, including but not limited to: the quantum nature
of light by 1905; the existence of nuclei in atoms by 1911; the relativistic nature of gravity
by 1915; hadrons as constituents of nuclei, and the existence of antimatter by the 1930s;
partons as constituents of hadrons, and electroweak unification in the 1960s; discovery of
W and Z massive bosons of the weak force in the 1980s; culminating in the discovery of
the heaviest fundamental fermion known to date (the top quark), as well as the miniscule
masses of neutrinos (through their flavour oscillations) in the 1990s. These discoveries
(except those pertaining to gravity) are all described today within the framework of the
SM. The crown jewel of the SM was the discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012, solving the non-unitarity problem in weak interactions.

The theoretical inventions accompanying said discoveries, conveniently summarized in
the SM of particle physics and General Relativity (GR), model all observed fundamental
phenomena. On one hand GR provides a framework to describe the manifold of spacetime
itself, while the SM concerns itself with the description of energy in its various manifesta-
tions (except gravitational and dark). The complete reconciliation of these two approaches
remains a problem in physics, its most popular solution being a testable theory of quantum
gravity. Considering gravity in the context of GR, combined with the accumulation of in-
creasingly precise cosmological observations in the 20th century, it was possible to develop
the concordance model, also known as the AC' DM model of cosmology, explaining structure
on the largest observable spacetime scales. The observation of the accelerating expansion
of the universe points to “dark energy” described in Einstein’s cosmological constant (A),
and observations of the cosmic microwave background (CMB) radiation, surveys of astro-
nomical objects, as well as recent observations of weak gravitational lensing all point to
the existence of cold dark matter (CDM). It is estimated that 70% of the energy in the
universe consists of dark energy, 25% of dark matter, and a mere 5% exists as baryonic
(“normal”) matter. Further, the anti-baryonic matter is nowhere to be found, which is a
problem if one assumes that the baryonic matter was created via SM interactions (which
do not allow this level of matter-antimatter asymmetry). In addition to these problems,
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theoretical difficulties exist in the SM of particle physics, even when gravity and cosmology
are neglected, notably the hierarchy problem and the strong CP problem.

In the same vein as Henry Cavendish’s 1797 experiment, which determined Newton’s
gravitational constant by direct detection of the feeble forces between lead balls, we em-
bark on an ambitious endeavour to measure the coupling constants of DM particles with
SM particles in a semiconductor substrate. In the former case, Cavendish had Newton’s
law which explains celestial object movements, and he knew the nature of his (massive,
uncharged) lead balls, so he was able to deduce the coupling constant of gravity. In our
case, we have Einstein’s GR to explain the cosmological observations, inferring the dark
matter galactic halo, including some properties like its local mass density. We do not
know the composition of this halo, but we can eliminate some possibilities. Combining
our knowledge of the nature of our detectors with various plausible particle theoretical hy-
potheses on the nature of dark matter, one may measure coupling constants between DM
and SM particles, provided that they are strong enough compared to confounding effects.
These coupling constants are supposedly nonzero as forces can be mediated by quantum
corrections in the QFT paradigm. This brings us to the other similarity we share with
Cavendish: we must go to great lengths to reduce noise and backgrounds, in order to be
able to measure such slight forces. Background effects cannot be fully eliminated, so they
must also be modeled. Null results are common in direct detection experiments, which
instead end up excluding additional parameter space of the tested theories.



Table of Contents

Abstract ii
Acknowledgements iii
Foreword iv
List of Figures ix
List of Tables xii
Statement on Collaborative Work xiii
1 The Problem of Dark Matter 1
1.1 Let There be Fields . . . . . . . . . . . . . 1
1.2 Particle Dark Matter Candidates . . . . . . . . . . . . ... ... .. ... 9
1.2.1  Weakly Interacting Massive Particles . . . . . .. ... .. .. ... 11

1.2.2  Wave Dark Matter . . . . . . . . . . . . . 14

2 A Direct Detection Solution 18
2.1 Overview of Direct Detection Experiments . . . . . . ... ... ... ... 20
2.1.1 Neutral Particle Detection . . . . . . . . .. .. ... ... ... 21

2.1.2 Wave Detection . . . . . . . . . 24

vi



2.2

The Cryogenic Dark Matter Search . . . . . . ... ... ... ... .... 24

2.2.1  SuperCDMS SNOLAB Experiment . . . . ... ... ... ..... 31
2.2.2  The SuperCDMS HVeV Program . . .. .. .. .. ... .. .... 34
223 HVeV Run 4 at NEXUS . ... ... ... ... ... ... ..., 36
2.2.4 Filtering Techniques . . . . . . . . . . ... .. ... ... ... 42
2.2.5 Standard Event Selections . . . . . . .. .. ... 0L 47
2.2.6 Standard Live-time Selections . . . . . . .. ... ... ... .... 49

3 Investigating Detector Response Effects using HVeV Run 4 LED Data 51

3.1

3.2

3.3

Calibration Data Acquisition . . . . . . . . .. .. ... 54
3.1.1 Triggering on LED Events . . . . . .. ... ... ... ... .... 55
3.1.2  Data Selections for LED Calibration Data . . . . . . ... ... .. 58
Detector Response Fits . . . . . . . . ... o oo 60
3.2.1 Cross-Talk Subtraction . . . . . ... ... ... .. ... .. ..., 61
3.2.2 Comparing the Models . . . . . .. ... .. ... ... ... 65
3.2.3 Summary of CT and Il Results . . . ... ... ... ... ..... 66
3.2.4  Calibrating DM Search Data . . . . . .. ... ... ... ...... 67
3.2.5 Calibration Uncertainty . . . . . .. ... ... .. ... ...... 67
Resolution Modelling . . . . .. .. .. ... . oo 70

4 HVeV Run 4 Analysis: Search for Dark Matter - Electron Interactions 72

4.1
4.2

4.3
4.4

Calculating Trigger Efficiencies . . . . . . .. . . .. .. ... ... ... 72
Data Selections . . . . . . . .. L 73
4.2.1 Live-time Cuts . . . . . . . . . 73
4.2.2 Event Quality Cuts . . . . .. .. ... o 79
Calibration Using LEDs . . . . . . . . .. ... ... ... .. ....... 82
Exclusion Bounds . . . . . . . . ... 84
4.4.1 Limit Setting Methods . . . . . . . . ... .. ... ... 85
4.4.2 Including the Effect of DM Attenuation in Earth’s Crust . . . . . . 88

vii



5 Detection Prospects for Solar Axions in SuperCDMS SNOLAB 94

5.1 SuperCDMS SNOLAB as a Helioscope . . . .. ... ... ... ...... 94
5.2 Solar Axion Event Rate . . . . . . . . . . . 95
5.2.1 A tension in the literature . . . . . . . . . . .. ... ... 97

5.2.2 A semi-classical treatment . . . . . . . ..o 98

5.3 Projected Sensitivity of SuperCDMS SNOLAB to Solar Axions . . . . . . . 105

6 Conclusions 107
6.1 On the background rate of HVeV detectors . . . . . . ... ... ... ... 107
6.2 On the elevated rate periods in HVeV Run4 . . . . . . .. ... ... ... 110
6.3 Looking Forward . . . .. . .. . . .. . ... ... 115
References 118
APPENDICES 138
A Axio-electric calculations 139
A.1 Relation between field density and axion flux . . . . . .. .. ... ... .. 139
A.2 QGreen’s functions derivation . . . . . . . . ... 140
A.2.1 The vacuum Green function . . . . . . . . . . . .. ... ... 142

A.2.2 Including absorption . . . . . . ... ... ... L. 143

A.3 Differential rate of photon production . . . . . . ... ... ... ... ... 144

viil



List of Figures

1.1 Cosmic microwave background anisotropy . . . . . . ... ... ... ...
1.2 Schematic of the radiation-dominated universe . . . . . . . . .. ... ...
1.3 Large-scale structure simulation . . . . .. . ... ... ... ... .. ..
1.4  Weak gravitational lensing survey . . . . . . .. .. ...
1.5 Galactic rotation curves and dark matter halo . . . . . ... .. ... ...

1.6 Particle dark matter candidates . . . . . . . . . . ... ..

2.1 Various approaches for dark matter detection . . . . .. . . ... ... ..
2.2 Sensitivity of direct detection experiments . . . . . .. ... ... ...
2.3 Quasiparticle trap-assisted Electrothermal feedback Transition edge sensor
2.4 Phonon production in a voltage biased substrate . . . . . . . .. .. .. ..
2.5 Cryogenic Dark Matter Search phonon-only detectors . . . . . . ... ...
2.6 Cryogenic Dark Matter Search detector with phonon and charge readout

2.7 Setup of the SuperCDMS SNOLAB experiment . . . . ... ... .....
2.8 Projected sensitivity of SuperCDMS SNOLAB detectors . . . . ... ...
2.9 Various QET mask designs for HVeV 1cm? Silicon detectors . . . . . . . .
2.10 Quasiparticle traps and transition edge sensor . . . . . ... .. .. .. ..
2.11 Schematic of charge propagation in a semiconducting crystal . . . . . . ..
2.12 Rendering of detectors in their new detector housing . . . . . . .. .. ..
2.13 Images of the setup of HVeV Run4 . . . . . . . ... ... ... ... ...

2.14 TES resistance vs. bias current . . . . . . . . . . ...

X

© oo O Ot

12
17



2.15
2.16
2.17
2.18
2.19
2.20
2.21

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15

4.1
4.2
4.3
4.4

Comparison of final setups of detector towers for NEXUS Runs 13 and 14 . 42

Example of HVeV Run 4 readout Trace . . . . . . . ... ... ... .... 44
Pulse template and noise PSD used in the optimal filter . . . . . . . . . .. 45
Comparison of Threshold Triggering Algorithms . . . . . . .. ... . ... 46
Pulse amplitude distributions in NFC1 detector . . . . . .. ... ... .. 48
Mixing chamber temperature excursion . . . . . . . .. .. ... ... .. 49
Baseline TES current of readout traces . . . . . . ... .. ... ... ... 50
[lustration of various detector processes . . . . . . . . . .. .. .. .... 53
Both sides of an LED box used in HVeV Run 4. . . . . . . ... ... ... 54
LED response to an applied triangle test signal . . . . . .. ... .. ... 55
Sample readout trace with LED source . . . . . .. ... ... ... .... 56
LED calibration fit . . . . . .. .. ... o D7
Power spectral densities from various datasets in HVeV Run4 . . . . . .. 58
LED event pulses . . . . . . . . . . . 59
Average LED pulse shapes . . . . . . .. ... oL 62
Estimation of cross-talk amplitude . . . . . . ... ... ... ... 63
Cross-talk estimates in various LED datasets . . . . . . .. ... ... ... 64
Detector response modelling fit . . . . . ... ... 0L 65
Correlation matrices of detector response fits . . . . . . . .. .. ... ... 66
Summary of charge trapping and impact ionization estimates . . . . . . . . 68
Energy calibration uncertainty . . . . . . . . .. ... o0 0L 69
Energy resolution estimates . . . . . . . . ... ... L. 71
Estimates of the trigger efficiency . . . . . . . .. ... ... ... ... .. 73
Event rate as a function of time . . . . . . . .. ..o L 75
Distribution of minimal time differences between NFC1 events . . . . . . . 7
Event passage fractions after applying live-time cuts . . . . . . . . . .. .. 78



4.5
4.6
4.7
4.8
4.9
4.10
4.11

5.1
5.2

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Al
A2

Pulse x2,, distribution for Cs-137 x-ray data . . . . .. ... .. ... ... 80

An event failing the reduced-y? event quality cut . . . . . ... ... ... 81
Event quality cut signal efficiency . . . . . . . . ... ... .. ... 82
Pulse amplitude spectra from NR13 and NR14 datasets . . . . . . . .. .. 83
Threshold test statistic . . . . . . . . . . ... oo o 89
Dark matter exclusion bounds derived from HVeV Run4 . . . . . . .. .. 92
Effect of overburden on event rate . . . . . . .. ... 93

Solar axion event rate in SuperCDMS SNOLAB Germanium iZIP detectors 97

Benchmark sensitivity of SuperCDMS SNOLAB to solar axions . . . . . . 106
Event rate in background data sets from NR14 . . . . . . .. ... .. ... 108
Empirical fit of NR13 dark matter search spectrum . . . . . ... ... .. 109
An outer band of events . . . . . .. ..o 111
Position of background events in NR13 dark matter search spectrum . . . 112
Low energy event rates from NR13 at different crystal voltage . . . . . .. 113
Elevated event rate period in DM search data . . . . . .. ... ... ... 114
LED event times relative to the closest non-LED event . . . . . . . .. .. 116
Sun emitting axions towards Earth . . . . . . ... ... ... ... . ... 147
Kinematics of solar axion conversion to x-rays . . . . . .. ... ... ... 147

X1



List of Tables

2.1 SuperCDMS initial payload summary . . . . . . . ... .. ... ... ... 32
2.2 HVeV Run 4 payload summary . . . . ... .. .. ... ... ... ..., 41
3.1 Parameters of the simultaneous photon hits model . . . . . . . . . ... .. 61
4.1 Table of nuisance parameters . . . . . . . . .. .. ... L. 88

xii



Statement on Collaborative Work

The precise measurement of fundamental particles and their interactions involves the use of
sophisticated hardware (and software), the operation of which requires collaborative work.
Additionally, a proper application of theoretical predictions is necessary, and consultation
with theorists from various fields is often needed. In the following chapters, I present
various analyses which could not have been done without the work and input of various
collaborators. In the interest of academic integrity, I list exactly what my contributions
were.

Chapters 1 and 2 are mostly composed of reviews of the literature on DM theory and
detection, which were greatly aided by discussions with professors Miriam Diamond and
Ziqing Hong. The subsequent two chapters focus on HVeV Run 4, the data-taking of which
was done at Fermilab, with the great team there including Valentina Novati, Benjamin
Schmidt, Bruce Hines, Nick Mast, Matthew Hollister and Kyle Kennard conducting the
bulk of the data-taking, with some crucial real-time analysis being done by the team at
the University of Toronto. Ziqing Hong, Yongqi Wang, and Mason Buchanan were also
involved in the design and testing of the photon calibration apparatus described in Ch 3.
The data analysis of the calibration data in Chapter 3 was mostly conducted by myself with
help from Matthew Wilson and Alexander Zastyev, while the dark matter search analysis of
Chapter 4 was a joint effort between two main analyzers including Enze Zhang and myself,
with help from Huanbo Sun. Of course, the general direction of the analyses was defined by
the designers of the run and many Principal Investigators in the SuperCDMS collaboration,
including the aforementioned contributors, in addition to Enectali Figueroa-Feliciano.

In Chapter 5, the potential of solar axion detection at SuperCDMS SNOLAB is inves-
tigated and the reach of the experiment calculated, with help and guidance from professors
Miriam Diamond, Pekka Sinervo, and Belina Von Krosigk. The code developed by Danika
Macdonald was used to numerically evaluate theoretically derived event rates, and the
insights of Amirata Sattari are also recognized. A calculation from first principles of the
theoretical event rate of solar axions in crystal detectors was conducted to resolve an ap-
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Chapter 1

The Problem of Dark Matter

In the next few chapters, we will attempt to directly detect a galactic halo of dark matter
particles. In this introductory chapter, I outline why we are inclined to do so. We start by
reviewing the cosmological evidence for dark matter, followed by a brief review of where
a dark matter particle may sit in the framework of the standard model (SM) of particle
physics, invoking well-motivated beyond standard model (BSM) scenarios.

1.1 Let There be Fields

The framework of general relativity (GR) allows for modeling the universe as a whole
according to Einstein’s field equations [1]:

G,uzz = Ag,uu + 'KLT;W; (11>

with A and & being the cosmological and Einstein gravitational constants respectively, 7},
our stress-energy density tensor, g,, the metric tensor, and G, the Einstein tensor which
takes into account the geometry of spacetime. Parameter A is considered a physical con-
stant (subject to increasing scrutiny [2]), commonly interpreted as an intrinsic energy of the
vacuum of spacetime. The precise nature of this dark energy is unknown, and the smallness
of its apparent value from redshift surveys [3] is called the cosmological constant problem
[1]. The observed rate of expansion of the universe is encoded in the Hubble constant
Hy ~ 70km/s/Mpe, with an apparent tension between different measurement strategies
[5]. This universal mechanics is taken for granted for the rest of this thesis. Our interest
as particle physicists is in the mass/energy density 7). Matter and (non-gravitational)
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energy are described by the standard model (SM) of particle physics. Combining Eq. 1.1
with the SM and astronomical observations, one can deduce the constituents of 7). A
history of matter and energy may, in principle, be reconstructed.

The SM of particle physics is a quantum field theory (QFT) that describes the known
‘fundamental’ particles (leptons, quarks, gauge bosons and the Higgs boson), and their
quantum interactions. Fundamental particles are point-like, lacking the sub-structure seen
in a composite particle. Free particles are said to be excitations of their respective quan-
tum field, making up independent Fourier modes of the field defined over spacetime. The
idealized excitation is an asymptotic state with well-defined momentum and energy, and
interaction probabilities are often calculated using perturbation theory by considering the
quantum amplitude of an initial state ending up as a final state, assuming a Lagrange den-
sity £. The density £ is made up of field operator terms that define the fields’” dispersion in
free space (the kinetic and mass terms), as well as products of different flavored field oper-
ators (the interaction terms). Each term in £ must obey Poincare spacetime symmetries,
as well as other ‘internal’ symmetries. The defining symmetry of the SM is the local gauge
symmetry SUcq(3) x SUL(2) x Uy (1), which defines how the leptons and quarks interact
with each other through the exchange of the gauge bosons. The Higgs boson is involved in
the spontaneous breaking of the SUL(2) x Uy (1) symmetry into electromagnetism Ugps(1)
and the short-range weak force mediated by massive bosons. The breaking takes place
when the Higgs field acquires a vacuum expectation value (VEV) with an observed value
of v ~ 250 GeV. The VEV is often referred to as the Higgs condensate which permeates
spacetime, providing mass for fundamental fermions through Yukawa coupling [0].

All directly observed non-gravitational energy is made up of SM particles. It may not
be straight forward to go from quarks to nuclei as there are some strong interactions and
perturbation theory fails. Two examples of techniques used to treat the strong interac-
tions at low energies are lattice field theory and effective field theories (EFTs). EFTs are
low-energy approximations of the true theory. EFTs have ultra-violet (UV) completions,
theories that remain valid and self-consistent at high energy, but reproduce the EFT at
low energy. In fact, the SM itself is often considered an EFT in need of completion. Prob-
lems of fine-tuning and naturalness (which will be discussed in more detail in Section 1.2)
motivate extensions to the SM, the most popular of which have been supersymmetric the-
ories where each SM particle has a superpartner (see [7] for a review of supersymmetry).
The minimal supersymmetric model (MSSM) includes only the SM and its superpartners,
along with an extended Higgs sector (and its superpartners). A discrete symmetry called
R-parity is additionally imposed to satisfy flavour physics constraints [8]. In the MSSM,
supersymmetry is broken explicitly without reference to the mechanism involved, making it
an EFT as well. Many varieties of supersymmetry (SUSY) have been proposed, including



B-L SUSY [9], grand unification SUSY [10], all the way up to supergravity [l 1] which can
be related to string theory [12], a leading candidate for a quantum theory of gravity [13].

One may look to the oldest photons to deduce the abundance of various forms of
energy in the early universe. The cosmic microwave background (CMB) radiation is an
almost isotropic (after the subtraction of Earth’s rest frame’s effects) flux of photons of mm
scale wavelengths, which has been surveyed to ever-increasing precision by modern space
telescopes [14]. The energy spectrum of CMB photons is consistent with a Boltzmann
(thermal) distribution. According to the best of understandings, these are the oldest
photons that are visible to us today: blackbody photons emitted before the ‘recombination’
event in the evolution of the universe. As the universe expanded and cooled, the plasma
of hadrons and leptons combined to form (light) neutral atoms. After recombination, the
thermal photons that were in the plasma were free to reach us today, experiencing a redshift
as spacetime expanded. There are observed ‘hot-spots’ in the CMB (see Figure 1.1);
areas of solid angle that receive hotter radiation than others. These represent (after the
subtraction of confounding effects that contribute to the cosmic infrared background [15,

, 17], the effect of voids [18, 19], etc.) regions of space that contained a relatively higher
particle number density in the primordial plasma. These fluctuations are said to have been
the seeds of the large scale structure that we see today. The angular spectrum of these
fluctuations in the CMB provides further limits on the constituents of the early universe.

To see how the abundances of different species affect the CMB, careful accounting of
the various species is necessary. We denote the energy density of species ¢ by p;, and as a
fraction of the critical density €; = p;/perit With periro = % in the late universe (current
epoch). The Friedmann equation for an isotropic universe relates the Hubble parameter
H to the total energy density p;; and scale factor a:

B &G k

H2 3 Ptot — ? (12)

where GG is Newton’s gravitational constant, and k is the curvature parameter. If €, =
>, =1, then k£ = 0 and the universe is geometrically flat. There are three known
components contributing to 2, = Qp + Q, + Q,,, where 2, is the dark energy density
set by the cosmological constant, €2, is the radiation density and €, is the mass density.
Combining the Planck space telescope’s CMB data with results from Baryon acoustic
oscillations (BAO) from galactic redshift surveys [20, 21], one finds that 1 — Q,; = 0.001 +
0.002, consistent with a flat universe. This presents a fine-tuning problem as £, is required
to be very close to 1 in the early universe. This is solved by cosmic inflation models [22].
The late-universe energy density of dark energy is estimated at 2, = 0.6847 +0.0073, and
that of matter is €2, = 0.315 4+ 0.007 most of which is consistent with a pressure-less cold



(non-relativistic) dark matter (CDM) [14]. As dark energy and dark matter dominate the
total energy of the universe, the standard model of cosmology is referred to as ACDM.
Other properties such as the number of relativistic fermions Nog = 2.99 £ 0.17 may be
deduced from the CMB when combined with BAO observations [11], and the result is
consistent with three generations of neutrinos in the SM.

According to the concordance (ACDM) model of cosmology, the surface of last scat-
tering that represents the ‘source’ of the CMB photons was around 300 thousand years
after the singularity (see Figure 1.2). Earlier still, nucleosynthesis produced the relative
abundances of light nuclei in the early universe. Thanks to the standard model of particle
physics which has been extensively studied at energies exceeding 10 TeV, we can extrapolate
further back to a time before hadrons, when a plasma of high-energy (> Agep ~ 0.1 GeV)
quarks and gluons permeated space. At higher energies still, we reach the weak energy
scale Ayear ~ 250 GeV. Before the electroweak SM cross-over [21] (or BSM phase transition
[25]), fundamental particles were massless. Electroweak baryogenesis attempts to explain
the baryon asymmetry [26, 27] using electroweak symmetry-breaking dynamics, but it re-
quires BSM physics to explain the observed level of asymmetry [28]. Higher energy scales
that have not been confirmed in laboratories include a scale Agyr ~ 10 GeV where the
three forces of the standard model unify under a grand unified theory (GUT), and the
scale Apjaner ~ 102 GeV at which quantum gravity becomes important.

Thus the story of the early universe is a story of many interacting fields, all described
by an action S = [ Ld*z. The action may experience a discontinuity in its derivatives at
some critical temperatures, such as the weak and GUT scales. At these points, the system
is not necessarily in thermal equilibrium, and the dynamics may be non-trivial. Away from
these hypothetical phase transitions, particle species maximize the total entropy through
scattering, annihilation or absorption, achieving thermal equilibrium. Some particles may
decouple or freeze out from the thermal bath, as is the case in neutrino decoupling which
occurs when the expansion rate of the universe exceeds the rate of weak interactions (A, ~
1 MeV). After neutrino decoupling, the ratio of neutrons to protons freezes in at ~ 0.2
neutrons per proton [30]. The change in neutron numbers is then dominated by the weak
decay of neutrons, until stable nuclei are formed. The formation of stable nuclei may
not have proceeded until well after electron-positron annihilation and the cooling of the
residual photons below ~ 0.1 MeV (dependent on the baryon-to-photon ratio 7).

Since we are interested in dark matter, let us list the times in the universe’s history
when it may have played an important role. We focus on times ¢t > 1072 s after the
singularity, when the temperature had dropped well below the Planck scale Apjune and
Acur:
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Figure 1.1: Top: Differences (anisotropies) in the measured cosmic microwave background’s
temperature relative to the mean as observed by the Planck space telescope [23]. Bottom:
The angular power spectrum of the temperature anisotropies are used to extract cos-
mological parameters, including the relative energy densities h%2€Q, = 0.120 £ 0.001 and
h? €, = 0.0224 £ 0.0001 for cold dark matter and baryonic matter, respectively [14].
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Figure 1.2: Schematic of the early radiation-dominated universe (up to recombination era),
with important particle physics milestones highlighted. Retrieved from [29].

1. Initial abundances: The decay of the inflaton field [31, 32, 33], and the breaking of
the GUT symmetry [34, 35], are hypothesized events in the very hot early universe,
which produced an initially unknown relative abundance of SM particles and dark
matter, because of dependence on the specifics of the UV completion of the SM.
However, after the universe expands and cools down to temperatures T" < Agur,
the various fields would soon reach thermal equilibrium and standard model relative
abundances will be set mostly by the electro-weak force. The particles are mass-
less, so kinematic considerations are not yet relevant, and the electro-weak force
was long-range. Part of the baryon asymmetry may have been generated by this
time [36]. However, this is not easily testable, as the energy scales involved are in-
accessible to Earth laboratories, and the opaqueness of the universe at those times
prevents telescopes from looking further back than the CMB surface of last scattering.
Gravitational waves may be used to test some of this [37], particularly if primordial
blackholes are involved [38, 39], or if strong phase transitions occurred at those high
scales [10]. Thermal dark matter particles could have already been produced by this
stage as noted in Fig. 1.2. The DM number density would be dominated by the DM
self-annihilation cross-section o pas4pareanything Under thermal production.



2. Electroweak baryogenesis: If a net baryon number is generated at temperatures
Agur > T 2 Ayear, then an extension of the weak sector is necessary to account
for the level of baryon asymmetry observed [11]. The possibility of asymmetric
dark matter (where the ratio of DM particles to anti-particles is not 1:1) is relevant
here, as the baryon asymmetry may be the result of a common mechanism [12, 43].
Dark matter may carry lepton number (e.g. DM as a sterile right handed neutrino
[14, 15]) and be involved in leptogenesis before baryogenesis [16, 17]. This can fit into
the framework of supersymmetry [18, 19], where DM may be composed of a stable
neutral supersymmetric particle. DM particles may also be produced ‘non-thermally’
via a dynamic process, such as the decay of a heavy parent (super)particle [50].

3. Big bang nucleosynthesis: When the temperature drops down to T' S Agep,
the strong nuclear force forms baryons out of quarks. The most stable baryons are
the proton and neutron, which interact via pion exchange. After further cooling,
the baryons fuse to form stable atomic nuclei heavier than {H' (single protons),
mostly deuterium, helium and lithium nuclei. These nuclei existed in a plasma along
with electrons. Absorption lines from Lyman-a observations constrain the primordial
relative abundance of light nuclei [51, 52], confirming this picture of big bang nucle-
osynthesis (BBN), but problems remain with the abundance of lithium [53]. This
places severe constraints on the electromagnetic interactions of the dark matter, as
its self-annihilation would cause a delay in the formation of stable nuclei, resulting
in an over-abundance of hydrogen compared to helium.

