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Summary

Astrophysical and cosmological observations provide overwhelming evidence for the exis-

tence of non-baryonic dark matter, yet its fundamental particle nature remains one of the

most profound open questions in physics. The absence of signals in conventional GeV/𝑁
2–

TeV/𝑁
2 WIMP searches has driven the field toward unexplored territory: low-mass dark

matter candidates, including sub-GeV/𝑁
2 WIMPs and light bosonic particles such as axion-

like particles and dark photons. Exploring this regime demands ultra-low-threshold detec-

tors, precise sub-keV calibration, rigorous statistical methods, and unprecedented control

of backgrounds.

This thesis presents experimental and phenomenological advances that strengthen the

scientific reach of low-mass dark matter searches, centered on the Super Cryogenic Dark

Matter Search (SuperCDMS) program.

The first part develops a novel sub-keV energy calibration technique for SuperCDMS

silicon high-voltage eV-resolution (HVeV) detectors. Using Compton steps arising from

gamma-ray scattering on bound atomic electrons, distinct spectral features at known atomic

binding energies provide a direct and robust mapping between deposited energy and de-

xxxi



xxxii CONTENTS

tector response at zero bias voltage. A comparison with an independent optical photon

calibration under high bias reveals an approximately 30% di"erence in response, o"ering

new insight into low-energy phonon production mechanisms. This improved calibration

directly enhances sensitivity to light dark matter interactions and refines our understanding

of detector physics at the eV scale.

The second part presents statistically rigorous searches for bosonic dark matter candi-

dates, axion-like particles and dark photons, using SuperCDMS Soudan data. A profile

likelihood ratio framework incorporating detector response modeling, background param-

eterization, signal e!ciencies, and systematic uncertainties is employed to constrain the

axion–electron coupling (𝑂𝑃𝑄) and dark photon kinetic mixing parameter (𝑅). The resulting

limits improve upon previous SuperCDMS constraints by up to a factor of five across the

mass range 40 eV/𝑁
2 to 25 keV/𝑁

2, advancing the exploration of light dark sectors.

The third part investigates neutrino-induced nuclear recoils as an irreducible background

for low-mass WIMP searches. A detailed phenomenological study of reactor antineutrino–

induced coherent elastic neutrino–nucleus scattering is performed using Monte Carlo sim-

ulations tailored to SuperCDMS-like ultra-low-threshold detectors, with reactor spectra

validated against CONUS+ measurements. A profile likelihood analysis demonstrates

that a gigawatt-scale nuclear reactor within approximately 10 km can substantially elevate

the neutrino floor, degrading sensitivity to WIMPs below approximately 10 GeV/𝑁
2. In

contrast, the impact becomes negligible at baselines of order 100 km, identifying reactor

proximity as a critical factor in site selection for next-generation experiments.

The fourth part addresses fast neutrons as a dominant environmental background for

nuclear-recoil-based dark matter searches. EJ-301 liquid scintillation detectors are cali-

brated using gamma-ray and Am–Be neutron sources and modeled with detailed Geant4

simulations that incorporate optical photon production, transport, and scintillation quench-
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ing. The Birks constant is extracted from proton-recoil data, enabling the construction of

a validated neutron response matrix. Unfolding of measured spectra successfully repro-

duces the known source distribution, establishing a robust and experimentally validated

framework for fast-neutron background characterization at underground laboratories.

Together, these studies form a comprehensive framework that integrates detector calibra-

tion at the sub-keV scale, advanced statistical dark matter searches, and precise background

characterization. By strengthening both experimental sensitivity and theoretical interpre-

tation, this work enhances the discovery potential of next-generation ultra-low-threshold

dark matter experiments and advances the global e"ort to uncover the particle nature of

dark matter.
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1.1 The Missing Mass Problem

The current understanding of the Universe relies on the existence of a dominant, non-

luminous component of matter known as dark matter. The necessity for such a component

arises from a persistent and well-established discrepancy between the gravitational mass

inferred from astrophysical observations and the mass accounted for by luminous baryonic

matter. This discrepancy, commonly referred to as the missing mass problem, manifests

across a wide range of physical scales, from individual galaxies to the largest observable

structures in the Universe.

1
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Early quantitative evidence for this missing mass emerged from studies of galaxy clus-

ters, where application of the virial theorem showed that the observed velocity dispersion of

galaxies could not be explained by the gravitational potential of visible matter alone [1, 2].

Subsequent observations across multiple independent probes have consistently reinforced

this conclusion. Galaxy rotation curves reveal flat velocity profiles at large radii, implying

the presence of extended dark matter halos [3, 4]. Gravitational lensing measurements

provide direct evidence of excess mass through relativistic light deflection, most strikingly

in merging galaxy clusters such as the Bullet Cluster [5]. On cosmological scales, obser-

vations of the cosmic microwave background (CMB) anisotropies and large-scale structure

formation further confirm the existence of a non-baryonic matter component [6].

F()*’! 1.1: Energy budget of the Universe as measured by the Planck satellite. The composition
is approximately 5% baryonic matter, 26% dark matter, and 69% dark energy. The
dark matter component exceeds the baryonic matter content by more than a factor of
five [6].

Precise measurements from the Planck satellite indicate that the energy budget of the

Universe (Fig. 1.1) consists of approximately 4.9% baryonic matter, 26.2% dark matter, and
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68.9% dark energy [6], as shown in Fig. 1.1. Dark matter, by definition, does not belong to

the Standard Model of particle physics and interacts predominantly through gravity, with at

most very weak non-gravitational interactions. Despite its elusive nature, the remarkable

agreement among diverse observational probes, ranging from stellar dynamics to early-

Universe plasma oscillations, strongly supports a consistent cosmological framework in

which dark matter constitutes the majority of matter in the Universe. These observations

not only highlight the inadequacy of baryonic matter in explaining gravitational phenomena

but also provide stringent constraints on the distribution and properties of the dark matter

component.

1.1.1 Galaxy Rotation Curves

One of the most direct and compelling pieces of evidence for dark matter arises from the

study of galaxy rotation curves. Early indications of missing mass in galaxies can be traced

back to the work of Kapteyn in the 1920s, while later studies by Zwicky on galaxy clusters

using the virial theorem further strengthened the case for unseen matter [1, 2]. Modern

observations of individual galaxies provide even more striking and direct evidence.

In a gravitationally bound system governed by Newtonian dynamics, the rotational

velocity 𝑟(𝑠) of a star orbiting at a distance 𝑠 from the galactic center is determined by the

enclosed mass 𝑗 (𝑠) as

𝑟(𝑠) =

√
𝑡𝑗 (𝑠)

𝑠

, (1.1)

where 𝑡 is the gravitational constant. If the mass distribution were dominated solely

by luminous matter, primarily stars and gas, then 𝑗 (𝑠) would approach a constant value

beyond the visible extent of the galaxy. In that case, the rotational velocity is expected to

decrease as 𝑟(𝑠) ↗ 𝑠
↑1/2 at large radii.
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However, observations of spiral galaxies, obtained through Doppler measurements of

spectral lines from stars and gas, show a striking deviation from this expectation, as shown

in Fig. 1.2. Instead of declining, the rotation curves remain approximately flat even far

beyond the optical disk of the galaxy [3, 4]. This behavior implies that the enclosed mass

continues to increase with radius.

F()*’! 1.2: Observed galaxy rotation curves compared to the expectation from luminous matter
alone. The flat behavior at large radii indicates the presence of an extended dark matter
halo. Adapted from [7].

A constant rotational velocity at large radii (𝑟 ↘ const.) directly implies

𝑟 =

√
𝑡𝑗 (𝑠)

𝑠

= const.

≃ 𝑗 (𝑠) ↗ 𝑠

≃ 𝑢(𝑠) ↗
1
𝑠

2 , (1.2)

where 𝑢(𝑠) represents the mass density profile. This scaling behavior cannot be explained

by the observed distribution of baryonic matter alone and instead points to the presence of

an additional, non-luminous mass component.
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This discrepancy is naturally resolved by postulating that galaxies are embedded within

extended, approximately spherical dark matter halos that extend well beyond the visible

disk. Empirical and simulation-motivated profiles, such as the Navarro–Frenk–White

(NFW) profile [8], successfully reproduce the observed kinematic behavior of galaxies.

1.1.2 Gravitational Lensing

Gravitational lensing provides a direct and model-independent probe of the total mass

distribution in astrophysical systems, irrespective of the nature or composition of the matter

involved. According to General Relativity, mass and energy curve spacetime, leading to

the deflection of light rays passing near massive objects. When a massive foreground

object (the lens), such as a galaxy or galaxy cluster, lies along the line of sight to a distant

background source, it can bend the light and produce distorted, magnified, or multiple

images of the source [9], as shown in Fig. 1.3.

For a point mass, the deflection angle of a light ray passing at an impact parameter 𝑣 is

given by

𝑖 =
4𝑡𝑗

𝑣𝑁
2 , (1.3)

where 𝑡 is the gravitational constant, 𝑗 is the mass of the lens, 𝑣 is the impact parameter,

and 𝑁 is the speed of light. In realistic astrophysical systems, the deflection is determined

by the projected mass distribution of the lens, and lensing observables can be used to

reconstruct the underlying mass profile [10].

A key result from gravitational lensing studies is that the inferred total mass in galaxies

and galaxy clusters significantly exceeds the mass attributable to luminous baryonic matter

alone. In particular, lensing-derived mass distributions are typically more extended and

massive than those inferred from stars and gas, indicating the presence of an additional,

non-luminous component. Observations of systems such as merging galaxy clusters further
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F()*’! 1.3: Schematic illustration of gravitational lensing. Light from a distant background galaxy
is deflected by the gravitational field of an intervening massive object (lens), such as
a galaxy cluster, producing distorted or multiple images. Analysis of these lensing
distortions allows reconstruction of the total mass distribution of the lens, including
contributions from non-luminous dark matter. Adapted from [11].

demonstrate that this dominant mass component is spatially distinct from baryonic matter,

providing strong and independent evidence for the existence of dark matter [5].

1.1.3 The Bullet Cluster

A particularly striking and direct demonstration of dark matter comes from observations of

merging galaxy clusters, most notably the Bullet Cluster (1E 0657↑558) [5]. This system

formed from the collision of two galaxy clusters approximately 108 years ago, resulting in

a clear spatial separation between di"erent matter components.

During the collision, the majority of the galactic mass behaves approximately as colli-

sionless particles, passing through one another with minimal interaction, as inferred from

gravitational lensing. In contrast, the dominant baryonic component, hot intracluster gas,

interacts electromagnetically and experiences ram-pressure drag, slowing it down and caus-

ing it to accumulate near the collision center. This gas is observed via its X-ray emission,

which traces the distribution of baryonic matter (Fig. 1.4).

The centers of the total mass distribution, obtained from gravitational lensing, and the
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baryonic mass distribution, obtained from Chandra X-ray imaging, do not coincide [5].

This indicates that most of the mass is associated with a component that does not interact

electromagnetically and is e"ectively collisionless.

F()*’! 1.4: Composite image of the Bullet Cluster (1E 0657↑558). X-ray emission (heat map)
traces the hot intracluster gas, which contains the majority of baryonic matter and
is slowed during the collision. Green contours represent the total mass distribution
reconstructed from weak gravitational lensing. The spatial o"set between the gas and
total mass provides direct evidence for a dominant, collisionless dark matter component.
Adapted from [5].

The observed separation between centres of baryonic gas (traced by X-ray emission) and

total gravitational mass (traced by lensing) provides compelling evidence that the dominant

matter component is non-luminous and collisionless. This cannot be explained by baryonic

matter alone and challenges modified gravity theories that do not invoke additional matter

components. The Bullet Cluster thus serves as one of the most direct and robust empirical

confirmations of dark matter.
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1.1.4 Large-Scale Structure Formation

The large-scale distribution of matter in the Universe provides a key line of evidence for

the existence of dark matter. On scales larger than ↓ 100 Mpc, the Universe is observed

to be statistically homogeneous and isotropic. However, on smaller scales (↓ 10–50 Mpc),

galaxy surveys reveal a complex network of structures known as the cosmic web, consisting

of clusters, filaments, and voids. These structures arise from the gravitational growth of

primordial density perturbations in the early Universe [12].

Observationally, large-scale structure is mapped using galaxy redshift surveys, where

the positions and redshifts of galaxies are measured to reconstruct their three-dimensional

distribution. For nearby galaxies (𝑤 ⇐ 1), distances can be approximated using Hubble’s

law,

𝑚 ↘
𝑁

𝑥0
𝑤 , (1.4)

while at higher redshifts, a full cosmological model is required to convert redshift into

distance.

In a Universe composed solely of baryonic matter, the growth of density perturbations

is strongly suppressed prior to recombination due to the tight coupling between baryons

and photons. Consequently, structure formation would proceed too slowly to account for

the observed abundance and distribution of galaxies. In contrast, dark matter, being non-

relativistic and weakly interacting, does not couple to radiation and can begin to grow

under gravity soon after matter–radiation equality. These early dark matter overdensities

form gravitational potential wells into which baryons fall after recombination, leading to

the formation of the observed structures.

Numerical simulations incorporating cold dark matter (CDM) successfully reproduce

both the large-scale distribution of galaxies and the statistical properties of matter clustering
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F()*’! 1.5: Large-scale structure of the Universe from galaxy redshift surveys compared with
numerical simulations based on cold dark matter models. The agreement demonstrates
that cold dark matter successfully reproduces the observed clustering properties of
galaxies. Adapted from [13].

(Fig. 1.5). In contrast, models without dark matter, or those with hot (relativistic) dark

matter, fail to reproduce the observed structures. In particular, hot dark matter suppresses

the formation of small-scale structures due to free-streaming e"ects [12].

In addition to large-scale structure observations, complementary probes such as cosmic

microwave background anisotropies and Big Bang nucleosynthesis provide independent

and consistent constraints on the dark matter content of the Universe [6].

Taken together, the observational evidences discussed above establish a compelling

and coherent case for the existence of dark matter. The consistency across multiple

independent probes, spanning vastly di"erent physical scales and epochs, strongly supports

the conclusion that dark matter is a fundamental component of the Universe. Understanding
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its nature remains one of the central goals of contemporary physics and motivates the

experimental e"orts discussed in the subsequent sections of this thesis.

1.2 Dark Matter

The compelling observational evidence discussed in the previous sections strongly indicates

the presence of a dominant, non-luminous component of matter in the Universe, known

as dark matter (DM). This component constitutes approximately 85% of the total matter

density and plays a central role in the formation and evolution of cosmic structures [6].

Despite its abundance, the fundamental nature of dark matter remains unknown, making it

one of the most important open questions in modern physics.

Within the framework of the Standard Model (SM) of particle physics, there is no viable

candidate that simultaneously satisfies all astrophysical and cosmological constraints on

dark matter. This has motivated extensive theoretical and experimental e"orts to explore

new physics beyond the Standard Model [14].

1.2.1 General Properties of Dark Matter

Observational and cosmological considerations impose several robust and largely model-

independent constraints on the properties of dark matter.

First, dark matter must be non-luminous and electrically neutral, implying that it does

not emit, absorb, or scatter electromagnetic radiation at an observable level. This is

inferred from the absence of electromagnetic signatures associated with the dominant mass

component in astrophysical systems.

Second, dark matter must be non-baryonic. Measurements of primordial light element

abundances and observations of the Cosmic Microwave Background constrain the baryonic
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matter density to be significantly smaller than the total matter density [6]. Therefore, dark

matter cannot be composed of ordinary baryons.

Third, dark matter must be stable on cosmological timescales, or at least possess a

lifetime much longer than the age of the Universe, ensuring its continued presence today.

Fourth, dark matter must be predominantly cold (non-relativistic) at the time of struc-

ture formation. Cold dark matter allows for the growth of small-scale structures, in

agreement with observations, whereas hot dark matter would suppress such structures due

to free-streaming e"ects [12].

Fifth, dark matter must interact predominantly through gravity, with at most very

weak non-gravitational interactions. Observations such as the Bullet Cluster indicate that

dark matter is e"ectively collisionless, placing strong constraints on its self-interaction

cross-section [5].

Taken together, these properties strongly suggest that dark matter consists of a new

form of matter beyond the Standard Model [14].

A wide range of theoretical models has been proposed to explain the nature of dark

matter, spanning many orders of magnitude in mass and interaction strength. These

candidates can be broadly classified according to their production mechanisms in the early

Universe.

Weakly interacting massive particles (WIMPs) are a well-studied class that achieve the

observed relic abundance through thermal freeze-out. In contrast, very weakly interacting

particles can be produced via non-thermal mechanisms such as freeze-in. Light bosonic

candidates, including axions and axion-like particles (ALPs), are typically produced via

coherent oscillations of a light scalar field in the early Universe. Another class, dark

photons, arises from hypothetical hidden-sector gauge symmetries and can kinetically mix

with ordinary photons, leading to distinctive experimental signatures.
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These production scenarios yield characteristic signals that motivate di"erent detec-

tion strategies. In this thesis, a few well-motivated candidates are discussed in detail in

their respective chapters, including their theoretical framework, expected di"erential event

rates, and potential signatures in direct detection experiments. A brief overview of these

candidates is provided below.

1.2.2 Dark Matter Candidates

In this thesis, we focus on three well-motivated classes of dark matter candidates that span

a broad range of masses and interaction strengths. Their typical mass ranges and dominant

interaction channels, along with the corresponding detection strategies, are illustrated in

Fig. 1.6.

Weakly Interacting Massive Particles

Weakly interacting massive particles are among the most extensively studied dark matter

candidates. They arise naturally in well-motivated extensions of the Standard Model, such

as supersymmetry and extra-dimensional theories [14]. WIMPs interact with Standard

Model particles through weak-scale interactions and can naturally reproduce the observed

relic abundance via thermal freeze-out [15].

Typical WIMP masses range from a few GeV to several TeV, although sub-GeV WIMPs

are also possible. They can scatter elastically o" atomic nuclei, producing nuclear recoils

with characteristic energy spectra, which makes them prime targets for direct detection

experiments.
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F()*’! 1.6: Representative dark matter candidates considered in this thesis, showing their approx-
imate mass ranges and interaction strengths, together with the corresponding experi-
mental detection strategies. Adapted from [16].

Axions and Axion-Like Particles

Axions were originally proposed to solve the strong CP problem in quantum chromody-

namics (QCD) [17–19]. More generally, ALPs arise in theories with spontaneously broken

global symmetries and are well-motivated in string-inspired frameworks [20].

Unlike WIMPs, axions and ALPs are typically produced non-thermally in the early

Universe through coherent oscillations of a light scalar field, following the spontaneous

breaking of the underlying symmetry. Their interactions with Standard Model particles

are suppressed by a large energy scale, resulting in extremely weak couplings. These

particles can be probed experimentally via their interactions with photons (Primako"

e"ect) or electrons, making them particularly relevant for low-threshold direct detection

experiments [21].
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Dark Photons

Dark photons are hypothetical vector bosons associated with an additional 𝑦 (1) gauge

symmetry in a hidden sector [22]. They can kinetically mix with the ordinary photon,

providing a portal between the dark sector and Standard Model particles.

Depending on their mass and production mechanism, dark photons can constitute all

or part of the dark matter density. They can be detected in direct detection experiments

through absorption or scattering, producing monoenergetic electron recoil signatures in

detector materials [23]. Light dark photons produced via non-thermal mechanisms, such

as freeze-in or misalignment-like processes, are particularly relevant for low-threshold

searches.

1.2.3 Dark Matter Detection Strategies

Given the wide range of viable dark matter candidates, multiple complementary detection

strategies have been developed to probe their properties. These approaches can be broadly

classified into collider searches, indirect detection, and direct detection. A schematic

overview of these detection techniques is shown in Fig. 1.7.

For clarity, we denote Standard Model particles by 𝑧 and dark matter particles by 𝑀.

• Collider Searches (𝑧 𝑧 → 𝑀 𝑀): In high-energy particle collisions, such as those

at the Large Hadron Collider (LHC), dark matter particles may be produced if

kinematically accessible. Since dark matter particles are weakly interacting, they

escape the detector without depositing energy. Their presence is therefore inferred

from an imbalance in the measured momentum, commonly referred to as missing

transverse energy.
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F()*’! 1.7: Schematic representation of the three primary dark matter detection strategies: collider
production, indirect detection, and direct detection.

• Indirect Detection (𝑀 𝑀 → 𝑧 𝑧): Indirect detection experiments search for Standard

Model particles produced via dark matter annihilation or decay in astrophysical

environments, such as the Galactic center, dwarf spheroidal galaxies, or galaxy

clusters. Observable signatures include gamma rays, neutrinos, and charged cosmic

rays, which arise from the decay or hadronization of the primary annihilation or

decay products. The expected signal depends on the dark matter density distribution

and annihilation or decay rates.

• Direct Detection (𝑀 𝑧 → 𝑀 𝑧): Direct detection experiments aim to measure the

scattering or absorption of dark matter particles in terrestrial detectors. For WIMP-

like candidates, this typically involves elastic scattering o" nuclei, producing nuclear

recoils with energies in the eV–keV range. In contrast, lighter dark matter candi-

dates, such as axions, axion-like particles, or dark photons, can deposit energy via

absorption processes, leading to electron recoil signals.
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Among these approaches, direct detection experiments are uniquely sensitive to the

local dark matter density and probe dark matter interactions at very low energies. The

search for low-mass dark matter, in particular, requires detectors with ultra-low energy

thresholds, excellent energy resolution, and strong background discrimination capabilities.

In this following section, we focus on the theoretical and experimental framework of direct

detection, which forms the central theme of this thesis.

1.3 Direct Detection of Dark Matter

Direct detection experiments aim to observe the interaction of DM particles with ordinary

matter in terrestrial detectors. Unlike indirect or collider-based searches, direct detection

probes the local dark matter halo of the Milky Way and is therefore sensitive to the present-

day properties of dark matter [14, 24]. The basic principle involves measuring the small

energy deposited when a dark matter particle scatters o" or is absorbed by atoms in the

detector medium.

Given the wide range of viable dark matter candidates, the underlying interaction

mechanisms and resulting signal characteristics can di"er significantly. For example,

weakly interacting massive particles predominantly produce nuclear recoils through elastic

scattering, whereas lighter candidates such as axions, axion-like particles, and dark photons

typically deposit energy via absorption processes, leading to electron recoil signals.

As a result, the theoretical framework governing the expected event rates and signal

spectra is inherently model-dependent. Therefore, detailed formulations of interaction

rates, cross-sections, and detector responses are presented separately in the respective

chapters dedicated to each dark matter candidate.

Over the past decades, significant advances in detector technology have enabled un-
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precedented sensitivity to rare interaction events, pushing experimental searches into

regimes where irreducible backgrounds, such as neutrinos, become increasingly impor-

tant [25]. In the following, we provide an overview of the key interaction channels and

experimental techniques employed in direct detection experiments.

1.3.1 Dark Matter Interactions with Matter

Direct detection experiments probe two primary interaction channels: nuclear recoils and

electron recoils.

Nuclear Recoils: In elastic scattering o" nuclei, a dark matter particle transfers kinetic

energy to the nucleus, producing a nuclear recoil. This channel is most relevant for WIMP-

like candidates, with typical recoil energies in the keV range [24]. The recoil spectrum is

approximately exponential, with most events occurring at low energies.

Electron Recoils: Light dark matter candidates, such as axions, axion-like particles,

and dark photons, can interact with electrons via scattering or absorption processes. These

interactions typically produce electron recoils at sub-keV energies, requiring detectors with

ultra-low energy thresholds [23, 26].

The distinction between nuclear and electron recoils is crucial for background discrim-

ination, as most radioactive backgrounds predominantly produce electron recoil signals.

1.3.2 Experimental Detection Techniques

Modern direct detection experiments employ a variety of detection technologies to mea-

sure the small energy depositions associated with dark matter interactions. The primary

observables include ionization, scintillation, and phonons.

Ionization Detectors: Semiconductor detectors, such as germanium and silicon, mea-

sure the charge produced by ionization. These detectors provide excellent energy resolution
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and low energy thresholds, making them particularly suitable for low-mass dark matter

searches [16].

Scintillation Detectors: Noble liquid detectors, such as liquid xenon and argon, pro-

duce scintillation light when particles interact within the medium. Dual-phase time projec-

tion chambers (TPCs) measure both scintillation and ionization signals, enabling powerful

background discrimination [16].

Cryogenic Phonon Detectors: Cryogenic detectors operate at millikelvin temperatures

and measure phonons generated by particle interactions. Experiments such as SuperCDMS

utilize combined phonon and ionization measurements to achieve excellent background

rejection and ultra-low energy thresholds [16].

PICO, CUORE

CRESST,
NUCLEUS,
COSINUS,

EDELWEISS ,
CDMS

XENON,
LUX/LZ,
PandaX,
DarkSide

DEAP,ANAIS ,
DAMA/LIBRA,

COSINE, XMass ,

SNO+

CONUS,

TEXONO,

MAJORANA,

CDEX, DAMIC,

LEGEND

MINER,

CUPID
AMoRE,

F()*’! 1.8: Primary signal channels in direct detection experiments: phonons (heat), scintillation
(light), and ionization (charge). Di"erent detector technologies exploit one or more
of these observables to enhance sensitivity and background discrimination. Adapted
from [16].

Simultaneous measurement of multiple signal channels (see Fig. 1.8) enables powerful
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discrimination between nuclear recoil and electron recoil events, which is essential for

suppressing background contributions. This discrimination is typically achieved through

the use of yield parameters. In detectors that measure both ionization and phonons,

such as cryogenic semiconductor experiments, the ionization yield, defined as the ratio of

ionization energy to total recoil energy, di"ers significantly between nuclear and electron

recoils, allowing e!cient event-by-event separation at su!ciently high energies. Similarly,

in detectors combining scintillation with either ionization or phonons, the light yield, the

ratio of scintillation signal to deposited energy, provides a robust handle for distinguishing

between interaction types. Nuclear recoils generally produce less ionization or scintillation

compared to electron recoils of the same energy due to quenching e"ects [27, 28]. At very

low recoil energies, however, this discrimination becomes less e"ective due to reduced

signal-to-noise ratios, and statistical separation techniques are often required. These multi-

channel detection techniques form the basis of background discrimination strategies in

modern direct detection experiments.

1.3.3 Backgrounds in Direct Detection

A major challenge in direct detection experiments is the suppression and precise understand-

ing of background events that can mimic dark matter signals [24, 25]. These backgrounds

are broadly classified based on their origin into radiogenic and cosmogenic sources, each

contributing through di"erent physical processes.

Radiogenic Backgrounds: Radiogenic backgrounds arise from radioactive decays

within detector materials and the surrounding environment. Trace contamination from

isotopes such as 238U, 232Th, and 40K leads to the emission of gamma rays and beta

particles, producing predominantly electron recoil events [29, 30].

In addition to electromagnetic backgrounds, radiogenic processes can also generate
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neutrons through spontaneous fission and (𝑖, 𝑎) reactions. These neutrons can scatter

elastically o" nuclei, producing nuclear recoils that are indistinguishable from WIMP-

like dark matter interactions on an event-by-event basis [24]. Consequently, fast neutrons

constitute one of the most critical backgrounds for direct detection experiments.

Cosmogenic Backgrounds: Cosmogenic backgrounds originate from cosmic-ray in-

teractions. Even in deep underground laboratories, high-energy muons can penetrate the

overburden and produce secondary particles through spallation processes [31]. These in-

teractions can generate fast neutrons, which can induce nuclear recoils similar to those

expected from dark matter.

At the highest experimental sensitivities, neutrino-induced recoils form an additional

and irreducible component of the cosmogenic background. Neutrinos interact with detector

nuclei via coherent elastic neutrino–nucleus scattering (CE𝐿NS), producing nuclear recoils

that are indistinguishable from dark matter signals on an event-by-event basis [25]. The

CE𝐿NS cross-section is coherently enhanced approximately as 𝑐
2, making this e"ect

particularly important for heavy target nuclei.