4. Recombination era: When the universe cools down to T ~ Ajonization == 15€V,
recombination occurs, where the Baryonic matter forms neutral atoms that interact
lightly with light. At this time, the universe is hundreds of thousands of years old.
This is the time of the surface of last scattering for the thermal photons of the plasma
of nuclei and electrons. The thermal spectrum of the CMB constrains the decay of
heavy unstable particles into photons close to recombination. This puts limits on
dynamical dark matter models with long-lived particles (LLPs) [54].

5. Large-scale structure formation: After baryonic matter forms neutral atoms,
light becomes essentially decoupled from matter. Thus matter clumps and collapses
under gravity to form nebulae, star systems, galaxies, and galaxy clusters that make
up the large-scale structure of the universe. From observation, the universe appears
to be homogeneous and isotropic over scales of ~ billions of light-years (cosmological
principle). Filament structures made out of galaxies and inter-galactic gases arise
(Figure 1.3), yielding voids of size ~ billions of light-years. These include the re-
cently discovered Quipu structure [55] which spans over a billion light-years. Dark
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Figure 1.3: Result from a hydrodynamic simulation of large-scale structure formation
(EAGLE project, see [56]). A high intensity indicates higher gas density, while the colour
indicates temperatures as follows: blue indicates a temperature 7' < 10*° K, green indicates
10K < T < 10°°K, and red is T > 10%° K. Inset axes show a series of zoom-ins onto a
single galaxy. A strategy to observationally map these filaments is detecting faint extra-
galactic UV light [58].

matter plays an essential role in the formation of large-scale structure. In fact, dark
matter-only simulations of structure formation do a good enough job of predicting
galactic formation. This includes hydrodynamic simulations [56] as well as N-body
simulations which simulate the gravitational collapse of ‘super-particles’ of a thou-
sand times solar-mass [57].

Thus it appears that dark matter has been affecting the universe since the dawn of
time, as told by the CMB radiation coming from deep space. There are also vast regions
of extra-galactic space in the late universe which exhibit behaviour consistent with there
being localized energy densities that are collision-less. Weak gravitational lensing, or the
statistical analysis of gravitational lensing effects caused by many galaxies and clusters,
allows for the mapping of dark matter in the sky. See Figure 1.4 for the so-called ‘bullet
cluster’. The infamous colorized image outlines regions of varying mass density based



gravitational lensing, overlayed with the distribution of light-emitting matter. The effects
of dark matter are therefore omnipresent across spacetime. The cosmological evidence
suggests that the universal matter density is mostly comprised of a cold, weakly interacting,
almost collision-less, non-baryonic matter. Otherwise, modifications to general relativity
(Eqn. 1.1) may be necessary. Many modified gravity hypotheses have also been proposed in
the literature, which can explain some of the evidence for dark matter [59, 60]. In the next
section, we continue to describe the observed effects of dark matter on smaller astronomical
distance scales, followed by a brief overview of particle dark matter candidates.
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Figure 1.4: Green contours indicating a decreasing gradient of matter density in space
surrounding two colliding galaxy clusters. On the left, the contours are displayed on the
galactic view (the distortions in galaxy shapes due to gravitational lensing produce these
gradient lines). The right sub-figure shows the same dark matter contours, but with a
heat-map of intergalactic plasma density, obtained through observation of extra-galactic
UV light. The two distinct maps in the right figure indicate that there are non-luminous
components of light-bending matter that are ahead of the luminous matter in the trajectory
before the collision (indicating weakly interacting or ‘collision-less’ matter). The results
are taken from Ref. [01].

1.2 Particle Dark Matter Candidates

In listing key events in the history of the universe in the previous section, hypothetical dark
matter particles were, perhaps prematurely, alluded to. From the cosmological evidence we
have provided so far, a valid question to ask is whether it could be possible that dark matter
is made up of astronomical objects that simply do not emit/strongly absorb light, such as



massive compact halo objects (MACHOs), which are not bound to a star system, including
rogue planets, gas giants, and black holes. The number density of these objects would be
so low that they are essentially collision-less. One argument against MACHOs making
up a major component of dark matter would be that the CMB power spectrum implies
the existence of a collision-less matter before recombination, when there were no atoms,
let alone large gravitationally collapsed objects. Still, one may demand more direct, late-
universe evidence that dark matter is not composed of MACHOs. The ‘dark’ gravitational
lensing observed in Figure 1.4 may well have been generated by MACHOs. And the
CMB fluctuations attributed to dark matter may have resulted from primordial black-
holes (PBHs). A direct constraint on MACHOs is best obtained by looking at gravitational
effects at sub-galactic (astronomic) scales.

Indeed, the first indication of the existence of dark matter came from anomalous galactic
rotation curves, where the luminous matter distribution (with reasonable assumptions
about the light-to-mass ratio for baryonic matter) could not explain the speeds of stars
on the outer edges of galaxies [62] (see Fig. 1.5). From these curves one may obtain a
‘global’ estimate of the DM density as a function of radius from the galactic center by
assuming a spherical halo. A spherical halo is a reasonable first-order assumption because
the collision-less dark matter cannot dissipate energy through radiation and collapse into
a disk as in the case of baryonic matter during galaxy formation. Tracer stars are used to
deduce local densities outside the galactic disk (pgm, ezt in Fig. 1.5) to deduce whether the
DM halo is oblate (more disk-like) or prolate [57]. If MACHOs made up the majority of
this DM halo density, then one would expect a higher rate of micro-lensing effects when
a MACHO passes between earth and a star within our galaxy than is observed [63]. This
leaves us with the possibility of PBHs that are massive enough (= 10'® g) to be stable on
time-scales of the age of the universe. Microlensing observations indicate that black holes
are unlikely to make up a large fraction of dark matter [64].

So, from cosmological and sub-galactic scales, it is apparent that there is a type of
matter that remains unaccounted for by the known particles of the SM or by non-luminous
astronomical bodies. It is therefore difficult to escape the possibility of a particle that is
described by BSM physics. This particle must be weakly interacting to be collision-less
and evade BBN limits. The SM has theoretical problems which inspire UV completions
that naturally contain particles that can satisfy these requirements, as will be discussed
in Sec. 1.2.1 and 1.2.2. Other possible explanations for anomalous rotation curves are
available, such as modified Newtonian dynamics (MOND) [65], but these often struggle
with explaining all of the evidence which includes the cosmological evidence in the previous
section. However, it is worth noting that cosmology has some standing problems, including
new observations of larger galaxies forming earlier in the universe than is expected under
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ACDM, which happens to be a prediction of MOND [66].

If we accept the existence of the galactic dark matter halo, the quantities that char-
acterize it would be of interest. To first order, the speed distribution of the constituent
particles would be set by virialization, whereby the dark matter particles which acquire a
speed larger than the galactic escape velocity v.,. leave the galaxy, while the gravitationally
bound particles reach stable equilibrium, resulting in a local speed distribution that is close
to a Maxwell-Boltzmann distribution that is truncated at v.s.. The Maxwell distribution
is peaked at vy ~ O(v(Rp)) where v, is the tangential velocity at the solar system’s radial
position within the galaxy Ry. Finally, the instantaneous velocity of Earth with respect to
the galaxy vg(t) adds a fluctuating ‘wind’ of DM particles as the Earth revolves around the
sun and the sun shoots within the galaxy. Ref. [77] summarizes the methods of estimating
the local dark matter density and velocity profile, including simulations, rotation curve and
tracer star/gas observations, deriving a velocity distribution f(U|vesc, vo, Ur(t)) with local
mass density ppy ~ 0.3GeV/cm?® [67] which we shall assume for the rest of the thesis.
Note that f is independent of DM particle mass. While this DM halo dominates the total
mass of the Milky Way, the local energy density of DM is less than a trillion times the
kinetic energy per unit volume of boiling water at standard atmospheric pressure!

Other properties of the DM halo can be derived from astronomical data. Dark matter
self-interaction can affect the DM density profile within a galaxy potentially resulting in
gravitational lensing signals [68]. And from the bullet cluster in Fig. 1.4, studies have
attempted to draw conclusions about self-interaction of DM [69]. In what follows, we will
focus on detecting the particles that make up the Milky Way’s DM halo. But we must know
what to look for: 1) the particles have to be well-motivated and fit into the framework of
the SM; 2) the particles must plausibly be produced in the early universe leaving the late
universe with the observed DM relic density h? Q. (h = W/‘;/Mpc is the reduced Hubble
constant), with the DM’s history being consistent with what is known of the cosmological
history (listed in Sec. 1.1). We will discuss various particle DM candidates in the remainder
of this chapter. The mass ranges of these particles are summarized in Fig. 1.6.

1.2.1 Weakly Interacting Massive Particles

Suppose that dark matter is produced before or around electroweak symmetry breaking
through the decay of the inflaton field, breaking of the GUT symmetry, etc. The dark
matter would soon thermalize with other fields, with the abundance of DM decreasing
gradually as the universe cools down and the pair production of DM particles from the
annihilation of others becomes increasingly kinematically inaccessible. If the DM remains in
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Figure 1.5: Left: Galactic rotation curves from NGC 6503 [70]. Right: Illustration of the
galactic DM halo [57].
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thermal equilibrium indefinitely with other fields, it would continue self-annihilating until
well past photon decoupling (‘surface of last scattering’) from Sec. 1.1. However, when
the expansion rate H (Hubble parameter) exceeds the rate of self-annihilation I", the DM
starts to ‘freeze out’ at temperature 7%, and thermally decouple from the bath, resulting
in a relic density of CDM h%2Q,. ~ 0.12. The freeze-out temperature is the solution to
[ = ne, (ov) ~ H, where ng, ~ (mpyT)%?e ™Pu/T is the number density of DM particles
at equilibrium with the bath. If the DM is already cold by temperature 7%, then the
thermally averaged annihilation cross-section (ov) ~ o+/xe™ where © = mpy/T. And in
the radiation-dominated era H ~ T? /M pianer, where Mpigpner is the Planck mass. The relic
density of thermal cold dark matter is then given by [71]:

1 1 -8 —2
W Q= — (mDM) < 07 GeV ‘ > . (1.3)
200 Tf,o, O DM +DM +>anything

The fact that weak-scale DM cross-sections and masses plugged into Eq. 1.3 produce the
cosmologically estimated relic density of DM is known as the WIMP (weakly interacting
massive particle) miracle!. This was taken as a hint that weak-scale particles make up DM,
and the combination of DM masses and cross-sections which give h2), ~ 0.1 are taken as
benchmark parameters for experiments to probe. A well-motivated WIMP is realized in a
popular solution to the Hierarchy Problem of the SM. According to the SM, the mass of the
Higgs boson is highly sensitive to high-energy quantum corrections, making its small mass
compared to the Planck scale a fine-tuning problem. A natural solution is to cancel out
these quantum corrections by introducing superpartners for all SM particles: bosons have
fermionic superpartners and vice versa (supersymmetry). The lightest supersymmetric
particle (LSP) in supersymmetric completions of the SM is stable if R-parity (see Sec. 1.1)
is conserved, making it a viable WIMP DM candidate. Particles that may conceivably
constitute the LSP include the lightest neutralino (a combination of the superpartners
of the electroweak and Higgs bosons), and the sneutrinos (the scalar superpartners of
neutrinos), but bounds on the invisible decays of the Z-boson exclude the sneutrino as the
LSP? in the MSSM [72]. The gravitino (fermionic superpartner of a hypothetical graviton)
appears in supergravity theories [11], and may also constitute the LSP [73].

!The mass range for WIMPs is 10 TeV> mpys = 1 GeV. The upper bound is derived from the Lee and

2
Weinberg unitarity bound while the lower bound comes from the fact that ov ~ mn?4Nf (with myz being the
zZ

Z-boson mass) becomes exceedingly small to produce the relic density thermally, leading to ‘overclosure’
of the universe (h? Q. > 0.12).

2In direct detection experiments which are the main topic of this thesis, we are insensitive to the specific
flavour of WIMPs. I present this information here only for reference.
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Evading the WIMP Miracle

The WIMP benchmark discussed has been thoroughly probed by experiments as will be
shown in Ch. 2. Light (< 10 GeV) dark matter particles can arise in dark sector completions
of the SM which involve the addition of new force carriers. While this may be done within
the context of SUSY [74], minimal completions with an additional ‘dark photon’ are useful
in the context of experimental searches [75]. If the dark mediator is of similar mass or
heavier than the DM particle, then the freeze-out scenario may still produce the relic
abundance if asymmetric DM is assumed [13], or if the DM is a scalar or a Majorana
fermion [76, 77]. But for the case of a light dark mediator the DM is never in thermal
equilibrium with the SM, but may be produced via gradual freeze-in from annihilations
of SM particles into DM [76]. Which SM particles couple to this mediator depends on
the specific theory, as DM can couple mainly to leptons (leptophilic DM [78]), or in other
cases to electromagnetically charged SM particles in general (through the mixing of the
dark photon with the SM photon [79]). If the dark mediator is stable on cosmological time
scales, it may also make up part of the DM density, as will be described below in Sec. 1.2.2.

1.2.2 Wave Dark Matter

If dark matter is composed of a bosonic field, its particles will behave like energy quanta.
Instead of scattering with matter, they would mediate interactions between fermions, and
may be directly absorbed by fermions thus acting as energy packets. Dark matter may
well be composed (at least partially) of such sub-GeV bosons, being produced in the early
universe during a phase transition associated with the breaking of the generating symmetry
of the bosons. In the low mass range < 1eV, the DM is conveniently described by the
wave picture [30)].

Massive Gauge Bosons

The dark photon introduced above to mediate forces between sub-GeV dark matter is
a gauge boson corresponding to a broken Up(1) local symmetry [79]. The dark photon
would mix kinetically via the operator Ly« = 5B, F"* with either the hypercharge gauge
field or the electromagnetic field [31], where B and F’ are the SM and dark gauge field
strength tensors. The mixing results in weak interactions between DM and SM fermions,
or in the case of massless dark photons, DM would behave as a ‘millicharged particle’
with fractional charge. Dark photons are stabilized against decay into two SM pho-
tons by charge conjugation and parity (CP) symmetry [82], and may make up part of
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the DM relic abundance. Collider searches constrain the interaction strengths of heavy
(100 GeV/c* Z mp = MeV/c?) BSM gauge bosons, as those would show up as resonances
in pair production cross-sections or leave missing energy signatures if the bosons are long-
lived [33, 84, 85]. Anomalous electromagnetic decays of Beryllium have been interpreted
as a sign of the existence of an O(10) MeV dark mediator [30]. Lighter dark mediators
(down to keV masses) can alter charge distributions of nuclei, producing constraints on
their coupling strengths [37].

Axions and Axion-like Particles

Another well-motivated boson that could make up dark matter is the QCD axion. The
axion is a pseudo-scalar pseudo-Nambu-Goldstone boson which results from the breaking
of an additional global U(1)pq symmetry which is broken at high energy [25]. The strong
nuclear force’s Lagrangian appears invariant under chiral unitary transformations of the
light quark fields (up, down and strange, neglecting the electroweak force). This does not
appear to be the case observationally, as an effective CP symmetry-breaking term appears
under chiral transformation due to quantum effects [38]. This CP-violating term would
generate a neutron electric dipole moment (EDM) which is not observed [89, 90]. The
smallness of the strength of this term is a fine-tuning problem. The spontaneous breaking
of the U(1)pg symmetry generates a vacuum expectation value for the axion field which
precisely cancels the CP-violating term. Thus, the presence of the axion field can solve the
strong CP problem. The effective axion interactions with photons and electrons are:

1 1
L=——F"F, + 58,@8“90 -

1
T —m2o® + JFA, + Loy + Lae, (1.4)

2
where ¢ is the axion field, A, is the electromagnetic field and F),, is its strength tensor,
while £, and L, specify the interaction terms for axions with photons and axions with
electrons, respectively [88, 91]:

g
_ ﬂgwaﬂ@ijFaﬁ,

Layy =
8,0 (1.5)

£ae - gaeQLmJEiL7
where J* and JY are the vector and axial electromagnetic current densities. Electrons
would radiate (through processes analogous to Bremsstrahlung or Compton scattering)
axions if g,. > 0. Photons can convert to axions in the presence of an external electromag-

netic field through the 3-point interaction with coupling g,,,. These interactions would
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therefore contribute to stellar cooling [92], as any radiated axion may freely escape stellar

cores providing some of the strongest constraints on a wide range of light axion masses
(0 <my S O(10keV)) [93].

~J

The QCD axion’s interaction strengths are inversely proportional to its mass [$8] given
the relation to myf, ~ m, fr. where m,, m, are the masses of the axion and pion respec-
tively while f are their decay constants. Axion-like particles (ALPs) are generalizations of
the QCD axion that can have a wider range of masses and can be motivated from string
theory [941]. Observations of blackhole spins are used to probe axions with masses as low
as ~ 107 eV [95]. Cosmic ALPs with a mass > 20eV may decay via the interaction gg.,
to photons which can be probed using telescopes that look for excess radiation (extra-
galactic background light, galactic x-rays [90]). Constraints may also be derived from the
fact that some parameter combinations may result in the overabundance of axions as DM
[97, 98]. ALPs may also be produced in Earth labs, providing a probe that is indepen-
dent of cosmological and astronomical models [99]. For example, heavy (2 MeV-scale and
up to GeV-scale) ALPs may leave missing energy signatures or excess decay products in
high-energy particle colliders [100, 101].
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Dark Sector Candidates, Anomalies, and Search Technigues
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Figure 1.6: Particle dark matter candidates in various mass range [77].
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Chapter 2

A Direct Detection Solution

In Chapter 1, T presented the cosmological evidence for dark matter (DM) that is well
documented in the literature. We saw how dark matter, which is estimated to make up
the vast majority of all matter in the universe, can collapse and form halos permeating
galaxies, which alleviates their rotation curve problem. The WIMP miracle and other
hints motivated many experiments that look for non-gravitational evidence of dark mat-
ter. Complementary approaches have been taken (Figure 2.1), including collider searches
[75, |, where the channel of interest is dark matter production rather than scatter-
ing with standard model (SM) baryonic matter. There also exist indirect methods of
dark matter detection, such as looking for particle flux excesses or anomalous heating due
to the accumulation of dark matter particles around and within a large celestial body
[103, , , , 107], or even the production of a dark matter candidate by a celestial
body [108, 109, 110, 111]. [112, 113]. In this chapter (and for the rest of this thesis) we
will focus on direct detection techniques [114, , , , , , , ], specifi-
cally the effect of the galactic dark matter halo on SuperCDMS semiconducting substrates

[ ) ? U ]

Direct detection experiments assume a halo of DM particles, measuring the rare recoil
events between the particles and the interaction medium. If a cold (non-relativistic) DM
particle of mass mpys recoils off of an initially stationary component of the interaction
medium, say a nucleus of mass my, then the energy transfer AFy as a fraction of DM
mass particle is given by:

AEN(pn) _ o229 28%n
oo f(n,B,0) =25"cos 9(1+77)2 < TEESEL

(2.1)
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where n = ":f;” . Thus the ‘kinematic matching’ of the target with the DM mass under
consideration is of the essence. For a target much heavier than the DM (n — 0), the energy
deposition as a fraction f(n,,6) of DM mass falls as linearly with 7. The rate of this

interaction is related to the the DM-nucleus cross-section o,y as:

R = / do npar V- f(U, Vese, Vo, Vg) - dv (2.2)
dERr

where v is the speed of the DM particle, f is the probability density of local DM having

velocity v (dependent on the dispersion vy, speed of Earth in the galactic frame vg and

truncated at the galactic escape velocity ves.), and the number density npy = ppy/mpu

in terms of the local DM density estimated in Ch. 1 at ppy ~ 0.3 GeV/em? [57]. [120] In

turn, the nuclear recoil differential cross-section is [75]:

0

doyn mNAzaxn
iBn ~ o VR 29
xn

with Fy being the nuclear form factor.

Eqn. 2.3 is only one out of many possibilities for the form of the interaction of DM
with nuclei; the relation is strictly valid for a spin-independent (SI) point-like interaction
with nucleons through an effective 4-point operator. Many other nuclear interactions can be
considered under the paradigm of nonrelativistic effective field theory (NREFT) [127], some
being spin-dependent (SD) interactions represented by chiral operators. In this thesis, we
focus on SI interactions of DM with baryonic matter. In the case of light-DM experiments
that search for electron recoils, the phase space is more complicated than in the nuclear
case, as the bound state electrons are in a superposition of different momentum states,
and modeling the shell structure becomes necessary [76]. Absorption rates of dark bosons
are calculated in terms of the photo-electric cross-section [128]. One may utilize the DM
‘wind’ experienced in Earth’s reference frame relative to the galactic halo which causes
‘annual modulation’ in the event rate of Eq. 2.2. Alternatively, one may use directional
detectors [129] which provide angular information depending on the DM wind direction.
In the following sections, we focus on direct detection by measurement of recoil event rates
and energy distributions. In this approach, the modeling of background sources in the
‘region of interest’ (the expected range of DM energy depositions) is required for dark
matter discovery.
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Figure 2.1: Representation of different approaches to dark matter detection [130].

2.1 Overview of Direct Detection Experiments

Technologies used in the detection of particles have evolved significantly since the invention
of the cloud and bubble chambers in the early and mid 20th century. Charged particles
passing through and depositing energy in fluids held at critical phases leave a trail of
nucleation sites which result in condensation or bubble formation, allowing for particle
path reconstruction. Paired with a background magnetic field, the charged particles follow
curved paths of radii related to their mass to charge ratio. Bubble chambers were crucial
in the discovery of countless hadronic particles produced in early accelerator experiments.
Modern particle detectors rely on a plethora of electronic devices, including trackers made
up of many pixel modules (such as charge coupled devices, resistive plate chambers and
photomultiplier tubes), and calorimeters that measure the energy deposited by charged
particles passing through them. The combination of these devices allowed the construction
of giant machines that extract detailed information about particle collisions at a high
readout frequency, culminating in the success of the Large Hadron Collider (LHC) in the
discovery of the Higgs boson beyond an unreasonable doubt [131].
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2.1.1 Neutral Particle Detection

In the framework of trackers and calorimeters, weakly interacting neutral particles are
rarely directly observed. In collider experiments, unstable neutral particles manifest as
resonances in the production cross-sections of final state charged particles, while stable,
weakly interacting neutral particles appear as missing energy. Direct detection of weakly
interacting neutral particles is mostly the domain of fixed-target, rare-event search exper-
iments. To detect an incident weakly interacting neutral particle, one most commonly
relies on secondary ionization produced by the initial interaction. This is usually followed
by the detection of Cerenkov or scintillation light produced by the charged secondaries,
as was done in the Sudbury Neutrino Observatory (SNO) and the Main Injector Neutrino
Oscillation Search (MINOS) experiments [132, |, among others. Most early dark mat-
ter searches also relied on scintillation signals, including DAMA which used Nal crystals
[134], which was later followed by the use of liquid scintillators. The noble elements are
well suited for scintillation as they are chemically inert and readily form excimers upon
energy deposition, which then undergo radiative de-excitation. The largest such detectors
now use many tonnes of liquid noble gasses as interaction media, and have excluded large
regions of WIMP parameter space, such as the LUX-ZEPLIN (LZ) and the DEAP-3600
experiments which use liquid Xe and Ar, respectively [135, 130].

Nuclear recoils provide an enriched sample of neutral particle interactions thanks to the
electromagnetic shielding provided by electrons, eliminating backgrounds from charged par-
ticles and photons if the recoil type can be discriminated. Liquid Xe experiments achieve
nuclear recoil discrimination by comparing prompt scintillation and latent surface electro-
luminescnence, while liquid Ar experiments exhibit pulse shape differences due to different
electronic excitations by nuclear versus electron recoils. Time projection chambers (TPCs)
detect charge and scintillation signals, with the advantage of sensitivity to direction [137].
Solid state detectors can be instrumented to directly measure the produced ionization.
For example, semiconducting crystals can be instrumented with electrodes which collect
the produced ionization, provided that a bias voltage is applied. Cryogenic bolometers in-
strumented with the most sensitive thermometers can detect phonons produced by particle
recoils. For such solid detectors, complementary readout is often required for nuclear recoil
discrimination. For example, CDMS and EDELWEISS detectors implement both phonon
and charge readout [123, ], while the CRESST experiment uses scintillating bolometers
(CaW Oy interaction medium) [135].

Over the past couple of decades, WIMPs (Sec. 1.2) with weak-scale masses have been
thoroughly probed at typical Z-boson exchange cross-sections, yielding numerous null re-
sults [76]. Experiments of ever-increasing exposure are pushing towards sensitivity to
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cross-sections < 107*® cm?, beyond which the ‘neutrino fog’ would significantly limit the
effect of increased exposure in many experiments (see Figure 2.2). Sub-GeV (non-WIMP)
dark matter may be a part of a rich dark sector (see Sec. 1.2), motivating experiments
to minimize energy thresholds (the minimum energy that can be measured efficiently and
reliably by the detector). Solid state detectors cannot compete with the exposure of liquid
noble gas experiments, but tend to have lower energy thresholds. The threshold is depen-
dent on energy resolution (the precision of energy estimate, which is fundamentally limited
by random fluctuations in the energy input over the time scale of the measurement, dis-
cussed below). Recall that the velocity distribution of dark matter particles depends on a
dispersion vy related to local galactic orbital velocity (see Sec. 1.2), which in turn depends
on the overall matter distribution in the galaxy but is independent of DM particle mass
mpy. Thus the (in principle) detectable energy of dark matter particles making up the
DM halo is o« mpys. Unless the particles are bosonic (directly absorbed [139] in the case
of keV-scale dark photons and ALPs introduced in 1.2.2), only a fraction of the detectable
(kinetic) energy is deposited (Eqn. 2.1), constrained by kinematics.

Research and development of new dark matter detectors is ongoing, with gram-scale
charge-coupled devices (CCDs) used by DAMIC-M and SENSEI as well as CDMS HVeV
silicon chip bolometers pushing semiconducting substrates to their energy threshold limit

by resolving single electron-hole pairs [111, , 112] and searching for MeV-scale light dark
matter (LDM). Superconducting substrates are being investigated as interaction media for
even lighter candidates in the keV mass scale [143]. Figure 2.2 summarizes the sensitivity

of past and future direct detection experiments to the DM-nucleon cross-section. The case
can be made that for sub-GeV fermionic dark matter, looking at electron recoils may extend
sensitivity without lowering energy thresholds due to the kinematic matching observed in
Eqn. 2.1. On the exposure frontier, high purity Ge experiments such as LEGEND [144, 145]
that primarily search for neutrino-less double beta decay (Ov5f), while lacking nuclear
recoil discrimination, can be used to search for electron-recoil DM (ERDM) candidates
such as milli-charged particles [116]. (The rate of electron recoils dominates that of nuclear
recoils under those models. Dark bosons discussed in Sec. 2.1.2 below are another example.
Nuclear recoil discrimination would not be of much use for these models).