The dominant neutrino sources include solar neutrinos, atmospheric neutrinos, and

reactor antineutrinos [25]. Solar neutrinos dominate the background for low-mass dark

matter searches, while atmospheric neutrinos become relevant at higher masses. Reactor

antineutrinos can significantly enhance the neutrino-induced background for experiments

located near nuclear facilities.

The recoil spectrum from neutrino interactions closely resembles that expected from

low-mass dark matter, particularly in the sub-10 GeV/𝑁2 region. This irreducible back-

ground defines the so-called neutrino floor, where statistical discrimination between signal

and background becomes increasingly challenging [25].

Mitigation strategies include operating detectors in deep underground laboratories to
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suppress cosmic-ray flux, employing passive shielding to reduce gamma and neutron back-

grounds, using active veto systems to tag cosmogenic events, and selecting ultra-low

radioactivity materials for detector construction [29, 32]. While radiogenic and cosmo-

genic neutron backgrounds can be significantly reduced, neutrino-induced recoils cannot

be shielded and must instead be modeled and statistically distinguished from potential dark

matter signals.

1.3.4 Current Status of Direct Detection Experiments

Direct detection experiments have made substantial progress over the past decade, probing

an increasingly broad region of dark matter parameter space across a variety of candidate

models [14]. In the high-mass regime, particularly for WIMPs, experiments based on liquid

noble gas time projection chambers have achieved leading sensitivities. These experiments

have constrained the spin-independent dark matter–nucleon scattering cross-section down

to ↓ 10↑47 cm2 for dark matter masses of O(10) GeV/𝑁2 [29].

The absence of a confirmed signal in this parameter space has motivated a strong shift

in focus toward the low-mass region below ↓ 10 GeV/𝑁
2, where experimental sensitivity

is primarily limited by detector energy thresholds and background discrimination. In this

regime, cryogenic detectors play a central role due to their excellent energy resolution

and ultra-low threshold capabilities. Operating at millikelvin temperatures, these detectors

measure athermal phonons with high precision, enabling sensitivity to energy depositions

at the eV to sub-keV scale. This makes them particularly well suited for searches for

low-mass dark matter candidates [30].

Recent technological developments in cryogenic semiconductor detectors, together

with innovations such as skipper charge-coupled devices (CCDs), have significantly ex-

tended sensitivity into the sub-GeV dark matter regime [26]. These ultra-low-threshold



22 CHAPTER !. INTRODUCTION

technologies enable the exploration of interaction channels beyond conventional nuclear

recoils, including electron recoils and absorption processes. Such channels are particularly

relevant for light dark matter candidates, including axions, ALPs, and dark photons.

A diverse set of experimental approaches, including liquid noble detectors, cryogenic

detectors, and other solid-state technologies, collectively probe a wide range of interaction

channels and energy scales. Among these, cryogenic detectors remain at the forefront of

low-mass dark matter searches, where achieving ultra-low thresholds and precise energy

reconstruction is critical.

Despite these advances, no conclusive evidence for dark matter has yet been observed.

As experimental sensitivities continue to improve, they are approaching regimes where

irreducible backgrounds, particularly those arising from coherent elastic neutrino–nucleus

scattering (CE𝐿NS), become increasingly significant [25]. Future progress will therefore

require not only increased exposure and further background reduction, but also continued

innovation in detector technologies optimized for rare-event detection at ultra-low energies.

The current global experimental landscape for dark matter candidates, including WIMPs,

axions/axion-like particles, and dark photons, is summarized in Fig. 1.9.

By simultaneously measuring phonon and ionization signals at millikelvin temperatures,

cryogenic semiconductor detectors achieve precise energy reconstruction and powerful

discrimination between electron and nuclear recoils, enabling sensitivity to a broad range of

dark matter interaction channels. The Super Cryogenic Dark Matter Search (SuperCDMS)

experiment represents a leading implementation of this approach. Designed specifically to

probe the low-mass dark matter parameter space, SuperCDMS employs advanced cryogenic

detector technologies to achieve ultra-low energy thresholds and excellent background

rejection. The central focus of this thesis is the search for low-mass dark matter using

the SuperCDMS experiment. These e"orts are essential for enabling robust and sensitive
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F()*’! 1.9: Exclusion curves (90% CL) from global direct detection experiments. Top: constraints
on WIMP–nucleon scattering cross-section, including the neutrino floor. Bottom
left: limits on axions/ALPs. Bottom right: limits on dark photons. Results from
experiments including SuperCDMS, EDELWEISS, Majorana, SENSEI, TESSERACT,
PICO, DarkSide, CRESST, LZ, PandaX, and XENON are shown. Adapted from [16].

searches for low-mass dark matter candidates.

1.4 Scope and Outline of This Thesis

This thesis presents a comprehensive and experimentally grounded framework for the search

for low-mass dark matter, combining detailed studies of cryogenic detector physics, preci-
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sion calibration, background characterization, and statistically rigorous analysis techniques

to maximize sensitivity to rare interactions.

A central focus of this work is the characterization of SuperCDMS silicon cryogenic

calorimeters and the development of a novel sub-keV energy calibration. Bias-dependent

studies of detector response, together with precise sub-keV calibration using Si Compton

steps, improve the understanding of detector behavior for low energy depositions and enable

enhanced sensitivity to dark matter candidates with masses in the sub-GeV/𝑁2 range for

WIMPs and down to a few eV/𝑁2 for axion-like particles and dark photons [33, 34].

Statistical analysis is another key component of this work. Profile likelihood ratio

(PLR) methods are applied to SuperCDMS Soudan data to constrain couplings of axion-

like particles and dark photons, providing improved sensitivity compared to conventional

Poisson or Optimum Interval approaches.

Background characterization is an important complementary aspect of this thesis. In-

dependent studies of coherent elastic neutrino–nucleus scattering (CE𝐿NS) quantify the

impact of reactor antineutrino fluxes on the neutrino floor, emphasizing site-dependent

considerations for future low-threshold experiments. Additionally, fast-neutron energy cal-

ibrations using EJ-301 liquid scintillation detectors provide validated tools for modeling

and mitigating nuclear-recoil backgrounds, ensuring robust interpretation of potential dark

matter signals.

Collectively, these studies enhance the scientific reach of SuperCDMS and other direct-

detection experiments, guiding future detector design, experimental site selection, and

analysis strategies for probing the particle nature of dark matter.

The thesis is organized as follows: Chapter 2 provides an overview of the SuperCDMS

experiment. Chapter 3 presents a comprehensive study of Compton-step-based sub-keV

energy calibration and bias-dependent detector response in SuperCDMS silicon detectors.
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Chapter 4 reports searches for axion-like particles and dark photons using PLR methods

in SuperCDMS. Chapter 5 investigates the impact of reactor antineutrino–induced CE𝐿NS

on the neutrino floor for low-mass WIMP searches. Chapter 6 focuses on fast-neutron

background characterization and the calibration of EJ-301 liquid scintillation detectors.

Finally, Chapter 7 is the concluding chapter summarises the key findings and discusses

their future implications for advancing direct dark matter searches.
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2.1 SuperCDMS Experiment

The Super Cryogenic Dark Matter Search (SuperCDMS) experiment is a direct detection

program designed to search for dark matter particle through its interactions with atomic

nuclei or electrons in ultra-sensitive cryogenic detectors. Building on the success of earlier

CDMS experiments, SuperCDMS employs advanced semiconductor detector technologies

operated at millikelvin temperatures to achieve exceptional sensitivity to rare and low-

29
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energy interactions.

A defining feature of the SuperCDMS approach is the simultaneous measurement of

phonon and ionization signals, which enables precise energy reconstruction and power-

ful discrimination between signal and background events. Over successive experimental

phases, the collaboration has continuously improved detector performance, background

rejection, and energy thresholds, allowing it to explore increasingly challenging regions of

dark matter parameter space.

In particular, recent theoretical developments and experimental advances have moti-

vated a strong focus on the search for low-mass dark matter candidates. This forms the

basis of the dedicated low-mass dark matter program within SuperCDMS.

2.1.1 Low-Mass Dark Matter Program in SuperCDMS

In the context of direct detection of dark matter, particular attention has been devoted

to Weakly Interacting Massive Particles (WIMPs). While traditional experiments have

focused on WIMP masses above ↓ 10 GeV/𝑁
2, increasing theoretical and experimental

interest has shifted toward the low-mass regime (↭ 10 GeV/𝑁
2), motivated by models such

as asymmetric dark matter, hidden-sector dark matter, and other sub-GeV candidates.

Detecting low-mass dark matter presents significant experimental challenges. The

maximum recoil energy transferred in an elastic collision between a dark matter particle of

mass 𝑕𝑀 and a target nucleus of mass 𝑗 is given by

𝑍
max
𝑠

↘
2𝑉2

𝑟
2

𝑗

, (2.1)

where 𝑉 = 𝑕𝐿𝑗

𝑕𝐿+𝑗
is the reduced mass and 𝑟 ↓ 10↑3

𝑁 is the typical dark matter velocity in the

Galactic halo. For 𝑕𝑀 ⇐ 𝑗 , the recoil energy scales approximately as 𝑍𝑠 ↗ 𝑕
2
𝑀
, leading
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to recoil energies in the sub-keV or even eV range. This places stringent requirements on

detector thresholds and noise performance.

The SuperCDMS experiment is specifically designed to probe this low-mass regime

using cryogenic semiconductor detectors operated at millikelvin temperatures [1]. At such

low temperatures, thermal noise is strongly suppressed, enabling sensitivity to extremely

small energy depositions.

SuperCDMS detectors are based on high-purity germanium (Ge) and silicon (Si) crys-

tals that simultaneously measure phonon and ionization signals produced by particle in-

teractions. This dual-channel readout provides powerful discrimination between electron

recoils and nuclear recoils, while maintaining excellent energy resolution at low energies [2,

3].

The phonon signal is measured using superconducting sensors, primarily Transition

Edge Sensors, coupled to aluminum phonon-collecting fins. These sensors operate in

the narrow transition region between superconducting and normal states, where small

temperature changes result in large resistance variations. The TES signals are read out

using Superconducting Quantum Interference Devices (SQUIDs), enabling sensitivity to

energy depositions at the level of a few electronvolts [4–6].

An important feature of SuperCDMS detectors is the ability to operate in high-voltage

(HV) mode, where the drift of charge carriers in an applied electric field produces additional

phonons via the Neganov–Trofimov–Luke (NTL) e"ect. This mechanism amplifies the

phonon signal in proportion to the number of electron–hole pairs, enabling ultra-low energy

thresholds and extending sensitivity to sub-GeV dark matter candidates [7]. However, this

comes at the cost of losing event-by-event discrimination between electron recoils (ER)

and nuclear recoils (NR). At high bias voltage, the phonon signal becomes dominated by

NTL phonons, which are directly proportional to the ionization produced in the event. As



32 CHAPTER ". OVERVIEW OF SUPERCDMS EXPERIMENT

a result, the measured phonon signal e"ectively tracks the ionization signal, and the two

observables (Phonon and ionization) are no longer independent. This removes the ability

to construct an ionization yield parameter, thereby collapsing the discrimination space and

preventing ER/NR separation on an event-by-event basis.

The SuperCDMS program has evolved through multiple experimental phases. Earlier

deployments at the Soudan Underground Laboratory demonstrated the e"ectiveness of

cryogenic detector technology and established leading limits on low-mass dark matter

interactions [2]. The next-generation experiment at SNOLAB builds upon these results

with improved detector design, larger target mass, and a lower background environment [8,

9].

Together, these developments enable SuperCDMS to explore previously inaccessible

regions of parameter space and to serve as a leading platform for investigating dark matter

interactions at the lowest accessible energy scales.

2.1.2 Scientific Goals of SuperCDMS

The primary scientific objective of the SuperCDMS program is to search for low mass dark

matter candidates with world-leading sensitivity. This region of parameter space remains

largely unexplored due to the experimental challenges associated with detecting extremely

small energy depositions.

Traditional direct detection experiments, optimized for heavy WIMPs (↫ 10 GeV/𝑁
2),

typically have energy thresholds of order keV. Such thresholds severely limit their sensitivity

to lighter dark matter particles, for which the expected recoil energies fall below the

detection threshold. SuperCDMS addresses this limitation through the development of

phonon-sensitive detectors with sub-keV and even eV-scale thresholds [8, 10].

The scientific goals of SuperCDMS can be broadly categorized as follows:
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• Search for low-mass WIMPs: SuperCDMS primarily aims to detect nuclear recoils

induced by WIMPs with masses below ↓ 10 GeV/𝑁
2. By achieving ultra-low energy

thresholds, the experiment probes spin-independent interaction cross sections beyond

the reach of previous experiments [1, 8].

• Probe sub-GeV bosonic dark matter candidates: In addition to nuclear recoils, Su-

perCDMS is sensitive to electron recoils arising from interactions of light dark matter

candidates such as axion-like particles (ALPs), dark photons, and other hidden-sector

particles. These interactions can occur via scattering or absorption processes, pro-

ducing signals at the eV scale [11–13].

• Search for fractionally charged particles: SuperCDMS is also sensitive to particles

carrying electric charges smaller than that of the electron, i.e., 𝑏 = 𝑞 𝑄 with 0 < 𝑞 < 1.

Such particles would produce signals significantly smaller than those expected from

minimum ionizing particles. Previous SuperCDMS analyses have placed constraints

on the parameter space of fractionally charged particles by setting upper limits on

their interaction rates (and hence intensity) as a function of the fractional charge

𝑞 [14, 15].

• Approach the neutrino floor: As detector sensitivities improve, neutrino-induced

backgrounds from solar, atmospheric, and di"use supernova neutrinos become in-

creasingly relevant. SuperCDMS aims to reach parameter space approaching the so-

called neutrino floor, where coherent elastic neutrino–nucleus scattering (CE𝐿NS)

from solar neutrinos constitutes an irreducible background [1]. In this regime,

dark matter searches become increasingly challenging due to the similarity between

WIMP-induced nuclear recoils and neutrino-induced recoils. Consequently, novel

detection strategies will be required to distinguish signals below the neutrino floor.
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• Advance cryogenic detector technology: A key objective of SuperCDMS is the con-

tinued development of cryogenic detector technologies, including improved phonon

sensors, optimized charge readout, and scalable detector architectures. These ad-

vancements are essential for future experiments aiming to achieve even lower energy

thresholds and larger exposures [1].

Achieving these goals requires ultra-low energy thresholds, excellent energy resolu-

tion, and stringent control of backgrounds from radioactive contamination, cosmogenic

activation, and environmental radiation. The combination of these capabilities positions

SuperCDMS as a leading experiment in the global e"ort to detect low-mass dark matter.

2.2 Detector Technology

SuperCDMS detectors are based on high-purity Ge and Si crystals operated at cryogenic

temperatures (↓ 10–50 mK). At these temperatures, thermal excitations are strongly sup-

pressed, allowing extremely small energy depositions to be measured with high precision.

When a particle interacts within the detector, its energy is partitioned into lattice excitations

(phonons) and electron–hole (𝑄/𝑋) pair creation. The simultaneous measurement of these

two channels enables precise energy reconstruction and powerful discrimination between

di"erent types of interactions [6, 7, 16].

The core detector design is the interleaved Z-sensitive Ionization and Phonon (iZIP)

configuration. Each iZIP consists of a cylindrical semiconductor crystal instrumented

on both faces with interleaved phonon sensors and ionization electrodes. This geometry

enables three-dimensional event reconstruction and provides strong rejection of surface

backgrounds, which typically exhibit incomplete charge collection.
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During operation, a voltage bias is applied across the detector, causing electron–hole

pairs generated by particle interactions to drift toward the electrodes. The drift of these

charge carriers produces additional phonons through the NTL e"ect, e"ectively amplifying

the phonon signal. SuperCDMS detectors can therefore be operated in two complementary

modes:

• Standard iZIP mode: A low bias voltage (±2–4 V) is applied, enabling precise

position reconstruction and excellent background discrimination through simultane-

ous phonon and ionization readout. Such operating mode is called low background

mode.

• High-voltage mode: A larger bias voltage (typically 70–150 V) is applied to enhance

the phonon signal via NTL amplification. This mode sacrifices ER-NR discrimina-

tion capability in favor of achieving extremely low energy thresholds, extending

sensitivity to sub-keV and eV-scale energy depositions [7]. Such operation is called

low-threshold mode.

2.2.1 Ionization Signal

When a particle interacts with the detector, a portion of its deposited energy produces

electron–hole (𝑄↑/𝑋+) pairs through ionization processes in the semiconductor crystal [6,

7]. In cryogenic Ge and Si detectors, the average energy required to create a single electron–

hole pair is 𝑅 ↘ 3.0 eV for Ge and 3.8 eV for Si. These values are significantly larger than

the corresponding bandgap energies (𝑍𝑂 ↘ 0.74 eV for Ge and 1.12 eV for Si), reflecting

additional energy losses to phonon production during the charge creation process [6]. This

additional energy loss arises because Ge and Si are indirect bandgap semiconductors, in

which momentum conservation during electron excitation requires the involvement of the
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crystal lattice. As a result, phonons must be produced to provide the necessary momentum

transfer, leading to energy being partitioned between ionization and lattice excitations.

Following their creation, the charge carriers form a localized cloud near the interaction

site and drift under the applied electric field toward the detector electrodes. During trans-

port, carriers may be trapped by impurities or crystal defects, reducing charge collection

e!ciency. To mitigate these e"ects, periodic LED flashing is used to neutralize space

charge and restore the electric field configuration [6].

The motion of charge carriers induces signals on the electrodes. The amplitude of the

charge pulse is proportional to total image charge created. The total ionization energy is

given by

𝑍𝛩 = 𝑐
𝑄/𝑋 𝑅 , (2.2)

where 𝑐
𝑄/𝑋 is the number of electron–hole pairs.

The ionization yield is defined as

𝛬 (𝑍𝑠) =
𝑍𝛩

𝑍𝑠

, (2.3)

where 𝑍𝑠 is the recoil energy. Electron recoils typically exhibit𝛬 ↘ 1, while nuclear recoils

have suppressed yield (𝛬 < 1), as a larger fraction of the recoil energy is transferred to

lattice excitations. This behavior is commonly described by Lindhard quenching theory.

The number of charge carriers can therefore be written as

𝑐
𝑄/𝑋 =

𝛬 (𝑍𝑠) 𝑍𝑠

𝑅

. (2.4)

In HV mode, the drift of these charge carriers under a strong electric field produces

additional phonons via the NTL e"ect [17], thereby amplifying the phonon signal and

improving sensitivity to low-energy recoils [7].



".". DETECTOR TECHNOLOGY 37

2.2.2 Phonon Signal

Phonons are quanta of lattice vibrations generated when energy is deposited in the detec-

tor crystal [18]. The total phonon signal in SuperCDMS detectors consists of multiple

contributions arising from di"erent physical processes.

Three primary phonon components are identified:

1. Primary phonons: generated directly from the initial recoil,

2. NTL phonons: produced during charge drift,

3. Relaxation phonons: generated during charge recombination near surfaces.

At cryogenic temperatures (𝑆 ↓ 10–50 mK), the thermal phonon population in a

solid is strongly suppressed. The phonon occupation number follows the Bose–Einstein

distribution,

⇒𝑎(𝛯)⇑ =
1

𝑄
ε𝛯/𝑔𝑀𝑆 ↑ 1

, (2.5)

where ε𝛯 is the phonon energy and 𝑔𝑜𝑆 is the thermal energy scale. In the low-temperature

limit, for modes satisfying ε𝛯 ⇓ 𝑔𝑜𝑆 , the occupation number reduces to

⇒𝑎(𝛯)⇑ ↘ 𝑄
↑ε𝛯/𝑔𝑀𝑆 ⇐ 1, (2.6)

indicating an exponential suppression of thermal phonons.

In the Debye approximation, the total thermal energy of the lattice scales as

𝑦 (𝑆) ↗ 𝑆
4
, (2.7)

for temperatures well below the Debye temperature. As a result, at ↓mK temperatures, the

lattice contains a negligible population of thermal phonons and is close to its ground vibra-

tional state. When a particle scatters o" an electron or nucleus in the crystal, a significant
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fraction of the deposited energy is converted into lattice excitations, with approximately

70% of the energy ultimately transmitted as phonons through the subsequent thermaliza-

tion cascade. Such interactions generate non-equilibrium (athermal) phonons, which have

energies significantly above the thermal background. These phonons propagate through

the crystal and can be collected by sensors before thermalization, enabling highly sensitive

phonon detection.

Primary Phonons

Primary phonons are generated promptly at the interaction site and initially possess high

frequencies. Their propagation through the crystal is governed by:

• Anharmonic decay: high-frequency phonons decay into multiple lower-energy

phonons,

• Elastic isotope scattering: phonons scatter elastically o" isotopic disorder and

impurities.

As phonons down-convert in frequency, their mean free path increases, and they even-

tually propagate ballistically across the detector. The detector phonon sensors located on

the top and bottom surfaces, primarily collect the phonons during this ballistic scattering

of phonons.

The energy stored in primary phonons is given by [19]

𝑍𝛥 = 𝑍𝑠 ↑ 𝑐
𝑄/𝑋𝑍𝑂, (2.8)

where 𝑍𝑂 represents the bandgap energy associated with electron–hole pair creation. This

expression reflects the partitioning of recoil energy between ionization and lattice excitation

at the microscopic level.
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Relaxation Phonons

As charge carriers drift and eventually recombine or relax to the Fermi level near detector

surfaces, their residual energy is released into the lattice as phonons. These relaxation

phonons are typically produced near the detector surfaces and are e!ciently collected by

the phonon sensors.

The corresponding energy contribution can be expressed as [19],

𝑍𝛱 = 𝑐
𝑄/𝑋𝑍𝑂 + 𝑍K.E., (2.9)

where𝑍K.E. denotes the residual kinetic energy of the charge carriers prior to recombination.

NTL Phonons

NTL phonons arise from the work done by the electric field on drifting charge carriers.

As electrons and holes traverse a potential di"erence 𝛴𝑣, they gain energy 𝑏𝛴𝑣, which is

subsequently transferred to the lattice as phonons.

The total NTL phonon energy is given by [19]

𝑍Luke = 𝑏𝑐
𝑄/𝑋𝛴𝑣 ↑ 𝑍K.E. (2.10)

𝑍K.E. is returned to the crystal during the relaxation of the carriers.

Total Phonon Energy

The total phonon energy measured is the sum of all contributions:

𝑍
total
ph = 𝑍𝛥 + 𝑍𝛱 + 𝑍Luke (2.11)

= 𝑍𝑠 + 𝑏𝑐
𝑄/𝑋𝛴𝑣 . (2.12)

Using 𝑐
𝑄/𝑋 = 𝑍𝛩/𝑅 , this becomes

𝑍
total
ph = 𝑍𝑠

(
1 +

𝑏𝛴𝑣

𝑅

𝛬 (𝑍𝑠)

)
. (2.13)
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Phonon Detection with Transition Edge Sensors (TES)

Phonons generated in the detector are measured using quasiparticle-trap-assisted electrothermal-

feedback Transition Edge Sensors (QETs). Each QET consists of superconducting alu-

minum (Al) phonon-collecting fins coupled to a tungsten (W) Transition Edge Sensor. The

Al fins possess a higher superconducting critical temperature (𝑆𝑇 ↓ 1.2 K) compared to

the tungsten TES, which is operated within its superconducting transition at millikelvin

temperatures (𝑆𝑇 ↓ 10–80 mK). The detector is cooled such that the aluminum fins re-

main in the superconducting state, while the tungsten TES is biased and maintained within

its superconducting-to-normal transition using electrothermal feedback, enabling highly

sensitive temperature-dependent resistance measurements.

When a phonon in the detector reaches a bare Ge/Si surface, it is predominantly reflected

back into the detector. In contrast, if a phonon encounters a surface instrumented with an

aluminum fin, it can be absorbed into the fin. Ballistic phonons may undergo multiple

reflections within the detector volume until they eventually enter a phonon-absorbing fin.

Incident phonons absorbed in the Al fins lead to the breaking of Cooper pairs and the

generation of quasiparticles. The characteristic energy scale required for quasiparticle

creation in a superconductor is determined by the superconducting energy gap, given

approximately by

𝑍gap ↘ 1.76 𝑔𝑜𝑆𝑇 , (2.14)

within BCS theory [5, 20]. For aluminum, this corresponds to an energy of order↓ 340 𝑉eV.

The generated quasiparticles di"use through the Al fins and are subsequently collected

into the tungsten TES, where the superconducting gap is significantly smaller (↓ 30 𝑉eV).

This facilitates e!cient energy absorption in the TES. During this transport process, some

energy loss occurs due to acoustic impedance mismatch at material interfaces, quasiparticle
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recombination, and trapping at the Al–W boundary, which reduce the overall transmission

e!ciency.

Once the quasiparticles are absorbed in the TES, their energy is transferred to the

electrical signal. The deposited energy is rapidly redistributed through electron–electron

and electron–phonon interactions, driving the system toward a quasi-equilibrium state

between the electronic and lattice subsystems. As the TES is thermally weakly coupled to

the heat bath via a thin thermal link, the absorbed energy leads to a transient increase in

the TES temperature. In this regime, the initial temperature rise can be approximated by

ω𝑆 ↘ 𝑍abs/𝑇, where 𝑍abs is the absorbed energy and 𝑇 is the heat capacity of the TES.

Due to the extremely small heat capacity at millikelvin temperatures, even small energy

depositions produce measurable temperature changes, followed by thermal relaxation back

to the bath temperature with a characteristic time constant determined by the thermal

conductance.

The TES is voltage-biased within its superconducting transition, where its resistance

exhibits a steep dependence on temperature. Consequently, the increase in temperature

leads to a significant increase in resistance, which modifies the current flowing through

the TES. This current variation is read out using a superconducting quantum interference

device (SQUID) circuit, enabling precise measurement of the deposited phonon energy.

Furthermore, negative electrothermal feedback stabilizes the TES operation by reducing

Joule heating as the resistance increases, thereby improving the linearity, response time,

and energy resolution of the detector.

Overall, the combination of quasiparticle-mediated phonon collection in the aluminum

fins, e!cient energy absorption in the tungsten TES, and sensitive SQUID-based readout

allows SuperCDMS detectors to achieve excellent sensitivity to small energy depositions.

This capability is essential for rare event searches, particularly in the low-energy regime
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F()*’! 2.1: (a) Schematic illustration of a SuperCDMS phonon sensor (QET), showing aluminum
phonon-collecting fins coupled to a tungsten Transition Edge Sensor. Incident phonons
deposit energy in the Al fins, producing quasiparticles that di"use into the TES, result-
ing in a measurable change in resistance. (b) Typical TES transition curve, illustrating
the sharp resistance variation near the superconducting transition temperature 𝑆𝑁 ,
which enables high sensitivity to small energy depositions. Adapted from [21].

relevant for low-mass dark matter interactions.

2.3 Data Acquisition and Data Processing

In this section, the data acquisition and data processing framework of the SuperCDMS

experiment is described. These systems are designed to enable the precise measurement

of extremely small phonon and ionization signals while maintaining low noise and high

stability, which are essential for rare-event searches. The discussion reflects the general

methodology employed across the SuperCDMS program, including the Soudan, NEXUS,

and SNOLAB experiments. While specific hardware implementations and operational

parameters may vary between these experimental phases, the core principles of signal dig-

itization, triggering, and waveform-based reconstruction using optimal filtering techniques

remain common.
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2.3.1 Data Acquisition

The SuperCDMS data acquisition (DAQ) system is responsible for recording signals from

both phonon and ionization channels with high fidelity.

Phonon Readout: Phonon signals are measured using TES sensors coupled to SQUIDs [19,

22]. The TES sensors are voltage-biased within their superconducting transition, where

small temperature changes result in large resistance variations. The resulting current

changes are amplified by SQUIDs, which provide ultra-low-noise readout of the phonon

signals.

The analog signals from the SQUID readout are first amplified and then digitized using

high-resolution analog-to-digital converters (ADCs) integrated within the SuperCDMS

data acquisition electronics. The resulting digitized waveforms are handled by the Data

Concentrator and Readout Controller (DCRC), a custom DAQ module that is part of the

SuperCDMS readout system. The DCRC is responsible for data formatting, bu"ering,

synchronization, and transmission to the central acquisition software. Depending on the

operational mode, the readout can operate in either continuous or triggered acquisition

configurations.

Ionization Readout: For iZIP detectors, ionization signals are measured using charge-

sensitive amplifiers. The induced charge on the electrodes is converted into a voltage signal

and digitized. The ionization readout chain is designed to achieve low electronic noise,

enabling the detection of small charge signals corresponding to low-energy events.

Triggering and Event Building: Event triggering in SuperCDMS is primarily based on

phonon signals due to their superior sensitivity at low energies. The trigger system operates
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on analog sums of phonon and charge channels, which are compared against configurable

threshold levels.

Multiple trigger thresholds are defined for each detector, including phonon low and

high thresholds (Plo, Phi), charge thresholds (Qlo, Qhi), and an ultra-low phonon threshold

(Pwhisper). In standard operation, the trigger condition is defined by a threshold crossing

of the phonon low level (Plo), which provides optimal e!ciency for low-energy event

detection.

When the trigger condition is satisfied in a detector, a detector trigger is issued. Among

all detectors, the first to trigger defines the global trigger. Waveforms from all relevant

channels are then recorded and time-aligned with respect to this global trigger, ensuring

consistent event reconstruction across the detector array.

Waveforms are recorded over a fixed time window that includes both pre-trigger and

post-trigger regions, allowing accurate baseline estimation and pulse reconstruction. De-

pending on the data-taking configuration, either the full detector array or a subset of

detectors may be read out following a trigger.

In addition to physics triggers, the DAQ system periodically generates random triggers,

which record waveforms independent of energy depositions inside detector. These events

provide an unbiased measurement of the baseline noise and are essential for characterizing

the noise power spectral density used in o%ine signal reconstruction. The overall trigger rate

also serves as an important diagnostic of detector performance and background conditions.

Regular calibration runs are performed using known energy sources (e.g., gamma-

ray sources or LED pulsing for charge neutralization) to monitor detector response, gain

stability, and noise performance. These calibrations are essential for maintaining consistent

detector performance over long data-taking periods.
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2.3.2 Data Processing

The recorded waveform data are processed o%ine to extract physical observables such as

energy, timing, and interaction position. This reconstruction chain involves baseline cor-

rection, noise characterization, pulse fitting, and event-level selection. Although developed

and validated in the context of SuperCDMS Soudan, the same framework forms the basis of

the analysis strategy for current and future SuperCDMS experiments, including SNOLAB,

with extensions to more advanced filtering techniques.

Preprocessing: Each digitized waveform is first corrected for baseline o"sets using the

pre-trigger region. The baseline subtraction ensures a stable zero-level reference for all

channels. Noise properties are then characterized using randomly triggered events, which

provide unbiased samples of detector noise. These events are used to compute the noise

power spectral density (PSD), a key input for all optimal filtering procedures.

Optimal Filtering Framework: Pulse reconstruction in SuperCDMS is based on the

optimal filter (OF) formalism, which provides a minimum-variance estimator for pulse

amplitude under the assumption of stationary Gaussian noise and a known signal tem-

plate [23].

For a measured waveform 𝑘(𝛶), the signal model is expressed as

𝑘(𝛶) = 𝑃 𝑌(𝛶 ↑ 𝛶0) + 𝑎(𝛶), (2.15)

where 𝑌(𝛶) is the template pulse, 𝑃 is the amplitude, 𝛶0 is the time o"set, and 𝑎(𝛶) is noise.

Transforming into the frequency domain, the amplitude estimator is obtained by mini-

mizing

𝑀
2
(𝑃) =

∑
𝑞

|𝑘( 𝑞 ) ↑ 𝑃 𝑌̃( 𝑞 ) |
2

𝛷 ( 𝑞 )
, (2.16)
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where 𝑘( 𝑞 ) and 𝑌̃( 𝑞 ) are Fourier transforms of the signal and template, and 𝛷 ( 𝑞 ) is the

noise PSD.

The analytic solution for the optimal amplitude is

𝑃̂ =

∑
𝑞

𝑌̃
⇔
( 𝑞 ) 𝑘( 𝑞 )

𝛷 ( 𝑞 )∑
𝑞

| 𝑌̃( 𝑞 ) |2

𝛷 ( 𝑞 )

. (2.17)

Time delay is incorporated through phase rotation:

𝑌̃( 𝑞 , 𝛶0) = 𝑌̃( 𝑞 ) 𝑄
↑2𝛹𝑙 𝑞 𝛶0

, (2.18)

and the joint minimization over (𝑃, 𝛶0) yields the best-fit pulse parameters.

This formulation can also be interpreted as applying a frequency-domain filter

𝛺( 𝑞 ) =
𝑌̃
⇔
( 𝑞 )

𝛷 ( 𝑞 )
, (2.19)

which optimally weights frequency components by their signal-to-noise ratio.

Pulse templates are constructed by averaging good events of a given energy with high

signal-to-noise ratios. Separate templates are defined for di"erent detector channels to

account for spatial and electronic variations in pulse shapes.

To improve reconstruction performance beyond the basic OF model, several extensions

are employed [23]. A brief comparison of each is presented below.

(1) Standard 1D Optimal Filter: The basic OF assumes stationary noise and a fixed

template shape. It is primarily used for energy estimation and instrumental background

rejection.

(2) Non-Stationary Optimal Filter (NSOF): In kg-scale large detectors, pulse

shapes may vary with position of particle intercations, introducing correlated deviations
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from the template. These e"ects are treated as an additional noise source by replacing the

scalar PSD with a covariance matrix:

𝑀
2 = (𝑘 ↑ 𝑃𝑌̃)

†
𝛴
↑1
(𝑘 ↑ 𝑃𝑌̃), (2.20)

where𝛴 encodes correlations between frequency modes derived from pulse residuals. This

improves energy resolution by down-weighting position-dependent distortions.

(3) Two-Template Optimal Filter (2T-Fit): To explicitly capture pulse shape varia-

tions, the signal is modeled as a superposition of fast and slow components:

𝑘(𝛶) = 𝑃1𝑌1(𝛶 ↑ 𝛶0) + 𝑃2𝑌2(𝛶 ↑ 𝛶0) + 𝑎(𝛶), (2.21)

leading to the minimization

𝑀
2 =

∑
𝑞

|𝑘( 𝑞 ) ↑ 𝑃1 𝑌̃1( 𝑞 ) ↑ 𝑃2 𝑌̃2( 𝑞 ) |
2

𝛷 ( 𝑞 )
. (2.22)

This method provides enhanced sensitivity to event position through relative pulse contri-

butions.

(4) NxM Filter (SuperCDMS SNOLAB): SuperCDMS SNOLAB employs a gen-

eralized matrix-based pulse reconstruction framework known as the 𝑐 ↔ 𝑗 filter [24].

This approach extends the conventional optimal filtering formalism to simultaneously an-

alyze multiple readout channels while explicitly accounting for both correlated noise and

position-dependent pulse shape variations.

Each detector is instrumented with Transition Edge Sensors (TESs) patterned on the

top and bottom faces of a Ge or Si crystal. The TESs are grouped into six phonon readout

channels per face, resulting in multiple partially correlated signal streams. In addition to
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electronic and thermal correlations between channels, the large detector geometry intro-

duces strong position dependence in phonon propagation, leading to significant variations

in pulse shapes depending on the interaction location within the substrate.

To address these e"ects, the detector response is modeled as a linear combination of

multiple templates across all channels:

S( 𝑞 ) =
𝑗∑
𝑝=1

A 𝑝 ( 𝑞 ) 𝑃 𝑝 + n( 𝑞 ), (2.23)

where S( 𝑞 ) is the vector of Fourier-transformed waveforms across 𝑐 readout channels,

A 𝑝 ( 𝑞 ) represents the 𝑝
th pulse template across all channels, 𝑃 𝑝 are the corresponding

amplitudes, and n( 𝑞 ) denotes the noise contribution.

Correlations between channels are incorporated through a full noise covariance matrix

𝛴 , leading to the generalized estimator

â =
(
A†

𝛴
↑1A

)↑1
A†

𝛴
↑1S. (2.24)

This formulation simultaneously accounts for inter-channel noise correlations and non-

uniform pulse shapes arising from position-dependent phonon transport. The pulse tem-

plates are typically derived using data-driven techniques such as principal component

analysis (PCA), which captures dominant modes of pulse variation across the detector

volume.

The outputs of the 𝑐 ↔𝑗 filter provide a compact representation of the event topology

and are further processed using multivariate methods, such as gradient boosted decision

trees (GBDTs), to extract reconstructed energy and position information.

This framework significantly improves reconstruction performance by mitigating cor-

related noise and reducing systematic e"ects from position-dependent signal variations. In

simulated mono-energetic events, energy resolution improvements exceeding a factor of
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three have been demonstrated, with reconstructed low-energy peaks reaching resolutions

below 50 eV in CDMSlite-like configurations, compared to approximately 100 eV using

conventional methods.

Overall, the 𝑐 ↔𝑗 filter forms the core reconstruction strategy for SuperCDMS SNO-

LAB, enabling simultaneous optimization of energy resolution, position sensitivity, and

multi-channel consistency.

The Summary of di"erent Optimal Filter Usage is shown in 2.1.

T"+,! 2.1: Primary applications of optimal filtering algorithms in SuperCDMS data reconstruction.

Method Primary Use
1D Optimal Filter (OF) Energy estimation and instrumental background discrimination
Non-Stationary OF (NSOF) Improved energy resolution with position-dependent e"ects
Two-Template OF (2T-Fit) Event position and pulse-shape characterization
nxM Filter (SNOLAB) Multi-channel global reconstruction framework

The optimal filter amplitude is proportional to deposited energy and is converted using

calibration constants derived from known radioactive sources. After reconstruction, events

are subjected to quality cuts based on pulse shape, timing consistency, and inter-channel

agreement to reject noise, poorly reconstructed events and pile-up events.

The SuperCDMS reconstruction pipeline is designed to extract maximal information

from low-energy detector signals using statistically optimal estimators. The combination of

frequency-domain filtering, template-based reconstruction, and multi-channel extensions

enables precise measurement of energy depositions down to the eV scale, which is essential

for low-mass dark matter searches.

2.4 SuperCDMS Soudan

The SuperCDMS Soudan experiment was the successor to the CDMS II experiment [25]

and represented an advanced phase of the Cryogenic Dark Matter Search (CDMS) program.
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It was operated from approximately 2012 to 2015 at the Soudan Underground Laboratory

in Minnesota, USA, at a depth of approximately 713 m underground corresponding to

2100 m water equivalent (m.w.e.). The experiment was designed to probe WIMPs, with

particular emphasis on improving sensitivity to low-mass dark matter through reduced

energy thresholds and enhanced background discrimination.

Building upon the CDMS II experiment, SuperCDMS Soudan introduced advanced

cryogenic Ge detectors featuring improved phonon and ionization readout based on transition-

edge sensors. These developments enabled more precise energy reconstruction and sig-

nificantly enhanced rejection of electron-recoil backgrounds. A key advancement in the

Soudan phase was the implementation of high-voltage detector operation in a low ioniza-

tion threshold mode, known as CDMSlite. In this mode, the NTL e"ect is exploited to

amplify the phonon signal, thereby extending sensitivity to very low-energy interactions.

The achieved energy thresholds were 56 eV𝑄𝑄 and 70 eV𝑄𝑄 for CDMSlite Run 2 and Run 3

for two di"erent detectors, respectively [11]. The primary di"erences between these two

runs are the use of di"erent detectors and operating high-voltage settings.

A central component of this thesis focuses on constraining ALPs and dark photons

using SuperCDMS Soudan CDMSlite data through an advanced likelihood framework that

combines the CDMSliteRun 2 and CDMSliteRun 3 datasets, as described in Chapter 4.

2.4.1 Soudan underground laboratory

The Soudan Underground Laboratory (SUL), located in northern Minnesota, USA, is

situated in a former iron mine that has been repurposed for underground scientific research.

Over the past few decades, it has hosted several experiments in particle and astroparticle

physics, including neutrino and dark matter searches, and provides a well-established

infrastructure for low-background experiments.
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The experiment was operated deep underground at the Soudan Underground Laboratory

to suppress backgrounds induced by cosmic rays, particularly high-energy muons. At a

depth of ↓2100 m.w.e. (meters water equivalent), the cosmic muon flux is reduced by

approximately five orders of magnitude relative to the surface.

This reduction is crucial because muons interacting in the surrounding rock and shield-

ing materials can produce secondary particles, especially neutrons via spallation processes.

These neutrons can generate nuclear recoil events in the detectors that are indistinguishable

from potential dark matter interactions on an event-by-event basis. The dependence of

muon flux on depth and the strong suppression achieved at Soudan are shown in Fig. 2.2.

F()*’! 2.2: Dependence of cosmogenic muon flux on depth. The Soudan Underground Laboratory
achieves a reduction of approximately ↓ 5 ↔ 104 relative to surface levels. The plot
also shows that deeper underground sites, such as SNOLAB in Sudbury, Canada,
provide even greater muon flux suppression due to increased overburden. SuperCDMS
SNOLAB, the next generation SuperCDMS experiment will be operated at this deeper
site to further reduce cosmogenic backgrounds. Adapted from [16].
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2.4.2 Shielding configuration and Background Mitigation

In addition to the natural shielding provided by the iron-rich rock of the former iron mine,

the experimental setup was surrounded by multiple layers of passive and active shielding

to reduce both radiogenic and cosmogenic backgrounds originating from the surrounding

laboratory environment.

The shielding configuration includes:

• Inner copper shielding: High-purity copper components within the cryostat provide

an average of ↓2 cm equivalent shielding, attenuating gamma and beta radiation

originating from nearby materials and internal components.

• Lead shielding: a total thickness of↓22–23 cm used to suppress external gamma-ray

backgrounds, consisting of an outer layer of low activity lead (↓18 cm) and an inner

↓4.5 cm layer of low-radioactivity ancient lead to minimise background from 210Pb

contamination,

• Polyethylene shielding: hydrogen-rich material used for neutron mitigation, includ-

ing an outer ↓40 cm layer to moderate fast neutrons and an additional ↓10 cm inner

layer to absorb neutrons produced within the shielding materials themselves,

• Active muon veto system: an array of plastic scintillator panels (Bicron BC-408)

instrumented with photomultiplier tubes, arranged in an overlapping geometry to

provide nearly full 4𝛹 coverage and eliminate direct line-of-sight paths to the detec-

tors.

This multilayer configuration mitigates backgrounds through complementary physical

processes: neutron moderation and absorption in hydrogen-rich media, gamma attenuation
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in high-𝛻 materials, and active rejection of cosmogenic events via the muon veto. Although

the ↓2090 m.w.e. overburden at Soudan reduces the cosmic muon flux by approximately

5 ↔ 104, the remaining muons can still produce secondary neutrons via spallation in the

surrounding rock and shielding materials. The active veto system therefore plays a critical

role in identifying and rejecting such events through coincidence tagging.

Within the passive shielding, the outer polyethylene layer moderates incident neutrons

to lower energies, after which they can be more e"ectively absorbed. The lead shield-

ing primarily attenuates gamma radiation; however, interactions within the lead can also

generate secondary neutrons and bremsstrahlung radiation. The inclusion of ancient lead

in the innermost region reduces internal gamma backgrounds associated with radioactive

impurities. The inner polyethylene layer is therefore essential to absorb neutrons generated

within the lead and outer shielding layers.

Additional shielding elements were implemented to address environmental and instru-

mental e"ects. A thin mu-metal shield (approximately 0.4 mm thick, composed primarily

of Ni-Fe alloy) surrounds the cryostat to suppress ambient magnetic fields that could

degrade the performance of superconducting sensors and SQUID-based readout electron-

ics. The enclosed volume was also maintained using radon-reduced air (“old air”), in

which 222Rn and its short-lived progeny were allowed to decay prior to circulation, thereby

minimizing backgrounds from radon plate-out on detector and shielding surfaces.

The shielding system was housed within a controlled cleanroom environment (RF-

shielded room), which further reduced contamination from dust-borne radioisotopes and

protected the experiment from electromagnetic interference. Penetrations through the

shielding for the cryogenic (C-stem) and electronic (E-stem) connections were minimized

to preserve shielding integrity.

The overall shielding layout is shown in Fig. 2.3.
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F()*’! 2.3: Shielding configuration of the SuperCDMS Soudan experiment showing the layered
arrangement of the active muon veto, polyethylene neutron moderators, lead gamma
shielding (including low-radioactivity ancient lead), and the inner cryostat surrounding
the detector payload. Adapted from [16].

The SuperCDMS Soudan shielding was roughly 99% hermetic, with the only gaps being

along the stems that connected the cryostat to the electronics and dilution refrigerator.

2.4.3 Detector Design: iZIP Technology

The primary detectors used in SuperCDMS Soudan are iZIP detectors. Each detector

consists of a cylindrical high-purity Ge crystal with a diameter of 76 mm, a thickness of

25 mm, and a mass of approximately 600 g.

Both faces of each detector are instrumented with interleaved ionization electrodes and

phonon sensors. The phonon sensors are based on superconducting transition-edge sensors

coupled to aluminum fins that collect athermal phonons generated in the crystal.

The interleaved electrode geometry provides several important capabilities:

• Simultaneous measurement of ionization and phonon signals for event-by-event dis-

crimination,

• Fiducialization of the detector volume by rejecting events near surfaces,
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• Strong rejection of surface electron-recoil events that can mimic nuclear recoils due

to incomplete charge collection.

The ionization yield (ratio of ionization energy to recoil energy) is a key observable

used to distinguish between electron recoils and nuclear recoils.

2.4.4 Detector Configuration

The SuperCDMS Soudan detector array consisted of 15 iZIP detectors arranged in five

vertical towers within a cryostat (Fig. 2.4). Two detectors were operated in CDMSlite

(high-voltage) mode, while the remaining detectors were operated in standard iZIP mode.

Each tower comprised a stack of detectors with controlled spacing to minimize cross-talk

and enable independent readout. Detector properties are summarized in Table 2.2.

T"+,! 2.2: Summary of detector configurations in the SuperCDMS Soudan experiment, including
standard iZIP detectors and CDMSlite high-voltage operation mode [11].

iZIP CDMSlite (HV)
Mass per detector [kg] ↓0.6 ↓0.6
Phonon channels per detector 8 4 (one sided readout)
Baseline phonon energy resolution [eV] ↓70-100 ↓10
Charge energy resolution [eV] ↓450 –
Bias voltage [V] ↓4 ↓70 (CDMSLiteR2) and 75 (CDMSliteR3)

Each detector is segmented into multiple channels, 4 phonon channels and 2 charge

channels per side, enabling reconstruction of the interaction position based on the relative

timing and amplitude of signals. This spatial information, combined with ionization mea-

surements, allows precise definition of a fiducial volume, which is essential for suppressing

surface-related backgrounds.

An electric field is applied across each detector to drift electron–hole pairs produced

by particle interactions toward the electrodes. In addition, in HV operation mode, stronger
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F()*’! 2.4: Detector configuration of the SuperCDMS Soudan experiment. (upper left) Schematic
view of an iZIP detector showing charge and phonon sensors. (upper right) Tower
configuration consisting of 15 Ge detectors. (lower) Illustration of ionization and
phonon sensor channels in an iZIP detector. Adapted from Ref. [16, 19]

.

electric fields are used to amplify the phonon signal through the NTL e"ect, where drifting

charge carriers generate additional phonons. This amplification e"ectively lowers the

detectable energy threshold. The T5Z2 (Tower 5, ZIP 2) and T2Z1 (Tower 2, ZIP 1)

detectors were operated in CDMSlite mode with bias voltages of 70 V (CDMSliteR2) and

75 V (CDMSliteR3), respectively.
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2.4.5 Physics Reach

The SuperCDMS Soudan experiment produced world-leading and competitive results in

searches for low-mass dark matter and fractionally charged particles, enabled by its low

energy thresholds, ionization–phonon discrimination capability, and operation in a deep

underground environment [2, 11, 15, 26].

No statistically significant dark matter signal was observed during the run period. Con-

sequently, the experiment placed stringent constraints on WIMP–nucleon cross sections,

particularly in the low-mass regime. The technological advancements and operational ex-

perience gained from SuperCDMS Soudan played a crucial role in informing the design of

the subsequent SuperCDMS SNOLAB experiment, which aims to further enhance sensi-

tivity through increased detector mass, lower energy thresholds, and improved background

suppression.

2.5 SuperCDMS SNOLAB

SuperCDMS SNOLAB is the next stage of the SuperCDMS program, aiming to significantly

enhance sensitivity to low-mass dark matter beyond what was achieved in the Soudan

experiment [8]. The experiment is currently in its commissioning phase, with science data

taking anticipated to begin by August, 2026.

The SNOLAB experiment incorporates a newly designed cryogenic system, upgraded

shielding configuration, next-generation detectors, and improved readout electronics. While

the overall experimental concept builds upon the design principles established in Super-

CDMS Soudan, a key advancement is the implementation of detectors specifically opti-

mized for high-voltage operation. In contrast to Soudan, where HV operation (CDMSlite

mode) was realized using detectors and electronics originally developed for iZIP opera-
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tion, SuperCDMS SNOLAB employs dedicated HV detectors with electronics tailored to

support this mode from the outset.

2.5.1 Deep Underground Site and Background Reduction

The experiment is located at SNOLAB in Ontario, Canada, at a depth of approximately

6000 m.w.e.. This large overburden reduces the cosmic-ray muon flux by roughly two

orders of magnitude compared to the Soudan site. The significantly lower cosmogenic

background at SNOLAB enables improved control of nuclear-recoil backgrounds and

allows for longer exposure times. This deeper underground environment is therefore

essential for achieving the background levels required for next-generation low-mass dark

matter searches.

2.5.2 Experimental Design and Detector Array

SuperCDMS SNOLAB employs an array of cryogenic semiconductor detectors composed

of both Ge and Si, arranged in a modular tower configuration. The full detector payload

consists of 24 detectors deployed in four towers, with each tower containing six detectors.

The baseline configuration includes 18 Ge detectors and 6 Si detectors [27].

All detectors are fabricated as cylindrical crystals with a diameter of 100 mm and

a thickness of 33.3 mm. The corresponding masses are approximately 1.39 kg for Ge

and 0.61 kg for Si [27]. Both detector types share identical geometrical dimensions and

fabrication techniques, but di"er in sensor layout and operating mode.

Two complementary detector designs are implemented: iZIP and high-voltage detec-

tors.

• iZIP detectors: These detectors are optimized for background discrimination through

simultaneous measurement of ionization and phonon signals. Each detector face is
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instrumented with interleaved ionization electrodes and segmented phonon sensors.

The phonon system consists of six channels per side, arranged as a central region

surrounded by segmented outer channels, while the ionization system is divided into

inner and outer electrodes. A low bias voltage (typically ±3 V for Ge and ±4 V for

Si) is applied across the ionization electrodes.

• HV detectors: Unlike SuperCDMS Soudan HV detectors, SNOLAB HV detectors

are instrumented only with phonon sensors and do not directly measure ionization.

Each face contains 6 phonon channels that provide position sensitivity and rejection

of edge-related events. HV detectors are operated at bias voltages around ↓ 100 V.

In iZIP detectors, segmentation enables reconstruction of event position and identi-

fication of surface interactions through asymmetric charge collection. In HV detectors,

phonon-only readout is optimized to retain position sensitivity, which is essential for re-

jecting surface backgrounds that may exhibit reduced NTL amplification.

The expected detector performance and planned exposures for the SuperCDMS SNO-

LAB experiment are summarized in Table 2.3 [27]. The quoted phonon energy resolutions

correspond to the combined response of all phonon channels, while ionization resolutions

correspond to a single inner-electrode channel.

T"+,! 2.3: Updated summary of detector configuration and expected performance for SuperCDMS
SNOLAB. The exposures assume five years of operation with approximately 80% live
time [28].

iZIP (Ge) iZIP (Si) HV (Ge) HV (Si)
Number of detectors 10 2 8 4
Total exposure [kg·yr] 56 4.8 44 9.6
Phonon resolution [eV] 50 25 10 5
Ionization resolution [eV𝑄𝑄] 100 110 – –
Bias voltage [V] 6 8 100 100
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The detector technologies and corresponding channel layouts are illustrated in Fig. 2.5.

F()*’! 2.5: Detector technologies used in SuperCDMS SNOLAB, including high-voltage detectors
and iZIP detectors. The iZIP detectors provide both phonon and ionization readout
channels, while HV detectors operate in phonon-only mode with enhanced charge drift
fields for low-threshold operation. Adapted from [8].

2.5.3 Cryogenic System and SNOBOX

The SuperCDMS SNOLAB detectors are operated at millikelvin temperatures using a

dilution refrigerator, with a base temperature of approximately 15 mK and typical operating

temperatures around 30 mK. The cryogenic system incorporates intermediate thermal

stages at ↓ 50 K and 4 K, established using cryocoolers, which provide the necessary
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precooling for the dilution unit [27]. These low temperatures are essential to suppress

thermal phonon populations and enable sensitivity to eV-scale energy depositions.

The cold experimental volume is housed within the SNOBOX, a cryogenic enclo-

sure consisting of multiple nested cylindrical copper vessels. In the baseline design, the

SNOBOX comprises six concentric copper cans, each thermally anchored to a di"erent

stage of the cryogenic system. This configuration provides a graded thermal structure

that ensures e!cient heat sinking while maintaining thermal isolation between stages [27].

The outermost vessel, together with associated structural components, defines the vacuum

boundary of the cryostat.

Detector towers are mounted to the lowest-temperature stage of the SNOBOX and are

thermally connected to multiple intermediate stages. Each tower hosts six detectors and

includes cryogenic readout components such as SQUID amplifiers for phonon signals and

low-noise electronics for ionization readout. The tower structure also provides thermal

anchoring for readout wiring and supports additional components, including bias resistors,

thermometry, and calibration systems such as LEDs.

Electrical and cryogenic connections between the cold volume and external systems are

provided through dedicated feedthrough structures. An electronics stem (E-stem) routes

signal cables between the detectors and room-temperature electronics, while a cryogenic

stem (C-stem) connects the SNOBOX to external cooling infrastructure [27].

Shielding and Radon Mitigation

To suppress environmental backgrounds, SuperCDMS SNOLAB employs a multilayer

shielding system designed to mitigate neutron and gamma-ray backgrounds originating

from the surrounding cavern and detector materials [8, 27].

The shielding system is organized in a nested geometry surrounding the cold detector
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region (SNOBOX), with each layer targeting specific background sources:

• SNOBOX (cryogenic copper enclosure): The innermost structure consists of mul-

tiple nested copper cans (6 cans of width 0.9525 cm each ) that house the detector

towers. This cryogenic assembly provides a few centimeters of intrinsic copper

shielding and is thermally anchored to the dilution refrigerator via the C-stem. It

defines the ultra-low temperature environment for detector operation (𝑆 < 30 mK).

• Inner polyethylene shielding (↓40 cm): Surrounding the SNOBOX, a thick layer

of high-density polyethylene (HDPE) moderates fast neutrons via elastic scattering

on hydrogen nuclei, reducing their energies prior to capture.