Bubble chamber technology also continues to prove its worth in the PICO-60 experi-
ment (optimized for SD interactions), where superheated C3Fy fluid is used as an interac-
tion medium. Bubble nucleation by gamma and beta electron recoils is highly disfavoured,
while the rejection of alpha events is done using acoustic sensors [120]. The Scintillating
Bubble Chamber (SBC) experiment [117] uses scintillation to improve the energy reso-
lution. Finally, spherical proportional counters (SPCs) used in experiments such as the
NEWS-G [148] employ a gaseous interaction medium to search for sub-GeV dark matter.
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Figure 2.2: Summary of current and projected experimental upper bounds on DM-nucleon
cross-section [110]. The direct detection searches are limited at high mass by a decreasing
number density (to keep local DM mass density constant), and at low mass by the non-
zero energy threshold. The neutrino fog is an irreducible background due to neutrinos from
various sources which is discussed in Sec. 2.2.1.
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These experiments complement each other in covering various ranges of DM parameter
space.

2.1.2 Wave Detection

As discussed in Sec. 1.2.2; the properties of bosonic DM of < eV scale mass are con-
veniently captured in the wave picture. If the galactic DM halo is made up of such a
field, the approaches described above for neutral particle detection may not be optimal.
Ultra-light cold DM axion is probed by haloscopes such as ADMX [119], which uses mi-
crowave resonance cavities that capture radiation from axion conversion in a magnetic
field. Broad-band searches such as ABRACADABRA [150] look for an induced oscilla-
tion in a strong magnetic field. Quantum sensors that employ smaller resonance cavities
and detect single photons using qubits are investigated in the literature [151]. Gram-scale
CCDs and bolometers may also detect = 1eV/c? halo axions via direct absorption under
the assumption that the axions couple directly to electrons [111, , ]. Boosted light
axions may be produced in the sun, motivating solar axion searches such as the CAST
helioscope [152] which uses strong magnetic fields and photomultipliers to detect x-rays
from axion conversion. While this is an indirect approach to DM search, direct detection
experiments such as CDMS are sensitive to much the same solar axion parameter space
(through the axion-photon coupling gu, see Sec. 1.2.2) as helioscopes [153]. High expo-
sure Ge Ov(f detectors such as the proposed LEGEND-1000 [145] also show promise for
use as helioscopes [154].

2.2 The Cryogenic Dark Matter Search

The Cryogenic Dark Matter Search (CDMS) is a decades-long international program that
aims to directly detect dark matter using cryogenic semiconducting crystal bolometers. The
interaction media include Si and Ge crystals, which produce ionization at a low threshold of
the medium’s band-gap Ey,, ~ O(1eV). The crystals are instrumented with transition-
edge sensors (TESs) of eV-scale resolution, making CDMS detectors optimal for low-mass
(mpy S 10GeV) searches. In addition to interaction medium complementarity, some
detector modules include charge readout, offering robust nuclear recoil discrimination using
the ionization yield (charge produced relative to total energy deposited) as a function of
recoil energy Y (Eg). CDMS I (1998-2002) was the first experiment in the CDMS series
[155]. It took place in a shallow underground facility at Stanford University (SUF). It
was followed by CDMS II (2003-2009) at a mine in Soudan, Minnesota [156]. Then there
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was SuperCDMS Soudan (2009-2014) with larger detectors and exposure [157]. Finally
we have SuperCDMS SNOLAB, which started construction in 2018 with larger detectors,
more room for detector towers, and better background controls [158]. The SuperCDMS
SNOLAB setup is described in Section 2.2.1.

Connector

W/Al overlap
region

Figure 2.3: Left: Schematic of a Quasiparticle trap assisted Electrothermal feedback Tran-
sition edge sensor (QET) used in CDMS detectors for phonon detection. Right: the overall
TES circuit with bias current [, shunt resistor Ry, the variable transition edge sensor
(TES) Rrgs, and the inductance L used for readout by a DC SQUID.

A CDMS detector is composed of an interaction medium (a high purity Si or Ge crys-
tal) that is equipped with Quasiparticle-trap-assisted Electrothermal-feedback Transition
edge sensors (QETS), operated at millikelvin temperatures (Fig. 2.3). When a particle
deposits energy to a component (an atom, a nucleus, or an electron) of the crystal, relax-
ation of the initial perturbation site releases recoil phonons and charge carriers (Fig. 2.4).
In semiconductors, energy at least equal to the bandgap (between the top of the valence
band and the bottom of the conduction band) is necessary to release electron-hole (e~ h™)
pairs (Eyq, ~ 1.31eV for silicon at millikelvin temperatures [159]). If an electric field is
applied across the substrate, the charge carriers will be drifted across the detector, reach-
ing a terminal velocity ~ vsung, beyond which the charge carrier would lose energy via
Neganov-Trofimov-Luke (NTL) phonon production faster than it can receive energy from
the electric field (interactions of the fast charge carrier with the lattice are resonantly
enhanced) [160]. Thus the NTL effect can be used to amplify the phonon signals of ion-
ization events [161]. Finally, the e”h™ pairs would recombine at the surfaces, releasing
their kinetic and band-gap energies as phonons (Si and Ge, being indirect semiconductors,
are inefficient at producing luminescence). Thus by energy conservation the total phonon
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Figure 2.4: Illustration of phonon and ionization production due to particle x’s recoil
against a nucleus in a semiconducting crystal biased with a voltage AV. If electron-hole
(e h™) pairs are produced, they are drifted across the substrate while releasing Neganov-
Trofimov-Luke (NTL) Phonons in addition to prompt recoil phonons.

energy F,; of and event is given by:

(2.4)

E, =E, (1 LY(E,) 6AV) :

Ee—ht+

where E, is the primary energy deposition or recoil energy, £.-,+ is the mean energy
required per e~ h™' pair produced (in the limit of many pairs produced), and Y (E,) is the
ionization yield of nuclear recoils relative to electron recoils. Of course, the total phonon
energy is not always the same as there are stochastic processes involved in the production
and propagation of e"h™ pairs. Equation 2.4 gives the first moment (expectation value)
of the total energy in the limit of many e~h™ pairs (N.-;+ > 1). In that limit the second
moment (or variance) is conveniently encoded in the Fano factor F' = 02/ of charge carrier

production [162], which would be F' = 1 if each charged pair was produced randomly and
independently. In Si, the Fano factor measured using x-rays is F' ~ 0.155 [163]. The
mean energy per e~ h' pair for silicon is e.-p+ ~ 3.8eV [1064], which is notably larger

than the band-gap because of various inefficiencies in the conversion of the primary recoil
particle’s energy into ionization. The quoted values for F' and e.-,+ are asymptotic (high
energy) values used in the statistical parametrization of charge carrier production. Precise
ionization models based on simulation and empirical data are required when N+ < 10,
where temperature-dependent effects may also be taken into account [165].

If the interaction deposits energy E, > E,, to an electron (Y = 1), then a primary
charge carrier pair is produced, with excess energy (above the band-gap) partitioned be-
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tween the electron and hole according to the electronic shell structure of the material
and available phase space. The initial electron and hole then scatter with other bound

electrons, releasing a cascade of e”h™ pairs through impact ionization [166]. But each
secondary scattering also produces phonons, so €.-,+ is mostly set by the relative rates of
phonon production and impact ionization [165]. In the case of nuclear recoils, one must

model and/or measure the ionization yield function Y (F,) < 1 which gives the efficiency
of ionization relative to electron recoils. The Fano factor of charge-carrier production also
varies for nuclear recoils compared to electron recoils [167]. An estimate for Y (E,) may
be derived using the Lindhard model [168, |, which is valid at high recoil energies
(B, 2 10keV). The model uses the formalism of stopping powers to calculate the average
energy lost to secondary ion-ion recoils, treating ion and electron scattering separately,
assuming ionized electrons do not produce nuclear recoils, and that energy transfers to
ions are much larger than those to electrons [170]. It is also assumed that E,. is much
larger than the the subsequent energy transfers to ions, which in turn is much larger than
the electron binding energy [171]. A solution for the ionization yield with optimizable pa-
rameters may then be derived. Significant deviations from the Lindhard parametrization
have been observed at low recoil energies, including in CDMS neutron calibration data

[172, 173).

The athermal phonons from the initial recoil, as well as NTL phonons from charged
secondaries, propagate through the crystal. If the crystal is harmonic, lattice sites can be
treated as independent oscillators, and the phonons propagate through the crystal bulk
or reflect from boundaries without losing energy until they are absorbed. Higher order
phonon-phonon interactions found in real crystals allow for anharmonic down-conversion,
whereby a phonon may split into two or more phonons of lower energy as it propagates
across the crystal [171]. Once a phonon is as likely to down-convert into two phonons of
lower energy as it is to fuse with another into a higher energy phonon, it is said to have
thermalized. Thermal phonons are abundant within any solid at non-zero temperature,
following a thermal Bose-Einstein distribution peaked at kg1 ~ O(peV) at millikelvin
temperatures. Some of the athermal phonons are absorbed by the superconducting alu-
minium fins shown in Figure 2.3, breaking Cooper pairs (states of 2 electrons bound by
phonon mediated force, see [175] for review of BCS theory) and creating superconducting
quasi-particles. Phonons must have energy larger than the aluminium superconducting
energy gap (~ 180 ueV) to be absorbed by the fins (at 10 mK operating temperature, ther-
mal phonons are not absorbed by the fins). Of course, the athermal phonons must also be
incident on the aluminium fins to be absorbed by them. Thus, some phonon energy may
escape the crystal as heat, particularly through un-instrumented crystal surfaces and into
the detector holders.
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The aluminium fins are coupled to tungsten transition edge sensors (TESs) with critical
temperature T, ~ O(100) mK, held at transition between superconducting and normal
state by a bias current I, (Fig. 2.3). The interface between the aluminium and tungsten
has a smaller energy gap than the aluminium bulk, which helps trap the superconducting
quasiparticles near the tungsten TES [176], and once they recombine they heat the TES,
raising its resistance thus decreasing the current I, passing through it, resulting in a deficit
in ohmic heating which is our signal. This results in a negative electro-thermal feedback
that sees the TES cool down and return to baseline within a time 7z, as the power balance
is restored in the TES [177]:

Poatn + Poute + Pparasitic = 0, quiescent baseline

dT (2.5)
dt’

where Py, is the heat lost by the TES to the thermal bath within which it resides,
and Pjeye is the Joule heating by the current I, passing through the TES, and P,qqsitic
is an environmental power source (electromagnetic fields, including from communication
devices). When the bath temperature stabilizes, and the bias current [, is pumped, the
quiescent (equilibrium) state is achieved if no other power source is present. In the quiescent
state, the TES current I is stable around its baseline value I (within noise and parasitic
power fluctuations). During a particle hit the phonons generated (and absorbed) will be an
additional power source Pyponon, and the TES temperature as a function of time is described
in the derivative in Eqn. 2.5, where C' is the heat capacity of the TESs. The result is a fast-
rising pulse (as the relevant processes delivering energy to the TESs propagate at the speed
of sound vg,yng in the substrate, the rise-time i 7,5 ~ Ltnick /Vsound ~ O(us) for detector of
thickness Lpiac ~ O(cm). The pulse has a longer fall-time (7py > 7,5.) depending mostly
on the strength of the electrothermal feedback, which is energy-dependent. In different
runs, the parasitic power may vary, so a different I, may be needed to achieve the same
“working point” on the Resistance-Temperature (RT) curve of the TES.

Pbath + PJoule + Pparasitic + Pphonon =C

To characterize the TES response, one varies [, and measures the baseline I, = I at
each bias. This can be converted to other TES quantities by finding the total resistance

28



and potential difference:

1 N 1
Rtotal Rsh RTES + RP’
1 1 1 1 1
Viotat  Iv - Rt Lo (Rsn) Iy - (Rres + Ry) Is- (Rres + R))
1,
_b:1+ RTES+Rp’
]s Rsh

where R, is the parasitic resistances of the TES. The shunt resistor shown in Fig. 2.3 has
a known resistance of Ry,. At superconducting phase, Rrps = 0 (R, rgs can be deduced),
while in the normal phase Rrgs = R, where R, > 0 is a constant.

The CDMS bolometers are therefore classified as sampling calorimeters which measure
a fraction €, of the produced phonons. The parameter ¢, is called the phonon collection
efficiency, and it can be optimized by varying aluminium fin and TES lengths and overall
coverage (Fig. 2.10), in addition to minimizing the surface area of the (un-instrumented)
side-walls. The efficiency €, can be measured by first converting event pulse amplitudes
into an absorbed energy estimate E,; using circuit properties [125]:

Eups = (1 — 2%) IR, / (Io — I,(t)) dt + R, / (1o — I,(t))* dt, (2.7)

where R; = Ry, + R, and Ry is the baseline TES resistance, I, is the parasitic resistance,
Ry, is the shunt resistance, I, is the bias current, Iy is the baseline TES current and I(¢)
is the instantaneous TES current at time t. The collection efficiency is found by evaluating
the fraction €, = Eg/E; where E; is the total expected phonon energy from Eqn. 2.4. The
constant €, bakes all the processes (collection efficiency by the aluminium fins, quasiparticle
diffusion efficiency and conversion to heat energy in the tungsten) into an overall constant.

In a nuclear recoil search, one may use the measured value of Y (Eg) to remove the
vast majority of electron recoil backgrounds (right side of Fig. 2.6). Since Equation 2.4
has 2 unknowns (Egr and Y (ER)), an independent measurement of ionization is required
to find Y (ER) for a single event, given F; from the phonon sensors. The measured yield
is defined as Y (Egr) = Eg/E,, where Eg = N.—p+ €c—p+ is the measured ionization sig-
nal. The SuperCDMS detectors that read charge and phonons simultaneously are of the
interleaved Z-Sensitive Ionization and Phonon-mediated (iZIP) type. The charge carriers
are collected by electrodes on each face of an iZIP detector (left side of Fig. 2.6, showing
charge collection electrodes interleaved with linear QET arrays). These electrodes provide
a potential difference AV across the crystal, with the detector faces being held at equal
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and opposite potentials. Optimized electrode distributions ensure a constant electric field
across the fiducial volume of the detectors. The electrodes feed into high-electron-mobility
transistors (HEMTSs) for signal amplification in SuperCDMS SNOLAB detectors, while sil-
icon junction field-effect transistors (JFETSs) were used for that purpose in previous CDMS
iterations. Another type of SuperCDMS detector is the high voltage (HV) detector which
only measures phonons. The QET arrays are more densely packed on an HV detector
(no charge collection electrodes), while the NTL gain is maximized by applying a high
potential difference across the crystal (see Eq. 2.4 and Fig. 2.4 and surrounding text). The
recoil energy threshold of the HV detector is thereby lowered significantly, albeit at the
expense of nuclear recoil discrimination. The first CDMS run to utilize the HV mode (us-
ing iZIP detectors with increased bias voltage) was called CDMS low ionization threshold
experiment (CDMSlite) [124].

Figure 2.5: Left: SuperCDMS SNOLAB Ge high voltage (HV) detector instrumented with
QET arrays, shown in its detector holder. SNOLAB detectors have a diameter of 10 cm.
Right: SuperCDMS Si HVeV (1 cm side length) prototype showing the QET instrumented
face. Lacking charge readout, these detectors cannot discriminate nuclear recoils but have
high resolution and low thresholds.
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Figure 2.6: Left: Image of a SuperCDMS Soudan Ge interleaved z-sensitive ionization
and phonon-mediated (iZIP) detector of diameter 10 cm in its holder[178]. Right: Distinct
bands in ionization yield for nuclear recoil discrimination possible due to combination of
charge and phonon readout. [179].

2.2.1 SuperCDMS SNOLAB Experiment

Situated 2 km underground in the Creighton Mine in Sudbury ON, Canada, with an
overburden providing ~ 6000 meters of water equivalent (m.w.e.) shielding, SuperCDMS
SNOLAB’s main goal is to probe WIMPs in the < 10 GeV mass range through nuclear
recoils [123]. This low-mass (compared to the weak scale) sensitivity is made possible
through the reduced energy thresholds of the ~ 10 em wide detectors compared to tonne-
scale experiments which focus on weak-scale masses. Sub-GeV DM can also be probed with
SuperCDMS SNOLAB through electron recoils. The experimental setup of SuperCDMS
SNOLAB is shown in Figure 2.7. The experiment is built on a seismic platform to reduce
vibrational backgrounds from the surrounding rock. An initial payload of 24 3.3 cm thick
detectors of 10 cm diameter sit in four copper detector towers, which in turn sit in concentric
copper cans which make up the ‘SNOBOX’. A dilution refrigerator is thermally linked to
the inner copper cans. The SNOBOX is shielded from magnetic fields by a mu-metal shield.
It is further surrounded by a high-density polyethylene (HDPE) neutron shield, which is
surrounded by lead bricks to shield against gamma radiation. The outermost layer of
shielding is composed of water tanks and polyethylene for additional neutron shielding
[158].

The initial payload for SuperCDMS SNOLAB is composed of germanium and silicon
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Tower Number | Detector Type | Ge | Si
1 iZ1P 6 |0
2 HV 4 |2
3 HV 4 |2
4 iZ1P 4 | 2

Table 2.1: SuperCDMS initial payload summary.

substrates. The different substrates provide complementarity as the silicon detectors have
lower energy thresholds, while using germanium allows higher exposure per unit volume
due to its larger atomic mass. The detector types are either iZIP (left side of Fig. 2.6) or
HV (left side of Fig. 2.5). Table 2.1 summarizes the contents of each detector tower in the
initial payload. SuperCDMS detectors are event position sensitive as the QET arrays are
separated into channels (6 channels per face). SuperCDMS iZIPs are fitted with interleaved
phonon sensors (QET arrays) and charge collection electrodes. The QETSs are grounded
while the charge collection electrodes are biased, such that the electric field points across
the detector bulk but is parallel to the faces when close to said faces, potentially allowing
for surface event rejection [180]. The HV detectors on the other hand have densely packed
QET's on both faces, maximizing phonon collection efficiency and energy resolution. The
high crystal bias voltage means most of the phonons are NTL phonons, so the detector is
indirectly measuring ionization through phonon emission. The high voltage stretches the
ER and NR spectra differently according to the respective ionization yields, resulting in
partial removal of ER backgrounds in NR searches. Also, if single e~ h* peaks are resolved,
NR peaks would be shifted to higher energy compared to ER peaks.

Background Sources

While creative limit-setting methods exist for the case of an unknown background [181],
a decisive dark matter discovery requires a comprehensive understanding of background
events. The most significant source of background events is due to the presence of impurities
within the semiconducting interaction media. Traces of tritium (3H) are present in all
substrates, which decays via 8 emission with a lifetime of a couple of years. In silicon
detectors, 3257 traces also decay through 3 emission over a period of years. Cosmogenically
activated Germanium including "' Ge decays via electron capture, producing event spectra
that are sharply peaked around binding energies of K, L and M shell electrons. Other
experiment materials such as the copper used in detector towers can be contaminated with
radio-isotopes or cosmogenically activated, adding alpha, beta and gamma backgrounds.
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Figure 2.7: Setup of the SuperCDMS SNOLAB experiment [158]. Outermost shield (green)
is composed of water tanks and polyethylene, followed by a thin (gray) layer of aluminium
acting as a radon diffusion barrier, followed by the lead shield (blue), followed by the inner
polyethylene layers (turquoise).

Radon gas can decay and implant daughter particles such as 2!Pb on detector surfaces.
Radon can be purged from line-of-sight regions surrounding the detectors by displacement
using nitrogen gas. Radio-isotopes in the experimental environment are a source of gammas
and neutrons, as will be elaborated upon shortly.

The energy spectra of the background sources are estimated using GEANT4 [182] based
simulations, and the magnitude of the backrground event rates is estimated by assaying
the materials [123]. This information is then used to generate the projected sensitivity
shown in Figure 2.8, which also shows the neutrino fog [183] beyond which sensitivity
scales weakly with increasing exposure. Solar, cosmic and atmospheric neutrinos coherently
scatter with nuclei [184, 185, 180], presenting an irreducible background to nuclear recoil
DM searches. Target complementarity can help disentangle neutrino and DM signals [187].
Other cosmogenic backgrounds are easier to shield against. The atmospheric muon flux is
reduced millions of times thanks to the 2km of overburden above the SNOLAB facility.
The cavern in which the experiment sits is, however, itself a background source, as trace
radio-isotopes (namely 2**U and #*2T'h) in the rock produce gammas and neutrons along
their decay chains. Gamma rays are also produced in the chain of decay of 2?2Rn gas in
the cavern. Neutrons may also be produced via spallation, either by alpha particles or
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Figure 2.8: Projected sensitivity of different SuperCDMS SNOLAB detectors to the DM-
nucleon scattering cross-section, assuming a 4 year net exposure of 4 detector towers [123].

muons [188, 189]. These cavern neutrons and gammas are mitigated by the shields shown
in Fig 2.7. And in the case of iZIPs, non-neutron backgrounds can be discriminated against
using the ionization yield, or by surface event discrimination [180].

2.2.2 The SuperCDMS HVeV Program

The high voltage with eV-scale resolution (HVeV) detectors were developed by the CDMS
collaboration to study various detector effects in a simple and controlled environment.
This includes the study of the non-ionizing low energy excess (0QLEE) observed in many
low-threshold experiments [190], measuring the ionization yield at low energies [173], and
exploring the potential of single-e”h™ pair production as a dark matter signal [191]. The
HVeV detectors are optimized for phonon collection efficiency and resolution. The small
thickness of the wafers used in HVeV detectors (4 mm) reduces the surface area of side
walls, limiting phonon energy loss through them [171]. By varying the TES and Al fin
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(a) NFC (c) NFE

Figure 2.9: Various QET mask designs for HVeV 1cm? Silicon detectors. Blue rectangles
cach indicates a single QET with aluminium fins and a tungsten TES at the center (black),
while the light blue lines indicate the aluminium scaffolding which connects QETs within
a single channel in parallel. The central square covering half the area of each mask is the
inner QET channel, while the remaining edge areas fall under the outer QET channel.

lengths that make up a QET (Fig. 2.10), phonon collection can be optimized, with trade-
offs between resolution and dynamic range [125]. Figure 2.9 shows various QET mask
designs that are instrumented on an HVeV silicon wafer. The QET arrays are divided into
two channels (inner and outer), each covering half the surface area of one face. The other
face is covered by an aluminium grid which is used to the provide crystal bias voltage. The
right side of Fig. 2.5 shows an image of an HVeV detector.

The precision of our energy estimate (energy resolution) is limited by noise, as well as
the proportion of phonons we sample relative to the total number of phonons produced in
an event. The threshold of a detector is either the total phonon energy of one e~ h™ pair
or a multiple of the baseline resolution, whichever is larger. The phonon energy resolution
o, can be estimated by:

<€p0'p>2 == 2kB GTozTBW (28)

where G is the thermal conductance of the TES, kg is the Boltzmann constant, Ty is the
operating temperature, and Tgw, €, are as defined earlier in Sec. 2.2 [177, 125]. After
achieving eV-scale resolution, and upon applying a high voltage O(100)V, single-e”h*
peaks are resolved (Figs. 2.19(a), calibration datasets of Ch. 3). In the calibration datasets
presented in Ch. 3, inter-peak events are present. These events are most generally classified
as high/low NTL amplification events. The currently accepted hypothesis is that, due to

35



Al Fin Length Vortex Sinks

S

TES Length

Al/W QP Trap

Figure 2.10: Diagram of a tungsten TES (grey) connected with aluminium fins (blue),
forming a QET. The lengths of fins and TES are varied to optimize collection efficiency,
resolution and dynamic range [125]. Vortex sinks on the superconducting aluminium fins
disrupt persistent currents which may be induced by background magnetic fields.

impurities (which result in charge-carrier sources and sinks) [192], some charge carriers
get trapped in the sinks (becoming loosely bound to the impurities), causing incomplete
(lower) amplification of the event. These loosely bound charges themselves can also be
released with energies less than the band-gap, causing higher amplification than expected
(see Fig. 2.11). These effects are called charge trapping and impact ionization (CTII), and
are modeled most simply using a probabilistic model with two parameters: the charge
trapping fraction for and impact ionization fraction fr; [193, 194]. The modelling of this
phenomenon is discussed at length in Ch. 3.

2.2.3 HVeV Run 4 at NEXUS

HVeV Run 1 produced world leading exclusion limits for low-mass electron-recoil dark
matter [196]. Subsequently, HVeV Run 2 used new detector designs which improved the
energy resolution down to ~ 3 eV [125]. However, exclusion curves did not improve dra-
matically, the high background event rate being the most important limiting factor [197].
Burst events — a type of event where pulses in the TES current (I(¢) in Eqn. 2.7) happen
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Normal Charge Trapping Impact Ionization

Figure 2.11: Schematic of charge carrier traversal of the semiconducting substrate. Full
NTL amplification does not always occur. Figure retrieved from [195]

in quick succession — constituted a major fraction of background events. HVeV Run 3 em-
ployed a setup of two detector pairs in order to take advantage of the correlation between
events in different detectors to reduce this background and improve dark matter limits
[142]. HVeV Run 3 firmly established that these background events were external to the
detectors. Indeed, HVeV Run 4 came to confirm this, as this background was eliminated
by the deployment of a light-tight detector holder. The evidence seems to point to a lumi-
nescent source with a line of sight of the detectors in previous runs, likely a PCB material
(possibly SiOq, see [198, 199, 200, 201]).

Experimental Setup

In January 2022, in the Northwestern EXperimental Underground Site (NEXUS) at Fer-
milab (Batavia, IL), data taking began for HVeV run 4. The site is 107 m underground
(in the MINOS cavern), and the overburden provides 225 m of water equivalent shielding,
reducing the atmospheric muon rate by a factor of ~ 200 [202]. In this low-recoil-energy
search (E, < 20eV,), this depth suffices as cosmogenic background depositions lie outside
the region of interest, so the main purpose of the overburden is to minimize disruption of
the detectors by high energy cosmogenic secondaries (which may saturate the detectors for
extended periods of time), thereby maximizing live-time. Combining all that was learnt
from previous runs, the run’s aim was to vastly improve dark matter sensitivity by reduc-
ing the background event rate. A new detector holder hosts four 0.93 Si (1 em? x 1 mm)
wafers in close proximity to increase chances of coincident events (Fig. 2.12). Two of the
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detectors have the same QET mask type C [125], while the other two are of type E and
H. The detector holder is made up of two parts, each holding a pair of detectors side by
side. Fig. 2.13(a) shows the bottom part of the holder and the back (HV aluminium grid)
faces of NFC1 and NFE detectors, while Fig. 2.13(b) shows the upper part of the holder
and the front (QET instrumented) faces of NFH and NFC2. Assembling the two parts
together, we have the QET instrumented faces opposing each other, and the back faces of
all detectors point outwards.

Figure 2.12: Rendering of detectors in their new light-tight detector housing (before at-
taching the top copper lid). The back (aluminium-grid) faces of detectors NFH (top) and
NFC2 (bottom) can be seen (two small squares), with readout connectors on both sides
(green). Unseen are NFC1 (under NFC2), while NFE (under NFH).