• Lead shielding (↓23 cm): A layer of low-radioactivity lead surrounds the inner

polyethylene, providing strong attenuation of external gamma radiation through

Compton scattering and photoelectric absorption. This layer o"ers nearly full 4𝛹

coverage around the detector region.

• Outer polyethylene and water shielding: Additional neutron moderation is pro-

vided by outer HDPE layers and large water tanks (approximately 60 cm thick). The

water shielding acts as an e"ective neutron moderator and contributes significantly

to attenuation of cosmogenic and cavern-originated neutron flux.

• Radon mitigation system: The shielding volume is enclosed and continuously

purged with low-radon air or nitrogen boil-o" to suppress radon ingress. This

reduces backgrounds arising from 222Rn decay and its progeny, which can otherwise

contribute surface and bulk radioactive contamination.
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• Magnetic shielding: A mu-metal layer is installed near the cryogenic region to

reduce ambient magnetic fields that could interfere with superconducting sensors

and SQUID-based readout electronics.

F()*’! 2.6: Shielding and cryogenic design of the SuperCDMS SNOLAB experiment. The central
SNOBOX houses the detector towers and is thermally linked to the dilution refrigerator
via the C-stem. Surrounding layers include polyethylene, lead, radon exclusion system,
and outer water shielding for background suppression. Adapted from [8].

The shielding structure is mechanically supported and seismically isolated using a

dedicated platform that stabilizes the dilution refrigerator, shielding assemblies, and room-

temperature electronics. The experiment is coupled to the cryostat via two main interfaces:

the C-stem (thermal connection to the SNOBOX) and the E-stem (electronics feedthrough).

This layered design reflects the di"erent interaction mechanisms of background ra-

diation. Gamma rays are e!ciently suppressed using high-𝛻 materials such as lead,

while neutrons are moderated in hydrogen-rich materials before capture. Radon-induced

backgrounds are mitigated through environmental control and continuous purging of the

shielding enclosure.
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The overall shielding and cryogenic layout of the SuperCDMS SNOLAB experiment

is shown in Fig. 2.6.

2.5.4 Detector Advancements over Soudan

Apart from the two orders of magnitude reduction in cosmic-muon-induced background at

SNOLAB compared to the Soudan laboratory, several key improvements define the Super-

CDMS SNOLAB upgrade. A major advancement lies in the optimized sensor layout and

readout channel architecture, which significantly enhances event reconstruction and back-

ground discrimination. The increased phonon channel granularity enables more precise

localization of energy depositions within the detector volume, thereby improving fiducial-

ization and strengthening the rejection of surface and edge-related events. In addition, the

Ge detector mass has been increased from 0.6 kg at Soudan to 1.4 kg at SNOLAB, resulting

in a higher target mass per detector module and improved exposure e!ciency.

The detector design is also inherently scalable and modular. The tower-based archi-

tecture, together with a cryogenic system engineered to accommodate additional payload,

allows straightforward expansion in both detector mass and readout channels without re-

quiring major modifications to the existing infrastructure [27].

Furthermore, high-voltage detector operation is substantially expanded at SNOLAB. A

total of 12 HV detectors will be deployed in the initial SNOLAB configuration, compared

to only 2 HV detectors operated at Soudan. This reflects the increased emphasis on

low-threshold operation and enhanced sensitivity to sub-GeV dark matter, enabled by

phonon-amplified signal readout.
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2.5.5 Physics Reach and Sensitivity

The physics reach of SuperCDMS SNOLAB is determined by the interplay between detector

threshold, background environment, and exposure. The combination of ultra-low thresholds

achieved in HV detectors and strong background discrimination in iZIP detectors enables

sensitivity across a wide range of dark matter masses and interaction channels [27].

In the low-mass regime, the experiment is particularly sensitive to dark matter in-

teractions producing small ionization signals, including electron recoils from absorption

processes and low-energy nuclear recoils. At higher masses, iZIP detectors provide near

background-free operation in the fiducial volume for nuclear recoils above the ionization

detection threshold, allowing competitive constraints on WIMP–nucleon scattering.

The projected sensitivity, shown in Fig. 2.7, demonstrates that SuperCDMS SNOLAB

will significantly extend current limits in the sub-10 GeV/𝑁
2 mass range. The experiment

is expected to probe regions of parameter space approaching the neutrino-induced back-

ground limit, where coherent elastic neutrino–nucleus scattering constitutes an irreducible

background.

Operating in this regime will require precise understanding of detector response, back-

ground modeling, and statistical interpretation of rare events. The combination of com-

plementary detector technologies within a low-background environment positions Super-

CDMS SNOLAB to explore this frontier with unprecedented sensitivity.

At su!ciently low cross sections, the experiment approaches the so-called neutrino

floor, where coherent neutrino–nucleus scattering becomes an irreducible background.

Achieving sensitivity to this regime represents one of the ultimate goals of SuperCDMS

SNOLAB experiment.

Overall, SuperCDMS SNOLAB represents a substantial advancement over previous
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F()*’! 2.7: Projected sensitivity of SuperCDMS SNOLAB in the spin-independent WIMP-nucleon
cross section versus dark matter mass parameter space. Adapted from [27].

phases, combining improved detector technology, deeper underground operation, and en-

hanced shielding to push the sensitivity frontier in the search for dark matter.

2.6 SuperCDMS test facility at NEXUS

During the commissioning phase of SuperCDMS SNOLAB, the collaboration also ex-

tensively studied state-of-the-art prototype gram-scale detectors known as High Voltage

electron-Volt (HVeV) detectors at the NEXUS (Northwestern Experimental Underground

Site) facility at Fermilab. These gram-scale detectors achieve excellent eV-scale energy

resolution, making them highly suitable for probing very low-mass dark matter, beyond the

reach of kilogram-scale SuperCDMS HV detectors. A central part of this thesis focuses

on understanding the detector response of HVeV detectors and their capability to perform
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sub-keV calibrations at the NEXUS facility using HVeV Run4 (HVeVR4) datasets.

2.6.1 NEXUS Underground Facility

NEXUS at Fermilab is a dedicated SuperCDMS test facility designed for the development,

characterization, and calibration of next-generation cryogenic detectors. The laboratory

(Fig. 2.8) is located approximately 107 m underground, corresponding to an overburden of

↓ 225 m.w.e., which provides a good suppression of cosmic-ray-induced backgrounds.

F()*’! 2.8: Photograph of the cleanroom at the NEXUS underground facility located in the MI-
NOS tunnel at Fermilab. The facility is situated approximately 107 m underground,
corresponding to an overburden of ↓225 m.w.e.

The facility is optimized for the operation of gram-scale cryogenic detectors, particularly
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High Voltage electron-Volt detectors, which are designed to achieve sensitivity to energy

depositions at the eV scale. The underground location, combined with localized shielding,

enables low-background operation suitable for precision detector studies.

2.6.2 Cryogenic Infrastructure and Shielding

The detectors are operated in a CryoConcept dilution refrigerator capable of reaching a

base temperature of approximately 10 mK. During stable operation, the detectors are

maintained at a temperature of approximately 11 mK, ensuring suppression of thermal

phonon populations and enabling sensitivity to athermal phonon signals.

The refrigerator is surrounded by lead shielding on the sides and bottom, with partial

coverage on the top. This shielding configuration reduces ambient gamma-ray backgrounds

while accommodating necessary cryogenic infrastructure and mechanical components.

2.6.3 Detector Configuration and Mounting

The NEXUS facility operates a set of SuperCDMS HVeV detectors fabricated from high-

purity Si crystals. Each detector has dimensions of 10 ↔ 10 ↔ 4 mm3 and a mass of

approximately 0.93 g.

Four detectors are typically deployed in the experimental configuration: one NFE de-

tector, one NFH detector, and two NFC detectors. Here, “NF” denotes NEXUS–Fermilab,

while the su!xes E, H, and C refer to di"erent QET sensor readout patterns. These detec-

tors originate from di"erent fabrication batches and test campaigns, enabling systematic

comparisons of detector performance.

The detectors are mounted inside a copper housing thermally coupled to the mixing

chamber of the dilution refrigerator. The housing consists of two stacked copper boxes,
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F()*’! 2.9: Top left: Photograph of HVeV detectors mounted in the NEXUS detector tower.
Top right: Schematic representation of the detector tower configuration. Bottom:
Overview of the dilution refrigerator and shielding arrangement at the NEXUS facility.

each accommodating two detectors. The lower box contains the NFE and NFC1 detectors,

while the upper box houses the NFH and NFC2 detectors, as shown in Fig. 2.9.

A key feature of this configuration is that the instrumented faces of detectors in the upper

and lower assemblies are oriented toward each other through an opening in the housing.
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This geometry enables studies of coincident energy depositions across detectors.

The detector housing design minimizes the use of printed circuit board (PCB) materials,

motivated by prior observations that such materials can contribute to excess low-energy

background events.

2.6.4 Phonon Readout

Each HVeV detector is instrumented on one face with QETs. The QETs are arranged into

two concentric square channels of equal surface area, referred to as the inner and outer

channels. This segmentation provides position sensitivity by comparing signal amplitudes

between channels. Within each channel, the QETs are connected in parallel, forming a

collective readout structure, as shown in Fig. 2.10.

The total QET surface coverage varies among detector types:

• NFE: ↓ 8.5 mm2

• NFH: ↓ 21.6 mm2

• NFC: ↓ 31.8 mm2

The QET-instrumented face of each detector is electrically grounded to the refrigerator

chassis. The opposite face is patterned with an aluminum grid covering approximately 5%

of the surface area, which can be biased relative to ground to enable high-voltage operation.

The QET signals are read out using SQUID-based amplifiers, with output signals measured

in units of current.

The combination of low operating temperature, e!cient phonon collection, and phonon

amplification via the NTL e"ect allows HVeV detectors to achieve excellent energy res-

olution and sensitivity to low-energy interactions, making them well suited for studies of

low-mass dark matter and precision detector calibration.
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F()*’! 2.10: QET patterns for the NFE (left), NFH (middle), and NFC (right) detectors. Aluminum
fins are shown in blue, while the TES elements are shown in black. The increasing
QET coverage reflects the evolution of detector design toward improved phonon
collection e!ciency.

2.6.5 Relevance of the NEXUS Study in SuperCDMS

SuperCDMS SNOLAB aims to detect low-mass dark matter using ultra-low energy thresh-

old cryogenic Ge and Si detectors. While Ge detectors were extensively characterized at

Soudan, Si cryogenic detectors were not deployed in that phase of the experiment. There-

fore, a dedicated characterization study of Si detector response became essential for their

deployment at SNOLAB. At the NEXUS facility, SuperCDMS Si prototype gram-scale

detectors with ultra-low energy thresholds were operated to understand their detector re-

sponse and to evaluate their performance for low-mass dark matter searches. In particular,

this thesis work focuses on the detailed characterization of cryogenic Si detector response

at low-energy depositions and the study of voltage-bias-dependent signal formation.

A precise sub-keV energy calibration using the Compton step from a 137Cs source at 0

V bias was investigated using HVeVR4 data sets and compared with high-voltage detector

response studies using optical photons from an LED-based calibration system. Notably,

for the first time, a Compton-step-based calibration technique in Si cryogenic detectors

was demonstrated at this facility. This is a crucial development for understanding and
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calibrating kg-scale HV Si detectors planned for operation at SNOLAB. Overall, this study

provides a robust framework for detector response modeling and calibration, enabling

reliable low-mass dark matter searches using Si-based cryogenic detectors.

Bibliography

[1] M. F. Albakry et al. “A Strategy for Low-Mass Dark Matter Searches with Cryogenic
Detectors in the SuperCDMS SNOLAB Facility”. In: Snowmass 2021. Mar. 2022.
arXiv: 2203.08463 [physics.ins-det].

[2] R. Agnese et al. “Results from the Super Cryogenic Dark Matter Search Experiment
at Soudan”. Phys. Rev. Lett. 120 (2018), p. 061802.

[3] R. Agnese et al. “Low-mass dark matter search with CDMSlite”. Phys. Rev. D 97.2
(2018), p. 022002. arXiv: 1707.01632 [astro-ph.CO].

[4] J. Rothe et al. “TES-Based Light Detectors for the CRESST Direct Dark Matter
Search”. J. Low Temp. Phys. 193.5-6 (2018), pp. 1160–1166.

[5] M. Tinkham. Introduction to Superconductivity. 1996.

[6] Mark David Pepin. “Low-mass dark matter search results and radiogenic back-
grounds for the cryogenic dark matter search”. PhD thesis. University of Minnesota,
2016.

[7] R. Agnese et al. “First Direct Limits on Sub-GeV Dark Matter from a SuperCDMS
Experiment”. Phys. Rev. Lett. 121 (2018), p. 051301.

[8] R. Agnese et al. “Projected Sensitivity of the SuperCDMS SNOLAB experiment”.
Phys. Rev. D 95 (2017), p. 082002.

[9] SNOLAB: Deep Underground Science Facility. https://www.snolab.ca. 2020.

[10] R Ren, Corey Bathurst, YY Chang, R Chen, CW Fink, Z Hong, NA Kurinsky, N
Mast, N Mishra, Valentina Novati, et al. Phys. Rev. D 104.3 (2021), p. 032010.

[11] T Aralis, T Aramaki, Isaac J Arnquist, Elham Azadbakht, W Baker, Samir Banik, D
Barker, Corey Bathurst, DA Bauer, LVS Bezerra, et al. “Constraints on dark photons
and axionlike particles from the SuperCDMS Soudan experiment”. Phys. Rev. D
101.5 (2020), p. 052008.

https://arxiv.org/abs/2203.08463
https://arxiv.org/abs/1707.01632
https://www.snolab.ca


".&. SUPERCDMS TEST FACILITY AT NEXUS 73

[12] R Agnese, T Aralis, T Aramaki, & Arnquist, E Azadbakht, W Baker, S Banik, D
Barker, DA Bauer, T Binder, et al. “First dark matter constraints from a SuperCDMS
single-charge sensitive detector”. Phys. Rev. Lett. 121.5 (2018), p. 051301.

[13] DW Amaral, T Aralis, T Aramaki, & Arnquist, E Azadbakht, S Banik, D Barker, C
Bathurst, DA Bauer, LVS Bezerra, et al. “Constraints on low-mass, relic dark matter
candidates from a surface-operated SuperCDMS single-charge sensitive detector”.
Phys. Rev. D 102.9 (2020), p. 091101.

[14] R. Agnese et al. “First Direct Limits on Lightly Ionizing Particles with Electric
Charge Less than 𝑄/6”. Phys. Rev. Lett. 114 (11 2015), p. 111302.

[15] I. Alkhatib et al. “Constraints on Lightly Ionizing Particles from CDMSlite”. Phys.
Rev. Lett. 127.8 (2021), p. 081802. arXiv: 2011.09183 [hep-ex].

[16] Brett Durcan Cornell. “A Dark Matter Search Using the Final SuperCDMS Soudan
Dataset and the Development of a Large-Format, Highly-Multiplexed, Athermal-
Phonon-Mediated Particle Detector”. PhD thesis. CALIFORNIA INSTITUTE OF
TECHNOLOGY, 2018.

[17] Maurice P Chapellier, Gabriel Chardin, Lino Miramonti, and Xavier Francois Nav-
ick. “Physical interpretation of the Neganov–Luke and related e"ects”. Physica B:
Condensed Matter 284 (2000), pp. 2135–2136.

[18] J. M. Ziman. Electrons and Phonons. 1960.

[19] Mark David Pepin. “Low-mass dark matter search results and radiogenic back-
grounds for the cryogenic dark matter search”. PhD thesis. University of Minnesota,
2016.

[20] K. D. Irwin and G. C. Hilton. “Transition-edge sensors for photon detection”. Topics
in Applied Physics 99 (2005), pp. 63–150.

[21] S. Das, R. Dey, V. K. S. Kashyap, B. Mohanty, D. Mondal, S. Banik, M. Chaudhuri,
and V. Iyer. “Rare Event Searches Using Cryogenic Detectors via Direct Detection
Methods” (Dec. 2025). arXiv: 2512.02317 [hep-ex].

[22] John Clarke and Alex I. Braginski. “The SQUID Handbook”. Reviews of Modern
Physics 70 (1999), pp. 889–904.

https://arxiv.org/abs/2011.09183
https://arxiv.org/abs/2512.02317


74 CHAPTER ". OVERVIEW OF SUPERCDMS EXPERIMENT

[23] William Alexander Page. “Searching for Low-Mass Dark Matter with SuperCDMS
Soudan Detectors”. PhD thesis. British Columbia U., 2019.

[24] M. F. Albakry et al. “Multi-channel, multi-template event reconstruction for Super-
CDMS data using machine learning”. Nucl. Instrum. Meth. A 1087 (2026), p. 171437.
arXiv: 2508.20090 [physics.ins-det].

[25] Z. Ahmed et al. “Results from the Final Exposure of the CDMS II Experiment”.
Science 327 (2010), pp. 1619–1621.

[26] R. Agnese et al. “Search for Low-Mass WIMPs with SuperCDMS”. Phys. Rev. Lett.
112 (2014), p. 241302.

[27] M. F. Albakry et al. “A Strategy for Low-Mass Dark Matter Searches with Cryogenic
Detectors in the SuperCDMS SNOLAB Facility”. arXiv preprint arXiv:2203.08463
(2022).

[28] R. Agnese et al. “Projected Sensitivity of the SuperCDMS SNOLAB experiment”.
Phys. Rev. D 95.8 (2017), p. 082002. arXiv: 1610.00006 [physics.ins-det].

https://arxiv.org/abs/2508.20090
https://arxiv.org/abs/1610.00006


C%"&$!’ #
Low-Energy Calibration of

SuperCDMS Si HVeV Detectors Using

Compton Steps

Contents

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.3 Simulation Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.4 Experimental Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.5 Event Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.6 Energy Calibration at 0 V Bias Using Si Compton Steps . . . . . . . . . . 95

3.7 Energy Calibration at HV Bias Using LED Spectrum . . . . . . . . . . . 117

3.8 0V–HV Calibration Comparison . . . . . . . . . . . . . . . . . . . . . . 138

3.9 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

75



76
CHAPTER #. LOW-ENERGY CALIBRATION OF SUPERCDMS SI HVEV DETECTORS

USING COMPTON STEPS

3.1 Motivation

The search for low-mass dark matter (DM) candidates with masses ↭ 10 GeV/𝑁2 demands

detectors with ultra-low energy thresholds and excellent energy resolution. The Super-

CDMS SNOLAB experiment will deploy two detector technologies, High Voltage (HV)

and interleaved Z-sensitive Ionization and Phonon (iZIP), constructed from germanium

(Ge) and silicon (Si) crystals operated at cryogenic temperatures [1]. For sub-10 GeV/𝑁2

dark matter, the expected nuclear recoil spectrum falls steeply toward very low energies,

with recoil energies in the range of O(0.1–10 keV). Consequently, a precise understanding

of the detector response in the sub-keV to keV regime is essential.

Si detectors are particularly well suited for probing low-mass dark matter due to their

lighter nuclear mass compared to Ge. For lower mass dark matter, scattering o" lighter

nuclei results in larger recoil energies, thereby improving sensitivity compared to Ge detec-

tors. Fully exploiting this kinematic advantage requires an accurate and robust calibration

of the Si detector response in the sub-keV energy regime.

In cryogenic calorimeters, energy calibration refers to establishing a unique mapping

between the measured detector response, such as phonon signal amplitude (in units of

current), and the true energy deposited in the crystal. This response function must be

accurately characterized down to the lowest measurable energies. Any miscalibration

or unaccounted non-linearity in the sub-keV region can distort the reconstructed recoil

spectrum and directly impact the inferred dark matter limits. Therefore, achieving precise

calibration in the sub-keV to keV energy range is crucial for maximizing experimental

sensitivity.

Low-energy calibration, however, presents significant challenges. In Ge detectors,

neutron calibration using a 252Cf source produces cosmogenic activation of 71Ge, which
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decays via electron capture with a half-life of 11.43 days [2]. This decay results in well-

defined K-, L-, and M-shell peaks at 10.37 keV, 1.3 keV, and 160 eV, respectively [2].

These monoenergetic internal lines provide natural calibration anchors extending into the

sub-keV regime. Si, in contrast, does not produce analogous activation lines suitable for

low-energy calibration, creating a critical gap precisely in the energy region most relevant

for low-mass dark matter searches.

An alternative calibration strategy exploits atomic e"ects in Compton scattering. The

scattering cross section of gamma rays with atomic electrons changes abruptly at the

binding energy of each atomic shell. This produces step-like features in the measured

energy spectrum, known as Compton steps [3]. In Si, these steps occur at the K-shell

binding energy (1.8 keV) and the L-shell binding energies (approximately 0.15 keV for L1

shell and 0.1 keV for L2 shell) [4]. The step positions are fixed by atomic binding energies,

while their relative heights are determined by the number of electrons in each shell. These

intrinsic and material-dependent spectral features therefore provide potential calibration

markers in the sub-keV regime [5].

Figure 3.1 outlines the calibration strategies for Ge and Si detectors in di"erent Super-

CDMS technologies across low (few eV) and intermediate (up to 10 keV) energy ranges.

Although SuperCDMS SNOLAB will ultimately operate kilogram-scale Si HV detec-

tors, this study focuses on gram-scale Si HVeV (High Voltage eV-resolution) detectors as a

testbed. These detectors achieve energy resolutions of O(eV) and are capable of resolving

single electron-hole pair excitations in the crystal. Their excellent resolution and well-

understood response make them ideal for precisely measuring and validating Compton step

features.

A detailed understanding of Compton steps in Si HVeV detectors is therefore a crucial

step toward establishing a reliable low-energy calibration strategy for the larger SNOLAB
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F()*’! 3.1: Calibration strategies for Ge and Si detectors in di"erent SuperCDMS technologies
across low (few eV) and intermediate (up to 10 keV) energy ranges. Green check
marks denote established calibration methods, red crosses indicate methods that are
not applicable, blue exclamation marks represent techniques with limited applicability,
and yellow question marks indicate the approach discussed in this chapter.

Si HV detectors. This work directly supports the broader goal of enhancing the sensitivity

of SuperCDMS to low-mass dark matter candidates.

3.2 Experimental Setup

The measurements presented in this work were performed at the Northwestern Experimental

Underground Site (NEXUS) facility at Fermilab. NEXUS is a dedicated SuperCDMS test

facility optimized for the operation and characterization of gram-scale cryogenic detectors,

in particular High Voltage electron-Volt (HVeV) devices.

A detailed description of the NEXUS facility, including its underground location, cryo-

genic infrastructure, and detector configuration, is provided in the SuperCDMS overview

chapter (see Sec. 2.6). In this section, only the experimental elements directly relevant to

the present analysis are summarized.
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Two dedicated calibration datasets were collected during the NEXUS Run 13 (R13)

and Run 14 (R14) campaigns, which together constitute the HVeVR4 dataset.

The Compton step calibration was performed using gamma rays with energies of

O(100 keV), a regime in which Compton scattering dominates in Si. In Run 13, a 137Cs

source emitting 662 keV photons served as the primary calibration source. The source was

positioned outside the dilution refrigerator at a radial distance of 65 cm from the detectors

and approximately aligned with their vertical center (Fig. 2.9).

F()*’! 3.2: Left: Detector tower configuration during Run 14 (HV LED calibration), showing the
additional LED modules installed above and below the Run 13 configuration. Right:
LED pinholes covered with an infrared filter (SCHOTT KG3) to suppress thermal
radiation from the warm, activated LEDs.

A 133Ba source was also mounted on the outer body of the cryogenic refrigerator.

However, its contribution to the measured spectrum is expected to be negligible. The

activity of the 133Ba source (20,002 Bq as of March 2022) was significantly lower than that

of the 137Cs source (3,139,488 Bq as of March 2022). In addition, the dominant gamma-

ray energies from 133Ba (365 keV, 81 keV, and 303 keV) are substantially lower than the

662 keV photons from 137Cs. As a result, 133Ba photons experience stronger attenuation in

the surrounding materials and are less likely to reach the detector volume.

The higher energy of the 137Cs photons provides greater penetration through the copper
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detector housing and surrounding structures, leading to a dominant contribution in the

recorded spectrum. This expectation was validated using dedicated G!"#$4 simulations.

Consequently, only contributions from the 137Cs source are considered in the subsequent

analysis.

In Run 14, an LED-based calibration was performed under high-voltage detector oper-

ation to study detector nonlinearity at keV-scale energies and to compare detector response

between 0 V and HV bias configurations. To accommodate the calibration system, two

additional copper stages were integrated into the detector assembly—one above and one

below the detector housing—to host LED modules (see Fig. 3.2).

Each detector was illuminated by a dedicated LED emitting optical photons with an

energy of approximately 2 eV. The light was directed through a pinhole aligned with the

center of the aluminum grid (back side) of each detector. To suppress thermal radiation

from the LEDs, the pinholes were covered with infrared filters (SCHOTT KG3).

The LEDs were driven using a sinusoidal signal with a half-period of approximately

1.7 𝑉s and a burst repetition frequency of 10 Hz. The mean photon energy, measured

using a Thorlabs CCS100 spectrometer, was approximately 2 eV. The photon flux was

varied across subdatasets by adjusting the LED drive current, enabling controlled studies

of detector response over a range of signal amplitudes.

3.3 Simulation Framework

Electrons in crystalline solids occupy discrete atomic shells (K, L, . . . ) in accordance

with the Pauli exclusion principle. Compton scattering is an inelastic photon–electron

interaction in which an incident photon transfers part of its energy to a bound or free

electron, producing a lower-energy scattered photon and a recoiling electron [6, 7]. At low
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energies in the Compton spectrum, a notable feature called a Compton step appears in the

di"erential cross section when the energy transferred to the electron is below the binding

energy of a subset of electrons [4]. In such cases, these electrons do not participate in the

scattering process, as they lack available final states. This leads to a drop in the scattering

cross section at the corresponding atomic binding energies. The positions of these steps are

therefore determined by the electronic structure of the material, making them an intrinsic

property of the target atoms rather than a feature of the incident photon energy.

We investigated Si Compton steps through a detailed comparison between measured

spectra and Monte Carlo simulations. Two complementary approaches were employed.

A full detector simulation using G!"#$4 [8] was used to model energy depositions from

external gamma rays across the keV scale and above, while ab initio atomic calculations

using FEFF [9] were used to obtain a more accurate description of Compton scattering in

the sub-keV regime [5].

3.3.1 Geant4 Simulations

A comprehensive detector simulation was performed using G!"#$4 (v10.07.p04) [8] to

model energy depositions at the keV scale and above. The full experimental setup was

implemented, including the Si HVeV detectors, copper housing, dilution refrigerator com-

ponents, and surrounding lead shielding. The simulated NEXUS facility geometry is shown

in Fig. 3.3.

The simulation models interactions of 661.7 keV gamma rays with the detector setup,

with the source placed at the same position as in the experiment. In the low-energy region

relevant for Compton step studies (O(keV) and below), several distinct features appear, as

shown in Fig. 3.4 (top left):
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F()*’! 3.3: Overview of the NEXUS facility geometry implemented in the G!"#$4 simulation.
Top Left: Side view showing the lead shield (brown) and lead wall (blue). The dilution
refrigerator is at the center, with its layers depicted; the outermost layer is shown in red.
The 137Cs source is embedded in the lead wall, and green lines indicate representative
gamma-ray trajectories. Top Right: Top view highlighting the spatial arrangement of
the detector and surrounding components. Bottom: Top view showing the two HVeV
detectors inside the copper housing.

• Copper fluorescence X-ray peaks near 8 keV originating from the detector housing.

• A Si K-shell Compton step at 1.8 keV.

Compton scattering was modeled using the Monash physics library in G!"#$4, which



#.#. SIMULATION FRAMEWORK 83

implements the Relativistic Impulse Approximation (RIA) to describe bound-electron scat-

tering at keV energies. The simulation indicates that, between approximately 50 eV and

2 keV, energy depositions from the 137Cs source are dominated by Compton interactions

in Si. However, previous precision studies have shown that the RIA loses accuracy be-

low roughly 500 eV, motivating complementary atomic-level calculations for the sub-keV

regime (see Sec. 3.3.2).

Figure 3.4 (top right) shows a comparison of spectra across multiple detectors based on

the Kolmogorov–Smirnov (KS) test, with the respective p-values reported. Small p-values

indicate a low probability that the spectra originate from the same underlying distribution;

a threshold of 0.05 is commonly used to indicate inconsistency. The KS tests show that

the spectra across detectors are consistent within the selected energy windows, confirming

that the underlying physical processes are well-reproduced.

The bottom panel of Fig. 3.4 focuses on the Compton step region. A resolution of

2% motivated from previous HVeV studies [10] is applied to the simulation. A clear K-

shell Compton step is observed near 1.8 keV, and two L-shell Compton steps appear near

150 eV and 100 eV. The L-shell steps occur below 500 eV and are studied in detail using

FEFF-based atomic calculations (Sec. 3.3.2).

3.3.2 FEFF Simulations

To achieve a more accurate description of Compton scattering at low energy transfers,

di"erential cross sections were computed using the FEFF (v10) package [9]. Unlike the

standard G!"#$4 implementation, FEFF explicitly accounts for the electronic structure of

crystalline Si when calculating excitation probabilities.

The di"erential cross section in the 50–500 eV range was evaluated using
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F()*’! 3.4: Geant4 simulation results for 661.7 keV gamma rays from 137Cs. Top Left: Simulated
detector response in the 1–10 keV region, highlighting the K-shell Compton step
and Cu X-ray peak (Credit: Stefan Zatshler). Top Right: KS test results showing
consistency of the Compton spectrum across detectors, indicating similar underlying
physics (Credit: Ata Sattari). Bottom: Close-up of the K-shell Compton step with
2% energy smearing [5]. The shaded region below 500 eV corresponds to the L-shell
Compton steps, which are analyzed in detail using FEFF simulation.
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where 𝑠0 is the classical electron radius, 𝛽 is the scattering angle, 𝛼 and 𝑏 represent

the transferred energy and momentum, 𝛼𝑙 is the incident photon energy (661.7 keV), and
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F()*’! 3.5: Si cluster used in FEFF simulations. The central atom (pink) is treated as the absorber.
The cluster includes multiple surrounding layers to capture local electronic structure
e"ects. Calculations were performed with both 35 and 71 atoms; identical cross
sections were obtained. The 71-atom cluster results are used in this work. (Credit: Ata
Sattari)

𝑘𝑎𝛾 (𝑏,𝛼) is the dynamic structure factor (DSF) for electrons in shell (𝑎, 𝛾) [11]. The DSF

describes the probability of electronic excitations as a function of energy and momentum

transfer.

FEFF calculations were performed for a Si cluster containing 71 atoms, as illustrated

in Fig. 3.5. To verify convergence, the calculations were repeated with a 35-atom cluster,

yielding consistent DSFs.

Separate DSFs were generated for:

• The three L-subshells,

• Valence electrons.

The Compton profile, describing the electron momentum density along the momentum

transfer direction, was calculated for valence electrons and rescaled to ensure the correct
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F()*’! 3.6: Dynamic structure factors computed using FEFF for electrons in di"erent shells. The
x and y axes represent energy and momentum transfer, respectively, and the color scale
indicates the DSF magnitude. Adapted from Ref. [5].

electron count per Si unit cell. These profiles were then converted to the corresponding

DSFs. Figure 3.6 shows the resulting DSFs for the valence and L-shell electrons.

The integration in Eq. 3.1 was carried out by expressing the angular dependence in

terms of momentum transfer using energy–momentum conservation. Since the di"erential

cross section shape varies only weakly with the incident photon energy in this regime, the

incident energy was fixed at 661.7 keV.

FEFF allows calculations both including and excluding the e"ect of the vacated core-

hole on the scattered electron. Both configurations were considered to estimate systematic

uncertainties associated with atomic modeling. The calculations excluding the core-hole

were adopted as the primary prediction, while the alternative was used to quantify un-
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F()*’! 3.7: FEFF-based simulation of the Si L-shell Compton step. Results are shown for calcu-
lations with and without inclusion of the core-hole potential. No core hole potential
spectrum is used for calibration purpose while with core hole potential spectrum is
used to study the systematic uncertainty arising due to the core-hole e"ect. Adapted
from Ref. [5].

certainties in the Compton step based calibration. The resulting signal PDF from FEFF

simulation is shown in Fig. 3.7.

Combined with G!"#$4 simulations, the FEFF calculations provide a consistent de-

scription of energy depositions from the keV scale down to O(100 eV), enabling precise

modeling of Compton step features for low-energy detector calibration.

3.4 Experimental Dataset

3.4.1 Data sets Overview

The Compton scattering analysis presented in this work is based on several calibration and

background data sets collected under di"erent detector bias configurations. All primary

calibration measurements were performed in a closed shield configuration in order to

suppress environmental backgrounds.
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Four main categories of data were acquired [5]:

1. 137Cs Calibration at 0 V Bias: Approximately two days of calibration data were

collected using an external 137Cs gamma source with an activity of approximately

3 MBq during the measurement campaign. No electric field was applied across the

detector substrate (0 V bias). These data serve as the primary reference for studying

Compton steps under electric field-free conditions.

2. Background Data at 0 V Bias: Four days of background data were recorded

without any radioactive source, also at 0 V bias. These runs are used to characterize

intrinsic detector backgrounds near 100 eV energy range i.e. low energy excess

(LEE) background and validate spectral features observed in calibration data.

3. Background Data at 100 V Bias: Six days of background data were collected with

a 100 V bias applied across the detector substrate. These data allow investigation of

detector response and noise behavior in the presence of an applied electric field. The

↓100 eV calibration point, corresponding to the first electron–hole (e↑h+) pair peak

observed in the background spectrum, provides an approximate energy reference for

selecting the L-step region of interest in the 50–300 eV energy range.

4. LED Calibration Data at 150 V Bias: Multiple LED sub-datasets were collected

with a 150 V detector bias. In these runs, optical photons were periodically shone

towards the detectors. The LEDs emitted photons with a mean energy of approx-

imately 2 eV, independently characterized using a Thorlabs CCS100 spectrometer.

The light intensity varied across sub-datasets. High-intensity datasets were used to

establish the keV-scale calibration, while low-intensity datasets were used to quantify

cross-talk between detector readout cables and LED power lines. Combination of
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high and low intensity data were used to study surface energy deposition e"ects

from optical photons, known as surface trapping e"ect [12]. The duration of the

high-intensity LED calibration dataset was approximately 2 hours.

Data sets collected at 0 V and 100 V bias were obtained using the Compton calibration

configuration in R13, whereas the LED data were taken using a updated optical calibration

setup in R14 as discussed in 3.2. During Compton data taking in closed shield configuration

in R13, the Mixing Chamber (MC) temperature of the fridge were confirmed to be stable

at 11 mK as shown in Fig. 3.8.

F()*’! 3.8: Mixing chamber temperature for R13 data sets collected for the calibration study. The
final data sets for our study include ‘0 V bg close’ (red) and ‘0 V CsBa close’ (blue).
Credit: Ata Sattari

3.4.2 137Cs and 133Ba activities

Combined 137Cs and 133Ba calibration data were collected at 0 V bias. However, due to

the significantly lower activity of the 133Ba source compared to 137Cs, spectral features

associated with the 356 keV gamma ray line of 133Ba were not clearly visible in the

measured spectrum. Consequently, the 0 V calibration spectrum is e"ectively treated as a
137Cs spectrum for Compton-step studies.

Table 3.1 summarizes the radioactive source properties used in the calibration mea-

surements.
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T"+,! 3.1: Radioactive source properties used in calibration measurements.

Source FNAL
ID

Activity
(Aug 2020)
[Bq]

Activity
(Mar 2022)
[Bq]

Prominent 𝛿 Peaks [keV]

133Ba 1330.13 22200 20002 81.00 (33%), 302.85
(18%), 356.01 (62%)

137Cs 1372.32 3265000 3139488 661.66 (85%)

3.4.3 LED HV Data and Detector Working Points

For LED calibration runs, a HV bias was applied across the crystal. The e"ective current

gain of the detector, determined from the position of the first electron–hole peak in the

energy estimator (expressed in current units), was influenced by additional wiring required

to allocate the LED system into the detector payload.

To enable a direct comparison between HV and 0 V calibrations, the current gain must

be matched between datasets. During the R14 LED campaign, a scan of the detector

operating point along the resistance–temperature (R–T) transition curve was performed to

find the closest match of the detector response with that of the R13 series. In addition to

that a linear correction to exactly match the current gain was performed. Three working

points (WP1, WP2, and WP3) were selected for this study. These correspond to di"erent

bias currents applied to the QETs, thereby placing the TES at di"erent positions along

the superconducting transition. A higher bias current corresponds to a higher position of

operating point along the transition curve and it results in a reduced e"ective current gain.

WP3 lies between WP1 and WP2 in the transition curve, providing an intermediate gain

configuration. WP3 LED HV data is used for primary energy calibration whereas WP2 and

WP1 data sets are used for uncertainty estimate arising from linear gain correction during

the WP alignment of LED data between R13 and R14. The analysis includes LED data at

both 100 V and 150 V bias to study relative gain di"erences between the two voltages.
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F()*’! 3.9: Schematic representation of the three working points (WP1, WP2, and WP3) selected
along the TES resistance–temperature (R–T) transition curve during LED data collec-
tion. The working points are defined by di"erent applied QET bias currents. Increasing
the QET bias current shifts the operating point upward in the transition curve and re-
duces the e"ective current gain of the detector response.

The NFH, NFC1, and NFC2 detectors were included in the HV studies. The NFE

detector, which has the smallest Transition Edge Sensor (TES) volume, exhibits a stronger

nonlinear response at higher deposited energies. Therefore, NFE was analyzed only at low

energies near the Compton L-steps, and no LED calibration data were collected for this

detector due to its degraded high-energy resolution in keV scale.

3.5 Event Reconstruction

The detector data were continuously recorded and written to disk in segments of 0.5 s

duration, referred to as traces, with a sampling frequency of 156.25 kHz. For each HVeV

detector, the readouts from the inner and outer phonon channels were summed. The

summed traces were then passed through an o%ine triggering and reconstruction pipeline.
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F()*’! 3.10: Illustration of data filtering using a derivative-of-Gaussian kernel. The trigger thresh-
old is greater than 7𝑈, where 𝑈 denotes the standard deviation of the baseline noise
amplitude from Optimal Filter method.

3.5.1 Triggering and Event Window Selection

A threshold trigger was applied to the summed traces after filtering them with a kernel

given by the first derivative of a Gaussian function. The Gaussian width used in the filter

was 38.4 𝑉s, optimized to enhance sensitivity to pulse-like features while suppressing low-

frequency noise. The resulting Gaussian-filtered (GF) trace provides improved sensitivity

for triggering of closely spaced pulses compared to the optimal filtered (OF) trace [13] as

illustrated in Fig. 3.10.

For each identified pulse, the trigger time was defined as the location of the maximum of

the Gaussian-derivative filtered trace. Around this trigger point, a fixed analysis window of

13.1 ms was selected, consisting of 1024 pre-trigger and 1024 post-trigger samples. Each

sample corresponds to 6.4 𝑉s. This window su!ciently captures the pulse rise and falls for

keV scale events while preserving su!cient baseline information for noise estimation.

The LED system operated at a constant flashing frequency of 10 Hz. The periodicity
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of the LED pulses, together with the timestamps of threshold-triggered events, allowed

identification of all LED-induced events. A dedicated logic ensured that LED events were

recorded with full e!ciency, independent of the nominal trigger threshold. Such custom

triggering ensures background event rejection at the time when no LED events are expected.

3.5.2 Optimal Filtering and Event Reconstruction

After defining the trigger time and corresponding analysis window, each pulse is processed

using the OF algorithm implemented in the frequency domain [13]. The OF constructs a

linear amplitude estimator using a predefined pulse template and the measured noise power

spectral density (PSD), maximizing the signal-to-noise ratio. A free time-shift parameter

can be included to account for small temporal misalignments between the pulse and the

template.

The pulse template was generated by averaging ↓100 eV phonon events from the 100 V

dataset. Pulse shapes were verified to be consistent between the 0 V and HV data sets,

as shown in Fig. 3.11. The noise PSD was derived from randomly triggered traces in the

100 V dataset after rejecting events containing pulse-like structures. Noise-only traces

were selected using cuts on their mean, standard deviation, slope, and skewness.

Two amplitude estimators are obtained from the OF procedure:

• 𝑌OF: amplitude extracted with a free time-shift parameter,

• 𝑌OF0: amplitude extracted with the time-shift fixed at zero.

The 𝑌OF0 estimator is particularly useful for very low-energy events near threshold,

where random noise fluctuations can bias the time alignment procedure. For each event,

the reconstruction also provides a 𝑀
2/NDF value, which quantifies the goodness-of-fit
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F()*’! 3.11: Comparison of normalized pulse templates obtained from 0 V and HV datasets,
demonstrating consistent pulse shapes.

between the measured pulse and the template. The calibrated 𝑌OF amplitude is used as the

primary low-energy estimator.

Figure 3.12 shows representative raw traces from the NFC1 HVeV detector near the K-

shell Compton step (↓1.8 keV). At these energies (O(keV) and below), the predefined pulse

window fully captures the pulse rise and decay, ensuring unbiased amplitude reconstruction.

F()*’! 3.12: Representative raw traces from NFC1 HVeV detector near K shell Compton steps
(↓1.8 keV) inside its analysis window of 13.1 ms.
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A list of Reduced Quantities (RQ) obtained from processed data set used in this analysis

are shown in Tab. 3.2.

T"+,! 3.2: Reconstructed quantities (RQs) used in the Compton calibration analysis. The asterisk
(*) denotes the detector and channel designation (inner, outer, or total). For instance,
OFL_NFC1_total corresponds to the OFL amplitude for the NFC1 detector using the
combined (inner + outer) channel response.

RQ Name Definition
trig_ch Detector responsible for issuing the trigger.
trig_loc Sample index of the trigger within the trace (0–78125), cor-

responding to a 0–0.5 s window of raw data.
filename_idx Identifier of the associated MIDAS file.
trig_traceidx Position of the 0.5 s trace within the MIDAS file.
timestamp_corr Trigger timestamp with correction applied to account for the

232 rollover of the MIDAS clock.
OF0_* Optimal filter pulse amplitude evaluated with the time shift

fixed to zero.
OFL_* Optimal filter pulse amplitude allowing a free time-shift

parameter limited to 6 samples.
OFL_chi2_* Frequency-domain 𝑀

2 value used to assess fit quality.
MeanBase_* Average value of the pre-trigger baseline region.
Integral_* Time-domain pulse integral over a 13.1 ms window after

baseline subtraction and low-pass filtering (cuto" 20 kHz).
FallTime1_* Decay time of the filtered pulse from 50% to 30% of its

maximum.
FallTime2_* Decay time from 90% to 50% of peak amplitude.
FallTime3_* Decay time from 100% to 90% of peak amplitude.

3.6 Energy Calibration at 0 V Bias Using Si Compton
Steps

The 0 V 137Cs datasets were used to study the Si Compton step features in the measured

Compton spectrum. The primary focus of this analysis is the low-energy region below

2 keV, where the L- and K-shell Compton steps should provide well-defined calibration
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features.

Processed datasets may contain poorly reconstructed events, including pileup events

(such as multiple energy depositions within a single analysis window or energy deposition

of an event on the long tail of a very high energetic event) and instrumental glitches

unrelated to particle interactions in the detector. These events must be removed to obtain a

clean spectrum suitable for calibration.

3.6.1 Data Filtering

Several selection cuts were developed to eliminate poorly reconstructed events and instru-

mental artifacts. These cuts are grouped into two categories:

1. Live-Time Cuts: Remove periods of unstable detector operation from the total

live-time.

2. Data Quality Cuts: Applied on an event-by-event basis using pulse-shape and

reconstruction quality parameters.

The complete list of applied cuts is shown in Tab. 3.3. The individual cuts used in the

analysis are described below.

Trigger dead time cut

Continuous data acquisition occurs in 0.5-second chunks (78125 samples) called traces.

The reconstruction algorithm uses a 2048-sample window around triggers to extract RQs.

To ensure su!cient sample points, the algorithm doesn’t trigger within the first and last

1024 (6.5 ms) samples of each trace, creating a dead time region. Energy deposition from

events in this region remains untriggered. The selection prevented processing artifacts at

the edges of the traces. The trigger dead time cut removes the first and last 13 ms intervals
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T"+,! 3.3: Overview of the data-quality selections applied in the 0 V analysis. The Type column
indicates whether a cut is livetime-based or event-based (applied event by event). The
Domain column specifies whether a selection is defined during processing (Processing),
evaluated per data-taking segment (Series-based), or determined using the full combined
dataset (All data).

Selection Type Domain L-step K-step
Trigger dead time Livetime Processing ✁

High-trigger rate Livetime Series-based ✁

Coincidence Event-based All data ✁ ✂

ωT Event-based Processing ✁

Mean baseline Event-based Series-based ✁

OF-𝑀2 Event-based All data ✁ ✂

Pulse-width Event-based All data ✂ ✁

from each 0.5-second trace. It is a live-time cut. Overall it removes 5% of the total live

time.

High trigger rate cut

The second live-time cut is applied to remove periods during which a sudden increase in

the event rate is observed. From dark matter, we expect uniform event rate over time,

so such intervals with elevated trigger rates at arbitrary time are not expected from them.

Therefore they must be excluded from the analysis. These high-rate intervals are likely

caused by external radio-frequency (RF) noise generated by other experiments operating

within the same dilution refrigerator. They typically appear as a train of square-shaped

pulses, as shown in Fig. 3.13.

These events are removed by examining the distribution of the trigger rate and applying

a threshold cut. We reject any time interval for which the trigger rate exceeds 5𝑈 above the

mean value expected from a Poisson distribution of the event rate (Fig. 3.14). In addition,

one extra time bin (10 s for 137Cs data and 100 s for background data) is removed on both
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F()*’! 3.13: Example trace of high trigger-rate events in the NFH detector. Such events typically
appear in bursts within short time intervals, significantly increasing the trigger rate.

sides of each rejected interval to ensure complete suppression of the high-rate bursts.

This cut removes 6% and 18% of the total run time from the 137Cs and background

datasets respectively.

F()*’! 3.14: Example of a removed time interval using the high trigger-rate cut in NFH detector.
The highlighted interval, likely caused by external noise from other experiments
operating in the same refrigerator, is removed for all detectors.
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Fridge temperature

Variations in the MC temperature can modify the current gain of the readout system and

potentially introduce systematic e"ects in the reconstructed quantities. For this reason,

we examined the stability of the MC temperature to determine whether a temperature-

dependent cut was required. As shown in Sec. 3.4 (Fig. 3.8), the temperature remained

stable throughout the data sets used in this analysis. Therefore, no temperature-based

selection criterion was applied.

DT and Coincidence Cuts

Events occurring very close in time can distort the reconstruction of pulse properties and

therefore must be removed. Two complementary selections are applied to remove such

events: the ωT (or DT ) cut and the coincidence cut.

The ωT cut eliminates events that occur too close to a preceding trigger within the same

detector. Such closely spaced events, commonly referred to as pileup, lead to overlapping

pulses that cannot be reliably reconstructed. We impose a minimum time separation of

1024 + 15 samples between successive triggers in the same detector, corresponding to a

duration slightly longer than half of the reconstruction window. This requirement e"ectively

suppresses pileup events and ensures stable pulse reconstruction.

The coincidence cut removes events that occur nearly simultaneously across multiple

detectors. These are typically non-physical triggers caused by electronic glitches or cross-

talk. In addition, we often observed that high-energy depositions in the NFC1 detector

simultaneously induced low energy triggers in the outer channel of the NFE detector. The

most plausible explanation is cross-talk arising from adjacent readout cables of the NFC1

and NFE detectors. To remove such coincidence e"ects, events occurring within 96 𝑉s (15

samples) across di"erent detectors are rejected. Figure 3.15 shows an example raw traces
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F()*’! 3.15: Example raw traces showing pileup events in a single detector and cross-talk-induced
coincidence events across detectors. These events are removed by the ωT and coinci-
dence selections.

containing both pileup events and cross-talk events.

These coincident noise events were found to populate the L-step energy region. There-

fore, the coincidence selection is applied within the L-step window, while excluding the

keV signal region to avoid removing genuine energy depositions that may coincide with

spike-like triggers.

Mean Baseline (MB) Cut

During calibration runs with 662 keV Cs source, the detector frequently records very

high energetic events with large-amplitude values. Such signals decay slowly back to the

baseline. Because of these long tails, subsequent triggers can occur while the detector

response has not yet fully stabilized. In such cases, the new pulse is superimposed on a

residual o"set from the previous event. This e"ect alters the apparent baseline level and can

bias the reconstructed pulse amplitude. To minimize this source of systematic distortion, a
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F()*’! 3.16: Distribution of the mean base (𝐿base) for calibration events. A Gaussian fit to the
left side estimates the baseline mean and standard deviation. Events more than three
standard deviations above the mean (shaded region) are rejected by the Mean Baseline
cut. Adapted from Ref. [5].

MB cut was introduced.

The MB selection is based on the average value of the signal in the pre-trigger portion

of each waveform, denoted by 𝐿base. When the detector is operating under stable conditions

and pulses are well separated in time, the pre-trigger averages fluctuate around a constant

baseline and are expected to follow a Gaussian distribution determined by the electronic

noise. However, the presence of a high energetic pulse tail can shift these averages away

from their nominal value, producing an asymmetric distribution with an extended tail

(Fig. 3.16).

To identify uncontaminated events, a Gaussian function was fitted to the left (una"ected)

side of the 𝐿base distribution. The mean and standard deviation obtained from this fit define

the acceptable baseline region. Events with 𝐿base values more than three standard deviations

above the fitted mean were rejected, as they are likely influenced by residual pulse tails.

Although this requirement significantly reduces baseline distortions, a small asymmetry
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remains in the distribution, indicating that a limited number of a"ected events may still

survive. The potential impact on the energy calibration was evaluated using data collected

at 100 V bias with the radioactive source installed. Events corresponding to the first

e↑h+ peak at 100 eV were selected after applying the MB cut, and the reconstructed pulse

amplitudes were examined as a function of 𝐿base. Any residual dependence (approximately

a few eV) was found to be negligible compared to other calibration uncertainties.

𝑀
2 Cut

The reduced 𝑀
2 value (𝑀2/NDF) obtained from the OF fit quantifies how well a recorded

pulse matches the expected single-phonon template. Events that follow the standard pulse

shape yield 𝑀
2/NDF values clustered around a characteristic mean, while pulses with

distorted or non-standard shapes result in larger values. Therefore, 𝑀
2/NDF provides a

powerful discriminator against non-ideal events.

F()*’! 3.17: Reduced 𝑀
2 (𝑀2/NDF) as a function of reconstructed energy for the 137Cs dataset.

The main cluster corresponds to pulses consistent with the single-phonon template.
A flat 3𝑈 threshold (horizontal line) is applied within the selected L-step analysis
window [5].
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A small subset of events exhibited systematically elevated pulse tails. These pulses are

understood to originate from direct energy depositions in the QET aluminum fins rather

than in the Si absorber [14]. Because their temporal shape di"ers from that of bulk phonon

events, they are not well described by the nominal pulse template and consequently produce

higher 𝑀2/NDF values.

When 𝑀
2/NDF is plotted as a function of reconstructed energy, these events appear as

a diagonal band above the main population, particularly within the L-step search region

(Fig. 3.17). The e"ect is most pronounced at low energies, around O(100 eV), which is

the region relevant for L-step calibration.

To suppress these non-standard events, the 𝑀
2/NDF distribution was examined within

the selected L-step energy window (40–300 eV). The distribution of the main event popula-

tion was modeled using a Gaussian function to determine its mean and standard deviation.

Events with 𝑀
2/NDF values exceeding three standard deviations above the fitted mean were

rejected. This corresponds to a flat 3𝑈 threshold in the selected energy range.

In Fig. 3.17, vertical lines indicate the energy interval used to project events onto the

𝑀
2/NDF axis. The central horizontal line represents the mean of the Gaussian model, while

the upper horizontal line marks the 3𝑈 rejection threshold. Events in the shaded region

above this boundary were excluded from the low-energy analysis.

Pulse-Width Cut

At higher energies (keV scale), the detector response deviates from the pulse shape observed

at low energies, which was used to construct the Optimal Filter template. As a result, the

𝑀
2/NDF distribution rapidly shifts and broadens with increasing energy. In this regime, the

reduced 𝑀
2 is no longer a reliable discriminator between well-behaved pulses and distorted

events. For this reason, a pulse-width selection was introduced for the high-energy analysis.
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F()*’! 3.18: Pulse width as a function of pulse integral for high-energy events. The solid red
line corresponds to a 7𝑈 threshold above the nominal distribution. Events above this
threshold are rejected by the pulse-width cut. Credit: Ata Sattari

Although the pulse amplitude remains the primary estimator of deposited energy,

non-standard events, particularly those with elevated or prolonged tails, can be identified

through their pulse shape characteristics. The pulse width was defined as the time di"erence

between the rising and falling edges measured at 30% of the maximum pulse height. Under

normal conditions, the pulse-width distribution follows a well-defined trend as a function

of pulse integral. However, events with anomalously extended tails exhibit significantly

larger widths.

To reject such events, the pulse-width distribution was examined as a function of the

pulse integral (Fig. 3.18). The mean behavior was determined, and an upper threshold

corresponding to 7𝑈 above the nominal distribution was applied. The relatively loose 7𝑈

criterion was chosen to minimize the impact on signal e!ciency while still suppressing

clearly non-standard pulses. All events with pulse-width values above this threshold were

rejected. This selection e"ectively removes high-energy events with elevated tails.



#.&. ENERGY CALIBRATION AT ’ V BIAS USING SI COMPTON STEPS 105

3.6.2 Filtered Spectrum

After applying all livetime and data-quality selections, the final reconstructed spectra are

presented in Figs. 3.19 and 3.20. The Optimal Filter Limited (OFL) energy estimator

is used for the Compton step analysis because of its superior resolution compared to the

pulse-integral estimator in the low-energy regime (a few keV and below).

The L-step features are not visually distinguishable due to the presence of excess low-

energy background. To define the L-step region of interest, a preliminary energy calibration

is performed using the position of the first e↑h+ peak from the 100 V background dataset,

corresponding to approximately 100 eV energy depositions. The calibrated low-energy

spectra for both the 137Cs calibration data and the low-background dataset are shown in

Fig. 3.19. After applying all selections, the overall passage fraction is approximately 50%

and remains similar across detectors.

The NFE detector is not included in the high-energy presentation, as it is optimised

for low-energy interactions due to its lowest QET coverage and exhibits significant pulse

saturation in the keV range. For high energies, the K step feature can be clearly identified,

therefore we did not use any approximate calibration. The filtered high-energy calibration

spectrum is shown in Fig. 3.20.

The Coincidence cut is not applied in high energy region because such events arose

from instrumental glitches and primarily a"ected the low-energy events. In addition, the 𝑀
2

selection is replaced with the pulse-width cut, which more e"ectively identifies distorted

or saturated pulses at high energies.