The detector holder is fixed inside a copper cavity (Fig. 2.13(c)), which in turn is
mounted to a CryoConcepts dry (cryogen-free) dilution refrigerator (Fig. 2.13(d)). A di-
lution refrigerator achieves milli-kelvin temperatures in its mixing chamber (MC), where
3He and *He are pre-cooled and mixed, establishing a phase boundary. Instead of relying
on cryogens like liquid helium and nitrogen for pre-cooling stages, the dry fridge uses a
pulse tube cryocooler holds the first two stages at 60 K and 4 K. To achieve a low-vibration
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environment, the pulse tube is mechanically decoupled from the fridge using Ultra-Quiet

Technology™ [203]. In the still stage of the fridge, the 3He is further cooled to ~ 870 mK,
followed by the cold plate at ~ 80 mK, and then finally fed into the MC. At the 1 Kelvin
stage of the fridge, an A4K shield from Amuneal [204] shields the sensitive QETs from

magnetic fields. The refrigerator resides in a class-10000 (FED-STD-209E [205]) clean
room, covered with a METGLAS blanket for additional magnetic shielding. In addition to
upgrading the detector holder, a new lead shield (Fig. 2.13(e)) with a minimum thickness
of 4 inches was installed to reduce background events due to gammas from decays within
the surrounding rock of the cavern. Each phonon channel is read out by a single-stage
DC Superconducting Quantum Interference Device (SQUID), which is a pair of Josephson
junctions that acquires a potential difference when biased by a current I > I. > 0 where I,
is the critical current. The potential difference across a SQUID is very sensitive to external
magnetic fields [206]. The SQUIDs are shielded from magnetic interference by a mu-metal
and niobium box.

HVeV Run 4 was made up of two separate periods of data taking named NEXUS Run
13 (NR13) and NEXUS Run 14 (NR14). Running from January to April of 2022, NR13
included the dark matter search data acquired at 100V bias. In addition, NR13 took high
energy calibration data using a 3.14 MBq '¥7C's gamma source at 0V and 100V crystal
bias, as well as various other testing data sets. The low energy calibration strategy of HVeV
Run 4 involved the use of LEDs shining on the detector backsides. Between NR13 and
NR14, installation of the newly designed LED boxes (Fig. 3.2) occurred, and low-energy
calibration data was taken in July. This separation was done to mitigate light leakage and
achieve the lowest possible background rate in the DM search data. Details of the LED
apparatus and data acquisition are described in Section 3.1. As a NEXUS Run begins, the
fridge mixing chamber would be cooling down by a couple mK to its final temperature of
11 mK, the SQUIDs of the readout circuit are ‘locked’ (magnetic flux changes are offset by
a feedback inductance, the feedback current is the signal which is digitized) and testing
datasets are initially taken. One of the most important are “IV curve” datasets, where the
TES bias current is varied and the signal current (/5 in Eqn. 2.7) is measured.

Through simple circuit relations described in Eqn. 2.6, one may derive the resistance
vs. bias current curves of the superconductor sensors. Fig. 2.14 shows the TES resistance
curves at the end of NR13 as well as for NR14 at various stages of the run. For NR13,
the bias current for each channel was set so that the resistance of the TES circuit is 40%
of the value of its resistance at its normal (non-superconducting) state R,. Background
datasets were also taken with varying high voltage (HV) bias. The bias of 100 V was chosen
as a sweet spot since it sufficiently amplifies the ionization events away from background
events of the non-ionizing low-energy excess and the sub-e”h™ peaks (both discussed in
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(a) Back-sides of detectors NFC1 (left) and NFE (b) Front-sides of detectors NFH (left) and NFC2
(right), instrumented with aluminium grids which (right), instrumented with 2 channels of QET ar-
provide the high voltage bias across the wafers. rays (each). Each QET channel has a pair of wires
Fine wires are bonded to the aluminium grid. which provide the TES bias currents.

(¢) The copper housing. (d) The dilution refrigerator. (e) The lead shield.

Figure 2.13: Images of the setup of HVeV Run 4.

Ch. 6), while not being unnecessarily high to mitigate leakage of charge carriers across
the semiconductor medium (charges can tunnel from electrodes into the crystal [192, 207]).
With these tests completed, the DM search data was taken over a 12 day period, yielding
a raw exposure of 10.8 gdays per detector. Fig. 2.15(a) shows the final setup for NR13,
which also included Cs-137 x-ray source data sets taken at OV and 100V bias.

40



NFC1 Inner Channel NFC1 Outer Channel

3007 _———————— 300/ —
€ 2001 € 200/
= —— NR13, T=11.0mK — —— NR13, T=11.0mK
0 I - 0 I -
w 100/ NR14, T=14.0mK 2100 NR14, T=14.0mK
o NR14, 11.0mK, OV 4 } NR14, 11.0mK, OV
0 | NR14, 11.0mK, 100V 0 J NR14, 11.0mK, 100V

100 150 200

Ipias [UA]

100 150 200 0 50

Ipias [MA]

0 50

Figure 2.14: The TES resistance of the inner (left) and outer (right) channels of detector
NFC1 of HVeV Run 4 (normal resistance ~ 300mS2) as a function of bias current. The
curves for NR14 are shifted to the right, meaning a higher bias current is needed in NR14
to achieve the same percentage of transition towards normal resistance as NR13. This
could indicate an additional parasitic power source in NR13 compared to NR14 (P,urasitic
from Eqn. 2.5).

Detector | Lrgs (um) | Ly, (pm) | R, (mQ) | 0, (eV) | Esar (keV)
NFC1 150 60 300 2.79(3) 18(2)
NFC2 150 60 300 | 2.26(2) | 17(2)
NFE 25 100 300 | 4.94(5) | 2.6(3)
NFH 100 125 900 | 2.65(3) | 6.0(6)

Table 2.2: HVeV Run 4 payload summary. Each detector is 0.93 g of high-purity silicon,
instrumented with various QET masks shown in Fig. 2.9.

In NR14 (final setup shown in Fig. 2.15(b)), a higher bias current was generally re-
quired to achieve 40% R,, (Fig. 2.14). Further, even when that benchmark resistance
is achieved, the gain observed in background spectra (when comparing the mean 1e~h*
pulse amplitude) did not match that of NR13. Therefore, datasets were taken at various
bias currents to tune the observed 1e~h*t peak position in background spectra of NR14 to
those seen in NR13. Even after the tuning during data taking, the 1e~h' gains between
NR13 and NR14 did not precisely match (see Fig. 2.19(a)), so a linear gain correction was
needed to apply a calibration derived from NR14 on NR13. To quantify the systematic
uncertainty due to such a correction, LED calibration data was not only acquired for one
TES bias current, but also acquired datasets with the bias current slightly varied around
the central value. Data sets varying the LED intensity were also acquired.
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(a) Setup of NEXUS Run 13, with detectors en- (b) Setup of NEXUS Run 14, with detector holder
closed in light-tight detector holder. The upper copper lids from NR13 replaced with the two LED

square copper lid covers the back faces of two de- boxes.
tectors.

Figure 2.15: Comparison of final setups of detector towers for NEXUS Runs 13 and 14
before closing the copper housing.

After the TES currents are amplified by the SQUIDs, they are further amplified and
digitized by a Detector Control and Readout Card (DCRC [208]) with a sampling frequency
of 156.25 kHz. This is essentially the same data acquisition (DAQ) strategy as SuperCDMS
SNOLAB. In HVeV Run 4, the raw data is continuously readout using the Maximum Inte-
grated Data Acquisition System (MIDAS) software [209], yielding 0.5 second raw readout
traces (Fig. 2.16) that cover the entire live-time. These digitized traces contained the TES
current every 6.4 ps. Triggering (the identification of events of interest) happened offline
after data taking was completed. The first step in event reconstruction is to filter the raw
traces to suitably maximize the signal-to-noise ratio. Then, one must identify events or
hits (appearing as a pulse in the TES current), for which we use a triggering algorithm.
Finally, we must calculate ‘reduced quantities’ for each pulse, upon which we apply a sta-
tistical analysis. The pipeline from raw digitized 0.5s traces to reduced quantities for each
pulse is outlined in detail in the following subsections.

2.2.4 Filtering Techniques

In order to remove noise components from our signal, we may apply various filtering tech-
niques. In analyzing a time series, we usually want to suppress certain frequency com-
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ponents in Fourier space, assuming that each mode is independent from the others. If a
filter ¢(f) is defined in the frequency domain, then it is simply multiplied with the noisy
Fourier-transformed signal v(f),

¢(f) - v(f)- (2.9)

The Optimal Filter (OF) [210], known as it is because it theoretically provides the most
complete filtering, provided that one has a signal template and a noise template. To model
the noise, we average power spectral densities (PSDs) of various randomly triggered events.
These are events sampled randomly from each readout trace, with pulse rejection criteria
(see 2.2.5) implemented to ensure the lack of a pulse in such a random event. For the
OF we have ¢(f) = s*(f)/J(f), where s*(f) is the complex conjugate of the frequency
domain signal template, and J(f) is the noise PSD. One may instead use a Gaussian filter
o(f) = G(f) = gauss(f,n = 0,0). To obtain a time-domain filtered trace, we calculate:

I

eWWﬂMm#:[ﬂW—ﬂwﬁﬁE@”W% (2.10)

2 ) o

where the equality indicates that one may also find the time domain filter

1 [t

awz—/ I G(f) df (2.11)

27 J_o

and then convolve it with the time domain noisy signal v(¢). Fig. 2.16 shows a 0.5 second
readout trace from NR13, along with the OF-filtered counterparts.

Threshold Triggering

While the OF theoretically provides the maximum filtering, it has disadvantages, par-
ticularly for use in triggering. Because our PSDs have many high-frequency peaks (Fig.
2.17(b)), the time-domain filtered trace may suffer from ‘trigger echoes’ (fake pulses in the
filtered trace). For this reason, we use a Gaussian-derivative filter in the triggering algo-
rithm instead of the OF triggering shown in Fig. 2.16. The OF triggering takes as input
the templates and a trigger threshold, while the Gaussian derivative triggering algorithm
has a kernel ¢(t) that is the derivative of a Gaussian. This produces the filtered derivative
of the signal upon convolution with the noisy signal. Using the first derivative instead of
the time series itself makes for a better rising-edge detection algorithm for ‘pile-up’ events
where pulses occur in quick succession (see Fig. 2.18). The Gaussian-derivative filter takes
as input the width of the Gaussian (we use a width of 6 digital time bins dt, dt = 6.4 us),
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Figure 2.16: Example readout trace from the DM search data. In this example the filtered
trace is found by applying the optimal filter (Eq. 2.12 and Fig. 2.17), and additionally
suppressing frequencies higher than 20kHz, as well as the lowest frequency
component (for baseline current subtraction). In NFC2, we see the slowly decaying tail
of a high energy event with smaller 1 e~h™ events that are identified by the threshold trigger
(red). The random event (blue) in NFC2 is skewed, so it is not used in PSD calculation. In
this half-second trace, NFC2 is experiencing a period of dead time due to the TES baseline
cut (Sec. 2.2.6). Also shown are the trace edge dead-time regions (1024 dt ~ 6.55ms on
each end) that apply to every raw trace, as the filtering is incomplete at the edges of the
time series. Note that the TES current is shifted by a DC offset at readout, so the values
do not represent the actual current passing through the TESs at a certain time. This
presents no issue since we are only interested in the change of the current from baseline I
in Eq. 2.7 (Fig. 2.21 shows that the mean baseline for NFC1 was slightly negative).

as well as a threshold that does not correspond to a certain amplitude in the original
time series. While we run the processing on raw data with both triggering algorithms,
Gaussian-derivative filter triggering is used for DM search. Finally, we implement a trigger
hold-off so that two triggers do not occur within 6 dt of each other.
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(a) Pulse template used in the optimal filter (b) Mean power densities for NFC1 found from
(OF) to reconstruct events in detector NFC1. It random events passing pulse-rejection cuts.
is the averaged 1 e~ h™ pulse shape from the dark Shown are the amplitude spectral densities
matter search data from the same detector. The (1/(PSD)) from dark matter search data. A
domain of the main graph is the pulse analysis low-pass hard-cutoff filter is also applied when
window. It is normalized so the maximum is 1. applying the optimal filter.

Figure 2.17: Pulse template and noise PSD used in the optimal filter for NFC1 (blue).
Both were acquired from NR13 dark matter search data.

Reduced Quantities

As can be seen in Fig. 2.18, the trigger point I, is identified for every triggered event
within each readout trace. This is one of the reduced quantities (RQs) that we are left
with after reconstruction. The trigger point sits at the center of a 2048 - dt (dt = 6.4us)
sample called the pulse analysis window (Fig. 2.17(a)), which will be analyzed to extract
further RQs. Another important RQ is the OF amplitude of the event, which shall serve
as our main energy estimator. The optimal filter can be seen as a frequency-domain fit,
minimizing the reduced chi-squared:

) o (v (f) = 22,4, e sy (f) :
Xred = XZ:/OO Jz (f) dfv (212)

where A, is the amplitude for template set v and ¢ is a channel index. (In practice
we additionally suppress high-frequency > 20kHz components when applying the OF, as
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Figure 2.18: Comparison of different threshold triggers (this is an example of a coincident
burst event which will be studied in Ch. 4. It is otherwise not typical for pulses to
occur simultaneously in different detectors). The filtered time series may obscure the time
difference between events that happen in close succession. Since we use a rising edge
trigger, using the optimal filtered trace we will identify only two events in each detector
(blue points) within the shown section of a readout trace, while the Gaussian derivative
filtered trace crosses the trigger threshold four times (green points). The trigger point
reduced quantity I is taken as the index within a readout trace where the filtered trace
is at a maximum. The mean baseline for NFC1 was taken from Fig. 2.21.

shown in Fig. 2.17(b)). In fact, the derivation of the OF kernel ¢ comes from this chi-
squared fit, as shown in [210]. Eq. 2.12 shows the case of a simultaneous fit of different
channels of uncorrelated noise with a set of templates s;,. In our case, we do not conduct
a simultaneous fit of the amplitudes for the inner and outer channels. Instead, we sum the
inner and outer channel traces and reconstruct the combined pulse vy () = Vi (t) + Ve (1),
where o = 1 (same for triggering). Fig. 2.19(a) shows the total pulse amplitude (Aprr)
spectra from NR13 and NR14. Fig. 2.19(b) shows an optimization of the parameter «,
justifying our choice as the channels have almost equal energy weights. The PSD J in this
case is also from random events summed from both channels. We also use only one template
Ugot(t), which is the normalized mean pulse shape of 1e~h* events. To reconstruct pulses
from each channel separately (to assess relative channel weights, Fig. 2.19(b)), channel-
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specific templates were used.

Another fit parameter is ¢y in Eq. 2.12, which allows for a shift around the trigger point,
allowing for a better fit. We will make a distinction between two OF amplitude RQs: OFO0
amplitude (Apr) is from the pulse fit with ¢y = 0, and OFL amplitude (Apry) is from a
pulse fit with a limited allowed window of 6 samples —6dt < ty < 6dt, dt = 6.4us. In that
case, to will correspond to the highest amplitude possible [210], making OFL estimation
biased (prone to fitting noise fluctuations) in the case of low amplitude pulses. The PSDs
and templates from NR13 DM search data were used to process NR14 data. This was
done so that efficiency calculations from NR14 are controlled for reconstruction method.
We will use all of the RQs discussed (1,4, 2.4y Aoro, Aorr, to) and more in the following
statistical analyses. In order to ensure that the DM result is unbiased by the analyzers,
only 30% of the live-time was visible at first, while 70% was blinded until the analysis
method was fully developed. The blinding scheme was such that there were 15 minute
periods of unblinded data in between 35 minute periods of blinded data.

2.2.5 Standard Event Selections
Pulse Rejection Cuts (randoms only)

Randomly triggered events are used to assess noise conditions and produce a noise template
for the OF, namely the noise PSD. Four cuts are applied to random events for pulse
rejection. The cuts assess the range (max-min), mean baseline, slope and skewness of the
randoms and removes outliers. These cuts are defined and applied automatically at the
reconstruction stage (Section 2.2.3). The automated procedure is iterative: the skewness of
the distributions of the four quantities is calculated after applying a symmetric cut around
the median values, iterating until the skewness is below a certain threshold. Afterwards,
the standard deviation and mean are calculated for each quantity, a 3o cut is applied, and
then the estimators are recalculated, repeating until the estimators stabilize.

Reduced-y? Cut

The Reduced-x? Cut uses the x2 ; RQ calculated by minimizing Eq. 2.12 to remove poorly
reconstructed events from the data. The Reduced-x? Cut is necessarily amplitude/energy
dependent because of our choice of template as the mean 1e~h™" pulse shape: pulse fits
will be worse (have a higher x?2 ;) for higher amplitude pulses. This reflects the energy
dependent nature of the pulse shape due to 1) the non-linearity of the R-T curve and 2)
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(a) Comparison of NR13 (full DM search dataset) and NR14 (b) The amplitudes of the inner and outer
background pulse amplitude spectra in NFC1 (total channel channels are shown for 1e~ht events
Vot (1) = Vin(t) + Vous(t)). The 1e~h+ amplitude in NR14 was from DM search data of NFC1 (rotated
a factor of 8 ~ 0.96 smaller than that of NR13, despite best by angle ¢ = 7/4). The vertical thick
efforts to tune the QET bias to compensate for the parasitic magenta line is Aorr, in + AOFL, out =
power difference between runs seen in Fig. 2.14. The § factor Appy, 1e-p+. This 1e"h™ energy line
is used in Ch. 3 to apply the LED calibration from NR14 to has a trend (black dotted line) with a
NR13 data DM search data. The spectra are shown before and slight tilt A ~ 1%6 from the magenta ver-
after standard selection criteria (‘cuts’) outlined in 2.2.6 and tical. This would suggest that we use
2.2.5, as well as analysis-specific selections that will be outlined vt (t) = vin (t) + QVoue (t) to combine the
in Ch. 4. There is no evidence that the addition of the LED channels, where o = tan(¢ + A) ~ 1.07.
apparatus in NR14 increased the background low-energy event The difference in resolution is minimal

rate compared to NR13. (< 0.02¢V), so this correction is forgone.

Figure 2.19: Pulse amplitude distributions in NFC1 detector

the variation of pulse fall-times which depend on the electro-thermal balancing processes.
A series of amplitude-dependent 3o upper bounds are found for the x? , distribution in
Ch. 3 for LED data and in Ch. 4 for DM search data. To ensure a smooth cut boundary,
the upper boundary values are fit as a function of OF amplitude using X2, < feut(Aor) =
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p2 (Aor)?* + po. The functional form f., is an ansatz that fits the (Ao, x2,4) trend for
energies up to ~ keV.

2.2.6 Standard Live-time Selections

In this subsection we discuss two standard (analysis independent) live-time selection criteria
used in HVeV Run 4. These are relevant for any analysis because they select periods of
stable fridge temperature and TES baseline current ([, in Eqn. 2.7). Instabilities in either
may affect the precision of phonon energy measurements.

Fridge temperature stability

During the runs, the temperature inside the mixing chamber of the fridge was maintained
at 11.0 —11.1 mK. This was measured by a variable-resistance thermometer and monitored
throughout the run every 40 s. For a < 10 minute period (Fig. 2.20) during the DM search
data taking, the thermometer registered a temperature of ~ 40mK. This was the only
recorded temperature excursion > 11.1 mK throughout the DM search data. To exclude
data taken at this time, a 2 hour live-time cut is applied between 16 : 00— 18 : 00 CDT. We
cut about an hour before and after the excursion to ensure that the elevated temperature
period is removed, as the clocks of the fridge monitoring and readout systems are not
synced. The dead-time introduced by this cut is simultaneous across all detectors.
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Figure 2.20: Mixing chamber temperature sampled every 40 seconds, zoomed around the
brief excursion. The temperature exceeded 11.1 mK for a few minutes during the DM
search data taking. The fridge temperature cut removes this period from the live-time.

49



TES baseline current stability

When the TESs are cooled and biased (Fig. 2.14), they are usually in a stable state with
TES current being the quiescent baseline current, which is constant within noise. Any
variation in the baseline current over long time scales indicates that the power balance
has been upset, either by a temperature change, or because of a high energy event with
a slow-falling tail, such as the one shown in Fig. 2.16. In other cases, electromagnetic
radiation may input power in the TES directly, and we call that parasitic power. In any
case, an elevated baseline affects reconstruction because it means the ‘working point’ on
the R-T curve has moved away from its quiescent state, so the TES gain will differ. Thus,
we define an algorithm that evaluates the mean baseline for each 0.5s raw trace, by first
removing triggered pulses including their pulse analysis windows. Then the distribution of
baseline values is fit with a Gaussian, and a 3¢ cut is applied to remove violating traces
from the live-time (specific for each detector). The values for the 0.5 second trace baselines
in NFC1 for the entire DM search dataset are summarized in Figure 2.21.

0.02¢ 75 i m TR I Mean readout trace baseline
‘ Fe L R Rt AR HERANEE (full DM dataset gaussian fit) <
— 3-0 bounds <
0.01 i h N
9 g & o
S0 000 3
‘:'J = it 1018
S @-0.01 2
; 8 o e s e — ﬂ
1 [
—0.02 ‘ 3
10°U

0 250000 500000 750000 1000000 1250000 1500000 1750000 2000000

Readout trace order in full science dataset

Figure 2.21: For each readout trace, triggered events and their pulse analysis windows
are removed, and the rest of the TES current sample points are averaged, yielding the
whole-trace baseline quantity for each 0.5 second in the DM search dataset. Shown are the
acquired values for trace baseline in the NFC1 detector from the entire DM search dataset.
The mean and 3-0 boundaries (from a Gaussian fit of all trace baseline values) are also
shown. Traces that lie outside of the red horizontal dotted lines are dead-time. Vertical
dotted lines indicate when the run was stopped and re-started.
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Chapter 3

Investigating Detector Response
Effects using HVeV Run 4 LED Data

A dark matter particle recoiling with a subatomic constituent of the crystal results in a
chain of events which may lead to a TES current pulse that one observes. The mapping
between pulse size and observed total energy is obtained through a calibration. On the
other hand, the mapping between the basic initial interaction’s recoil energy and the mea-
sured energy can be divided into distinct stages. At each stage of the transformation, a
model is used. The mapping is not faithful in an event by event basis due to the stochastic
nature of the processes involved; thus, the mapping is done on spectra in the recoil-energy
domain, transforming them through a series of detector response modeling convolutions to
the total phonon-energy scale while including various detector effects. The models adopted
for the calibration of HVeV Run 4 go as follows (listed in chronological order of what is
thought to take place in the crystal):

1. Energy is deposited to a component of the crystal (e.g. an electron) with a given
probability distribution in recoil-energy f(FEgr), depending on the source ([70] for
electron recoil DM). For 2eV photons, see Fig. 3.1(a).

2. If the recoil energy Eg is higher than the band gap, electron-hole pairs are produced
in the crystal. Must assume a charge production model giving the probability of
producing any integer number of pairs given Eg, e.g. the Ramanathan-Kurinsky
(RK) model [165]. For multiple simultaneous photons hits with number of photons
per LED flash following Poissonian statistics with mean A, see Fig. 3.1(b).
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3. Charges may promptly recombine near the surface of the crystal instead of traversing
the crystal, releasing the photon energy as phonons without NTL gain phonons. This
is referred to as a surface trapping effect [191, ]. Could model surface trapping
probabilistically using a fraction Fj,,r, indicating the probability of a surface e”h™*
pair undergoing prompt recombination. Alternatively, one may use a constant en-
ergy shift to account for surface trapping events, as was done in the HVeV Run 4
LED calibration. (Surface trapping effect only relevant for HVeV R4 in the LED
calibration, as the ~ 2eV photons are very likely to be surface events). See Fig.
3.1(c).

4. Charges may get trapped in the bulk of the crystal (charge trapping), or they may
free other bound charges (impact ionization). This is modeled probabilistically using
the exponential CTII model [191]. See Figures 3.1(d) and 3.1(e) .

5. The detector is sensitive to the phonons produced by the initial recoil and the NTL
phonons due to the charged pairs. The TES has a calculable baseline phonon resolu-
tion based on shape and material properties. This resolution is incorporated in the
spectrum using convolution with a gaussian of width o,., estimated in here. See Fig.
3.1(f).

This chapter covers an analysis of NR14 LED data taken as part of HVeV Run 4. The
setup of HVeV Run 4 was outlined in Section 2.2.3. With LEDs that provide E, ~ 2eV
photons aimed at the centers of the backsides (aluminium HV grid) of three different HVeV
wafers, an extensive collection of datasets was acquired. This includes LED data taken
for three different HVeV detectors (detector NFE experienced a malfunction during the
LED run, no calibration data was acquired for it). For each of the detectors (NFC1, NFC2
and NFH), the LED intensity was varied along with the crystal bias voltage and TES
bias currents. All of that data is analyzed below, to test the detector response models
themselves and to estimate detector response parameters and map their dependence on
run variables. The details of the LED apparatus, data-taking and event reconstruction are
described below in Section 3.1. This is followed by investigations of steps 3-5 above, using
the assumption that f(Eg) from step 1 is peaked at E, = 2.0eV. Finally, a discussion
about the choice of calibration function and an evaluation of calibration uncertainties are
presented.
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Figure 3.1: Ilustration of detector processes listed at the beginning of Ch. 3.
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3.1 Calibration Data Acquisition

Figure 2.15(b) showed the final setup of the LED data-taking run (NR14). During NR14,
each detector was illuminated by an LED shining through a shortpass IR (SCHOTT KG3
[211]) filter covering a pinhole (Fig. 3.2(a)) pointed at the center of the detectors’ back sides.
Each LED was pulsed independently via BNC breakouts (Fig. 3.2(b)). To characterize the
LED source, the wavelength of an LED identical to those used in NR14 was measured
with a spectrometer at various temperatures, from room temperature (296 K), then liquid
nitrogen boiling point (77 K) and liquid Helium (4 K). The greatest change in wavelength
occurred between room temperature and 77 K, where the peak wavelength dropped from
630.3(2) nm down to 607.3(1) nm. At 4 K the wavelength settled to 605.7(1) nm. Since our
LEDs are cold, this gives us an estimate for LED photon energy E,poton = 2.05 £ 0.02 eV.
Note that Fy < Eppoton < 2E,, where B, = 1.13 eV is silicon’s band-gap, ensuring that
a single e~ h* pair is produced by each photon hitting the detector. To pulse an LED,
it is driven by a 300kHz sinusoidal signal and a single-cycle burst frequency of 10 Hz.
The mean number of photons per LED flash (A,iss0n) Was varied by changing either the
driving signal’s amplitude (peak-to-peak) or its DC offset. Fig. 3.3 shows the LED circuit’s
response to a triangle test signal.

/ <3 \ED2

WA Q31 A3MH
SWIbH OIS
~— R+ 7

:; a3 3

i N G Sl
(a) Bottom side of an LED box showing two pin- (b) The top of an LED box, showing the wiring
holes each covered with an IR filter. used to pulse each LED independently.

Figure 3.2: Both sides of an LED box used in NEXUS Run 14.

HVeV Run 4 employed a different calibration strategy compared to previous runs (by
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using LEDs instead of lasers). The key advantage of the new strategy is that the Run 4
setup ensures photons hit the face of the detector to avoid incompletely amplified /collected
sidewall events, yielding a purer dataset that is easier to model. However, having the
light source so close to the detectors means readout wires are susceptible to capacitative
cross-talk with LED wires, which must be modeled. In addition, taking DM search and
LED calibration data in separate runs complicated the precise alignment of conditions
between runs (see Fig. 2.14), which required the application of corrections (Fig. 2.19(a))
that introduced systematic uncertainties. The most comprehensive collection yet of photon
calibration data was acquired during NR14, from which various detector response effects
were measured, as will shortly be discussed in the following sections. This includes data
sets of varying the LED intensity, taken in order to tease out the cross-talk amplitude from
the degenerate effect of surface trapping. To vary the LED intensity while holding the
cross-talk constant, the DC offset of the LED driving signal was varied, while the driving
signal’s peak-to-peak amplitude was held constant.
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Figure 3.3: LED (in series with 50 2 resistor) response to an applied triangle test signal of
1Hz frequency, with LED submerged in liquid nitrogen.

3.1.1 Triggering on LED Events

The burst frequency (10 Hz) of the LED driving signal was known, so an LED interpolation
trigger was developed to infer LED event times. This was necessary because the LED
apparatus did not include a TTL (Transistor-Transistor Logic) channel for triggering on
the LED driving signal. For each continuous period of LED data taking (with LED driving
signal parameters held fixed), the algorithm starts by finding the times between each
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threshold triggered event and the next 15 that follow it. For each time difference, 20
possible frequency values are calculated (each corresponding to an assumption of 1-20 test-
signal periods having passed). The histogram of such values (300 per triggered event) has
a peak at ~ 10 Hz, which we fit with a Gaussian. Next, events that have at least 2 events
out of the previous 10 (or the next 10 if the former is absent) that differ by no more than
0.5% from the expected times found from the Gaussian fit of event time differences are
selected as the LED events that also pass the trigger threshold. To complete the LED
interpolation algorithm, for each gap between those events, the proper number of triggers
are forced (consistent with 10Hz), with the trigger points for these sub-threshold LED
events being equally divided in the LED event gap region.

Raw Trace (mean
baseline subtracted)

NFC1 total channel —— LED interpolated event
—— Optimal filtered trace
—— Gaussian derivative filtered
100 l ----- Trigger threshold
-
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©
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o c
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30 35 130 135 230 235 330 335 430 435
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Figure 3.4: Sample readout trace from NFCI1 calibration data set taken at 100V crystal
bias. Five LED pulse regions are identified by the LED interpolation trigger within this
trace, which are highlighted in magenta in the upper figure with 5 zoom-in plots in the
lower figures. The first-order (linear) calibration is discerned from the quantized amplitude
spectrum of all LED pulses from the same dataset (Fig. 3.5 below). The second LED
interpolated event from the left falls in the 1e~h™ range in Fig. 3.5. The event shown on
the far right has an estimated total phonon energy of 50eV (it is barely missed by the
threshold trigger). The low frequency oscillations seen correspond to the ~ 500 Hz noise
peak seen in Fig. 3.6(b), which is missing from the PSD from NR13 used in the optimal
filter (Fig. 3.6(a)). The green dots indicate events that cross the trigger threshold.
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This trigger allowed for the reconstruction of all LED events that occurred at the burst
frequency of the LED’s bias signal, including sub-threshold and 0e~h' events. Fig. 3.4
shows a sample trace from an LED dataset, with an E;,; ~ 50eV event eluding the thresh-
old trigger but is identified by the LED interpolation trigger. Fig. 3.5 shows the spectrum
of event amplitudes of LED interpolation triggered events from the same dataset which
includes the trace shown in Fig. 3.4. In the fit of Fig. 3.5 the E;,; ~ 50eV event from
Fig. 3.4 is interpreted as a photon event which experiences charge trapping thus producing
incomplete NTL amplification. Fig. 3.4 also indicates that events may frequently occur
outside of the expected LED event times. In fact, there are many instances of an LED
event failing event quality selections (Sec. 3.1.2) because of another (usually 1e~h™) event
within its pulse analysis window. Being careful with our treatment of these ‘LED coinci-
dences’; one can use the LED events to additionally estimate the trigger efficiency, and to
investigate the efficiency of event selection cuts (Ch. 4).
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Figure 3.5: Calibration fit of the pulse amplitude (Appr) spectrum in NFC1 with crystal
bias 100V using the simultaneous photon hits model which was sketched in Fig. 3.1 and
will be mathematically defined in Sec. 3.2 below. The result of this fit is used to calibrate
the DM search data of Ch. 4. The 0e~h™ peak is excluded as it is distorted in the Appy,
spectrum due to random noise fluctuations (see Sec. 3.2.1). Regions of low event count are
also excluded from this binned fit.
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Figure 3.6: Power spectral densities from various datasets in HVeV Run 4. The NR13
PSD (black line) is used in the optimal filter in all datasets, including LED datasets.

3.1.2 Data Selections for LED Calibration Data

The mixing chamber temperature was stable throughout NR14, so no fridge temperature
selection was required. We apply a TES baseline live-time selection for all LED data sets
to ensure stable run conditions, similar to what is applied to DM search data in Sec. 2.2.6.
Coincident events (which happen within each other’s pulse analysis windows) were ob-
served in LED data, which cause distinct bands in the x?2,, distribution (see Fig. 3.7).
These events are characterized by having a main LED pulse followed by 1e~h™ events.
An energy-dependent x?2 , cut (introduced in Sec. 2.2.5) defined on the LED data removes
events that have other events within their pulse analysis window, yielding a flat passage
fraction. After the TES baseline and x? ,; cuts are applied to LED datasets, they may be
used to calibrate the detectors. One may apply a coincidence event quality cut before the
X2, if one is interested in calculating a cut efficiency (as will be shown in the DM search
of Ch. 4), but for the purposes of calibration the x? , may do all the heavy lifting. These
LED coincident events are discussed further in Ch. 6.
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Figure 3.7: Left: The distribution of event counts in (Aorr, x%y) RQ (2.2.4) space. The
lowest x2., band is bounded by the magenta line which defines the maximum x?, to
pass the cut given Aprr. The cut boundary is the parametrization Xfed < feut(Aor) =
po (Aor)P* + po discussed in Sec. 2.2.5, with parameters p; optimized to obtain a smooth
estimate of the 30 upper boundary of the lowest-x?,, band. Right: Two event pulses
(orange and blue) from the 8 e~ h™ peak, followed by three 1e~h™ events each. The black
arrow shows where the events on the right fall in the 2D histogram on the left.
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3.2 Detector Response Fits

To extract charge trapping and impact ionization (CTII) fractions, we must first construct
a model for simultaneous photon hits and convolve with the appropriate detector response
functions. While Fig. 3.1 shows energy spectra with partial application of different detector
effects to illustrate the different physical processes involved, it does not show the order of
steps in constructing the signal model itself. The multiple photon hits model is specified by
one kernel, the one photon probability density function h;, which is convolved with itself N
times to give the total energy (FEyy) spectrum due to n < N photons simultaneously hitting
the detector, hy,(Eiot) = hn—1(Etot) * h1(Ett). For a mono-energetic source of energy E.,
with Eyp < E, < 2 Eyap, hi(Etot) = 0(Eiot — [E, + € AV]) is a Dirac delta function with
AV being the crystal bias voltage (assuming a perfect detector with infinitesimal resolution
and no trapping or impact ionization). This delta function gives hy(Ej,) shown in Fig.
3.1(b), where the relative heights of the peaks are determined by the Poisson distribution
of the number of photons emitted per LED flash Ap,;s. Fig. 3.1(c) shows hy(E;,) when
hi(Eiot) = (1 = fours) 0(Etor — [Ey + € AV]) + fsurf 0(Erot — E-), where fo, ¢ is the surface
trapping fraction which indicates the mean number of photon hits that will not result in
any NTL amplification.

To include CTII effects, we utilize the same iterative approach to obtain composite
probabilities. We use hl(Et0t> = (1 - fsurf) Pie—n+ CTII(Etot) * f(ER = Etot) + fsu?“f f(ER =
Ein) where f(Eg) = 0(Er — E,) in the case of a mono-energetic source. The p.d.f.
Pre-n+ ot (Fior) is derived by finding solutions to an exponentially decaying probability
of survival in the total energy domain, for various combinations of CTII processes due to
an initial surface event. A charge carrier must always traverse the entire crystal thickness
for full NTL amplification, in contrast to the CTII model for bulk events used in the DM
limit setting of Ch. 4 (where an e~ h™ pair share the same drift length between them), see
[194] for more details. The fraction for (fr7) is the probability that a charge will undergo
a charge trapping (impact ionization) process if it traverses the full crystal thickness or
fi = 1—e Te'Pe_ where T}, is the mean probability per unit length for process k and and D.
is the crystal thickness. Finally, in order to fit the Apr spectra we need to account for the
nonlinearity of the TES response, so we use a calibration function Eor = Feuin(Aor) =
c1 Aor +co AQO - Finally, a convolution with a Gaussian of width o, is effected to include
phonon energy resolution effects. Now we have constructed what is referred to as the
extended CTII model, which models unamplified events as depositing only the energy of
the photon with no NTL amplification.

When surface trapping takes place, it can be shown that all e"h* peak maxima are
shifted by the same constant energy term which depends on the LED intensity Argp,
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Fit Parameter Description Constant Shift Model | Extended Model

LED Intensity )\LED,app /\LED
Phonon Resolution [eV] Tres, app Ores

Charge Trapping Fraction for

Impact Ionization Fraction frr

Surface Trapping Fraction fsurf =0 fsurf

Constant Energy Shift [eV] Co co=0

Linear Calibration Term [eV/uA] ¢
Quadratic Calibration Term [eV /uA?] o

Table 3.1: Table of parameters in the simultaneous photon hits calibration and detector
response model. Two options are shown for treating the ‘surface trapping’ which results
in a shift in the energy spectrum of LED datasets, which are described in the text.

surface trapping fraction fy,,; and the energy of the photons E.. This is given by Egif =

ALED fsurg B [212]. This allows us to use the simpler constant shift model if the surface
trapping sub-peaks are obscured by a large resolution (o,.s 2 E.,, compare Fig. 3.1(e)

and 3.1(f)). The energy shift can be taken into account using a fit parameter ¢y that is
added to the energy function Eop = Feuin(Aor) + co and setting fy,,; = 0. The event
energies would then be given by For — ¢ = F.up with Fouu(Aor = 0) = 0. Note that
when using the constant shift model, the apparent lambda (from relative heights of e”h*
peaks) ALep, app ~ (1 — fsurf)ALgp which is valid for Apgp < 10 (Apgp specifies relative
heights of maxima in Fig. 3.1(b) while A gp. app specifies those of Fig. 3.1(c)). The fitted
resolution will be larger in the constant shift model than if we had used the extended
model which accounts for the increased width due to unamplified events o,es app > Tres
(see Fig. 3.1(c)). The main disadvantage of using the constant shift model is that it can
lead to unphysical values of the fit parameters, for example an energy shift —cy larger
than the expected Fgpip. This should not affect the calibration, even though it neglects
the correlations between various detector response parameters which are expected in the
full underlying theory. The main disadvantage of the extended CTII model is the strong
correlations between the parameters which may make it more difficult for fits to converge.
Table 3.1 summarizes the fit parameters for both detector response models.

3.2.1 Cross-Talk Subtraction

Signs of cross-talk between readout and LED pulsing wires can be seen in the average pulse
shape for LED events in Fig. 3.8. The high frequency oscillatory behaviour in the pulses is
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Figure 3.8: Average 1e~h" pulse shapes in NR14 LED data compared with the average
pulses from NR13 DM search data. Left: for detector NFC1 and Right: for NFC2. Pre-
pulse fluctuations are seen in the LED pulses, indicative of capacitative cross-talk between
readout and LED wires. The cross-talk is the least prominent in NFC1.

removed by the low-pass filter (LPF) used in the event reconstruction stage. Even after the
LPF is applied, the effect of the cross-talk is not fully removed, as can be seen when finding
the mean amplitude of a 0e”h™ event in the limit of small LED intensity. As discussed
above, another effect which can cause a shift in the spectrum is the aforementioned surface
trapping effect, which adds a constant energy Egpniys = ALED foury By = 1 f Jl”ufr - E, ALED, app
for Appp < 10. Multiple datasets with the same LED driving signal amplitude (peak-to-
peak) were taken, while the LED intensity was varied only by varying the DC offset of the
driving signal. Then the cross-talk amplitude (CTA) was estimated via a linear fit of the
0e~h* peak amplitude (from a Gaussian fit of the peak) as a function of Apgp appy (found
from a constant shift model fit, see Table 3.1), where the CTA is the y-intercept. The
CTA value is subtracted from each event amplitude. From these linear fits (see Fig. 3.9
for example) we can also estimate the surface trapping fraction using:

ab, Jos (3.1)
E7 1— fsurf,

where b is the slope of the line and ¢; is the calibration constant in Table 3.1.

Fig. 3.9 shows the observed 0e~h™ peak positions as a function of Apgp, app, along
with the linear cross-talk estimation fit the result of which will be used in the calibration
(Sec. 3.2.4) relevant for the DM search data. The main calibration dataset (represented by
point ‘1" in Fig. 3.9, the pulse amplitude spectrum of which was shown in Fig. 3.5) used in
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Figure 3.9: The 0e~h*t peak amplitudes in datasets of varying intensity Apgp,qapp (NFC1
LED datasets at 100 V crystal bias). The intensity was varied only by varying the DC offset
of the LED driving signal, while holding the signal’s peak-to-peak amplitude constant to
hold capacitative cross-talk constant. A linear fit gives an estimate of the 0e~h' peak
amplitude at zero LED intensity, which is taken as an estimate for the cross-talk pulse
amplitude. The point labelled ‘1’ corresponds to the main calibration dataset (shown in
Fig. 3.5) relevant for the DM search data, and was taken early on in NR14 (the legend
labels the datasets as 25Y YMMDD _hhmmss where 25 is the NEXUS site code, followed by
the time of taking). The apparent curve is mostly due to dataset ‘1’ having an additional
noise component acting as a parasitic power source, causing an unusually large fractional
uncertainty on the estimated cross-talk (~ 100% for this group of datasets) as discussed
in the main text.

the DM search analysis was taken early on in NR14. After around two weeks, smaller LED
datasets were taken as part of the LED intensity scan in order to calculate the cross-talk
amplitude. By that time, however, noise conditions appear to have changed as seen in the
disappearance of the 500 Hz noise peak seen in Fig. 3.6(b). The e~ ht peak widths also
decreased for late-run LED intensity scan datasets, as will be discussed in Section 3.3. This
change in noise conditions could also explain the additional shift in the main calibration
dataset’s e~ h* peaks compared to the shifts observed in the datasets that lacked the 500 Hz
noise peak (see point ‘1’ in Fig. 3.9 in comparison to other data points), which cannot be due
to surface trapping. This is the largest source of uncertainty due to cross-talk amplitude
subtraction for NFC1 datasets at 100V crystal bias (relevant for DM search data). Only
the calibration data for NFC1 taken at 100V is affected by this; other datasets confirm
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Figure 3.10: Cross-talk estimates for detectors NFC1 (left) and NFC2 (right) in NR14 LED
data. The horizontal axes label different QET biases or ‘working points’ (WPs), while the
points in the figures are labeled with the crystal voltage in volts and the driving LED
signal’s amplitude (peak-to-peak). Each of these points is an estimate of the cross-talk
amplitude from fits such as Fig. 3.9 where only the LED drive signal’s DC offset is varied,
in an attempt to hold capacitative cross-talk constant. The apparent variation in NFC1
(left) between the CTA estimates as a function of crystal bias and varying QET biases
indicates a component to the cross-talk that is not simply capacitative, so the maximum
variation is taken as a systematic uncertainty in the cross-talk.

the linear relation between LED intensity and peak amplitude shift. Another source of
cross-talk systematic uncertainty is the variation of estimated cross-talk with QET bias
currents (Fig. 3.10), which challenges the assumption of simple capacitative cross-talk,
and the maximum difference is taken as an estimate of that uncertainty. Instead of pure
capacitative cross-talk, the cross-talk could also have a power coupling component which
we do not model. Finally, a third cross-talk uncertainty is statistical uncertainty from the
linear fits, which takes into account uncertainties in estimated 0 e~h™ peak amplitudes as
well as Azgp, app from the constant shift fits to the LED spectra. The total uncertainty on
the cross-talk amplitude will be combined in Section 3.2.5 with other sources of uncertainty
on the energy scale.

All spectra used in the extraction of the CTAs are Aprg, as we are interested in the
0e~h't peaks which are sub-threshold, so in the Apr; spectra the O e~ h™ peaks are de-
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formed due to random noise fluctuations being of comparable magnitude to the pulses of
interest (an OF fit with a time offset is biased towards higher amplitude values, see Ap-
pendix E of [210]). The 0 e~ h™ peak also contains information about the LED intensity and
surface trapping, while the region between the O e”h™ and 1e~h™ strongly constrains the
charge trapping fraction for since it contains almost no impact ionization events. Thus,
Aopro spectra are also ideal for low-energy detector response modeling. However, when the
LED intensity is very high (ALgp app 2 5), the higher energy peaks suffer significant loss
of resolution in the Aprg (no time-delay) spectrum, and the 0e~h™ peak is not visible
anyway, so the Appy spectrum is all that is needed (Fig. 3.11 shows a fit of a high LED
intensity dataset).
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Figure 3.11: Top: Result of binned maximum likelihood fit of an LED dataset acquired in
NR14 at 150V crystal bias after applying the data selections in 3.1.2, using the constant
shift model (parameters in Table 3.1). Bottom: residuals of the fit above (in units of o).

3.2.2 Comparing the Models

After applying the x2.; and TES baseline cuts described in 3.1.2 on LED data, and sub-
tracting the cross-talk amplitude found in the previous subsection, we proceed with fit-
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ting all LED spectra using both the constant shift and the extended models. No statis-
tically significant differences for the parameters of interest (calibration parameters and
CTII parameters) were found between the two models. Since our energy resolution is large
(~3eV> E, ~2¢eV), the hypothesized surface trapping sub-peaks in the extended model
(recall Fig. 3.1(c)) are not visible, so the lack of direct information on the true value of
fsurs (Table. 3.1) combined with the strong correlations in the extended model (Fig. 3.12)
preclude us from using it reliably for calibration. A detector with improved resolution may
resolve the sub-peaks and break these degeneracies.
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(a) Correlation matrix constant shift model (b) Correlation matrix extended model

Figure 3.12: The correlation matrices from two models treating surface trapping differently
(parameters summarized in Table 3.1). The correlations between the calibration constants
c1 and ¢, and surface trapping parameters cq or Fy,, s (lower right corners of the matrices)
are unchanged between the models. However, the extended model results in strong cor-
relations between \;gp and calibration constants ¢;, ¢ and the surface trapping fraction

Fsurf-

3.2.3 Summary of CT and II Results

Charge trapping and impact ionization values were measured from various datasets taken at
crystal bias of 100 and 150 V, with varying LED intensities. The results are summarized
in Fig. 3.13, which shows that all values are statistically consistent with no apparent
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dependence on voltage or LED intensity. The impact ionization values of best fit are
almost all consistent with zero.

3.2.4 Calibrating DM Search Data

We use Appp as our energy estimator in the DM search analysis of Ch. 4, as all events of
interest are well above the noise level (Ey,; > 50eV > 120,.5), and relying on the trigger
point without fitting for time-delay of the filtered trace does not take full advantage of
the detector’s timing resolution. Indeed, using Apry, instead of Aprg yields a lower value
for the energy resolution. To calculate calibration constants for Apgy, we fit the relevant
Aorr LED spectrum that was shown in Fig. 3.5 with the multiple photon hits model
(excluding the 0 e~ h™ region), with all parameters in Table 3.1 fixed to the values acquired
from an initial Appo fit (ideal for low-energy detector response modeling, see Sec. 3.2.1) of
the same events which includes the 0 e~ h' peak, except for the calibration constants c;,
co and the resolution parameter o,cs qpp, Which are floated. We use a calibration function
Eorr(Aorr) = B(c1 Aorr + ca AL ;) for NFC1 data from NR13, where the central values
for the parameters (from the fit of Fig. 3.5) are (ci,cz) = (755.53eV/uA, 30.45 eV /1 A?)
and [ = 0.96 is the linear gain correction needed to apply the NR14 calibration to NR13
(Section 2.2.3). This is the calibration used in Ch. 4 DM search, where the TES gain

Ay e—ht, NR13

correction factor was calculated as 8 = (the ratio of 1e~h™ amplitudes from

le—ht,NR14
background datasets from the respective runs). The uncertainty on the energies is also

needed for the DM analysis, and it is estimated in Section 3.2.5.

3.2.5 Calibration Uncertainty

The uncertainty on the energy scale after applying the calibration is estimated in this
section. Three types of systematic uncertainties were identified: 1) uncertainty due to
cross-talk subtraction; 2) uncertainty due to the assumption of a quadratic calibration
function; and 3) uncertainty due to the linear TES gain correction applied to calibrate
NR13 DM search data using NR14 LED data. The first two are taken into account as
constant uncertainties: for 1) the estimated cross-talk amplitude’s uncertainty converted
to energy units, and for 2) the maximum residual for e~h* peak energies compared to those
predicted by the quadratic calibration function. Systematic 3) was calculated separately
for each peak, and was quantified by applying a linear gain correction on data sets taken
at varying QET biases within £4% of the central value, taking the maximum deviation as
the uncertainty estimate. Finally, the statistical uncertainty on the calibration constants
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Figure 3.13: CT and II fractions from fits of various LED datasets of detector NFC1 taken
in NR14. Upper two plots: CT and II fractions from datasets with crystal bias of 100V.
Lower two plots: same as upper two but crystal bias is 150 V. The horizontal black line
indicates the mean of the point, while the shaded regions are cover the 1 ¢ range where o
is the standard deviation of the points. No statistically significant variation is found in the
CTII fractions for varying LED intensity or crystal bias. Different coloured data points
within each graph indicate data sets taken at different QET biases.
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Figure 3.14: Contribution of various sources of uncertainty to the total uncertainty on the
calibrated energies of the DM search data of NR13 (detector NFC1 at 100V crystal bias).



c1 and ¢y is propagated using the calibration function. All four uncertainties are added
in quadrature, see Fig. 3.14. The total uncertainty on the phonon energy scale up to and
including the 4e~h" peak is < 1%.

3.3 Resolution Modelling

The phonon resolution (peak width) in the LED spectrum was 4.884+0.03 ¢V from the fit of
Fig. 3.5, significantly higher than the 1 e~h™ peak width of the NR13 DM search spectrum.
This is mostly attributed to differing noise conditions and cross-talk effects. See Fig. 3.15
for peak-specific resolution values. It is seen in Fig. 3.15 that the resolution varies by
< 0.5eV between 1e~h™ and 5e~h™. In theory, the total phonon energy resolution should
not differ much between the peaks because ‘position dependence’ [121, ] should not be
a large contributor to the resolution in NFC1 given the equal channel weighting and small
(4mm) thickness of the detector (Fig. 2.19(b), see also Ref. [125]).

Noise conditions affect the resolution value significantly, as we processed all these
datasets with the NR13 PSD (black curve in Fig. 3.6(a)), so run-dependent noise was
not taken into account. In end of run (NR14) LED datasets, additional noise peaks are
found in the range 1-10kHz (Fig. 3.6(b)), and these are also found background datasets
taken around the same time (Fig. 3.6(a)), indicating a change in environmental noise unre-
lated to the operation of the LEDs. The beginning of run LED PSD on the other hand has
a noise peak at ~ 500 Hz that was not present in the background series taken around the
same time. The e~ h™ peaks are also wider for the early run dataset with the additional
~ 500 Hz noise peak, as can be seen in Fig. 3.15. So it is clear that noise conditions and
cross-talk are the main components to the excessive widths seen in LED data.
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Figure 3.15: Various estimates of the energy resolution. Flat lines indicate benchmark val-
ues (baseline resolutions from random events labeled ‘bsln’) from LED and background /DM
search (‘bkg’) data. Flat red line is the 1e~h" peak resolution from the DM search data
of NR13. The points are estimates from separate e~ h' peak fits in LED data-sets, with
the blue points (corresponding to ‘main’ in the legend) indicating the early-run main cali-
bration dataset shown in Fig. 3.5 (which suffered from an additional ~ 500 Hz noise source
seen in Fig. 3.6(b)), while the green points are from subsequent datasets (corresponding
to ‘other’ in the legend) of varying LED intensity when the ~ 500 Hz noise source was
absent (datasets 2-5 in Fig. 3.9, larger green points are from datasets taken at larger LED
intensity).
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Chapter 4

HVeV Run 4 Analysis: Search for
Dark Matter - Electron Interactions

In this chapter, an electron recoil dark matter (ERDM) search analysis of new data from
HVeV detectors (the setup is described in section 2.2.2) is outlined. We start by quanti-
fying the triggering threshold, and move on to live-time selections, event quality cuts and
estimating cut efficiencies. We end the chapter by setting exclusion bounds on the scat-
tering cross-sections of sub-GeV dark matter with electrons, as well as the axion-electron
coupling and the dark photon kinetic mixing parameter. This chapter will present re-
sults from detector NFC1 since it will be used for the dark matter search, while the other
detectors will be used as vetoes as will be outlined in 4.4.1.

4.1 Calculating Trigger Efficiencies

The reconstruction of event quantities from raw traces was covered in 2.2.3, where a
Gaussian-derivative filtered trace is used to identify pulses. A relevant question to ask
for the dark matter search is, what percentage of dark matter energy depositions does a
triggering algorithm identify? To answer this question, we can test the trigger on events of
known energy and frequency, such as LED events. See 3.1.1 for details. Alternatively, one
can run toy monte carlo experiments and apply the trigger algorithm on simulated events.
We did this using a sample of randomly triggered events summed with average pulse shapes
found at various pulse amplitudes, applying the triggering algorithm and finding the frac-
tion of events identified by the Gaussian-derivative trigger. The templates and random
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noise events are taken from 0V gammma source (**’C's) data taken during NR13, which
had very similar noise conditions to the DM-search data. Fig. 4.1 summarizes the result
of both methods for finding the trigger efficiency for NFC1. It can be seen that at total
phonon energies 2 60eV. The trigger efficiency reaches 100%.

trigger efficiency (NFC1) from simulations series 25220708_150301, NFC1_total
X2/ ndf 57177297 %2/ ndf 15.66 /47
& L Prob 1 e Prob 1
3 C a 1+ 0 S L T T T a 0.9973 +0.001186
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(a) Trigger efficiency calculated using toy monte- (b) Trigger efficiency estimated from the fraction of
carlo (pulse injection into random events). LED events identified by the threshold trigger out
of all LED events.

Figure 4.1: Estimates of the trigger efficiency for NFC1 detector

4.2 Data Selections

To ensure stable run conditions and maximize the signal-to-background ratio for a certain
analysis, selection criteria (or ‘cuts’) are often devised, which are applied to enhance the
signal-to-background ratio. Our 2-channel crystal bolometer in general has no ability to
discriminate a single DM event from any other recoil (say, based on event topology), so
optimizing the signal-to-background ratio will not play a significant role in the tuning of
the following cuts. The cuts are instead devised primarily to select stable run conditions
(live-time cuts) and ensure accurate reconstruction (event quality cuts).