The livetime selections reject entire time intervals rather than individual triggers and

therefore do not introduce energy-dependent signal e!ciency in the spectra. The ωT and

Baseline cuts primarily remove overlapping pulses and residual tails from preceding events.
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Monte Carlo studies with randomly injected pseudo-pulses confirm that rejecting overlap-

ping events does not introduce significant energy-dependent bias in the signal acceptance.

In the low-energy region, the Coincidence selection suppresses non-physical triggers with-

out significantly reducing genuine signal candidates. Since ↓100 keV gamma rays in Si

have mean free paths of several centimeters, true low-energy Compton scatters are unlikely

to produce simultaneous interactions across multiple detectors. The 𝑀
2 selection (low en-

ergy) and pulse-width selection (high energy) further remove events with elevated tails that

deviate from the expected signal template. Overall, these selections improve the spectral

quality while maintaining approximately energy-independent signal e!ciency within the

respective analysis windows.

3.6.3 Trigger E!ciency Estimation

A precise modeling of the trigger e!ciency is crucial for the low-energy calibration,

particularly for the extraction of the L-shell Compton step. The L-step is located near

↓ 100 eV, and the fitting window extends down to approximately 50 eV (see Section 3.6.4).

Since this region overlaps with the detector trigger threshold, the finite trigger turn-on must

be explicitly incorporated into the L-step fit.

The trigger e!ciency is modeled as a function of the OFL energy estimator, 𝑌OF, using

a sigmoid parameterization:

𝑅 (𝑌OF | 𝑔1, 𝑔2) =
1

1 + exp
(
↑

𝑌OF↑𝑔1
𝑔2

) , (3.2)

where 𝑔1 and 𝑔2 are free parameters. The parameter 𝑔1 corresponds approximately to

the 50% trigger e!ciency point, while 𝑔2 characterizes the width of the e!ciency turn-on

region.
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F()*’! 3.19: Low-energy spectra at 0 V after applying all livetime and data-quality selections. An
approximate energy calibration using ↓ 100 eV calibration point from 100 V bias data
in performed for L-step region of interest selection. Top: 137Cs calibration dataset.
Bottom: low-background dataset [5].

The parameters of this model are determined using a Monte Carlo–based pulse injection

study. Pulse templates are constructed by averaging well-reconstructed events within 100 eV
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F()*’! 3.20: K-step region of the 137Cs spectrum at 0 V after applying all selection criteria. The
OFL estimator is shown in units of current (𝑉A) [5]. Distinct K-step features are
visible in all HVeV detectors. The NFE detector is excluded from this analysis due to
prominent pulse saturation in the keV range.

energy intervals from a 137Cs 0 V calibration series. A 𝑀
2 selection is applied to retain

only pulses consistent with the nominal pulse shape.

To model detector noise, pulse-free traces from randomly triggered events in the same

dataset are selected. A cut on the pulse amplitude (defined as maximum minus minimum)

removes traces potentially contaminated by pileup or residual activity.

Synthetic events are generated by injecting scaled pulse templates into the selected

noise traces over an energy range extending up to 500 eV. For each 2 eV energy bin, 100

pseudo-events are produced. These simulated traces are processed using the same Gaussian

Derivative Filter (GDF) trigger algorithm employed in the standard data reconstruction

chain. The trigger e!ciency at each energy is calculated as the fraction of pseudo-events

satisfying the trigger condition.

Figure 3.21 illustrates the template construction and pulse injection procedure. The
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F()*’! 3.21: Top: Energy-dependent pulse templates constructed by averaging calibration pulses
up to 500 eV. Bottom: Example of a 100 eV pseudo-event generated by scaling the
pulse template and adding it to a randomly triggered noise trace.
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top panel shows the energy-dependent pulse templates obtained from averaged calibration

events, while the bottom panel displays an example of a 100 eV injected pseudo-event

formed by adding a scaled template to a noise trace from the same dataset.

The resulting e!ciency curves as a function of 𝑌OF are shown in Fig. 3.22. The data

points represent the fraction of injected pseudo-events that satisfy the trigger requirement,

and the solid curves show the best-fit sigmoid model described by Eq. (3.2). The black

dashed line in each panel indicates the OFL value corresponding to 50% trigger e!ciency.

Using the energy calibration derived from the L1 Compton step at 100 eV (Section 3.6.4),

the energy equivalents of the 50% trigger e!ciency are determined to be approximately

50 eV, 37 eV, 54 eV, and 50 eV for NFE, NFH, NFC1, and NFC2, respectively.

These parameter constraints are incorporated into the L-step fitting procedure to prop-

erly account for the finite trigger turn-on behavior in the low-energy analysis region.

3.6.4 L-step Calibration at 0 V

The low-energy calibration of HVeV detectors relies on the measurement of pulse ampli-

tudes (𝑌OF) corresponding to the Si Compton steps. In the L-step region, we assume a

linear mapping between the pulse amplitude and deposited energy up to approximately

300 eV, expressed as

𝑍OF = 𝑇 · 𝑌OF, (3.3)

where 𝑇 is the calibration parameter. This parameter is extracted by fitting the FEFF-

simulated Compton spectrum (no-core-hole) to calibration data obtained with a Cs-137

source at 0 V bias. A data-driven background model representing the LEE is included in

the fit, constrained by background measurements collected at 0 V without the source. Since

the FEFF simulation is expressed in units of energy (keV), while the measured pulses are

recorded in current (𝑉A), the calibration factor 𝑇 is necessary to convert the simulation
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F()*’! 3.22: Trigger e!ciency as a function of the OFL energy estimator for detectors NFE, NFH,
NFC1, and NFC2. The data points show the fraction of triggered pseudo-events at
each energy bin, while the solid lines represent the best-fit sigmoid model. The dashed
vertical line indicates the 50% trigger e!ciency point.

into the OFL domain, allowing a consistent comparison and fit between the simulated and

measured spectra.

Probability Density Function and Trigger E!ciency

The measured spectrum for each detector is modeled as a combination of the Compton

PDF from the FEFF simulation and the LEE background. The LEE spectrum is described

by a single-parameter power law, 𝑛↑𝑚 , where 𝑚 is a free parameter. Each component is

convolved with a Gaussian of constant width 𝑈 to account for detector resolution and is
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multiplied by the pre-determined trigger e!ciency function 𝑅 (𝑌OF | 𝑔1, 𝑔2):

PDFe!
𝛾
(𝑌OF) =

PDF𝛾 (𝑌OF) ↔ 𝑅 (𝑌OF | 𝑔1, 𝑔2)∫
PDF𝛾 (𝑌OF) ↔ 𝑅 (𝑌OF | 𝑔1, 𝑔2)𝑚𝑌OF

, (3.4)

where 𝛾 indicates either the source or background dataset.

The combined PDF for each dataset is

PDF𝛾 (𝑌OF | 𝑇,𝑈, 𝑚, 𝑐
Comp
𝛾

, 𝑐
LEE
𝛾

) =
𝑐

Comp
𝛾

𝑐𝛾

PDFComp
(𝑇 · 𝑌OF | 𝑈)

+
𝑐

LEE
𝛾

𝑐𝛾

PDFLEE
(𝑌OF | 𝑚),

(3.5)

with 𝑐𝛾 = 𝑐
Comp
𝛾

+ 𝑐
LEE
𝛾

and 𝑐
Comp
𝛾

, 𝑐
LEE
𝛾

the number of events associated with the

Compton and LEE components, respectively.

Likelihood Function

The calibration parameters for each detector are extracted using an unbinned profile like-

lihood fit, which simultaneously accounts for the Compton signal and the low-energy

background contributions.

L = N2( ↖𝑉,𝛚; 𝑔1, 𝑔2)

↔

∏
𝛾↙{bg,calib}

Pois(𝑎𝛾 | 𝑐𝛾 (
↖𝛽𝛾))

↔

𝑎𝑂∏
𝑙=1

PDF𝑅

𝛾
(𝑛

𝑙

𝛾
| ↖𝛽𝛾 , 𝑐

Comp
𝛾

, 𝑐
LEE
𝛾

),

(3.6)

where ↖𝛽𝛾 = (𝑇,𝑈, 𝑚, 𝑔1, 𝑔2) controls the shape of the PDFs. 𝑛
𝑙

𝛾
are measured pulse

amplitudes (𝑌𝜀𝜁) for event ‘i’, 𝑎𝛾 is the number of observed events, and N2 is a two-

dimensional Gaussian constraint on the trigger-e!ciency parameters 𝑔1 and 𝑔2. The

calibration parameter𝑇 linearly stretches the simulation to align with measured amplitudes.

Figure 3.23 shows the resulting fits for all detectors.
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F()*’! 3.23: Simultaneous fits of calibration (left) and background (right) data for the Compton L-
steps. Solid blue lines indicate the total best fit; dashed lines represent contributions
from Compton (orange) and LEE (magenta) components. Parameters controlling
PDF shapes are shared across datasets, while event counts are independent [5].
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Uncertainty Evaluation

The calibration factor 𝑇 is subject to several sources of uncertainty:

• Statistical uncertainty: filtered dataset statistics.

• Systematic uncertainty I: correlations between 𝑇 and nuisance parameters in the

likelihood.

• Systematic uncertainty II: variations in FEFF simulation assumptions, including

core-hole e"ects.

• Systematic uncertainty III: modeling of the LEE background spectrum.

Statistical uncertainties dominate. Systematic uncertainties from FEFF simulations

were evaluated by comparing no-core-hole and core-hole fits. LEE background uncertain-

ties were negligible. The total uncertainty was obtained by summing the profiled-likelihood

and FEFF contributions in quadrature (Table 3.4).

T"+,! 3.4: Calibration factors converting 𝑌OF to energy for 0 V datasets. Uncertainties from profile
likelihood (PL) and FEFF simulations are listed separately; the total uncertainty is their
quadrature sum. Calibration is valid up to 300 eV.

Detector 𝑇 (keV/𝑉A) PL (Stat & Sys) (keV/𝑉A) FEFF (Sys) (keV/𝑉A)
NFE 1.5 ± 0.1 0.08 0.06
NFH 2.7 ± 0.2 0.20 0.06
NFC1 1.06 ± 0.04 0.04 0.01
NFC2 1.65 ± 0.08 0.08 0.01

3.6.5 K-step and Extended Calibration at 0V

The K-step features in the Compton spectrum are clearly visible in the filtered OFL spectrum

(Fig. 3.25). We extract the K-step positions from both experimental data and Geant4

simulations using a modified error function:
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𝑞 (𝑃, 𝑣, 𝑉,𝑈) =
𝑃

2

[
1 + erf

(
𝑛 ↑ 𝑉

∝
2𝑈

)]
+ 𝑣, (3.7)

where 𝑃 is the step height, 𝑣 is the baseline, 𝑉 is the step center, and 𝑈 characterizes

the step width, accounting for the detector resolution. The probability density function

(PDF) is normalized within a window around the K-step. In experimental data, the fit

center provides the pulse amplitude corresponding to the K-step, whereas in simulations it

provides the corresponding energy. Detector resolution was taken as 2% based on NFC1

measurements [10] and varied between 1–3% in simulations; the uncertainty from this

smearing was negligible. The K-step fits for HVeV detectors are shown in Fig. 3.25. The

NFE detector is excluded due to nonlinear response at higher energies, attributed to limited

QET coverage.

The Geant4-simulated Compton spectrum in the keV region is shown in Fig. 3.24 (left).

In addition to the K-shell Compton step, a Cu K-𝑖 X-ray photopeak is visible, originating

from the Cu detector housing. Simulations indicate that the Cu K-𝜂 peak is not expected to

be observable due to the detector resolution and the available statistics, with the intensity

ratio 𝜃𝑖 : 𝜃𝜂 = 100 : 17. In experimental data, the OFL energy estimator does not clearly

capture the Cu X-ray peak due to strong pulse saturation near 8 keV. However, the Pulse

Integral energy estimator, which measures the pulse area rather than the height, resolves

the Cu X-ray peak more reliably, albeit with slightly worse energy resolution than OFL.

The Integral spectrum for the NFC1 detector is shown in Fig. 3.24 (right), with the K-step

region in OFL shown in the inset. Since our focus is on the Compton steps, and the K-step

feature is visible in both estimators, we adopt the OFL estimator due to its superior energy

resolution.

By combining the L- and K-step measurements, the calibration function is extended up

to 1.8 keV. The L-step provides the pulse amplitude for the L1-step at 150 eV, while the
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F()*’! 3.24: Geant4-simulated Compton spectrum. Left: and NFC1 Integral spectrum. Right:
The inset highlights the K-step region. Cu X-ray peaks are also indicated.

K-step serves as a higher-energy reference.

F()*’! 3.25: Pulse amplitude spectra around the K-shell Compton steps for NFH, NFC1, and
NFC2. Red curves indicate the fits. NFE is excluded due to nonlinear response at
higher energies caused by limited QET coverage [5] .

In the keV region, the detector response begins to show nonlinearity. As discussed in

Sec. 3.7, LED measurements confirm this, motivating a quadratic calibration function:
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𝑍OF = 𝑖𝑌OF + 𝜂𝑌
2
OF, (3.8)

where 𝑌OF is the OFL pulse amplitude. The measured coe!cients for each detector are

listed in Table 3.5. The quadratic term at 0 V is statistically consistent with zero, confirming

that the linear calibration used for the L-step analysis is valid. The 0 V calibration curves

are shown in Fig 3.26. While a single representative L-step point is used to calibrate up to

1.8 keV, the approximate positions of both L-step Compton features is shown.

T"+,! 3.5: 0 V calibration coe!cients relating 𝑌OF to energy.

Detector 𝑖 (keV/𝑉A) 𝜂 (keV/(𝑉A)
2)

NFH 2.7 ± 0.2 0.2 ± 0.4
NFC1 1.06 ± 0.05 ↑0.01 ± 0.03
NFC2 1.66 ± 0.09 ↑0.03 ± 0.08

3.7 Energy Calibration at HV Bias Using LED Spectrum

A precise energy calibration in the keV region is achieved by analyzing the detector response

to optical photons from LED sources. LED data were collected for the NFH, NFC1, and

NFC2 detectors (the NFE detector was excluded, as it was not studied for the keV energy

scale) under a high bias voltage. HV calibration using LED data serves two main purposes:

• The detector response becomes increasingly non-linear in the keV energy range. To

accurately characterize this non-linearity, several calibration points across the keV

region are required.

• A previous study [10] indicates that the detector response for the same total measured

phonon energy di"ers between 0 V and HV conditions. For example, the pulse

amplitude corresponding to↘150 eV of measured energy is expected to di"er between
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F()*’! 3.26: 0V energy calibration curve for HVeV detectors using OFL energy estimator. The
calibration curve is obtained using L1 step and K step calibration points, while both
L1 and L2 calibration points are shown, as they both feature in the simulated spectrum.
Inset plot shows the low energy region of the calibration function.

HV mode (e.g., arising from the first e↑h+ peak in the 150 V LED data) and L1-

shell Compton step events in the 0 V data. While the Compton step calibration at

0 V reflects bulk event interactions, HV LED events also generate phonons in the

bulk as the e↑h+ pairs drift across the crystal, even though these pairs are initially

created near the surface by 2 eV photons. Comparing these calibrations provides a

direct assessment of how the detector response varies between 0 V and HV operating

conditions.

We focus on LED calibration using a 150 V bias to achieve precise energy calibration up
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to a few keV. Each LED photon carries approximately 2 eV of energy and, when absorbed,

generates a single e↑h+ pair, as illustrated in Fig. 3.27. Since the absorption length of 2 eV

photons is on the order of microns, much smaller than the detector thickness, these pairs

are initially created near the detector surface. As the e↑h+ pairs drift across the crystal

under the 150 V bias, they produce Neganov–Trofimov–Luke (NTL) phonons. The total

phonon energy for a single e↑h+ pair traversing the crystal is therefore 152 eV (2 eV from

the primary photon plus 150 eV from the NTL phonons).

Increasing the LED intensity allows multiple photons to be absorbed simultaneously,

so that 𝑐 e↑h+ pairs ideally produce 152 ↔ 𝑐 eV of total phonon energy. In some cases,

e↑h+ pairs may recombine before fully drifting, contributing no NTL phonons; we refer to

such events as the surface trapping e!ect. The impact of this e"ect on LED calibration is

discussed in detail in Sec. 3.7.3.

The burst frequency of the LED source is 10 Hz. The number of generated e↑h+ pairs

that undergo NTL amplification in each burst follows a Poisson distribution with mean 𝑊.

Higher 𝑊 values correspond to higher-intensity LED data. For the calibration series, we

use LEDs with 𝑊 typically between 10 and 15.

HVeV detectors are sensitive to single-charge excitations, resulting in a response that

exhibits distinct peaks corresponding to integer numbers of e↑h+ pairs. By identifying the

ordinal number of each peak and the associated energy, we can establish an accurate energy

calibration for the OFL estimator.

3.7.1 Detector Response to LED Photons

The exceptional energy resolution of HVeV detectors, on the order of a few eV, allows

individual e↑h+ pair peaks to be clearly resolved in the measured energy spectrum. In LED

series with low mean photon number (𝑊 ↘ 1), there is a finite probability that no e↑h+
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F()*’! 3.27: Probability of e↑h+ pair creation as a function of electron recoil energy at 0 K, 100 K,
and 300 K [15]. It can be seen that the e↑h+ pair creation probability from 2 eV
photon is 1.

pairs are generated. In such cases, no Luke phonons are produced, and consequently, no

energy is deposited in the TES. Nevertheless, as discussed in Sec. 3.5, the LED triggering

algorithm ensures that events are recorded according to the LED burst frequency, even

when the detector signal does not exceed the trigger threshold. Forced recording of events

with zero e↑h+ pair generation produces a population of events near zero amplitude in the

energy spectrum. This feature, referred to as the zeroth peak, provides a natural reference

for determining the order of subsequent e↑h+ peaks.

In LED series with high mean photon number, the zeroth peak is often suppressed,

making it di!cult to assign the ordinal number of the first visible peak. To address this,

multiple LED series with varying 𝑊 values were combined, enabling the observation of all

e↑h+ pair peaks and determination of their positions. Across all HVeV detectors, individual

e↑h+ peaks remain well resolved. Figure 3.28 presents an example of the combined LED

spectrum for the NFC1 detector, where low-intensity LEDs populate lower-order e↑h+

peaks and high-intensity LEDs populate higher-order peaks. The OFL estimator exhibits
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sharp peaks due to its optimized energy resolution, facilitating clear identification of each

e↑h+ peak.

F()*’! 3.28: Left: Combined LED spectrum for the NFC1 detector at varying LED intensities.
Low-intensity LEDs populate lower-order e↑h+ peaks, while high-intensity LEDs
contribute to higher-order peaks. Right: Relation between e↑h+ peak order and OFL
for HVeV detectors. This relation enables identification of peak numbers in high-
intensity LED series where the zeroth peak is suppressed.

It should be note that the combined LED series is not used for absolute energy calibra-

tion. The surface trapping e"ect depends on LED intensity (i.e., the 𝑊 of each series) and

induces an overall energy o"set in the spectrum (Sec. 3.7.3). As a result, di"erent LED

series are a"ected to varying degrees, which broadens the e↑h+ peaks in the combined

spectrum and could bias their position estimation. The energy shift due to surface trapping

is approximately 1 eV per unit 𝑊 (Sec. 3.7.3). However, this shift, typically up to ↓ 10 eV,

is small compared to the spacing between peaks (e.g., 150 eV at 150 V bias) and therefore

has a no e"ect on the determination of peak order.

3.7.2 LED Data Filtering

An energy-dependent 𝑀2 selection is applied to reject pulses inconsistent with the single-

phonon pulse template used in the OFL reconstruction. In LED calibration data, this cut
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primarily removes burst and pile-up events. Figure 3.29 shows the reduced 𝑀
2 (𝑀2

/n.d.f.)

as a function of reconstructed energy. Populations at elevated 𝑀
2 values are dominated

by correlated pile-up events occurring in the tail of preceding pulses. These distort the

pulse shape and bias the reconstructed energy, making their removal essential for reliable

calibration.

To construct a robust energy-dependent 𝑀2 cut, LED series with di"erent mean photon

numbers (𝑊) were combined for each detector to provide su!cient statistics across the full

spectral range. An approximate first-order calibration was obtained from the position of

the first 𝑄↑𝑋+ peak. Using this calibration, events were selected in narrow windows around

each resolved 𝑄
↑
𝑋
+ peak, and their 𝑀2

/n.d.f. distributions were studied.

For each peak, the 𝑀
2
/n.d.f. distribution was modeled with a Gaussian plus constant

to describe the core population and residual background. The acceptance region was

defined as the mean ±2𝑈 of the Gaussian component, providing a balance between signal

e!ciency and pile-up rejection. The resulting acceptance boundaries, evaluated at multiple

𝑄
↑
𝑋
+ peak energies, were parameterized with a smooth polynomial function of energy to

define the final energy-dependent 𝑀2 selection. Events with 𝑀
2
/n.d.f. above this threshold

are rejected.

Figure 3.30 shows the LED spectrum before and after applying the energy-dependent

𝑀
2 cut for the NFC1 detector. The corresponding passage fractions are 72% for NFH, 24%

for NFC1, and 56% for NFC2.

3.7.3 Study of Cross Talk Amplitude and Surface Trapping E"ect

The zeroth peak in the energy spectrum corresponds to the photons that do not undergo

Luke amplification. We observed an o"set for the zeroth peak in LED spectrum. This

o"set depends on the 𝑊 of the series. Two e"ects contribute to the zeroth peak o"set: (a)
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F()*’! 3.29: (top) Reduced 𝑀
2 from the frequency-domain OFL fit as a function of reconstructed

energy for the high-voltage LED calibration series in the NFC1 detector. High-
𝑀

2
/n.d.f. populations are dominated by pile-up events. (bottom) Example of events

rejected by the 𝑀
2 selection.

the Cross Talk Amplitude (CTA) and (b) the Surface Trapping E"ect.

Parameterizing the LED Intensity

The LED intensity is measured by the 𝑊 value of the series, which is obtained from the

experimental LED spectrum. We used high-intensity LED data to study the detector

response in the keV range. To determine the lambda values for the calibration series,

a Gaussian function is fit to the quantized e↑h+ pair peaks in the OFL spectrum. The
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F()*’! 3.30: OFL spectrum before and after the energy-dependent 𝑀2 selection for the LED cali-
bration series in the NFC1 detector. Adapted from Ref. [5].

amplitudes of each of the e↑h+ pair peaks are then obtained from the Gaussian fit. A

Poisson function is then fit (Fig. 3.31) to the data points to extract the Poissonian mean 𝑊,

which measures the LED intensity. It was found that the calibration series has 𝑊 ↓ O(10).

Quantifying CTA and Surface Trapping Coe!cient

LED photons with energies of approximately 2 eV are absorbed within a few microns of

the Si surface due to their short absorption length. As a result, a fraction of the generated

charge carriers may fail to drift across the full applied electric field due to recombination.

These incomplete events do not undergo full NTL amplification, depositing only the photon

energy, and therefore introduce a systematic shift in the LED spectrum.

Experimentally, a shift in the zeroth 𝑄
↑
𝑋
+ peak is observed as the LED intensity

(characterized by 𝑊) is varied, as shown in Fig. 3.32. The dependence of the average

zeroth-peak position on 𝑊 is well described by a linear relation,

𝑌̄o!set = 𝑕𝑊 + 𝑎, (3.9)
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F()*’! 3.31: Determination of 𝑊 values for high lambda LED series at 150V bias voltage. The fit
parameters shows the 𝑊 values for corresponding LED calibration series.

where the slope 𝑕 quantifies the intensity-dependent shift and the intercept 𝑎 repre-

sents an intensity-independent contribution. The intercept arises from electrical cross-talk

between the LED drive lines and the detector readout and defines the cross-talk amplitude.

The CTA produces a constant o"set in current units and is determined from the 𝜄-intercept

of the linear fit. All pulse amplitudes are corrected for this e"ect before further analysis.

The slope 𝑕 is defined as the surface trapping coe"cient. It measures the spectral

shift per unit 𝑊 attributable to incomplete charge transport. Physically, this e"ect can

be understood as a fraction of the generated e↑𝑋+ pairs recombining due to their initial

random trajectories and thus failing to traverse the full electric field, as supported by

G4CMP simulations [16].
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Statistically, the number of absorbed LED photons follows a Poisson distribution with

mean 𝑊true. Each absorbed photon has an independent probability 𝑞trap of being surface-

trapped and therefore failing to produce a drifting e↑𝑋+ pair. Under this process, the number

of trapped photons also follows a Poisson distribution [16] with mean

𝑊trapped = 𝑞trap 𝑊true. (3.10)

The remaining photons generate e↑𝑋+ pairs that drift across the applied field and

undergo full NTL amplification. The mean number of such amplified events is therefore

referred to as 𝑊 of the LED series.

Therefore,

𝑊true = 𝑊 + 𝑊trapped.

As can be seen in Eq. 3.10, the mean number of trapped photons does not depend on the

observed peak order 𝑎eh. Furthermore, the variance associated with the trapped component

is small compared to the intrinsic energy resolution of the detector [16]. Consequently, the

dominant observable e"ect is an approximately uniform shift of the entire LED spectrum

by the mean o"set energy 𝑍̄o"set.

Impact of Surface Trapping on LED Calibration

At high LED intensities (𝑊 ↓ O(10)), the zeroth 𝑄
↑
𝑋
+ peak is often not clearly visible

in the spectrum. In this regime, its position can be inferred by extrapolating the linear

dependence of the peak o"set on 𝑊, as described in Eq. 3.9. To validate that this linear

scaling remains applicable at large 𝑊, higher-order 𝑄↑𝑋+ peaks that are visible in both low-

and high-𝑊 data sets were examined.

The o"set of the second and third 𝑄
↑
𝑋
+ peak as a function of 𝑊 is shown for NFC1 in

Fig. 3.33 (top left and right). A clear linear dependence is observed, consistent with the
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F()*’! 3.32: Left: Zeroth peak of the LED spectrum in the OFL estimator for di"erent 𝑊 values in
NFC1 detector. Right: Linear dependence of the zeroth-peak o"set on 𝑊 in NFC1.

surface-trapping model. Similar behavior is found for other HVeVs. The slopes extracted

from linear fits to the peak displacement define the quantity 𝑌o"set/𝑊, expressed in pulse-

amplitude units. These slopes are shown in Fig. 3.33 (top right) for several 𝑄↑𝑋+ peaks. The

agreement of 𝑌o"set/𝑊 across di"erent peak orders within a given detector demonstrates

that the spectral shift can be explained well by the surface trapping hypothesis.

To express the surface-trapping e"ect in physical energy units, the equivalent energy

shift of the zeroth peak, 𝑍̄o"set, is calculated as

𝑍̄o"set =
152 eV

(𝑌1
OF ↑ 𝑌

0
OF0)

↔ 𝑕𝑊, (3.11)

where 152 eV corresponds to the total phonon energy from a single absorbed photon

including the additional NTL amplification, i.e., the energy separation between successive

𝑄
↑
𝑋
+ peaks. The quantities 𝑌1

OF and 𝑌
0
OF0 represent the mean cross-talk-corrected optimal-

filter amplitudes of the first and zeroth 𝑄
↑
𝑋
+ peaks, respectively. The term 𝑕𝑊 denotes the

extrapolated zeroth-peak shift (in pulse-amplitude units) due to surface trapping, obtained

from Eq. 3.9. The prefactor in Eq. 3.11 provides a linear conversion from amplitude to
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energy. The resulting energy-equivalent o"sets for several LED data sets are summarized

in Table 3.6.

T"+,! 3.6: Energy o"set in the LED spectrum arising from surface trapping. The measured ratio
𝑍̄o"set/𝑊 is approximately 1 eV, implying an expected total shift of ↓10–15 eV for high-
intensity calibration series.