4.2.1 Live-time Cuts

The total raw exposure of the DM search data was 10.80 gram days for each detector (70%
blinded exposure = 7.56 gram days per detector) after the exclusion of the readout trace
edges which suffer from incomplete filtering (shaded regions in Fig. 2.16). To select periods
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of time where the detector is suitably stable for a dark matter search, a series of live-time
cuts were developed. The standard fridge temperature cut and TES baseline cut (defined in
Sec. 2.2.6) are preformed to ensure a constant TES response. While the fridge temperature
cut has minimal effect on the pulse amplitude spectrum, Figure 4.4 shows that the event
passage fraction after applying the TES baseline cut dips most significantly at an energy
just below 100 eV this is likely due to these events being improperly reconstructed 1e~h™
events. The calibration of Ch. 3 suggests that at elevated baselines, an event with a given
energy would produce a shorter pulse in the TES current. Two more analysis-specific
selections are defined for the dark matter search. The trigger rate cut and coincidence
cuts defined below deal with periods of time when a large number of events are time-
correlated, indicating the taking place of a temporary background process unrelated to
DM halo scatterings in the detector. In any case, these cuts remove live-time when our
detector is not operating optimally for a DM search. The net exposure (after the cuts) will
be evaluated after defining and applying the live-time cuts below.

Trigger rate cut

Periods of time when the event rate (specifically the 1e~h™ event rate, see Fig. 4.4)
surges suddenly and decays over a couple of hours have been identified in the DM search
dataset. These events are contained within a single detector (although there seem to be
close coincidences between different detectors with tens of minutes between elevated rate
periods, see Ch. 6). These periods are initiated by a very high energy pulse. While
Fig. 2.16 shows an example of this that was removed by the TES baseline live-time
cut, the elevated rate continues long after the baseline stabilizes. After 10 hours, the
rate was statistically consistent with background for all elevated rate periods in the 30%
unblinded DM search data from all detectors. Therefore, a constant time cut of 10 hours
was implemented each time the rate spiked (only in the detector experiencing the rate
spike). The background rate was first estimated using a Poisson fit of the histogram of
event counts within each 40 minutes of data-taking. Large spikes were identified any time
the rate (seen on a histogram of event times with a bin-size of 10 minutes) exceeded the 9o
upper bound of the estimated background rate. This is a conservative criterion targeting
only the main event rate spikes. Figure 4.2 shows the histogram of 1e~h" event times in
NFC1 for the entire DM search data. After the full unblinding of the DM dataset, the
spike identification algorithm was re-run for the full dataset, identifying fluctuations
that cross the 9 0 boundary of the background rate found from the initially analyzed
30% of the DM search data.

Interestingly, there is no sign of elevated rate periods in NR14 background datasets
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Figure 4.2: Top: Rate of 1e~h" events in detector NFC1 (DM search dataset after 100%
unblinding). Spikes are identified if the rate crosses the horizontal line, which is taken as
a 90 upper bound of the background rate found from the 30% initially unblinded data.
Each time a spike is identified, 10 hours of live-time is removed. Bottom: Event position
information can be acquired by comparing the pulse amplitudes from inner and outer QET
channels in Rpartition = AorL.owt—A0FL.in {0 the | e~ b+ events. Clustersin R partition A€ SEeN

AoFL, outTAOFL
coinciding with the elevated rate perlods, indicating the localization of these currents.

(see Fig. 2.19(a), where the 1e~h* event rate was higher in NR13 compared to NR14
prior to live-time cuts), which points to the copper lids of the light-tight detector holder
(Fig. 2.15(a)) as the likely source of this background (the lids were replaced with the
LED boxes in NR14). The copper used in the detector holder was not of high radiopurity,
so it could have trace amounts of *'°Pb implanted on its surfaces (a product of radon
gas decay). The *'°Pb may produce high energy alpha particles along its decay chain
20Pb — 28Bi+ B (+y) — % Po+ B~ — %L Pb + a?". An alpha originating in the
copper lid may then hit a detector s back-side, gettlng implanted there close to the surface
(an ot with a kinetic energy of 5MeV would travel O(10 um) in silicon before stopping
[214]). The energy deposition (and the neutralization of the a?*) would result in prompt
charge carrier creation, which we see as a large pulse in the TES current. The latent 1e~h™
events (elevated rate for hours) may be the result of a trail of vacancies and interstitial
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atoms created in the o?*’s wake. An interstitial is a donor and a vacancy is an acceptor
which may act as a trap [192]. The subsequent 1e~h™ events then likely result from holes
traversing the crystal thickness (the back-sides are biased at +100V). The hypothesis of
hole propagation is supported by the precise clustering of the excess 1e~h™ events in the

" . _ AoFL,out—AOFL,in - :
channel partition quantity Ryartition = Aorr et Aors 1 1L Figure 4.2, as holes are expected

to experience a smaller transverse diffusion as they traverse the crystal thickness [215],
producing NTL phonons along a more collimated path than an electron traversing the

crystal. For more discussion on this background, see Ch. 6.

Coincidence cuts

Looking at the the time difference between adjacent events, we find that there are a num-
ber of time-correlated events (Figure 4.3) with characteristic times < 1024 - dt, or half the
pulse analysis window (so a single pulse analysis window will countain multiple pulses).
These events survive all other live-time cuts. In fact, the times between these events is
very precise, resulting in distinct peaks in the At,,;, distribution. These precise frequencies
indicate an electronics source for the highly coincident events, in the readout equipment
perhaps. Further, the events occur in all four detectors simultaneously. We label these
events as coincident burst events, see Fig. 2.18 for an example of such an event (it shows
only two detectors for brevity, but the pulses also occur in the other two detectors). Re-
gardless of the source of these events (which persists at OV crystal bias, see Ch. 6), this
pattern does not correspond to DM particles from the galactic halo reacting randomly and
independently in our Si substrate. We define a live-time cut such that: any 0.5s readout
trace which contains a coincident pair (or more) of events, whether within a single detector
or across different detectors, shall be eliminated as dead-time. This cut requires a threshold
to identify events as being “too close” in time and thus coincident, so we choose half the
pulse analysis window (tipesn = 1024 - dt ~ 6.5ms). This is a natural choice as it ensures
the proper reconstruction of each event, and it also includes the characteristic times of the
coincident burst events.

One may feel uncomfortable about devising a live-time cut based on the pulse content
of a period of time. Shouldn’t we calculate an efficiency for such a cut? Dark matter,
however rarely, may double-scatter. More realistically and observably, our background rate
(from Figure 2.19(a)) exhibits “normal coincidences” that do not have precise characteristic
times, indicating truly random coincidences that are also removed by the coincidence live-
time cut described (to a much smaller extent compared to coincident burst events, see
Fig. 4.3). The smallness of the cut threshold compared to the inverse background rate
(Rbackground * tihresh ~ 3 X 10_5) means that only a couple thousandths of a percent of
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Figure 4.3: Distribution of minimal time to adjacent NFC1 event for each NFC1 event
(Atpin), after the successive application of various live-time cuts discussed in the text. The
vertical grey dotted lines indicate the coincidence cut thresholds 4-¢;,cs, (the width of a
pulse analysis range). The inner plot shows events within that range using a tenth of the
original bin-size. In this figure, only the cross-detector coincidence is applied (see Fig. 4.4).
In the zoomed in plot, one can see clear features peaked at At,,;,, ~ £+ (0.2, 1.5, 2.3) ms .

observed “true” (non-burst) background events will be identified as coincident because
they happen to occur within #;,.s, of another such background event, so a cut efficiency
would be exceedingly close to 100%. This is an important consideration because in Section
4.4 we will attempt so set a (conservative) limit on dark matter interactions without having
a background model, so we will consider the remainder of the background spectrum after all
cuts are applied as being the result dark matter hits from the model under consideration (at
least in the e”h*t peak regions). Further, a random background/DM event of any energy
is just as likely to coincide with another event as any other random event with a different
energy, so a signal passage fraction must be flat (absent the possibility of a cascade effect).
And while 0.5s is arguably more time than we absolutely have to cut, we stick with the
structure of previously discussed live-time cuts of passing/failing whole readout traces.
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Figure 4.4: Event passage fractions after applying each live-time cut individually, as a
function of event energy (calibration of Sec. 4.3). The fridge temperature cut has a
constant passage fraction and does not change the relative rates at different energies. The
TES baseline and elevated rate cuts remove a disproportionate number of ~ 1e~h™ events,
which is discussed in the text. The coincidence cut was divided into two cuts in this plot:
the single-detector cut identifies all readout traces with at least two events in any single
detector occurring within At,.;, < tipresn = 1024 - dt ~ 6.5 ms of each other, while the
cross-detector cut identifies all readout traces with at least two events across at least two
different detectors occurring within t;,,.s;, of each other. The two cuts remove almost
the same events, mostly the coincident burst events that trigger both. Coincidence cut
passage fractions mirror the shape of the original spectrum because the burst events are
proportionately less frequent when the rate at a certain energy is higher.
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4.2.2 Event Quality Cuts

After applying the live-time cuts specified in 4.2.1, we are left with 8.70 gram days (6.08
gram days) of exposure for the 100% unblinded dark matter search dataset (70% initially
blinded data) in the NFC1 detector (the one we will use in the dark matter limit setting
of 4.4). This means ~ 80.5% of the live-time passes all live-time cuts (see Fig. 4.4). The
following will outline a cut evaluating each triggered event using the x?2 ; reduced quantity,
along with an estimate for the cut’s signal efficiency.

Reduced-y? Cut

An event quality cut based on the x?% ; from the OF pulse fits (2.2.4). The cut boundary
is defined similarly to what was done for LED data in 3.1.2. Cs-137 source data sets from
NR13 (same noise conditions as DM search data) taken at OV bias provide a continuous
spectrum of low energy (E;,; SkeV) events, making them suitable for defining the cut
boundary. LED datasets from NR14 had different noise and cross-talk conditions so a cut
on NR13 data could not be reliably derived from them, see Fig 3.6. Events from the 0V
Cs-137 dataset are first binned in pulse amplitudes, and the x?,,; distribution is fit with a
Gaussian (4constant) for each OF amplitude bin. The 3¢ upper boundaries at each bin
determines the maximum y? ,; value passed by the cut. Fig. 4.5 shows the derivation of
the cut boundary, below which events pass the cut.

Around ~ 3% of all triggered events in the DM search data are removed by this cut.
This general event passage fraction is irrelevant when we're interested in measuring the
signal component of events: the cut does not only remove the occasional random mal-
reconstructed signal events, it also removes other (non-signal) events. For example, if we
had not applied the coincidence live-time cuts of Section 4.2.1, the event passage fraction
at energies higher than ~ 150 eV would be dominated by the coincident burst events which
are likely due to an electronics process. Another example is an event in NFC1 (DM search
data) that passed all live-time cuts but failed the x?_; cut due to subtle fluctuations of the
baseline (Fig. 4.6). This was probably not a dark matter event as it was preceded and
succeeded by sub-threshold events in quick succession, and baseline fluctuations are also
seen in other detectors. This is then a non-signal event that is rejected by the x?2,, cut.
Since we will be setting conservative limits on dark matter interaction strengths without
having reliable background models, we will assume that all events within an e~ h™ peak
after all cuts are ionization events due to energy depositions in Section 4.4. In that case
we do not need to estimate background rejection probabilities, only an energy-dependent
signal efficiency.
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NEXUS Run 13, Cs-137 data, NFC1
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Figure 4.5: Events from NR13 0V Cs-137 x-ray data (grey dots) in (E,x?,), where E
is the calibrated event energy. Yellow points indicate the mean x?, values derived from
Gaussian fits at various energy ranges of width 20 eV, while the red points are the 30 upper
bounds from said fits. The cut boundary (red line) is parametrized by x2,; < feu(E) =
p2 (E)P* + po, with parameters p; optimized by fitting to 30 upper boundaries of x?2_,.
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Figure 4.6: An event in detector NFC1 with a total energy of ~ 409eV passing all live-
time cuts but failing the x?2 ; event quality cut (bottom left zoom in showing pulse analysis
window, overlayed with the scaled template from 2.17(a)). Elevated baselines are seen
in the readout traces in the vicinity of the NFC1 event across all detectors. The slight
elevations do not trigger the TES baseline cut in any detector within the readout traces
shown (the effect extends over two 0.5s traces which are simply concatenated in the figure).
The OF filtered traces for NFC1 and NFC2 (NFE and NFH) are shown in the lower right
(upper left) zoomed-in plot, which indicate that the NFC1 event (the only event identified
by the Gaussian derivative trigger within this 1s of live-time) is preceded by baseline
fluctuations in the same detector. Slight dips in the TES baselines are seen before the
triggered event.

Calculating Cut Efficiencies

While it would have made sense to simply apply the derived x?.; cut on a sample of NR14
LED events, and take the passage fraction as the signal efficiency, noise conditions in
NR14 differed from NR13, causing a shift in the y? , distribution, necessitating that the
cut be redefined using NR13 data. Further, cross-talk between readout and LED pulsing
wires was observed in LED events. Therefore, we estimated the cut efficiency again using
Cs-137 data taken at 0V. However, before applying the x2 , cut and taking the passage
fraction, we must select signal-like events first: i.e. events that pass a pile-up cut which
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removes time-correlated events, a baseline slope cut removing events with non-zero slope
in the pre-pulse region and a pulse fall time cut removing slow fall pulses unique to 0V
datasets which are consistent with local TES saturation. The binned passage fraction of
the remaining events after finally applying the reduced x? cut is taken as an estimate of the
energy-dependent efficiency. The efficiency is consistent with being energy-independent.
We take fluctuations into account by assigning a conservative uncertainty that includes all
fluctuations, producing e.q = 0.95 + 0.02. See Fig. 4.7.
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Figure 4.7: Estimates of the x?2,, cut efficiency for NFC1 detector.

4.3 Calibration Using LEDs

While the quantized background spectrum provides a first order calibration in and of itself,
our detector is not merely an ionization counter. Further, we do not expect the energy to
scale linearly with the pulse amplitude, as the resistance-temperature curve of the TES is
nonlinear. Thus, a known source of low energy events is needed to get a precise energy
calibration. In addition, our detectors are susceptible to incomplete NTL amplification
due to charge trapping and impact ionization (CTII) processes, and their corresponding
parameters must be determined. While these detector response parameters have been
measured in earlier studies, it is important to check for the possibility of dependence on
run conditions. Also, with the development of more precise models for CTII processes, it
could be possible to distinguish between surface events and bulk events based on the inter-
peak spectrum. For these reasons, a dedicated LED run acquired a plethora of datasets
for calibration and a robust evaluation of related uncertainties. This calibration was done
in Sec. 3.2.4.
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Figure 4.8: Various pulse amplitude spectra from NR13 and NR14 datasets. The ‘back-
ground’ spectra are shifted from NR13 to NR14, resulting in the largest contribution to
the systematic uncertainty on the energy scale when applying the NR14 LED calibration
on NR13 DM search data. The CTII model used in constructing the DM signal models
is that of bulk charge pair production, as opposed to the surface event model used in the
LED calibration [19].

The CTII fractions used in the following section are taken from the fit in Fig. 3.5,
and are quoted in Table 4.1. We use the calibrated width of the 1e~h™ peak width
Ores = 3.24 £ 0.12 from the DM search data of NR13 as our estimate for the energy
resolution of the detector in the following sections, as the resolution estimates from LED
data of NR14 were inconsistent with NR13 (3.3). This is higher than the baseline phonon
resolution estimated at opuserine ~ 2.8€V. Since a change in resolution of 0.5eV at most
was observed within a single LED dataset (Sec. 3.3), the 1e~h™ is a well-motivated upper
bound on the phonon resoluton. The higher resolution is also more conservative in the limit
setting method described below as it includes more events in the analysis window while
the signal model normalization remains constant. One reason Why o,¢s > Opaserine for the
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le h™ peak of NR13 DM search data is the existence of the ‘elevated rate’ events discussed
in Section 4.2.1 and other leakage events among bulk recoil events. While the estimated
le~h™ peak energy in NR13 DM search data was 101.1 & 0.1 (stat.) eV, the elevated rate
cut removed events peaked at 100 eV. For more details on calibration and detector response
modelling using NR14 data, see Chapter 3. The statistical and systematic uncertainties
are estimated, and the total calibration uncertainties for e~h* peaks 1-4 were estimated
in Fig. 3.14 and are shown in Table 4.1 (energy shift parameter).

4.4 Exclusion Bounds

Our experiment is most competitive in the low-mass region of dark matter parameter space,
given the small recoil energy threshold ~ Ey,,. It would not make sense to analyze the data
for DM heavier than a GeV, as our exposure is much smaller than the ton-scale WIMP
searches. In the sub-GeV range, a minimal simplified dark matter model would be the
addition to the SM of a fermionic dark particle along with a bosonic force carrier (a dark
photon) [75, 76]. In the following subsections, statistical methods for testing the data’s
compatibility with DM models are described. The first case assumes a galactic halo made
up completely of fermionic sub-GeV DM, which scatters off of electrons through a dark
photon mediator, which we further divide into the light mediator case (M,,.q < ¢) and
the heavy mediator case (M,e.q > q), where ¢ ~ am, is the typical momentum transfer.
Bosonic DM scenarios are also tested, where the halo is assumed to be purely made out

of dark photons, or as a bonus we consider it being made out of pseudoscalar axion-like
particles (ALPs).

The expected event rates for each of these four scenarios are well documented in the
literature [70, 128], and were described in detail in Ch. 2. In the fermionic case, scattering
with an electron occurs through a light (heavy) mediator, with a corresponding dark matter
form factor Fpy o< 1/¢? (Fpas o< 1). In this case the interaction strength is captured by the
cross section G.. The mass range of interest is 1 MeV/c? < mpy < 10> MeV/c?. The dark
photons on the other hand are directly absorbed by electrons through the kinetic mixing
parameter k, which is the coefficient of the mixing term for the SM hypercharge field and
the gauge field of the additional (broken) U(1) gauge symmetry. ALPs are also directly
absorbed by electrons through a coupling constant g,., resulting in an “axio-electric” effect.
In the case of absorption, the mass range of interest is Egap/c2 < mpyr < 50eV/c?. The
recoil spectrum is then convolved with detector response effects including the Ramanathan-
Kurinsky ionization model [165], charge trapping and impact ionization model for a bulk
event [1941], and a Gaussian to smear the spectrum to include our finite phonon resolution.
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The latter two effects have parameters that were measured from NR14 LED data (Section
4.3, and Ch. 3 for more details).

The expected event rate due to everything else is not known in the region of interest
50€V < Ephonon < 650€V, which includes the expected first to sixth e”h™ peaks. We
know that at least some of the events we observe are not galactic DM halo scattering
events because of the varying event rates between different detectors, even after cuts. For
example, the background 1e~h™ rates for the 4 detectors of HVeV R4 are not statistically
consistent. This is not surprising as we have already seen the external (hypothesized
luminescence) background in previous runs which was eliminated in this run, and we know
of leakage currents that traverse a semiconductor substrate under an electric field. There is
also the non-ionizing low energy excess (0QLEE) which has been of interest in the field of
direct detection. A leading theory suggests that detector holder strains and spontaneous
relaxations are the cause of these phonon-only events. This lack of knowledge of the
background precludes any discovery of dark matter with this device for now. While the
superCDMS simulation infrastructure is mature and comprehensive [123], such low energy
backgrounds have rarely been simulated [201]. And as the lack of quantized > 2e~h*
events suggests, it is easy to block external sources of ionization whose energy depositions
are a couple of eVs (as we did with our light-tight detector holder).

4.4.1 Limit Setting Methods

Current leakage and the low energy excess appear to be the main backgrounds in this
analysis, both of which are most likely in-detector effects which were not relevant for
older, larger CDMS detectors with a higher energy threshold. The lack of a model for
the backgrounds does not stop us from conservatively estimating what dark matter is not
consistent with, given our data. The first choice we make is to analyze only NFCI1 for
DM signals, as it had the lowest 1e~h™ event rate, and we use the other three detectors
only as vetoes as was discussed in 4.2.1. Next, each e~ h™ peak is analyzed separately, to
avoid problems related to our signal model fitting the data poorly (having no background
model). Our quantized expected signal spectrum provides natural energy bins to look
for events within (the peaks), and within these narrow bins (of three resolutions width)
the signal will be degenerate with any background. We pursue a frequentist approach,
formally a Neyman construction to conduct statistical tests. As outlined in [216], we
require an estimator (Neyenss for simple Poissonian counting, or profile likelihood ratio test
statistic g, for maximum likelihood methods), a reference ensemble (Neyenis follows Poisson
statistics for random independent events, ¢, has asymptotic formulae at high statistics),
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an ordering rule (more on this below), and a confidence level (we choose 90% consistent
with other analyses).

It may be argued that the number of events within each peak is already a sufficient
statistic, and that there may be no need for a likelihood analysis. However, the likelihood
function is a natural place to take into account systematic uncertainties. For a simple
Poissonian counting upper bound on interaction strengths, one has to run Monte Carlo
pseudo-analyses with varied detector response parameters to get the variation or ‘uncer-
tainty’ on the limit, casting doubts on the meaning of the reported confidence interval.
Further, the simple counting method removes some energy information (namely the distri-
bution within the peak interval), and our detector has potential for background rejection
through peak splitting (based on different initial energy depositions), especially as phonon
resolution continues to improve in ongoing work. Therefore, we use a maximum likelihood
approach to set our upper boundaries on interaction strengths of dark matter. However,
we will make use of the simple Poissonian counting method in 4.4.2 to estimate the effect of
signal attenuation in the rock above the experiment (overburden) on the exclusion region,
so we shall define quantities for both methods. If we had any power for discovery (by
having a reliable backrgound model), then the p-value of 10% would be taken as 1 — C'L,
to reject the background model. To exclude a hypothetical signal, one may keep increasing
the signal strength until C'L,, is below the desired p-value.

In the Poissonian counting case, we exclude a region of parameter space if

Nexpected(ﬂsig) > Nupper(PCL)7 (41)
where Negpected(fsig) = ff Cgﬁ”—ﬁi’d(usiw E) - €cfficiency(E) - X dE is the expected number
of signal events and Nyper(Por) is the Pop = 90% confidence upper bound of the number
of observed events within a certain energy range (analysis window [a,b]), and X is the
exposure after live-time cuts. The signal strength s, is the parameter of interest (g, or
K Or gqe). The energy range for the calculation of both Nype, and Negpeereq 1S centered
at ne-p+ x 100eV (NTL amplification energy) plus the weighted average of the energy
depositions which generate each e~ h™ peak in the model under consideration, with a width
covering +30,.s around the center, where 0,5 is the estimated phonon resolution (value
used in Table 4.1). This upper bound assumes all events within the peak window are dark
matter events, but we report only the upper bound of the estimated “signal strength” that
would account for all of the events. This produces a conservative upper bound, since if
any of the events within the peak window are background non-DM events, the real 90%
confidence boundary would be lower (a more exclusive result, 1 — CLsp > 1 — CLg g =
90%). The situation is similar when using the maximum likelihood approach without a
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background model. The test statistic in this case is:

DY A YT |
q(vy) = (ﬁ(ux,é)lmDM,usig) X fit (42)
! Vy < Nyit

where £ = Lpoisson * Lmodel * Leonstraint 18 the extended likelihood function multiplied by a
constraint term with:

N
e_(VX+Zb vp)
EPoisson: Vx"'zyb X
|
- N!
N
Linodel = H I (E) + Zfb(Ez) ; (4.3)
i=1 b

5

Econstraint == H Gz(elv Hi, Ui)a

i=1

where vy, v, are the signal and background strength fit parameters, IV is the total number
of events in the analysis range, f,, f, are the signal and background total phonon energy
PDFs, and G; are five normalized Gaussian constraint terms for five nuisance parameters
in Table 4.1 (cross-correlation between nuisance parameters is neglected). We do not have
a background model f, so we take 1, = 0 to set our ‘C' L4’ limits.

Wilks” theorem states that, as the number of observed events N increases, the distri-
bution of observed test statistic ¢(v,) (upon repetition of the experiment) asymptotically
approaches a y? distribution with degrees of freedom equal to the number of parameters
of interest (1 in our case). So an exclusion region on the DM parameter space can be
found by finding v, which gives ¢(v,,) > 1.64 for each dark matter mass, the threshold 1.64
being the 90% critical value for a x? distribution with 1 degree of freedom. We tested the
coverage of this method by running monte-carlo pseudo-experiments, generating ensembles
of pseudo-datasets with randomly varied nuisance parameters within the values stated in
Table 4.1 in addition to random Poisson statistics for total number of events, and finding
the true distribution of the test statistic, given a signal strength q(vy, = Negpectea). Signs
of under-coverage are seen when the expected number of events is less than 20. This is
due to the domination of Poisson statistics over any variation of the nuisance parameters,
as summarized in Fig. 4.9. So, where the number of observed events is less than or equal
to 20 (as is the case for higher e~ h™ peaks), we use a larger (more conservative) threshold

87



Nuisance parameter 6; Mean value p; | Standard deviation o;
Phonon energy resolution (eV) 3.24 0.12
Charge trapping fraction (%) 12.3 0.5
Impact ionization fraction (%) 0.0 0.4
le ht: 0.7
Energy shift 0.0 2e ht: 2.0
parameter (eV) ' 3e ht: 3.3
4e ht: 3.2
X2, cut efficiency (%) 95 2

Table 4.1: Table of nuisance parameters and the corresponding parameters that define
their constraint terms in Eq. 4.3. The energy shift parameter depends on which peak is
being analyzed.

value in the ordering rule which indicates the exclusion region:

q(vy) > 1.64 N > 20
qln) =4 % N (4.4)
q(vy) > cre +c; N <20

where ¢; = 5.80, ¢co = 0.38 and ¢35 = 2.01 come from a fit of the local maxima in 4.9 and N
is the number of events in an analysis window.

As stated earlier, we analyze each peak separately. But it is customary to present one
exclusion curve to compare with other experiments. We first run the maximum likelihood
analysis to extract upper bounds on each model’s signal strength from each e”h™ peak
in the 30% unblinded data. For each mass in the exclusion curves, the most stringent
constraint is selected. This is called peak selection. We stick to this choice of peaks from
30% blinded data for each mass tested when we re-run the analysis on the initially blinded
70% of the data, to avoid any potential bias (look-elsewhere effect for example) when we
“choose the best limit”. The final results for 70% data are shown in the Fig. 4.10, along
with the most recent results from other experiments.

4.4.2 Including the Effect of DM Attenuation in Earth’s Crust

Before reaching the detector, the local dark matter halo particles must first pass through the
Earth’s atmosphere, as well as through the rocks of the crust (overburden), or sometimes
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Figure 4.9: Threshold test statistic (Eqn. 4.4) which gives 90% statistical coverage, vali-
dated through pseudo-experiments (MC results).

a particle must pass through the entire earth to reach the detector. For direct boson
absorption models (ALPs and dark photons), one may use a simple exponential attenuation
model, as the interaction in those cases results in the complete loss of the particle. On the
other hand, for electron recoiling dark matter, one must take into account the details of the
kinematics of interaction with the overburden constituents. One then inputs the original
local velocity distribution and estimates, using assumptions about the interaction type,
the DM velocity distribution near the detector. This was previously done in the Inelastic
DM Scattering in CDMSlite R3 analysis [223], where great efforts were taken to estimate
the composition of the Soudan mine overburden, as well as taking into account the angular
distribution of the attenuation.

In that previous analysis, however, the search was for GeV-scale dark matter, and that
justified using the simple continuous stopping model. A public package that implements
the continuous stopping model used in CDMS-CPD analyses is verne [221]. For sub-GeV
dark matter (which we’re interested in for HVeV Run 4), deflections become important
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to model. While an analytic modeling tool valid for low-mass DM (EarthShadow [225])
exists, it utilizes the EFT approach which does not include the light mediator case and
does not include multiple scatters. Semi-analytic models have been explored, such as the
one implemented in DMprop [220], which utilizes a probabilistic approach that recursively
calculates probabilities of particle survival after an arbitrary number of scatterings, with
the crucial simplifying assumption of isotropic scattering. While isotropic scattering with
heavy nuclei approximately occurs in the case of light dark matter with masses no less
than 100 MeV interacting through a point-like interaction (heavy mediator), that barely
covers the HVeV use case which includes dark matter masses down to 1 MeV and also the
light mediator case which exhibits highly anisotropic scattering [222].

A Monte Carlo tool (DaMaSCUS-CRUST [227, , 222]) was used in HVeV Run 4 to
estimate the extent of the exclusion region. This tool was also used in HVeV Run 3. It
includes the light mediator case as well as the point-like interaction case, and also models
multiple-scatters. It does so by simulating and tracking individual particles, as many
particles as necessary to acquire sufficient statistics for a given cross-section. This is time
consuming, so the authors of the software implemented geometric-importance sampling
(similar to what is implemented in Geant4 [229]), which requires tuning. The tuning
of these parameters is especially important for the light mediator case at dark matter
masses approaching > 1 GeV, as in that case forward scattering is highly favored so higher
statistics are needed to find the precise attenuation [222]. The ideal parameters could also
vary for each dark matter mass tested.

When including the effect of overburden attenuation on fermionic dark matter, the
local DM flux does not simply scale with the interaction DM cross-section: the shape of
the speed spectrum also changes (particles scatter and lose energy), and the overall event
rate at the experiment starts to decrease with increased interaction strength. Therefore,
to produce a double sided exclusion region, one may have to test each (0., mpys) point in
parameter space as a separate hypothesis instead of simply solving ¢(v, ) = 1.64 if utilizing
a profile likelihood approach [223]. However, when using the Poissonian counting approach
to set a limit, spectrum shape effects within the analysis window are neglected and we may
simply find the roots of Negpected(ftsig) — Nupper(Por = 90%) from Equation 4.1 to find
the boundaries of the exclusion region, after modifying our signal model Negpected(ftsig) t0
take in simulated velocity distributions from DaMaSCUS-CRUST instead of the standard halo
model (SHO) [67]. We ignore the effect of the atmosphere and model our 107 m of rock
as being mostly made out of SiO,, some aluminium and iron, and the rest is made out of
common alkali and alkaline earth metals (period 3 and 4). The dark matter local density
at the earth’s surface is assumed to be ppy = 0.3 GeV/em? [67].

Some simplifications are made in the DaMaSCUS-CRUST simulations. First, since our
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model has a dark photon as mediator, other charged particles are expected to have the same
ability to exchange a dark photon as an electron. It follows that the most severe attenuation

— 2
occurs due to DM interactions with nuclei in the overburden. Since ? ox Z’% > 1 for DM
e ex

masses m, > 1MeV, and the nuclear recoil rate is coherent on oc Z? (where fipy, fley
are the DM-proton and DM-electron reduced masses, and Z is the atomic number), so
we neglect other processes like electron or atomic recoils [222]. Secondly, the layers of the
inner earth were not modeled as was done in [225, , | where the approach angle
of a dark matter particle could mean it had to pass through the entire earth to pass the
detector. This level of detail is relevant to experiments looking for diurnal modulation
due to earth shielding to detect dark matter. A simplification in DaMaSCUS-CRUST is to
assume the overburden is flat with DM coming from ‘above’ in random angles relative to
the zenith. At high cross-sections, this is reasonable as it would be prohibitively unlikely
for a particle to approach from ‘below’ the experiment as there is too much material to
pass through.

Velocity distributions were generated for every DM mass under consideration, in cross
section intervals sampled in log space Alog(G.) = 0.1 in the range 1073¥cm? < 5, <
1072 em?. fo0(Ge) = Newpected(fsig = Te) — Nupper(Por = 90%) = 0 is linearly interpolated
in log(a.) space and solved for the boundaries of the exclusion region for that mass, as
shown in Fig. 4.11. The mean values of the nuisance parameters in Table 4.1 are used.
The results for all masses are shown in the shaded regions of Figures 4.10(a) and 4.10(b).
As for the absorption models, we simply delineate the coupling constant that, given the
mass of the boson, would result in a reduction of the signal strength by a factor of e (flux
d = Pye PL? where L = 107 m is the depth of the experiment, p = 2.7 g/cm? is the overall
mass density of the overburden (same value used in DaMaSCUS-CRUST) and o is the mass
attenuation factor (0 p = Oeross—section Pns Pn being the number density), which must be
calculated in each model. The cross section G pss—section Can be calculated by dividing the
flux p,vpy from the rate calculated by [128], then finding k or g,. which give pLo = 1.
This line in parameter space would be shown in Figures 4.10(c) and 4.10(d) but is higher
than the interaction ranges displayed.
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Figure 4.11: The function foo(de) = Newpected(ftsiy = Te) — Nupper(Por = 90%) (see
Eq. 4.1) used for defining exclusion bounds with the effect of overburden scattering
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DaMaSCUS-CRUST for each of the vertical dotted lines. The green and red vertical lines
indicate the range of excluded cross-sections for this mass (fgo(d.) = 0).
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Chapter 5

Detection Prospects for Solar Axions
in SuperCDMS SNOLAB

In this chapter, we present the potential of detecting ultra-light m < O(eV/c?) solar axions
using SuperCDMS SNOLAB'’s initial payload. This search is usually exposure-limited,
making the kg-scale SuperCDMS SNOLAB detectors a suitable choice. A brief review
of the event rate calculation of axion-to-photon conversion in a semiconducting crystal is
presented. The SuperCDMS SNOLAB is currently in the final stages of commissioning, so
this analysis will be applied to real data in the coming years. For a review of the theory
and detection techniques of bosonic DM, see Sec. 1.2.2 and Sec. 2.1.2.

5.1 SuperCDMS SNOLAB as a Helioscope

As outlined in [158], the SuperCDMS SNOLAB experiment will be sensitive to a variety of
light (sub-GeV) dark matter candidates, down to O(10eV/c?) in the case of bosonic cold
dark matter (CDM) candidates that would be directly absorbed by the substrates from the
galactic DM halo. Lighter particles that could make up the CDM halo, such as the QCD
axion, are therefore out of (direct detection) reach for our experiment (but may be probed
using haloscopes [119, 150]). We may still use the CDMS detector to look for boosted light
axions from astrophysical sources, rather than the axions making up the halo. This type of
search may be characterized as an ‘indirect’ probe of a DM candidate. The most significant
potential source of light axions available in the solar system is the Sun. In case the axions
do not interact with electrons (g, = 0, hadronic axion), the main production mechanism
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is the conversion of thermal photons in the solar plasma into axions of the same energy
through the Primakoff coupling g, (see Sec. 1.2.2 for Lagrangian) [99, 230]. Helioscope
experiments such as CAST [231, ] use magnetic fields to convert these solar axions
back into detectable photons via the inverse Primakoff effect. Our crystals have strong
local electric fields in them that can cause the same effect, leading to energy depositions
at the O(keV) scale. The keV scale is special in our crystal because it also specifies the
inverse scale of the inter-atomic spacings in the crystals, or the reciprocal lattice vectors.
This causes a highly time-dependent signal as solar axions may satisfy Bragg conditions
depending on the angle of incidence and their wavelengths.

Other (non-helioscope) indirect probes of the ‘invisible’ axion utilizing the Primakoff
process exist, including the measurement of a ‘light-shining-through-wall’ (LSW) effect,
where light from optical lasers or x-ray sources [232, | is used to produce axions and
detect deviations in an opaque ‘wall’s transmittance due to an intermediate axion state. A
broad-band LSW search can be performed in the ForwArd Search ExpeRiment (FASER)
at CERN’s LHC [234]. (LSW measurements may also be done using astrophysical objects
as ‘walls’ [235]). While the LSW approach is inapplicable to SuperCDMS, we introduce it
here as the event rate calculations for LSW are closely related to that of our crystals, as
will be outlined below. For a review of experimental probes for axions, see Ref. [95].

5.2 Solar Axion Event Rate

To search for these solar axions in SuperCDMS, we need to calculate the event rate in the
detector as a function of energy. This was done in [230] for a crystal detector with energy
resolution A:

1 2 2
R(E,, Ey) = dE.. e~ (Bee=En)7/20° 5.1
<12>/E / wdE B) X e (5.1)

where R(E1, Es) is the event rate in an energy bin spanning [E}, Es], and the rate of photon

production % is convolved with a Gaussian of width A to include resolution effects. The

rate of photon productlon is taken found by combining the flux and conversion cross-section

ag.
dR, [ . dé, do
2 - [ 4R, o 5.2

dE, /0 “dE, dQdE,’ (52)

where the integral over solid angle Q2 comes from the phase space integration and d¢, /dE,

is the solar axion differential flux. The differential cross section de;E is taken from an
Y
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axio-electrodynamic wave calculation [237]:

do do g2
_ Y S(E _p) = |2
dQdE,  d O(Ea 7) 1672

F2(q)sin2(20) | 8(E, — E,), (5.3)

where 6 is the scattering angle, F, is the axion form factor of the target evaluated at
momentum transfer ¢, and the energy conservation 0 function is shown in the limit of a
fixed heavy target (negligible amount of energy is transferred to the crystal at conversion,
compared to the energy of the final state x-ray). The periodic electric field is encoded in F,
which can be further decomposed into structure function S (é) =>. e'@C and single-target

form factor F? = /\_gti with Debye radius Ap and atomic number Z. The substitution of
D

these components into Eq. 5.1 yields a simple sum over reciprocal lattice vectors G (in place
of the integral over momentum transfer ¢), which we compute to find the event rate in our

crystals. When ¢ = é, energy conservation demands that £, = Zécg, where § is the sun-
earth unit vector (direction of incoming solar axions). The conservation of energy equation

W = ZE‘SG(; is the conjugate of the familiar Bragg condition nA = 2d sin(6) for constructive
interference of radiation diffracted by a lattice. An advantage to using a crystal as a
helioscope rather than a haloscope using a magnetic field is the sensitivity to a wide range
of axion masses, as Eqn. 5.3 does not depend on mass. This is not the case for helioscopes
utilizing magnets such as CAST, as those experiments must keep pressurized gas in which

a photon would have an effective mass equal to the axion mass under consideration [238].

Figure 5.1 shows the event rate of solar axion-to-photon conversion in two SuperCDMS
SNOLAB Ge iZIP detectors at various times. We assume that all solar axions are pro-
duced through the Primakoff process from thermal photons in the sun’s core, and use a
parametrization of the flux used by the CAST helioscope [239] (for a discussion on various
possible solar axion production channels and the associated uncertainties, see [210, D).
Of course, many approximations are made in such rate calculations. Calculations which
provide higher-order corrections are part of the recent literature. In the case of haloscope
experiments, pure QFT descriptions of axion-photon dynamics may be used [212]. In the
case of laboratory-based LSW experiments, the microscopic modeling of in-medium inter-
actions of the initial and final state photons, including Thomson scattering and absorption
as the photon passes successive lattice planes [237, ]. In our case of solar axion con-
version and detection of the final state x-ray within a crystal, the strongest assumption
in the differential cross-section of Eq. 5.3 is that the conservation of energy delta function
d(E, — E,) assumed asymptotic initial and final states (eigenstates of the free Hamilto-
nian). As [211] notes, the inclusion of the effect of a finite absorption length A for final
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Figure 5.1: The calculated event rate for SuperCDMS SNOLAB Germanium iZIP detectors
based on [230] (starting from Eq. 5.1).

state photons will result in the widening of the delta function in Eq. 5.3 by %, and since
the absorption length of 1-10keV photons in germanium and silicon is of O(um), x-ray

absorption is neglected as % ~ O(eV) < A, with A being the energy resolution in Eq. 5.1.

5.2.1 A tension in the literature

A recent study concluded that the finite absorption length results in an attenuated overall
solar axion conversion rate in a crystal detector, rather than simply adding negligible
smearing of the energy spectrum of events [215]. That study was done to reconcile a
perceived discrepancy between different methods of rate calculations between the calculated
event rate in LSW experiments vs. crystal experiments. The study did not perform a
calculation from first principles; instead, the authors start from the Born approximation
for the matrix element of a scattering process involving N scattering sites /\/l(k;, /;) =
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Zi]il filka, l;)ei(’;*kz)"?i, where plane wave solutions for initial and final states were assumed,
fi is the matrix element for lattice site ¢ at position 7; in space, k;,/; being the axion
and photon wave-vectors, respectively. The outgoing photon wave-vector is modified for
the effects of absorption by including a complex index of refraction, leading to an axion
conversion probability (|M]?) scaling with oc V™ where V is the volume of the crystal,
with n < 2. From there, the authors state that the form of the event rate found in [230]
(Egs. 5.1 and 5.3) assumes that n = 2. Next, an ‘attenuation factor’ < 1 is derived,
and an attenuated rate is found by multiplying Eq. 5.1 with that factor. In effect, the
study claims that the axion rate scales with V™ where m < 1, rather than simple scaling
directly with volume. While the study may be relevant for LSW, it is not clear that it
has been applied correctly to crystal detectors. Both the conversion and detection are
performed in our crystal detectors, in contrast to LSW. Therefore, in the following section
we calculate the the axion conversion rate in a semiconductor crystal by solving Maxwell’s
modified equations in the presence of an axion field, including the effect of final state
photon absorption. The steps are laid out and quantities are defined clearly, with careful
consideration of the various length scales involved.

5.2.2 A semi-classical treatment

To calculate the differential rate of axion conversion in a crystal, we solve Maxwell’s equa-
tions with the addition of an axion component. The electromagnetic current density gen-
erated by an axion field ¢, in a static electric field £ as [237]:

) = S-E(x) x Vepu(x, ), (5.4)
where n = 1 gives an equation in natural units (Lorentz-Heaviside and h = ¢ = 1),
and n = % gives the Gaussian units equation. In the following, we explicitly define

initial configurations, find the energy deposition rate by finding the Green’s function of the
process, and then modify it to include the effect of final state photon absorption.

Initial Field Configurations

If a static electric field is generated by a crystal, then it may be written as:

E(x) =W(x)Y &g e '@ (5.5)
G
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where G are reciprocal lattice vectors of the crystal, and W(x) = 1 where the crystal

exists, and W (x) = 0 otherwise. From [230], Eg can be written as:
_ne _ F(G)S(G)
fo= 15 G =G G, (5.6)

for one target-nucleus type. Here FY(G) is the (unitless) scattering form factor of the
crystal, S(QG) is the structure function of the crystal, and v, is the volume of the unit cell.
Note that £g is independent of the axion wavenumber k,. The Fourier transform of the
electric field of the crystal is given by:

£(k) = / dx e g (x) = 3 W(k + G)Eg (5.7)

The real scalar axion field may be written as:

3ka 1 o o
wa(x,t) = / éTP\/?Ea[a(ka)eZka Xemiwal 1 g% (ky)e ke Xeivat] (5.8)
where E, = hck,. This is a classical field. At quantization, one would promote a —
A and a* — A" to the annihilation and creation operators, which follow the canonical
commutation relations. For the classical field, one may find a relation between |a(k,)|?
and the energy dependent flux of solar axions in the vicinity of the crystal %(Ea) by
defining the field in a confining space of volume V},,. The relation is:

(27)° do
E? dE,
where (6, ¢) determine the direction of k,, and (0s, ¢s) determine the direction of the sun-

earth unit vector §. Equation 5.9 is derived in Appendix A.1. The analogous quantity to
this amplitude had we been dealing with a quantum field is:

la(ka)|* = Vior (E,) 0(cost — cosbs) 6(p — ¢s), (5.9)

(V1A (ka) A(ky)[0) = (27)%0° (ka — ;) — (5.10)

for a dimensionless mixed state of axion field excitations |¥). For example, to construct
such a state with one particle of momentum ko, we take |¥) = % |0y = [1), |0) being

the Fock vacuum. The shape of % is determined by the state |¥). As a check, one can
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calculate:

1

(11AT(ka) Ay )1) = — (0]A(ko) AT (ka) A (k) AT (ko)|0)

3 5301 _
= 50000 — 1) 700 — ko) = (21787, — 1) B0 200,
box

box

where the canonical commutation relations have been utilized. It can be seen that if
|W) = |1), then the corresponding classical amplitude is |a(ka)|? = (27)% 6 (ka — ko).

Radiation Energy Rate

Now that we have defined the initial field configurations, we may use Maxwell’s equations
to find the radiation energy deposited in the crystal. Combining 5.4, 5.7 and 5.8 yields:

_in d*k, d3k W(k+ G)ég X ka
1) Z/ V2E,

a(ky)e™ e el 4 cc. (5.11)

(ka)ei(ka-i—k)xe—iwat +eec.

B / Pk, &’k J+(k,ka)
] @2r)3(@2r)3 2E,

where

i (k. k,) = % SOW(k — ko + G)(Eq * ka), (5.12)
G

The current density 5.11 induces an electric field E(x,t) (and an accompanying magnetic
field B). In Appendix A.2, a Green’s function is found which relates the current density
to each Fourier mode of the induced electric field. Given a background dielectric constant
e(w’), and a permeability close to that of the vacuum, the relevant Fourier space Maxwell’s
equations used were

ik x BK, o) — i/ B(K, ') = 0,
ick' x B(k',w') +iw'e(W)EK, ') = 47j(k’, '),

where (', k') are the angular frequency and wave-vector of the Fourier mode of the induced
electric field which corresponds to amplitude E(k’,w’), namely:

Bk t) = / Bk, w)e ™ dw = / E(x,t) e ™ d*x (5.13)
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and similarly for the current density:
jK,t) = / jK we W tdw = / j(x,t) e PBx (5.14)

Plugging equation 5.11 into the right hand side of 5.14:

. iw’ dSkaj (k/7ka) —1lw,
J(k’,w’):/dte K [/ 2n)? i oE a(ka)e ™ + c.c| . (5.15)

The Green’s function found in Appendix A.2 is:

) Sy .

B ,4mk (U-Kk)  4dm U, (5.16)
we(w)(w?e(w') — k?)  we(w')
where U is the 3 x 3 identity matrix. G relates the current density to the induced electric
field as E(k',w’) = G(k',w’) - j(kK',w’), so that the relation for E(x,t) is equivalent to the
final line in 5.11 with the replacement j (k, k) — G(k', ') - j1(k, ka). Here, k' = k since
the first argument of the Green’s function is the same as the first argument in j(k’, w’), and
from the right hand side of 5.15, that’s also the first argument of j, (k, k,). The angular
frequency w’ appearing in G is set to w’ = w, by enforcing boundary conditions similar to
those relating the frequencies of refracted waves to those of incident ones. The induced
electric field in spacetime is then

G, ') =

a(ky)e™®>e ™t 4 c.c. (5.17)

[ Pk Pk Glkw) (ko ka)
Ex,t) = / (2r)? (2n)? 3L,

The rate at which energy appears as radiation is then the negative of the work done by
the induced electric field on the current density

% __ / i(x.t) - E(x, ) d*x. (5.18)

plugging 5.11 and 5.17 into 5.18 yields
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, PPk, Pk, Pk K S
.](X7 t) ) E(Xa t) = / (27’(’)3 (271')3 (277')3 (271')3 X [Q(kaa ka7k> k)

LK)

T A (AT
i* (K, K i (k K, N
+J+( ) a) . G(k, wa) . J-‘r( ) )a*(ka)a(k;)efz(kfk)-xel(wafwa)t
2w, 2w

where Q(ka, Kk, k, k) contains terms proportional to a(ka)a(k}) and a*(ka)a* (k). We now
canonically quantize the quantity 5.19 by promoting a — A and a* — A" and normal-order
the creation and annihilation operators. So equation 5.18 is modified as:

dE

o= [t ) B 0wy dx

where |U) is the mixed state of incident axions. Note that (¥|Q|¥) = 0. Then using
equation 5.10, the total energy conversion rate becomes:

dE / Pk, &k |a(ka)|?
dt (27)3 (27)3 Viow Eq
Before we plug the Green’s function 5.16 into 5.20, we must make some assumptions and
simplifications.

Re(j (kka) - Gk, wa) - o (k, Ka)). (5.20)

Including Photon Absorption

Suppose we characterized x-ray propagation by an index of refraction n(w), where e(w)
= n?(w), and at a fixed frequency put n = n’ + in”, n’ and n” respectively the real and
imaginary parts of the index of refraction. Then a beam of x-rays would propagate with k
given by wn(w)/c (where ¢ is the speed of light), according to

w 1

. Sw /arw W\, (W
ezkz 6'L(C)(n +in')z _ 6'L(C)n Zo ()" 2

so the intensity I(z) follows
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where 1/ is the "skin depth” which relates to the imaginary index of refraction as n” =

&= %, A being the vacuum wavelength.

Of course, the simple use of a kind of macroscopic dielectric constant here is not rea-
sonable, for two reasons. First, the wavelength (A = 1.24nm at 1keV and A = 0.124nm
at 10keV') is on the order of or less than the lattice constant (0.543nm for silicon and
only slightly higher for germanium). Secondly, the current density source is peaked near
the nuclei, and it is unreasonable to consider it “embedded” in a background dielectric
constant. In particular, putting a dielectric constant with an imaginary component “in
between” the separated charges associated with the current density near a nucleus would
lead to an unphysically huge absorption. A full theoretical treatment would involve taking
local field corrections into account in how the current density sources radiated.

However, since the absorption length 1/ of x-rays in the energy range of 1keV < E, <
10keV is no less than O(1pum) >> O(lattice constant) for materials such as germanium
and silicon, and assuming that these energy ranges lie above all major resonances of the
material, we can put in the Green’s function 5.16 £(w) = 1 everywhere except in the
resonance denominator, where we put £(w) = n*(w) with n(w) = 1+ in"(w) = 1+ £ p(w).
That is, we take G — G, where

Glk.w) — - Amik*(U —kk) Ami

ww?n?(w) — k?)  w

Only the real part of G is relevant, since 5.20 takes the real part of the integrand. We
show in Appendix A.2 that the real part of G is

_ A2k

kw) =—— " T — kk 21
Gall.w) =~ oy ko) (U~ KK). (5.21)
where
1 o)
L(k,w)=— 2

2
JEEDEES
is a Lorentzian function of k, showing that indeed a range of k is associated with each w.
We show in Appendix A.2 that the vacuum Green’s function can be obtained using the
replacement L(k,w) — 0(k — ). Of course, using such a Green function formally assumes
that the detector medium is infinite, but since the skin depth is much less than the size of
the detector that should not introduce serious error.
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After these simplifications to the Green’s function, we can find

A2k

Re(j (k. ka) - G(k,w,) - j1 (k. ka)) = WACEED]

L(k, E,)x

2
TN Wk — ka + GYW(k — ka + G) (€& x ka) (U - kk) (Ea x k)
G,G/

Recall that the W function in momentum space is the Fourier transform of W (x) in 5.5,
which defines the extent of the crystal. Supposing the crystal in question is at least 1lem
wide in any direction, the width of W (k) will be of order 10~"nm~!. Differences between
reciprocal lattice vectors may only have magnitudes as small as (lattice constant)™ ~
Inm~!. Therefore, due to the crystal being much larger than the unit cell, the sum over
two reciprocal lattice vectors above gives a nonzero result only when the reciprocal lattices
are the same, so inside the sum over reciprocal lattice vectors one may add a Kronecker
dc,g’ without changing the result. Now, 5.20 becomes:

dE  4m%n? d*k
dat  M? / / Z k+Ea <Ea>

X (£ x 8) (U - 1212) (Eq x 8) dE,  (5.22)

2

L(k, E,)

E
Wk—-—5+G
( hcs+ )

where 5.9 was used. Note that the width of the Lorentzian L(k, E,) is at most p(E,) ~
10~3nm~! which is much larger than the width of W (k) quoted above at around 10~ "nm .
Thus, we may approximate

Ea 3¢3 E.

W(k — =84+ G)]* = Vau(27)°5* (k — =28 + G), (5.23)

hc hc
where V,;,; is the volume of the crystal. This is the ”infinite crystal” limit, which means
the crystal is much larger than the absorption length 1/u. With the delta function of 5.23,
one can evaluate the integral d®k. The delta function sets k = kgs = —“s G. So the
factor in 5.22 with the cross products becomes

‘FO()()

(G x 82 — WQ

where 5.6 was used. We can also write |G x §|> = G?sin*(f), where 0 is the scattering angle.

(£ x 8) (U - RGEG) (Eg x 8) =
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Replacing the Lorentzian with a delta function L(k,w) — d(k — %) reproduces the
previous result in [230], as shown in Appendix A.3. Using delta function properties, one
can show

5(kG,§ - Ea/hc) = 5<Ea/hc o |§Ea/h’c - G|) =

1 E, |GP
md(%_%sﬂ))’ (5:24)

which is the Bragg condition.

The extraction of the differential photon production rate %(Eﬁ from equation 5.22,
which is used in equation 5.1 turns out to be non-trivial in the non-vacuum limit, and is
also outlined in Appendix A.3. The extraction of that rate depends upon the interpretation
of k in 5.22 as the wave-vector of induced photons, with the relation F, = hck.

5.3 Projected Sensitivity of SuperCDMS SNOLAB to
Solar Axions

Since we found in the previous section that the inclusion of final state photons affects
the event rate negligibly, we stick to the original calculation from Ref. [230], with the
results for SuperCDMS SNOLAB germanium iZIP detectors shown in Fig. 5.1. To find the
maximum reach of the experiment, we calculate event rates for all SuperCDMS detectors
in the initial payload (documented in Table. 2.1), and find the zero-background discovery
reach (calculate g,., which gives 4 events given a net live-time of 4 years). The result is
shown in Fig. 5.2. An analysis of the effect of orientation uncertainty on the solar axion
reach of multiple crystal detectors was done by [216]. While the ‘zero background’ reach
represents a best case scenario, it is an important benchmark to motivate the analysis of
SuperCDMS SNOLAB data for axions.