Detector 𝑊 𝑍̄o"set (eV)
NFH 14.85 ± 0.05 16 ± 2
NFC1 9.66 ± 0.05 10.6 ± 0.7
NFC2 13.67 ± 0.07 13 ± 4

The bottom panel of Fig. 3.33 shows the corresponding quantity 𝑍o"set/𝑊, obtained

by converting 𝑌o"set/𝑊 into calibrated energy units. The measured shift is approximately

1.1 eV per unit 𝑊, with consistent values across detectors. For calibration data with

𝑊 ↓ O(10), this implies a total energy shift of order O(10 eV).

3.7.4 Working Point Alignment and Corrections

During LED Run 14 (R14), the addition of the LED box to the payload (absent in NEXUS

R13) introduced a change in the parasitic resistance of the detector readout circuit of approx-

imately O(100 𝑉ϑ). This modification altered the current scale of the detector response,

defined by the position of the first e↑h+ peak in units of current (𝑉A). Consequently, an

identical working point (WP) on the superconducting transition curve (R–T curve) in R13

and R14 does not correspond to the same current scale.

To enable a direct comparison between the R14 high-voltage LED calibration and the

R13 137Cs 0 V calibration data, the current scales must be matched. Since the detector

current scale depends on the chosen WP along the R–T transition, a dedicated WP scan

was performed in the R14 LED data by varying the QET bias. This procedure allowed

identification of WPs that produce current scales comparable to those observed in R13.
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F()*’! 3.33: Top left and Top right: O"set of the second and third 𝑄
↑
𝑋
+ peak as a function

of 𝑊 for NFC1, demonstrating the linear scaling predicted by Eq. 3.9. Bottom left:
Extracted slope 𝑌o"set/𝑊 for multiple 𝑄↑𝑋+ peaks, expressed in pulse-amplitude units.
Bottom right Corresponding slope converted to calibrated energy units, 𝑍o"set/𝑊,
using Eq. 3.11. Adapted from Ref. [5].

After selecting a comparable WP, a linear working point correction was applied to align

the current scales between runs. The validity of the linear approximation was evaluated by

estimating the associated systematic uncertainties, which were found to be at the level of a

few percent.

Three working points were used in this study: WP1 (lowest current scale), WP3

(intermediate current scale), and WP2 (highest current scale). As illustrated in Fig. 3.34,

WP3 lies between WP1 and WP2 in terms of current scale. The high-𝑊 LED series at
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WP3 was used for the primary energy calibration, while the corresponding high-𝑊 series

at WP1 and WP2 were used to evaluate systematic uncertainties associated with the linear

WP correction.

F()*’! 3.34: Illustration of di"erent working points (WPs) along the superconducting R–T transi-
tion curve. Points lower on the transition correspond to a higher current scale (i.e.,
a larger first e↑h+ peak position in current units). WP2 corresponds to the highest
current scale, WP3 to an intermediate current scale, and WP1 to the lowest current
scale.

Current Scale Determination for R13 and R14 data

The detector current scale (gain) is defined by the position of the first 𝑄↑𝑋+ peak in the LED

spectrum at a given WP and bias voltage. Any change in the detector WP directly a"ects

the measured current gain.

For LED and low-background data, the current scale is defined as

Current ScaleR14 LED = 𝑌
1
OFL ↑ 𝑌

0
OF0, (3.12)

Current ScaleR13 = 𝑌
1
OFL. (3.13)

Here, the superscripts 1 and 0 denote the first and zeroth 𝑄
↑
𝑋
+ peaks, respectively. For R14

LED data, the zeroth peak is clearly visible and is subtracted to correct for the surface-
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trapping o"set. In contrast, for R13 Cs data, no surface-trapping e"ect is observed, and the

position of the first peak alone defines the scale.

Linear Working Point Correction

To apply the LED calibration to the R13 Cs spectrum, the R14 LED current scale must be

matched to the R13 current scale. Since the R13 Cs data were acquired at 0 V and do not

show a resolved 𝑄
↑
𝑋
+ peak pair, we use 100 V low-background data as a proxy for the R13

current scale. The R14 calibration series was taken at 150 V to maximize energy coverage.

Because R13 and R14 were taken at di"erent bias voltages, their gains di"er due to the

Luke phonon amplification. Therefore, the relative HV gain must first be determined.

The WP correction factor is defined as

WP correction factor =
Current ScaleR13 (100V) ↔ Relative HV Gain

Current ScaleR14 (150V)

. (3.14)

The relative HV gain was measured using R14 LED data taken at 100 V and 150 V.

An energy-independent 𝑀
2 cut was applied to remove pulses with burst-like tails. The

positions of distinct 𝑄↑𝑋+ peaks were then extracted for both voltages.

The ratio of corresponding peak positions was plotted as a function of 𝑎𝑄𝑋 and fitted

with a constant to obtain the relative HV gain. An example for the NFC1 detector is shown

in Fig. 3.35.

The extracted values are:

• NFC1: 1.479 ± 0.001

• NFC2: 1.478 ± 0.001

• NFH: 1.49 ± 0.003
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The theoretical expectation of Luke gain ratio is

1 + 150/3.8
1 + 100/3.8

↘ 1.4816,

.

F()*’! 3.35: Relative HV gain determination for the NFC1 detector. Top left: LED spectrum at
100 V after 𝑀2 cut. Top right: LED spectrum at 150 V after 𝑀2 cut. Bottom: Peak
ratio as a function of 𝑎𝑃𝑄 used to extract the relative HV gain.

The final WP correction factors are shown in Tab. 3.7. These factors are applied to the

R14 calibration LED data sets (WP3) to align it with the R13 Cs data.
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T"+,! 3.7: Summary of WP correction parameters for each detector.

Detector R14 LED 150 V (𝑉A) R13 100 V Low-BG (𝑉A) Relative HV Gain WP Correction Factor
NFH 0.0757 ± 0.0001 0.0527 ± 0.0001 1.490 ± 0.003 1.026 ± 0.003
NFC1 0.199 ± 0.001 0.1385 ± 0.0001 1.479 ± 0.001 1.028 ± 0.001
NFC2 0.1472 ± 0.0001 0.09262 ± 0.00006 1.478 ± 0.001 0.930 ± 0.001

E"ect of Non-Linearities in the Linear Working Point Correction

The linear WP correction assumes that small shifts along the superconducting transition

curve produce proportional changes in the detector current scale. However, the detector

response may exhibit mild non-linearities, particularly in the keV region. We therefore

evaluate the validity of the linear approximation.

To study this e"ect, LED data were analyzed at three working points: WP1 (lowest

current scale), WP3 (intermediate), and WP2 (highest current scale). The LED high-𝑊

calibration series corresponds to WP3. As shown in Fig. 3.36 (left), WP3 lies between

WP1 and WP2 in terms of current scale.

We first applied a forced calibration to the WP1 and WP2 data sets using the calibration

function derived from the WP3 LED spectrum. This allowed conversion of the current

scales into an equivalent energy scale. Di"erences in the reconstructed energies of individ-

ual 𝑄↑𝑋+ peaks among the three WPs provide a direct estimate of the variation in current

scale.

Next, linear WP correction factors were derived from the ratios of the 𝑄
↑
𝑋
+ peak

positions (in current units) between di"erent WPs and applied to the respective data sets.

The residual di"erences in reconstructed energies after applying the correction quantify

the non-linear component of the response.

As shown in Fig. 3.36 (right), the residual deviations are at the level of ↓ O(1%) across

the calibration range. This demonstrates that a linear WP correction is su!cient to match

the current scales in the keV region, with only small residual non-linear e"ects.
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F()*’! 3.36: Energy di"erences among di"erent working points before (left) and after (right)
applying the linear WP correction. The residual deviations after correction are at the
↓ 1% level.

3.7.5 HV Energy Calibration Using LED

Having established that the linear WP correction is adequate, the correction factors are

applied to the LED data to align the current scale with the R13 Cs 0 V data. The energy

calibration is then performed using the WP-corrected OFL pulse amplitude.

The calibration curve is parameterized as a quadratic function:

𝑍cal(𝑌
𝑁

OFL) = 𝜅0𝑌
𝑁

OFL + 𝜅1
(
𝑌
𝑁

OFL
)2
, (3.15)

where 𝑌
𝑁

OFL denotes the WP-corrected OFL pulse amplitude used for the LED calibra-

tion series.

The expected energy of the 𝑎
th
𝑄
↑
𝑋
+ peak is

𝑍𝑎 = 𝑎

(
𝑍𝛿 + 𝑄𝛴bias

)
+ 𝑍o!set, (3.16)
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where 𝑍𝛿 is the LED photon energy, 𝑄𝛴bias is the Luke phonon contribution per carrier

pair, and 𝑍o!set accounts for surface trapping e"ects.

The associated X and Y statistical uncertainties on the LED calibration data points are

defined as ω𝑍𝑎 = ω𝑍o!set, and ω𝑌𝑁

OFL =
√
𝑈

2
WP + 𝑈

2
CTA.

The resulting LED energy calibration curves are shown in Fig. 3.37. The residuals

are at the level of ↓ 1%, which is taken as the systematic uncertainty associated with the

calibration function.

F()*’! 3.37: Energy calibration using the WP-corrected OFL amplitude for di"erent HVeV detec-
tors.
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Statistical Uncertainty from the Energy Calibration Fit

The statistical uncertainty on the calibrated energy originates from the uncertainties on the

fit parameters 𝜅0 and 𝜅1. These are propagated using the covariance matrix returned by

the fit.

For a given corrected amplitude 𝑌
𝑁

OFL, the variance on the calibrated energy is obtained

via standard error propagation:

Var[𝑍cal] =
[
𝑌
𝑁

OFL

(
𝑌
𝑁

OFL

)2
]

C


𝑌
𝑁

OFL(
𝑌
𝑁

OFL

)2


, (3.17)

where C is the covariance matrix of the fit parameters:

C =


Var(𝜅0) Cov(𝜅0, 𝜅1)

Cov(𝜅1, 𝜅0) Var(𝜅1)


. (3.18)

Explicitly, the statistical uncertainty on the calibrated energy is

𝑈stat(𝑍cal) =

√
𝑈

2
𝜅0

(
𝑌
𝑁

OFL

)2
+ 𝑈

2
𝜅1

(
𝑌
𝑁

OFL

)4
+ 2

(
𝑌
𝑁

OFL

)3
Cov(𝜅0, 𝜅1). (3.19)

Systematic Uncertainty from Linear WP Correction

The systematic uncertainty from the linear WP correction is the dominant contribution

to the LED calibration uncertainty. Residual deviations after applying the linear WP

correction (Fig. 3.36) are propagated as systematic uncertainty. For each prominent 𝑄↑𝑋+

peak, the deviation relative to the WP3 calibrated scale is evaluated, and the maximum

deviation across the calibration range is taken as a conservative estimate. This contribution

is O(10 eV).
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Systematic Uncertainty from the Energy Calibration Function

An additional systematic uncertainty arises from the choice of the quadratic parameteri-

zation used to describe the relationship between the calibrated energy and the WP- and

CTA-corrected OFL amplitude, 𝑌𝑁

OFL.

The measured 𝑄↑𝑋+ peak energies exhibit small deviations from the quadratic calibration

curve. These residuals quantify how well a second-order polynomial describes the data

and e"ectively capture any potential higher-order (non-quadratic) contributions that are

not explicitly modeled in the fit. To conservatively account for this e"ect, the maximum

absolute residual observed in Fig. 3.37 is assigned as the systematic uncertainty associated

with the calibration function. This contribution is found to be approximately 10 eV.

F()*’! 3.38: Total uncertainty arising from LED energy calibration as a function of energy. The
dominant contribution originates from the linear WP correction.
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T"+,! 3.8: Energy calibration factors for HV LED calibration of the 𝑌OF estimator.

Detector 𝜅0 (keV/𝑉A) 𝜅1 (keV/(𝑉A)
2)

NF-H 1.90 ± 0.04 0.20 ± 0.04
NF-C1 0.74 ± 0.01 0.014 ± 0.006
NF-C2 1.11 ± 0.02 0.027 ± 0.008

Total Uncertainty

The total uncertainty is computed as the quadrature sum of all statistical and systematic

contributions. The dominant component arises from the linear WP correction. The overall

uncertainty is approximately O(10 eV) across the calibration range, as shown in Fig. 3.38.

The calibration parameters for the HV LED calibration functions, including total un-

certainties, are listed in Table 3.8.

3.8 0V–HV Calibration Comparison

Figure 3.39 displays the combined calibration points derived from the WP-corrected LED

spectrum at HV bias and from the 133Cs Compton spectrum at 0 V bias. A clear calibration

di"erence in detector response is observed between the 0 V calibration points and the HV

LED calibration points.

3.8.1 0V → HV Calibration Scaling Parameter

The calibration di"erence is quantified by introducing a single multiplicative scale param-

eter relating the HV calibration function to the 0 V calibration points.

Let 𝑞 HV
calib(𝑌) denote the quadratic HV calibration function obtained from the LED data.

The 0 V calibration function is modeled as

𝑞
0𝛴
calib(𝑌) =

1
𝑇0

𝑞
HV
calib(𝑌), (3.20)
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F()*’! 3.39: Scaling between 0 V and HV calibration determined from a one-parameter fit for
the three HVeV detectors. The bottom-right panel compares the extracted scaling
parameters, which are consistent across detectors within uncertainties.

The Cs 0 V calibration data points are fitted using this one-parameter model, keeping

the shape of the HV quadratic calibration fixed and allowing only an overall normalization

change. The best-fit value of 𝑇0 serves as the nominal measure of the detector response

di"erence between 0 V and HV operation. The 1/𝑇0 value scales HV calibration to return

0 V calibration.

The dashed black curves shown in the first three panels of Fig. 3.39 correspond to the

result of this one-parameter fit. The consistency of scaled HV calibration curve with the

0 V calibration curve indicates that the calibration di"erence can be well described by

a single, energy-independent scaling factor up to the keV scale. Table 3.9 summarizes
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the relative percentage di"erences between the 0 V and HV calibrations, taking the 0 V

calibration as the reference.

T"+,! 3.9: Relative percentage di"erence between the 0 V and HV calibrations for di"erent HVeV
detectors, using the 0 V calibration as the reference [5].

Detector Calibration di"erence (%) Stat. (%) Sys. (%)
NF-H 29 ± 2 1.7 0.7
NF-C1 27 ± 2 1.6 0.7
NF-C2 30 ± 1 1.0 0.5

From this procedure, we observe an approximately 30% di"erence in the calibrated

energies at HV relative to the 0 V energy scale.

The bottom-right panel of Fig. 3.39 compares the extracted scaling parameters for all

three HVeV detectors. The scaling factors are consistent within uncertainties, suggesting

that the detector response di"erence is common across the devices.

The HV LED calibration carries both statistical and systematic uncertainties, which

propagate into the scaling parameter.

To determine the systematic uncertainty associated with the HV calibration, the LED

calibration curve is randomly sampled within its total uncertainty while accounting for

correlations between calibration parameters. For each sampled calibration curve, the one-

parameter scaling fit to the 0 V data is repeated, yielding a corresponding value of the

scaling, 𝑇0.

This procedure produces a distribution of scaling parameters. The spread of this

distribution is taken as the systematic uncertainty on 𝑇0. This systematic contribution is

combined in quadrature with the statistical uncertainty from the nominal one-parameter fit.

An additional HV calibration point is obtained from the first 𝑄↑𝑋+ pair peak observed

in background data at 100 V bias. This peak corresponds to an energy of approximately
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101.1 eV, composed of 100 eV Luke phonon energy plus the band-gap recombination

energy.

As shown in Fig. 3.40, this independent calibration point lies on the HV LED calibration

curve, providing additional validation of the HV energy scale and supporting the robustness

of the extracted calibration di"erence.

3.8.2 Possible Physical Origin of the Detector Response Di"erence

Although the exact origin of the 0 V–HV calibration di"erence is not yet fully understood,

several mechanisms may contribute [10]:

• At 0 V bias, the TES primarily senses prompt (primary) phonons generated directly

by the recoil interaction and by 𝑄
↑
𝑋
+ pair recombination. In contrast, at HV bias,

a substantial fraction of the measured signal arises from NTL phonons generated

during charge drift. Di"erences in phonon production, propagation, and collection

e!ciency between primary and Luke phonons may lead to a bias-dependent TES

response.

• In Si, the average ionization energy is approximately 3.8 eV, while the band gap

is about 1.1 eV. The excess energy (↓2.7 eV, or about 70%) is promptly converted

into phonons, which are sensed by the TES. Upon recombination, an 𝑄
↑
𝑋
+ pair

ideally releases energy equal to the band gap (↓1.2 eV, or about 30%). However,

full or partial recombination energy may not always be converted into detectable

phonons, implying that the full band-gap energy may not be recovered in the phonon

signal. This e"ect is expected to dominate at 0 V bias, where the signal is primarily

composed of primary phonons. At HV bias, although recombination still occurs,

the total signal is dominated by the much larger NTL phonon contribution, making
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this e"ect comparatively small. Consequently, the energy response at 0 V may di"er

from that at HV bias.

A similar calibration di"erence between 0 V and HV operation has been reported

previously for NFC1 [10] in O(keV) region. In that study, the 0 V calibration was based on

surface X-ray interactions, whereas the present analysis uses bulk Compton interactions.

The persistence of a comparable detector response di"erence in both cases suggests that

the e"ect may be intrinsic to the detector response rather than solely related to interaction

topology. A detailed investigation of the underlying mechanism is left for future work.

F()*’! 3.40: Energy calibration curves at 0 V and HV (150 V) bias for NFH, NFC1, and NFC2. A
bias-dependent detector response di"erence is observed. Insets show the low-energy
region of the calibration curves. Adapted from Ref. [5].



#.*. CONCLUSION AND OUTLOOK 143

3.9 Conclusion and Outlook

We investigated the L-shell (0.1 keV and 0.15 keV) and K-shell (1.8 keV) Compton steps

in Si HVeV detectors using 137Cs data collected at 0 V detector bias. Using these fea-

tures, we calibrated the energy scale of the detector at 0 V bias across the crystal. This

study represents the first measurement of Si L-shell Compton steps in cryogenic phonon-

sensitive calorimeters. The primary experimental challenges included excess low-energy

background, which limited the statistical precision of the L-shell measurements, and non-

linear detector response e"ects that become relevant in the keV region for the K-shell

step.

A detailed study of the detector nonlinearity was performed up to the keV scale using

HV LED calibration with bursts of ↓2 eV optical photons. This calibration enabled precise

characterization of the quadratic energy response in the keV regime and allowed a detailed

investigation of surface trapping e"ects.

A clear calibration di"erence between 0 V and HV operation was observed and found

to be consistent across the HVeV detectors. The HV calibration factor is approximately

30% smaller than the corresponding 0 V calibration factor, indicating a bias-dependent

detector response for the same nominal phonon energy. Although the exact physical origin

of this response di"erence is not yet fully understood, it is likely related to di"erences in

TES sensitivity to primary phonons (dominant at 0 V) versus NTL phonons (dominant

at HV bias), and/or incomplete conversion of 𝑄↑𝑋+ recombination energy into detectable

phonons.

Future measurements with higher statistics Compton calibration datasets, together with

improved modeling of core-hole e"ects in FEFF calculations, will help refine the low-

energy response and validate the interpretation of the Compton step structure. In addition,
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dedicated experimental studies of phonon production and collection under di"erent bias

conditions will be essential to fully understand the observed calibration di"erence.

The Compton-step-based calibration framework developed in this study for cryogenic Si

calorimeters is an important step toward enabling next-generation dark matter searches. In

particular, the SuperCDMS experiment at SNOLAB will rely on a precise understanding of

detector response at sub-keV energies to fully exploit the low energy threshold and excellent

resolution of kg-scale HV detectors in the search for low-mass dark matter candidates.
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4.1 Motivation

The absence of confirmed experimental evidence for Weakly Interacting Massive Particles

(WIMPs) [1, 2] to date has motivated the exploration of alternative dark matter candidates,

particularly in the low-mass regime. This largely unexplored region of parameter space,

extending down to the keV/𝑁
2 scale and below, provides an opportunity to probe new

classes of dark matter. Among the well-motivated candidates in this mass range are axions

and Axion-Like Particles (ALPs) [3, 4], as well as dark photons [5]. These particles could

have been produced in the early Universe and may constitute a significant fraction of the

present-day dark matter density.

Several direct-detection experiments have searched for these candidates in addition to

WIMPs [6, 7]. Within the SuperCDMS program, such searches have been performed

using ultra-pure germanium cryogenic detectors operated in CDMSlite (CDMSearch Low

Ionization Threshold Experiment) or HV mode as well as in low-bias voltage mode at

the Soudan Underground Laboratory [8]. In addition, High Voltage electron-volt (HVeV)

detectors have been deployed at various test facilities [9, 10]. These studies have placed

constraints on the couplings of ALPs and dark photons to Standard Model particles.

HVeV detectors are particularly sensitive to very low-mass dark matter due to their excel-

lent energy resolution and extremely low energy thresholds, enabling sensitivity to masses

of O(10 eV/𝑁
2
) and below. However, their gram-scale target mass limits the achievable

exposure and therefore reduces sensitivity at higher masses. In contrast, the kilogram-scale

CDMSlite detectors operated at SuperCDMS Soudan provide significantly larger expo-

sures, making them well suited to probe dark matter masses in the range O(100 eV/𝑁
2
) to

O(10 keV/𝑁
2
), despite their relatively higher energy thresholds.

Previous SuperCDMS analyses searching for ALPs and dark photons adopted conser-
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vative approaches in which upper limits on the axio-electric coupling (𝑂𝑃𝑄) and the dark

photon kinetic mixing parameter (𝑅) were derived without explicitly modeling background

contributions [8]. The resulting exclusion limits on 𝑂𝑃𝑄 and 𝑅 are shown in Fig. 4.1.

F()*’! 4.1: Exclusion limits on ALPs (left) and dark photons (right) from the SuperCDMS Soudan
experiment (in black solid lines). Limits from other direct detection experiments and
astrophysical constraints are also shown. Adapted from Ref. [8].

PLR

The limits obtained by the SuperCDMS Soudan experiment were derived using the

Poisson upper-limit method, which first sets bounds on the signal rate without incorporating

an explicit background model and then converts the upper limit on the event rate into

an upper limit on the coupling strengths. In this work, we aim to improve upon these

constraints by performing a likelihood-based analysis using the Profile Likelihood Ratio

(PLR) method that incorporates detailed background knowledge. Unlike the Poisson upper-

limit approach, the likelihood framework naturally accounts for systematic uncertainties in

the measurements. Consequently, constraints derived using the likelihood method lead to

improved sensitivity for dark matter and enable potential signal discovery.

In this analysis, we study approximately 110 kg · days of CDMSlite data collected

during Runs 2 and 3 of the SuperCDMS Soudan experiment. Unlike previous studies that
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combined CDMSlite and iZIP (interleaved Z-sensitive ionization and phonon) detectors,

our analysis focuses exclusively on the CDMSlite operating mode of iZIP detectors. This

approach enables a dedicated search for ALPs and dark photons in the mass range up to

25 keV/𝑁
2, with the goal of setting more stringent constraints on the axio-electric coupling

𝑂𝑃𝑄 and the dark photon kinetic mixing parameter 𝑅 .

4.2 SuperCDMS Soudan Experimental Setup and Data
Sets

4.2.1 Experimental Setup

The datasets used in this analysis were collected during the SuperCDMS Soudan operation,

an upgraded phase of the earlier CDMS-II experiment [11, 12]. A detailed description of

the detector configuration, tower layout, and shielding is provided in Sec. 2.4. A brief

overview of the detector operation is given below.

SuperCDMS Soudan detectors were operated in two primary modes:

a) Low-bias (iZIP) mode: A bias voltage of 4 V is applied across the crystal. The simul-

taneous measurement of phonon and ionization signals enables e!cient discrimination

between nuclear recoil (NR) and electron recoil (ER) events, resulting in strong back-

ground suppression. Detectors in this mode are therefore optimized for low-background

operation.

b) High-bias (CDMSlite) mode: In this mode, a high bias voltage (70 V in Run 2 and

75 V in Run 3) is applied to enhance Neganov–Trofimov–Luke (NTL) phonon amplifi-

cation. This significantly lowers the e"ective energy threshold to O(10 eV), improving
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sensitivity to low-mass dark matter. However, the dominance of NTL phonons removes

the ability to discriminate between ER and NR events.

Two detectors were operated in CDMSlite mode: T5Z2 (Run 2) and T2Z1 (Run 3). This

analysis uses data exclusively from these detectors to constrain the 𝑂𝑃𝑄 and 𝑅 . Data from

the standard iZIP mode are not included due to their higher energy thresholds (O(keV)),

which limit sensitivity to low-mass dark matter. At higher masses, stronger constraints are

provided by tonne-scale liquid xenon experiments such as XENONnT [13], LZ [14], and

PandaX [15].

4.2.2 Data Sets

Two primary categories of data were collected during the SuperCDMS Soudan experiment:

• Calibration data

• Low-background data

Calibration Data

Calibration data were collected using radioactive sources to characterize the detector re-

sponse to both electron-recoil and nuclear-recoil interactions. The primary calibration

sources used were 133Ba and 252Cf.

• 133Ba Source: 133Ba decays to 133Cs via electron capture and emits several gamma

rays, with prominent lines at 81 keV, 302.8 keV, 356 keV, and 383.8 keV. These well-

defined peaks are used to calibrate the electron-recoil energy scale in the standard

iZIP operating mode.
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• 252Cf Source: 252Cf undergoes spontaneous fission and emits neutrons with an

average energy of approximately 2.1 MeV, accompanied by gamma rays. These

neutrons interact with the germanium detectors and produce nuclear recoils, enabling

calibration of the NR response. Neutron capture on 70Ge can also produce metastable
71Ge, whose electron-capture decay generates characteristic low-energy X-ray peaks

that are useful for energy calibration in CDMSlite mode.

In CDMSlite mode, the large bias voltage produces significant NTL amplification,

causing the transition-edge sensor (TES) phonon sensors to saturate at energies of order

O(100 keVee). As a result, high-energy gamma-ray and neutron interactions cannot be

used for calibration. Instead, the energy scale is determined using the low-energy X-ray

peaks from the decay of neutron-activated 71Ge observed in the low-background data set

(see Sec. 4.2.2).

Low-Background Data

During low-background data taking, all external calibration sources were removed. Events

recorded during these runs therefore arise primarily from ambient backgrounds or potential

dark matter interactions.

Following neutron calibration with 252Cf, activated 71Ge nuclei remain in the detectors.

These nuclei decay via electron capture to 71Ga, producing vacancies in the inner atomic

shells (K, L, or M). The subsequent atomic relaxation leads to the emission of characteristic

X-rays corresponding to the binding energies of these shells. The resulting peaks are clearly

visible in the low-background data and serve as precise low-energy calibration references for

the CDMSlite detectors. They also allow detailed studies of the detector energy resolution

as a function of deposited energy.
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The energies and branching ratios of the 71Ge electron-capture peaks are summarized

in Table 4.1.

Shell Energy (keV) Branching Ratio
K 10.37 87.6%
L 1.30 10.5%
M 0.16 1.78%

T"+,! 4.1: Electron-capture X-ray energies and branching ratios from the decay of 71Ge.

4.3 Axions/Axion-Like-particles and Dark Photons

4.3.1 Axions/Axion-Like Particles

Axions are hypothetical elementary particles originally proposed to solve the strong

Charge–Parity (CP) problem in quantum chromodynamics (QCD) [16–19]. CP symmetry

implies that the laws of physics remain invariant under the combined transformation of

charge conjugation (C), which exchanges particles with their antiparticles, and parity (P),

which corresponds to spatial inversion.