The ultimate reach of the experiment to solar axions would depend on the background
rate in the region of interest (4keVe < E, < 10keVe.), and the possibility of an un-
known/irreducible background. An analysis of SNOLAB data would utilize the time mod-
ulation information in the solar axion event rate by using an unbinned maximum likelihood
analysis of the 2-dimensional dataset of event times and energies, as was done in [153]. This
allows for the statistical ‘subtraction’ of relatively stable background sources. Therefore,
this type of analysis tends to be exposure-limited, as increasing exposure is a more im-
portant factor in increasing sensitivity than reducing the residual background rate. The
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exposure of the HVeV detectors discussed in Ch. 4 would be too small to obtain a competi-
tive result. Thus we have demonstrated the potential of the large exposure of SuperCDMS
crystals in searching for ultra-light dark matter.
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Figure 5.2: Zero-background benchmark sensitivity of SuperCDMS SNOLAB’s initial pay-
load to solar axions with net exposure of 4 years (yellow box). The yellow sloped line
indicates the parameter space for the QCD axion. Unlike the CAST helioscope, sensi-
tivity to QCD axions of mass 1eV < m < 100eV is attained by SuperCDMS down to
Gary ~ 10710 GeV™'. Blue exclusion regions are cosmological bounds, while green regions
are stellar bounds. Not shown are the solar neutrino [217] and horizontal branch [109]
bounds, which would cover much of the reach of SuperCDMS (as well as CAST). The
remainder of the red exclusion bounds come from haloscope experiments assuming the
galactic DM halo is made up of axions. The previous CDMS limit is taken from [153]. An
open source plotting tool was used to generate this figure [215].
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Chapter 6

Conclusions

Here, we draw conclusions from what was observed. We start by investigating low-energy
events in HVeV detectors, motivating a fiducial cut, and devising background control
procedures for future runs.

6.1 On the background rate of HVeV detectors

In Chapter 4, exclusion regions were produced for various light dark matter candidates.
That analysis rested on a key assumption: that the measured total event rate in any
expected peak region of the discrete spectrum is due to the DM particles under consider-
ation. The upper bounds reported in Figure 4.10 are the 90% one sided upper bounds on
the interaction strengths of dark matter with electrons under that assumption. While this
does provide a “conservative limit” on the dark matter interaction strength (i.e. we are
over-covering the true interaction rate of dark matter with electrons), the true potential of
the HVeV detector may not have been tapped yet. And the fact that the true interaction
rate differs from the measured one (under the analysis scheme) is not exactly satisfying.
Without the background modeling, we begin each run of the experiment knowing there
will be ‘no discovery’, only a possible exclusion of parameter space. So the study and
modeling of the background in HVeV detectors is of the essence if one is to continue using
the detectors for DM search.

Unfortunately, the low energy background is difficult to predict or model. When one is
looking at keV energy depositions, as in the case of the SuperCDMS SNOLAB kilogram
scale detectors, the backgrounds of concern are those of gammas or other neutrons, and
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Figure 6.1: Event rate in background data sets from NR14 (after applying data selections
described in Ch. 4). The broken x-axis represents times when most of the LED data was
taken and crystal voltage was varied, indicating potential for detector ‘baking’ (inputting

energy to release charge carriers from shallow traps caused by impurities) to reduce the
background rate.

using simulations in Geant4, combined with the assaying of all line-of-sight materials,
the event spectra from these radioactive processes can be modeled. In HVeV gram-scale
detectors, our total energy scale of interest is £, ~ O(100eV) while the primary energy
deposition scale is E, ~ O(1eV), and the number of charge carriers is O(1) per event.
This means the main background sources are: 1) optical luminescence; 2) leakage current
across the crystal; and 3) crystal relaxation from the various strains from the detector
holder, as well as thermal contraction. Needless to say, these are hard to model. Their
stochastic nature and dependence on the history of the substrate are the main limiting

factors. Figure 6.1 shows the event rates for various regions of the spectrum in an HVeV
detector at different times.

Not only do we have event rates, our HVeV detector provides energy information,
calibrated using LED events of known energy. Perhaps the best avenue for characterizing
some of the backgrounds in HVeV are the detectors themselves. We identify an important
energy scale: the 1e~h™ peak energy. At Vi, = 100V, this energy is found to be 101.1 +
0.1(stat.)£0.7(sys.) eV in DM search data, where the systematic uncertainty was dominated
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Figure 6.2: Result of an unbinned extended maximum likelihood fit of the DM search
spectrum of Ch. 4, and histogram of the data (blue points with error bars). The first and
second e~ h' peaks (around 100eV and 200eV) are fit with CTII PDFs described in Ch. 3,
with benchmark trapping and ionization parameters taken from LED data calibration in
that chapter. The events included are those with calibrated energies < 1.5 keV that pass all
data selections (4.2). The sub-e~h* peaks are fit with simple Gaussians, and two non-peak
event ‘excesses’ are fit with two exponentials.

by that associated with cross-talk subtraction in LED calibration data. Other features in
the energy spectrum also have energy scales. A first step in characterizing the spectrum
would therefore entail identifying event rates and characteristic energy scales. We find that
the event rate and spectrum of an HVeV Run 4 DM search/background dataset can be
empirically characterized using 6 rates and 9 energy scales when using the charge trapping
and impact ionization (CTII) models of Ch. 3 for e~ h™ peaks (only the first and second
are visible; nominal values for charge trapping and impact ionization for = 12% and
frr = 0.4% are used), in addition to Gaussians and exponential functions for the various
‘excesses’ as shown in the fit of the DM search data Fig. 6.2.

Our HVeV detector also provides position information thanks to its two (inner and
outer) phonon readout channels. Fig. 6.3 shows the distribution of pulse amplitude across
different channels in the DM search data analyzed in Ch. 4 after all data selections. A
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band of events can be identified with A, ~ 1.2 A;,,. This band has a distinct thickness
because for events in this band, energy fluctuation between inner and outer channels is
mostly independent of the total amplitude. By removing this ‘outer band’ of events, the
empirical fit only requires 3 rates and 4 energy scales as seen in Fig. 6.4, as various low-
energy excesses are contained within the outer band. The sub-e”ht peaks, as well as the
non-ionizing low energy excess (0QLEE) of characteristic energy ~ 15eV are eliminated
from the ‘inner’ pool of events. The ‘inner events’ may then be modeled with e”h™ peak
PDFs, with only one exponential ‘excess’ component. While the modeling of the source
of these inner e~ h* events remains an open task, a partition cut of the sort demonstrated
in Fig. 6.4 may almost completely eliminate the lowest energy background components,
which are usually the most difficult to model. It is also interesting that the ‘inner’ sub-
e~ h™ events may be accounted for using the charge trapping model with for = 12% (fixed
value from results of Ch. 3). Thus the potential for HVeV fiducialization is demonstrated.
This cut must first be evaluated for efficiency before being used in a DM search analysis,
using a pointed laser as done in [215].

When the bias across HVeV detector is set to Vj,s = 0V, it is said to be in ‘0VeV’
mode. In the low energy (E; < 600¢eV) range, a ‘low-energy excess’ (LEE) is observed. See
Fig. 6.5 for comparison of event rates between HV and 0V modes. Since the LEE observed
in 0V mode does not seem to be affected by varying HV, it is called non-ionizing (0Q).
This type of background is common among low-threshold detectors. Leading hypotheses
include these events being due to crystal relaxation after cooling. As for the sub-e”h*
peaks, they may indicate a leakage current along the sidewalls, with specific scratches on
the substrate sidewalls being the cause of the precise energies of these ‘excess’ events.

6.2 On the elevated rate periods in HVeV Run 4

In section 4.2.1, we discussed a live-time selection criterion (the ‘elevated rate cut’) that was
derived for the DM search data of NR13 which removed extended periods of live-time (up
to several hours at a time) experiencing an elevated rate of 1e~h™ events. These elevated
event rate periods were preceded by high-amplitude (energy) pulses. We noted how, in
NR14 (where the copper lids of the detector holders were replaced with boxes containing
LEDs and filters) this type of elevated rate period was not observed. The elevated rate
cut applied to NR13 DM search data reduced the 1e~h* to similar levels observed in
NR14. We noted in the discussion of section 4.2.1 that alpha particles from the decay
2o Pb — 20 Bi + B (+7) — %1Po + B~ — 2B Pb + o were a likely candidate for the
cause of the large pulses and the subsequent ‘train’ of 1e~h*t events. These would implant
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Figure 6.3: Pulse amplitude distributions in the inner and outer channels from DM search
data analyzed in Ch. 4 (after applying data selections). Left: A series of Gaussian fits of
events within the colored discrete slices of the ‘outer band’ (Ay; ~ 1.2 A;,) are used to
derive 3 — ¢ boundaries (yellow stars). These discrete points are fit with lines (shown in

red), which indicate a natural partition boundary. Right: 2D histogram of points on the
left.

111



103

A,=8.361+1.69 cpd/g [T,=989.8+375ev -—— Trigger Threshold
C1=1364+4cpd/g  €1=101.2+0.08eV __ " .-
10? oo e a=104.42023 eV total rate x trigger efficiency
0o =3.03+0.08eV A, exp_pdf(-E/T3)
—— C; pdf_leh_bulk(c1nen, Oen)
s 10! —— C; pdf_2eh_bulk(canen, Ten)
Q
o
3
a 100
S
8
© 1071 I |
e | ‘
1072 I
|
1073 el \ ‘
200 300 400 500 600
energy [eV]
103
A1 =6077 £572 cpd/g| (11 =14.36=047ev| --- Trigger Threshold
A,=9.903+27 cpdlg T2=196.1+37.9eV ___ : L
102 b= 3085425 cpifa_ | |y ARIBASE 0036V total rate x trigger efficiency
B,=1314+13cpdlg M2 =i;gbsg :g.gg e\\ll A; exp_pdf(-E/t1)
= = .9/ 0. =
- EIiG g GoiesteBsy M ewodier
S 101 2;23:34f0:03 ZV —— Bj gaussian_pdf (u1, 01)
% Oen=3.14+0.09ev —— B gaussian_pdf(uz, 02)
'B o —— C, pdf_leh_bulk(cinen, Oen)
o 10 —— G, pdf_2eh_bulk(cznen, Ten)
3
= ‘ H ‘ ‘ ‘
—_
> ‘ ‘ H H ‘
103

0 100 200 300 400 500 600
energy [eV]

Figure 6.4: Same fits as in Fig. 6.2 but with ‘partition cuts’ (red lines from Fig. 6.3)
applied. Upper left: the spectrum of events outside the outer band of events. Upper right:

the distribution of events in energy, Ryertition = Aout=4;

A—Am space, with green points indicating
events that are under consideration in the fit on the left. Lower plots: same as above but

selecting events falling within the ‘outer band’.
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Figure 6.5: Low energy event rates from NR13, at crystal bias of 100V and 0 V. A decaying
‘excess’ of events independent of voltage is thus called the non-ionizing low energy excess.
The HV dataset shown is the 30% unblinded DM search data. No data selections are
applied in this plot.
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on the backside of an HVeV detector (which faces the copper lid). It was hypothesized in
Ch. 4 that the latent 1e~h™ events may indicate the relaxation of the impact sites of the
alpha particle, which has a limited (O(10 pm)) mean free path in silicon. Under the alpha
particle hypothesis, the holes are the charge carrier that causes NTL gain in these 1e~h™
events in NR13 data, given the polarity of the crystal voltage bias (positive near backside
where alphas would be incident).
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Figure 6.6: Top: Rate of 1e~h' events in detector NFC1 (NR13 DM search dataset after
100% unblinding, same as Fig. 4.2). Spikes are identified if the rate crosses the horizontal
line, which is taken as a 90 upper bound of the background rate. Each time a spike is
identified, 10 hours of live-time is removed. Bottom: Clusters in Ryurtition = Aow=Ain gre

Aout+Ain
seen coinciding with the elevated rate periods, indicating the localization of these currents.

The study of this background source is important as it can cause significant experimen-
tal dead-time. The controls implemented for materials used in SuperCDMS SNOLAB from
copper scrubbing to radon purging would likely help in reducing this background compared
to HVeV Run 4. Other experimental facilities may not have such strict protocols. Further,
these high-energy surface events could be used to study crystal defects, which in turn may
be a major cause of ‘leakage current’ events, which limit the reach of HVeV detectors.
Figure 6.6 shows a spike in the 1 e~ At event rate of NR13 DM search data of Ch. 4. Recall
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that strings of 1e~h™' events were also observed following LED events (see Ch. 3). Fig. 6.7
shows the time distribution of LED events relative to the nearest non-LED events. This
burst effect in LED data may be a microcosm of what occurs when a much more energetic
particle strikes the surface (like the hypothesized o' of kinetic energy ~ 5MeV which
caused the spike in Figure 6.6).

Because it is unlikely that a 2eV photon causes defects in the crystal’s surface, this
indicates that the surface defects involved in these latent bursts of single-e”h™ pair may
not only be caused by the most recent incident particles, but a surface energy deposition
is enough to re-activate a long-lived process in a pre-existing crystal defect on the surface.
Thus reducing surface defects by shielding the substrate throughout its production and
transportation to a clean experimental site may prove valuable. Alternatively, reducing
potential low-energy activation sources (e.g. luminescence sources) which could trigger
secondary long-lived surface leakage from a pre-existing defect. The 2eV photon seems
to result in a long decaying tail of characteristic time of a couple milliseconds, while the
hypothetical ~ 5 MeV alpha results in a decay tail of order kiloseconds. The effect of defects
in silicon caused by H™ ion implantation (kinetic energy O(10keV)) was considered in [219)]
using simulations and comparing with analytic predictions. The study showed that (at a
temperature of T=300K) it would take around 0.1s to half the number of defects. A
detailed study of the dependence of burst time scales on primary surface deposition energy
may be warranted to shine light on the physics involved. Dependence on bias voltage and
substrate temperature may also be investigated.

6.3 Looking Forward

HVeV detectors are currently the most sensitive detectors for 1 MeV-scale electron-recoil
dark matter (ERDM), as demonstrated by HVeV Run 4. HVeV Run 5 data is currently
undergoing analysis, with great potential to widen that lead. The run included detectors
of improved resolution operated in SNOLAB’s Cryogenic Underground TEsting (CUTE)
facility. These new detectors also have an insulating layer on detector faces, intended
to reduce leakage current. Future background mitigation measures have been proposed
in this chapter. While detector ‘baking’ (Fig. 6.1) shows potential for reducing much
of the background rate (particularly low-energy excesses), the fiducialization proposed in
Section 6.1 also has the potential to be a powerful background mitigation tool. Studies on
the signal efficiency of a partition cut similar to that in Fig. 6.3 are also underway. Another
promising avenue is the study of causes of surface leakage discussed in Section 6.2. Surface
defects and energy depositions may result in a prolonged period of charge leakage within
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the semiconductor. Mitigating these defects might help reduce the overall leakage rate.
As HVeV detectors achieve optical (sub-eV) scale resolutions, the detectors may also be
sensitive to effects relevant to optics, materials sciences, and semiconductor physics. HVeV
detectors may also be used to study coherent elastic neutrino-nucleus scattering (CEvNS),
as is done in the RICOCHET experiment [250)].

In this thesis, we considered the evidence for various low-mass particle dark matter
candidates introduced in Ch. 1, from MeV-scale ERDM and eV scale dark bosons consid-
ered in Ch. 4, down to sub-eV axions investigated in Ch. 5. To do so, we also investigated
the detector response modeling of gram-scale semiconducting bolometers (HVeV) in Ch. 3.
Our studies resulted in new regions of parameter space being excluded in the few-MeV
dark ERDM range. The potential of SuperCDMS SNOLARB as an indirect probe of sub-eV
solar axions was demonstrated. Finally, this concluding chapter focused on newly derived
selection criteria to help study and further reduce low-energy background event rates in
HVeV detectors. To extend the reach of HVeV detectors to lower cross-sections for higher
(2 1 MeV) mass ERDM, a larger exposure (kg-days rather than g-days) is needed. While
the residual ‘background’ rate of HVeV detectors is already very competitive with the latest
CCD experiments which also search for low-mass ERDM [251], the CCD experiments are
comprised of many modules providing a larger exposure. The CCD experiments are fast
approaching the freeze-in/out cross-section benchmarks for light ERDM with mass ranges
of 2 100 MeV, as they are limited in the lower mass sensitivity due to a large 1e h™
‘dark current’. HVeV detectors, with their precision calorimetry and lower event rates,
will continue to complement CCD experiments in the < 100 MeV mass range for ERDM.
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Appendix A

Calculating the solar axion rate using
semi-classical field theory

A.1 Relation between field density and axion flux

Figure 1 shows the sun-earth system. For R >> rg.., the volume of a box surrounding the
Earth can be approximated by Vi, = cR?sin(0)A0ApAL, for an arbitrary small period of
time At. The number of axions emitted from the sun in time At is related to the differential
flux of axions a distance R from the sun by:

> d
Nego = ( /0 y g (E,) dEa) (47 R*At) = &y, (4T R2AL). (A1)

Thus the number of axions in the box surrounding the Earth is:

cR?sin(0) AGApAt sin(0)A0Ap ) Dy
N, = =— "~ &, .(4 At) = A2
box 47TCR2 At esc Art tot( TR ) %ox c ( )
Nypos is also given by the "number operator” (a number for a classical field):
(I)tot / 2 d3ka
Niow = Vios = k, A3
o = Vi = [ lalka) s (4.3

Assuming again that R >> rg,., the axions in the box, to a good approximation, all
point in one direction §. This is even a better approximation if we consider only the axions
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around our experiment. So we expand |a(ka)|* = F(|ka|) d(cosd — cosbs) §(¢ — ¢s).

Dy
(27) Vo —2% = /kg F(ka|) dk, (A.4)
C
So, ignoring factors of ¢ and h, F(|ka|) = wa%%(ﬂl) and
2m)3 d
(k)2 = Vo 790 5y 5(cost — costs) (6 — b). (A.5)

E? dE,

which is equation 5.9.

A.2 Green’s functions derivation

We start with a general derivation of the Green function relating the generated electric
field to a current density embedded in an infinite medium of background dielectric constant
£(w). Two of the Maxwell equations (in Gaussian units) are

B _
V x FE + o 0
¢V x H—92 =4rj
and their Fourier transforms follow from taking
% — —w
V — ik
This gives us
ick x E —iwB =0

(A.6)
ick x H 4 1wD = 41y

Note that assuming charge conservation

1k -3 —wp
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from A.6 we immediately get the other two Maxwell equations,

ik-B =0
ik - D =4mp

Now putting

B

H
D =¢w)E

together with k = kk, we can write A.6 as

ckk x E = wB
ckk x B = —we(w)E — 4mig

From the first of A.7 we have
Pk (k x E) = w(ckB)

SO o .
*k*’k x (k x E) = w(ckk x B)
= w(—we(w)E — 4mij)
= —w(w)E — 4wy

where in the second line we have used the second of A.7. Using a vector identity this gives
us

Pk (k(k- E) — E) = —w’c(w)E — 4miwj
or

kPk(k - E) + (we(w) — k?) E = —4miwj (A.8)

Now we want to solve for E, but we are bothered by the IE:(IE:E) term. To get rid of it,
first dot k into and then multiply the result by k. The result is

CRk(k - E) + (w?e(w) — *k?) k(k-E)= —Ariwk(k - §)
or o o
wWie(w)k(k - E) = —4riwk(k - j)
or

Amic’k? - -

Pk(k- E) = k(k-7)

we(w)
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Using this in A.2 we have

(w?e(w) — k) E = —dmiwj + K (k - §)
= —4miw (U — 52 k:k:)
= —4miw ( S5 (U kk) + <1 - 2—k2)> U) g

(w

= 47”6%2 (U kk) - j — dmiw (M) J

w?e(w)

Dividing by (w?e(w) — ¢?k?) and where necessary adding ie, where ¢ is a positive infinites-
imal to w to impose causality, we have

(A.9)

_ Amicdk*(U - kk) - j  Ami
we(w) ((w +i€)?e(w) — ?k?) ws(w)J

B _47Ti02k:2(U —kk)-j _Am,
 w((wHie)? —ck?)  w J

A.2.1 The vacuum Green function

In the vaccum we can write

E(ku w) = Go(kv w) ) J<k7 w)
where .
4ic’k* (U — kk) 4mi

G (k,w) = Cw((wtie)? — k) w

To decompose this into real and imaginary parts we write

1 _ 1 1
(wtie)2—c2k2 — (wie)+ck (w+ie)—ck
— L (-2 —ind(w — ck)) = L P —m‘;(’“*%)
wtck \w—ck T wck \ w—ck c

(k=)

11 (p
A k+2 \ k-2
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and so

79
Go(k,w) _ Ak 1 (kp

w PN 47
e +m6<k——>)(U—kk)——U

which we can write as
G (k,w) = G (k, ) + Gk, w),

where

~

G?(k,(ﬂ) _ 4mk? 1 P ([U ]% ) 47TU

wk:+k‘“

Gk, w) = — 4K L5 (b — @) (U — k)

k+<

= 25 (5 — ) (U — k)

—20 (k= %) (U~ kk)

A.2.2 Including absorption

We now return to the full Green function, where we can omit the ie because we will include
an imaginary part of e(w). From we have

ATic?k2(U — kk) Ami

Gk,w) = we(w) (w2e(w) — k) we(w)

We now put e(w) — 1 in most places except in the resonant denominator, where taking
e(w) = n*(w) and we take

n(w) =1+ ;—Zu(w)

where we take the imaginary part to be very small; here p(w) is the absorption coefficient.
In this limit we write G(k,w) — G(k,w), where

Amic?k?(U — kk)  A4mi

G(k,w) = — - 2'U
(e, ) w(Wn?(w) — 2k?) w
Now
1 _ 1 1 N 1 1
w2n?(w)—c?k? ~ wn(w)+ck wn(w)—ck w+ck wn(w)—ck
1 1 1 1
wck w+i%(w)fck e (k’fﬂfi“(zw))
_1a (e
2 e » =
c? k+% (k_c) 4L (w) (w)
So

— 4mik? 1 k—%)+ § 1) N 471
G(k,w) = (k; g ( : )2 uQQ(W) (U—kk)— —U
¢ (k - Z) + 1
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Thus we can write

G(k,w) = Gr(k,w) +iG;(k,w)

where ( )
drk? 1 ki% 7.1. 4
Gr(k,w) = o FZ (k—%)2+“2§“’) (U—kk) — -~ U
_ 2 Blw) .
GR<k>w) = _wékfﬂ) ((kw)22+u2(w)) (U - kk)
c c 4
71.2 2 ANA
= ‘EkJr’;)L(k, w)(U — kk)
with
L(kaw) - — 2 2(w
T(k—2)° 4 =
Note that

/dk:L(k:,w) ~1

where we formally let integral range from —inf to inf, while if we let pu(w)/2 — ¢, an
infinitesimally small positive number, we have the limit

Lk,w) — (k - f)

c

and Gr(k,w) reduces to G%(k,w), as we would expect.

A.3 Differential rate of photon production

In order to find the differential photon production rate %(Ev) from equation 5.22, which
is needed for the calculation of an event rate 5.1, one must evaluate the integral in 5.22
over axion energies E, while preserving the integral over photon wave-number k = E., /hc.
First, we must convert the 3-dimensional delta function of 5.23 in cartesian coordinates to
one in spherical coordinates via:

E 1 E
G — g N _ =5 _ _ .
69 (k - 328+ G) = 8(k — | -8 = GI) 6(2 — Qas(E)), (A.10)

where the second delta function on the right hand side selects the correct solid angle for
the photon wave vector k, and the infinitesimal photon phase space volume was taken as
d*k = K2dkdS). The first delta function on the right hand side can be written as a sum of
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delta functions over axion energies F:

E hek O((8- G)2 — G2 + k?)

0k —|—8-G|) =
( he ) V(G- G)?2 G2 k2

6(E— E.)+6(E—E_)],  (A.1l)

where

Ei(k) =hc(3-G)+ hey/(3-G)? — G2 + k2, (A.12)

and ©(x) is one when x > 0 and zero otherwise. We can see from A.12 that if the radicand
is zero, F4 (k) = he(8 - G), and as k increases, . > he(8 - G) increases and E_ < he(8 - G)
decreases. Unless ;“(:‘scéf) = he(§ - G), only one of the solutions A.12 could satisfy the delta

function on the right hand side of 5.24.

After evaluating the integral of equation 5.22 over df2, the total energy conversion rate
becomes:

CZE—PZ/OO/Oo K M(E, k,G,8) 6(k |E‘1§ G|) dE, dk (A.13)
dt o Jo hck+E he o ‘

= dE,
for convenience. We then evaluate the inner integral in A.13 using A.11, and we get:

for some constant T and M (B, k, G,8) = % (E,) L(k, E,) (E5x8) ([U - RGSRGS) (Eax8)

e _ /°° [M(E+)@(E+) M(E)@(E)] K k. (A.14)
dt asing | 1+ (B4 /hck) L+ (E_/hck) | \/(3-G)2 — G + k2 ' '
Since dk = dE., /hc, the differential conversion rate can be read off as:
d r E, )O(F E_)O(E_ k?
_R _ —Z@((é'G)Q—GQ—FkQ) M( +> ( +> M( ) ( ) ‘
dE,  hc G hek 4+ B hek + E_ V(E-G)?2 - G2+ k2
(A.15)
Does this reduce to the result in [230] if we take the Lorentzian L to be a delta function?
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Yes. Let g(k) = k — E;—ﬁk) and h(k) = k — E}’i—ﬁk) Then using 6(g/h(k)), we may replace
cach instance of Ey by hick, using the identity [ f(2)d(z — zo)dx = [;° f(20)d(x — z¢)dx
for positive xg. We can now factor the other factors of M (other than L, which are now
the delta functions) out of the square brackets of A.15, along with ©(hck) and 1/2hck.

8(k— 3G)— S(k— &
Next, we note that d(g(k)) = & f;;/gd(lg(sk?ﬁ %) and §(h(k)) = & f;g/@;:(oko)(ls S) " where

ko = G*/2(8 - G). Equation A.15 then becomes:

j_; = % ; O((8- G)* — G* + k*) O(hck) ddga(hck) ‘% G*sin*0 %
{@((é - G) — ko) + O(ko — (8- G))] k?

|dg/dk(ko)] dh/dk(ko)| | \/(3-G)2—G?+k?

(A.16)

The delta function sets all k in equation A.16 to ko, (8- G)*—G*+k3 = (ko— (8- G))* >0
means O((§- G)? — G? + k2) = 1. One can confirm that:

O((8-G)— ko) Ok —(3-G))]  2ko\/(5-G)2 — G2 + k2
R i e ’ (A.17)
and equation A.16 reduces to:
it I g~ sin®(20) do (Tick) O (ficky) 12 G 2 (G 5(k — ko), (A.18)

dE, W4 G dE,

2
Ve

which is of the same form as the conversion rate from Cebrian et al.
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Figure A.1: The Sun-Earth system. Sun is shown emitting solar axions.

kk_(k)

(2) (b)

Figure A.2: (a): (8- G) > 0 case. Two possible directions for final state photons k. (k) =
(Ex(k)/hc)8—G
|(Ex(k)/hc)8—Gl
and incident axion a of direction §. The incident axion with energy E, (k) is represented
by the blue arrow, and the axion with energy E_(k) is the smaller yellow arrow in the
same direction. (b): (§-G) < 0 case for a different axion. It can be seen that in this case,

O(FE_) =01in A.14 for all k, so we only have the F, term contributing to the rate.

are shown, given photon wavevector magnitude £, reciprocal lattice vector G,
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