While CP violation is well established in weak interactions, no evidence for CP violation

has been observed in the strong interaction. However, the QCD Lagrangian permits a CP-

violating term proportional to the parameter 𝛽, which would generate observable e"ects

such as a neutron electric dipole moment. Experimental measurements place extremely

stringent limits on the neutron electric dipole moment, implying that the e"ective value of

𝛽 must be extremely small. This apparent fine-tuning is known as the strong CP problem.

The Peccei–Quinn mechanism introduces a new global 𝑦 (1)PQ symmetry that is spon-

taneously broken at a high energy scale [17]. This mechanism dynamically relaxes the

e"ective 𝛽 parameter to zero, thereby removing the CP-violating term from the QCD La-

grangian. The pseudo-Nambu–Goldstone boson associated with this symmetry breaking



154
CHAPTER $. SEARCH FOR AXION-LIKE PARTICLES AND DARK PHOTONS IN

SUPERCDMS SOUDAN

is known as the axion [18, 19]. As a result, the axion provides a natural explanation for the

absence of CP violation in the strong interaction.

The QCD axion mass is related to the Peccei–Quinn symmetry breaking scale 𝑞𝑃

through

𝑕𝑃 ′ 5.7 𝑉eV
(
1012 GeV

𝑞𝑃

)
, (4.1)

which follows from the relation 𝑕𝑃 ↗ 𝑞𝛹𝑕𝛹/ 𝑞𝑃 derived from chiral symmetry breaking

in QCD [20, 21]. Astrophysical and cosmological constraints typically require 𝑞𝑃 ↓

109–1012 GeV, corresponding to axion masses in the approximate range 𝑕𝑃 ↓ 10↑6–

10↑3 eV (i.e., 𝑉eV to meV) [20–22]. Astrophysical observations also constrain the allowed

axion parameter space. In particular, the duration of the neutrino burst observed from

Supernova 1987A limits excessive energy loss from the supernova core due to axion

emission, implying that the canonical QCD axion mass is typically below↓ 10↑2eV/𝑁
2 [22].

In addition to the QCD axion, many extensions of the Standard Model predict similar

particles referred to as ALPs [3, 4]. These particles are also pseudo-Goldstone bosons

associated with spontaneously broken global symmetries but do not necessarily obey the

strict mass–coupling relation characteristic of the QCD axion. Consequently, ALPs can

span a much wider range of masses and interaction strengths. This broader parameter space

allows experiments such as SuperCDMS to probe ALPs through their possible interactions

with detector materials.

ALPs can interact with Standard Model fermions through derivative couplings to the

axial current. The relevant interaction term in the Lagrangian is

L ∞
𝑂𝑃𝑄

2𝑕𝑄

(𝜆𝑉𝑃) 𝑄𝛿
𝑉

𝛿
5
𝑄, (4.2)

where 𝑃 denotes the ALP field, 𝑂𝑃𝑄 is the dimensionless axion–electron coupling
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constant, and 𝑕𝑄 is the electron mass. In direct detection experiments, this interaction

allows ALPs to be absorbed by bound electrons, producing observable electronic recoil

signals.

4.3.2 Dark Photons

Dark photons are hypothetical vector bosons that arise in extensions of the Standard Model

containing an additional 𝑦 (1) gauge symmetry in the dark sector [5]. In these models, the

dark photon can interact with Standard Model particles through kinetic mixing with the

ordinary photon.

The corresponding interaction term in the Lagrangian is

L ∞ ↑
𝑅

2
𝜁𝑉𝐿𝛴

𝑉𝐿

, (4.3)

where 𝜁𝑉𝐿 and 𝛴𝑉𝐿 are the field strength tensors of the Standard Model photon and the

dark photon, respectively, and 𝑅 is the kinetic mixing parameter.

This mixing induces an e"ective coupling between the dark photon and the electromag-

netic current, allowing dark photons to interact with charged particles. As a result, dark

photons can be absorbed by electrons in detector materials in a process analogous to the

photoelectric e"ect.

If the dark photon mass satisfies 𝑕𝛴 > 2𝑕𝑄, the decay channel 𝛴 → 𝑄
+
𝑄
↑ becomes

kinematically allowed. However, the decay rate depends on the kinetic mixing parameter 𝑅 ,

which determines the e"ective coupling of the dark photon to the electromagnetic current.

For su!ciently small values of 𝑅 , the decay rate can be highly suppressed, allowing dark

photons with 𝑕𝛴 > 2𝑕𝑄 to remain cosmologically long-lived and therefore viable dark

matter candidates [5, 23].
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Similar to ALPs, dark photons can be absorbed by electrons in detector materials

through their e"ective coupling to the electromagnetic current, producing electronic recoil

signals that can be measured in direct detection experiments.

4.4 Data Processing

In CDMSlite detectors, event reconstruction relies primarily on the phonon readout chan-

nels. For each triggered event, the phonon pulse trace is analyzed using an Optimal Filter

(OF) algorithm to extract the signal amplitude and timing information.

The Optimal Filter operates in the frequency domain by fitting a template pulse to the

measured trace while accounting for the detector noise power spectral density (PSD). This

approach maximizes the signal-to-noise ratio and provides statistically optimal estimates

of the pulse parameters. Details on the data processing using Optimal Filter method is

discussed in 2.3.2. The Optimal Filter returns the best-fit values of the pulse amplitude,

the time o"set, and the reduced chi-square, which quantifies the quality of the fit. The

calibrated pulse amplitude serves as the primary energy estimator for each event and forms

the basis of energy spectrum.

4.5 PLR-Based Analysis Flow

The primary goal of this analysis is to obtain a stronger constraint on the coupling parameters

of ALPs and dark photons through the dark absorption process using the PLR method. This

work reanalyzes the same data from the previously published SuperCDMS dark absorption

study [8], which employed a Poisson-based approach to set upper limits on the signal rate

without explicitly incorporating background models in the statistical interpretation. In

contrast, the present study includes detailed background modeling within the likelihood
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framework. The overall workflow of the PLR-based reanalysis is illustrated in Fig. 4.2.

F()*’! 4.2: Flowchart illustrating the Profile likelihood ratio based analysis framework for con-
straining ALPs and Dark photons. The text in blue boxes describes the improvements
over previous analysis.

The PLR method o"ers several advantages over the previously used Poisson-based ap-

proach. First, by incorporating background models directly into the likelihood fit, it enables

stronger and more robust constraints on the signal rate. Second, systematic uncertainties in

both signal and background models can be incorporated as nuisance parameters and prop-

agated naturally into the final sensitivity. Finally, the PLR framework allows the statistical

significance of a potential signal excess to be quantified, enabling both exclusion limits and

discovery tests. In this work, however, we restrict the analysis to setting exclusion limits.

This is due to the presence of an unmodeled background arising from low-frequency noise

(LFN) at energies around 100 eV and below, which limits the reliability of a discovery

interpretation in this region. The LFN originated from mechanical vibrations of the cry-

ocooler used to maintain the detector and electronics at cryogenic temperatures. These

vibrations produced pulses with variable shapes that could mimic signal events, making
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them particularly challenging to reject using standard selection cuts in this low-energy

regime.

The event selection criteria, signal e!ciencies, and detector energy resolution models

used in this work follow those developed in previous CDMSlite dark absorption analysis

and analyses of WIMP search via inelastic Migdal and Bremsstrahlung channels [8, 24].

Signal models for ALPs and dark photons are constructed, and the corresponding event

rates are calculated while accounting for the in-medium e!ect, which was not included in

the earlier SuperCDMS dark absorption analysis. This e"ect modifies the absorption rate

in the detector material and introduces a correction of approximately 5–10% in the low-

energy region (↓ 100 eV and below). Background models are adopted from the CDMSlite

Migdal/Bremsstrahlung WIMP analysis [24].

Using the signal and background models, the profile likelihood function, and conse-

quently the PLR test statistic, are constructed for the dark absorption analysis. An unbinned

likelihood function is employed in the analysis. The PLR method is then used to derive 90%

confidence level (CL) upper limits on the event rate across a range of axion-like particle

and dark photon masses. These limits are subsequently translated into constraints on the

𝑂𝑃𝑄 for ALPs and the 𝑅 for dark photons.

ALPs and Dark photons can also interact via dark Compton scattering [25] process.

However, preliminary studies within the SuperCDMS collaboration showed that this pro-

cess contributes negligibly within the CDMSlite region of interest (below 25 keVee). The

most stringent constraints from the dark Compton channel are expected at higher recoil

energies, accessible to iZIP detectors (above O(100) keV). This behavior is analogous to

standard electromagnetic interactions, where the photoelectric e"ect dominates at low pho-

ton energies, while Compton scattering becomes significant at higher energies. A similar

hierarchy is expected between dark absorption and dark Compton scattering. Consequently,
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the dark Compton scattering channel is not included in the present analysis.

Table 4.2 summarizes the key di"erences between the SuperCDMS published dark

absorption analysis [8] using Soudan data and the methodology adopted in this study.

T"+,! 4.2: Key di"erences between the published CDMSlite dark absorption analysis [8] and this
study.

Aspect CDMSlite Dark Absorption
(2020) [8]

This Study

Data CDMSlite R2, R3, iZIP CDMSlite R2, R3

E!ciency Model E!ciency derived from mea-
surements and treated as a
fixed input. Upper and lower
e!ciency bounds were propa-
gated to obtain corresponding
variations in the final limits.

Measured e!ciency included
as a constrained morphing pa-
rameter in the likelihood fit,
with constraints derived from
measurements. Systematic
e"ects are naturally propa-
gated into the final upper lim-
its.

Resolution Model Conservative uncertainty
treatment without accounting
for parameter correlations;
bands defined by ± uncertain-
ties on best-fit values.

Resolution modeled directly
within the likelihood fit with
constraints from measure-
ments, including correlations
among parameters.

Signal Rate Modeling No in-medium e"ects in-
cluded

In-medium e"ects included

Background Model Not included Background PDFs are in-
cluded in likelihood fit. Best
fit determines the background
Normalisation constant.

Limit-Setting Method Poisson upper-limit method Profile Likelihood Ratio
method
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4.6 Data Selection and Signal E!ciency

To suppress instrumental noise and poorly reconstructed events, several event selection

criteria are applied to the data. The selection cuts and signal e!ciency models used in this

analysis follow those developed in previous CDMSlite dark absorption and WIMP search

studies [24, 26, 27].

After applying these selection criteria, the total exposure of the CDMSlite Run 2

(R2) dataset is 70.1 kg-days, while the Run 3 (R3) dataset corresponds to an exposure of

36.92 kg-days.

Both R2 and R3 datasets are further divided into sub-runs: R2a/R2b and R3a/R3b. In

Run 2, this division corresponds to a maintenance period of the cryocooler system. In the

R2 analysis, the two sub-runs were combined and treated as a single dataset. In contrast, the

R3 datasets were analyzed separately because of a change in the detector noise environment

during the run. Consequently, the R3a and R3b datasets are modeled with independent

energy resolution and e!ciency functions in the likelihood analysis.

The filtered energy spectra obtained after applying the quality and livetime cuts are

shown in Fig. 4.3. Prominent activation lines from post-252Cf calibration are clearly visible

in the spectra, corresponding to the K-shell, L-shell, and M-shell electron-capture peaks of
71Ge.

The signal e!ciency corresponding to the applied event selection cuts for the CDMSlite

R2 and R3 datasets is shown in Fig. 4.4. These e!ciency curves are incorporated into the

likelihood analysis when modeling the expected signal spectra.
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F()*’! 4.3: Energy spectra from CDMSlite Run 2 and Run 3 after applying quality and livetime cuts.
Run 3 is divided into two sub-runs due to changes in the detector noise environment.
Prominent electron-capture peaks from 71Ge are visible at approximately 10.37 keV,
1.3 keV, and 0.16 keV. The spectra are reproduced from the data reported in Refs. [24,
26, 27].

4.7 Energy Resolution Determination of the CDMSlite
Detector

The energy resolution of the CDMSlite detector is determined using the characteristic

electron-capture peaks of germanium: the K-shell (10.37 keV𝑄𝑄), L-shell (1.30 keV𝑄𝑄),

and M-shell (0.16 keV𝑄𝑄) lines. Each peak in the filtered energy spectrum is fitted with

a Gaussian function, and the corresponding resolution at that energy is obtained from the

standard deviation (𝑈) of the fit.

The baseline resolution is measured independently using the pulse amplitude estimator

obtained from a zero-delay optimal filter applied to randomly triggered traces. This baseline

measurement accounts for electronic and environmental noise contributions.

The resolution model adopted here follows the methodology used in previous CDMSlite

dark absorption and WIMP search analyses [24, 26, 27].

The total energy resolution, 𝑈𝑆 , is parameterized as
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F()*’! 4.4: Signal e!ciency for event selection cuts in CDMSlite Run 2 and Run 3 datasets.
Separate e!ciency models are used for the R3a and R3b sub-runs. The figures are
reproduced from the data reported in Refs. [24, 26, 27].

𝑈𝑆 =
√
𝑈

2
𝑍
+ 𝑈

2
𝜁
(𝑍𝑄𝑄) + 𝑈

2
𝛥𝜇

(𝑍𝑄𝑄) (4.4)

=
√
𝑈

2
𝑍
+ 𝜁𝑅𝑍𝑄𝑄 + (𝑌𝑍𝑄𝑄)

2
, (4.5)

where

• 𝑈𝑆 is the total energy resolution,

• 𝑈𝑍 represents the baseline resolution arising from electronic and environmental

noise,
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• 𝑈𝜁 (𝑍𝑄𝑄) accounts for Fano fluctuations in the ionization process,

• 𝑈𝛥𝜇 (𝑍𝑄𝑄) describes position-dependent variations in the pulse shape, parameterized

by the coe!cient 𝑌,

• 𝜁 is the Fano factor,

• 𝑅 is the average energy required to create an electron–hole pair in germanium,

• 𝑍𝑄𝑄 is the electron-equivalent recoil energy.

The best-fit parameters for the energy resolution model are summarized in Table 4.3.

CDMSlite Run 𝜴𝜶 (eV) 𝜷𝜸 (eV) 𝜹 (→10↑3)
R2 9.26 ± 0.11 0.64 ± 0.11 5.68 ± 0.94
R3a 9.87 ± 0.04 0.87 ± 0.12 4.94 ± 1.27
R3b 12.7 ± 0.04 0.80 ± 0.12 5.49 ± 1.15

T"+,! 4.3: Best-fit parameters of the energy resolution model for CDMSlite Run 2 and Run 3
datasets [8].

Using this resolution model for the CDMSlite detector (R2 and R3 datasets), signal

models for ALPs and dark photons are constructed as Gaussian peaks centered at the energy

corresponding to the particle mass. The width of each signal peak is determined by the

detector resolution evaluated at the corresponding energy.

4.8 Dark Absorption Signal Modeling

The detection mechanism considered in this analysis is based on dark absorption, which

is analogous to the photoelectric e!ect. In this process, a dark-sector particle is absorbed

by an atom in the detector material, transferring its energy to an electron and producing an

electronic recoil.
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For dark matter masses above the semiconductor band gap (approximately 0.7 eV in

germanium at cryogenic temperatures), the absorbed energy excites an electron from the

valence band to the conduction band. For masses below the band gap, absorption may

still occur through multiphonon excitations in the lattice, enabling sensitivity to dark

matter particles in the O(0.01 eV) to O(1 eV) mass range [28]. However, since the energy

resolution and threshold of our detectors are O(10 eV), they are not sensitive to the latter

process.

In this work, we focus on non-relativistic Galactic ALPs and dark photons with masses

above the band gap of the detector material. In this regime, the absorption of a bosonic dark

matter particle deposits an energy approximately equal to its rest-mass energy, 𝑍 ′ 𝑕𝑀𝑁
2,

since the kinetic energy of halo dark matter particles is negligible compared to their mass.

Consequently, the expected signal appears as a monoenergetic electronic recoil with energy

corresponding approximately to the particle mass.

To constrain the 𝑂𝑃𝑄 for ALPs and 𝑅 for dark photons, we first determine the upper limit

on the absorption event rate. The absorption cross-sections depend on the photoelectric

cross-section of the target material, which in this experiment is germanium (Ge).

Assuming the dark matter particles are non-relativistic and constitute the entire local

dark matter density, the dark matter flux can be written as

𝛺 =
𝑢𝑀𝑟𝑀

𝑕𝑀

, (4.6)

where 𝑢𝑀 is the local dark matter density, 𝑕𝑀 is the dark matter mass, and 𝑟𝑀 is the

dark matter velocity. Throughout this analysis we assume 𝑢𝑀 = 0.3 GeV/𝑁
2cm↑3.
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4.8.1 Dark Absorption of ALPs

Axion-like particles can be absorbed in detector through the axio-electric e"ect. The

interaction strength is characterized by the axio-electric coupling constant 𝑂𝑃𝑄.

The absorption cross-section for ALPs in a material can be expressed in terms of the

photoelectric cross-section 𝑈𝜅𝑄 [8]:

𝑈𝑃 (𝑍𝑃) = 𝑈𝜅𝑄 (𝑍𝑃)
𝑂

2
𝑃𝑄

𝜂𝑃

3𝑍2
𝑃

16𝛹𝑖𝑕2
𝑄
𝑁

4


1 ↑

𝜂
2/3
𝑃

3


, (4.7)

where 𝑈𝑃 is the ALP absorption cross-section, 𝑈𝜅𝑄 (𝑍𝑃) is the photoelectric cross-

section of the target material evaluated at energy 𝑍𝑃, and 𝑂𝑃𝑄 is the axio-electric coupling

constant describing the interaction strength between the ALP and the electron. Here 𝑍𝑃 is

the ALP energy, 𝜂𝑃 = 𝑟𝑃/𝑁 is the dimensionless ALP velocity with 𝑟𝑃 the ALP velocity and

𝑁 the speed of light, and 𝑖 is the fine-structure constant that characterizes the strength of

the electromagnetic interaction. Under the assumption of non-relativistic ALPs, 𝜂𝑃 = 𝑟𝑃/𝑁

«1. Therefore the first term in the Eq. 4.7 dominates.

For non-relativistic ALPs that constitute galactic dark matter, the absorption event rate

per unit detector mass can be written as

𝛱𝑃 = 𝛺𝑈𝑃 = 𝑢𝑀

3𝑂2
𝑃𝑄
𝑁

16𝛹𝑖
𝑕𝑃

𝑕
2
𝑄

𝑈𝜅𝑄 (𝑕𝑃𝑁
2
), (4.8)

where 𝛱𝑃 is the absorption event rate, 𝛺 is the incident ALP flux, 𝑢𝑀 is the local dark

matter mass density, 𝑕𝑃 is the ALP mass, and 𝑕𝑄 is the electron mass. In this expression

the ALP energy is approximately equal to its rest-mass energy, 𝑍𝑃 ↘ 𝑕𝑃𝑁
2, since galactic

dark matter particles are non-relativistic.

At low energies, the absorption rate is modified by in-medium e"ects arising from

interactions of the particle with the electronic structure of the material. Including these
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e"ects, the event rate can be written as [28]

𝛱𝑃 =
𝑢𝑀

𝑢𝑕𝑃

3𝑕2
𝑃

4𝑕2
𝑄

𝑂
2
𝑃𝑄

𝑄
2 𝑈1(𝑕𝑃𝑁

2
), (4.9)

where 𝑢 is the mass density of the detector material, 𝑄 is the elementary electric charge,

and 𝑈1 is the real part of the complex optical conductivity of the medium evaluated at

energy 𝑕𝑃𝑁
2.

The optical conductivity is related to the photoelectric cross-section through

𝑈1 = 𝑢 𝑁 ε 𝑎 𝑈𝜅𝑄, (4.10)

where ε is the reduced Planck constant and 𝑎 is the refractive index of the medium.

The event rate therefore depends on two unknown parameters: the ALP mass (𝑕𝑃) and

the axio-electric coupling (𝑂𝑃𝑄). By determining an upper limit on the event rate for a given

ALPs mass, the experiment constrains the allowed region in the 𝑕𝑃–𝑂𝑃𝑄 parameter space.

4.8.2 Dark Absorption of Dark Photons

Dark photons interact with Standard Model particles through kinetic mixing with the

ordinary photon. This interaction allows dark photons to be absorbed by electrons in a

process analogous to photoelectric absorption.

The absorption cross-section is given by

𝑈𝛴 (𝑍𝛴 ) =
𝑅

2

𝜂𝛴

𝑈𝜅𝑄 (𝑍𝛴 ), (4.11)

where 𝑅 is the kinetic mixing parameter and 𝜂𝛴 = 𝑟𝛴/𝑁 is the dark photon velocity

factor.

The corresponding absorption event rate can be written as
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𝛱𝛴 =
𝑢𝑀

𝑕𝛴

𝑅
2
𝑈𝜅𝑄 (𝑕𝛴𝑁

2
)𝑁. (4.12)

Similar to the ALP case, the observable event rate depends on two parameters: the dark

photon mass (𝑕𝛴 ) and the kinetic mixing parameter (𝑅). Experimental limits on the event

rate therefore translate into exclusion regions in the 𝑕𝛴–𝑅 parameter space.

In a material medium, the e"ective kinetic mixing is modified by the electromagnetic

polarization tensor ϖ, which describes the response of the medium to an electromagnetic

field. The polarization tensor can be approximated as

ϖ(𝛯) ↘ ↑𝑙𝑈̂𝛯, (4.13)

where 𝑈̂ is the complex conductivity of the material.

Including these in-medium e"ects, the absorption rate becomes

𝛱𝛴 =
1
𝑢

𝑢𝑀

𝑕𝛴

𝑅
2
e!𝑈1(𝑕𝛴𝑁

2
)𝑁, (4.14)

where 𝑅e! is the e"ective kinetic mixing parameter in the medium. It is given by

𝑅
2
e! = 𝑅

2 𝑕
4
𝛴

[𝑕2
𝛴
↑ Reϖ(𝑕𝛴 )]

2 + [Imϖ(𝑕𝛴 )]
2
. (4.15)

It is important to note that under the non-relativistic assumption for ALPs and dark

photons, the absorption cross sections are inversely proportional to the dark matter particle

velocity. At the same time, the dark matter flux is proportional to the particle velocity.

Consequently, when calculating the event rate (flux ↔ cross section), the velocity depen-

dence cancels out, making the rate approximately independent of the dark matter velocity.

This is in contrast to traditional WIMP searches, where the interaction rate depends on the

Maxwell–Boltzmann velocity distribution of WIMPs in the Galactic halo.
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4.8.3 Optical Properties of the Detector Material: Germanium

The in-medium absorption rate depends on the optical properties of the detector material,

which are described by the complex conductivity. The real part of the complex conductivity

can be determined from the photoelectric cross-section and the refractive index of the

material.

The photoelectric cross-section of germanium is constructed from several datasets

covering di"erent energy ranges: below 20 eV [29], between 20 eV and 20 keV [30],

and above 20 keV [31]. The refractive index data are taken from [29]. The resulting

photoelectric cross-section and refractive index used in this analysis are shown in Fig. 4.5.

F()*’! 4.5: (Left) Photoelectric cross-section of germanium as a function of energy. The pho-
toelectric cross-section of germanium is constructed from several datasets covering
di"erent energy ranges: below 20 eV [29], between 20 eV and 20 keV [30], and above
20 keV [31]. (Right) Refractive index of germanium used in the calculation of optical
properties. The refractive index data are taken from [29].

Using these datasets, the real component of the complex conductivity is derived. The

imaginary component of the complex conductivity is taken from [28, 29]. The resulting

conductivity components are shown in Fig. 4.6.

The dark absorption signal model framework developed in this analysis follows the

theoretical calculation by Hochberg et al. [28], which incorporates in-medium e"ects
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F()*’! 4.6: Real (left) and imaginary (right) parts of the complex conductivity of germanium as
functions of absorption energy. The imaginary component of the complex conductivity
is taken from [28, 29].

arising from interactions between the dark-sector particle and the electronic structure of

the material. These e"ects become particularly important at low energies, where the

electromagnetic response of the medium modifies the absorption rate.

In this work, in-medium corrections are included for absorption energies below ap-

proximately 500 eV. At higher energies, the lack of experimental data for the imaginary

component of the complex conductivity limits the applicability of the model. Therefore, for

𝑍 ∈ 500 eV the in-medium correction factor is assumed to be unity (i.e., no suppression),

consistent with the approach adopted in the previous SuperCDMS Soudan analysis [8].

The resulting dark absorption signal models for ALPs and dark photons in germanium

are shown in Fig. 4.7. The updated modeling predicts deviations of approximately 5–10%

near 100 eV and below compared to models that neglect in-medium e"ects. Although this

di"erence is modest for the current CDMSlite sensitivity, it may become increasingly im-

portant for future low-threshold experiments such as SuperCDMS SNOLAB. Accordingly,

the event rate predictions used in this analysis include the full in-medium corrections.



170
CHAPTER $. SEARCH FOR AXION-LIKE PARTICLES AND DARK PHOTONS IN

SUPERCDMS SOUDAN

F()*’! 4.7: Predicted dark absorption event rates in germanium for ALPs (left) and dark photons
(right) as functions of particle mass up to 25 keV. The predictions are shown for
𝑂𝑅𝑃 = 5↔ 10↑11 and 𝑅 = 5↔ 10↑13. Models including in-medium e"ects are compared
with those that neglect these corrections. The residual plots indicate deviations of up
to 10% when in-medium e"ects are included, particularly near the threshold within
the analysis energy range. For SuperCDMS SNOLAB, where the expected threshold
is lower than in Soudan operation, the inclusion of in-medium e"ects can have a
significant impact.

4.9 Background Modeling

A major advantage of the PLR approach is that it allows detailed background models

to be incorporated directly into the statistical analysis. By explicitly modeling all the

well-understood and relevant background contributions, the likelihood fit can distinguish

potential signal features from known backgrounds, leading to more robust and stringent

constraints on the parameters of interest.

The energy region of interest (ROI) for the dark absorption search extends up to 25 keVee,

which corresponds to the full range where absorption signals from ALPs and dark photons

are expected to appear in CDMSlite detectors. All significant background components

within this ROI are included in the PLR likelihood framework.

Table 4.4 summarizes the background sources considered in this analysis, their physical
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origins, and whether their contributions are treated as free or constrained parameters in the

likelihood fit.

T"+,! 4.4: Background sources included in the PLR likelihood analysis. The final column indi-
cates whether the normalization of each component is treated as a free or constrained
parameter in the fit.

Background
Source

Description Likelihood Treatment

Compton Compton scattering of environmental
gamma rays in the detector material.

Free

3H (Tritium) Beta decay of tritium produced through
cosmogenic activation.

Free

71Ge Electron-capture peaks from neutron ac-
tivation of germanium.

Free

68Ga Electron-capture peaks from cosmogenic
activation.

Free

65Zn Electron-capture peaks from cosmogenic
activation.

Free

55Fe Electron-capture peaks from cosmogenic
activation.

Free

210Pb–GZ Surface contamination from 210Pb on the
Ge detector surface.

Constrained

210Pb–SH 210Pb contamination on the copper side
housing surrounding the detector.

Constrained

210Pb–TL 210Pb contamination on the copper top lid
above the detector (R3 only).

Constrained

Neutrons Cosmogenic and radiogenic neutron in-
teractions.

Not included (⇐ 1 event)

Low-rate iso-
topes

Rare cosmogenic isotopes (e.g. 60Co,
54Mn, 49V).

Not included (⇐ 1 event
in ROI)

4.9.1 Bulk Backgrounds

Two previous SuperCDMS analyses employed the PLR method with explicit background

modeling. The first analysis searched for elastic WIMP–nucleus scattering and used a

low-energy ROI up to 2 keVee [27]. The second study searched for WIMPs via inelastic
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processes, such as Migdal and Bremsstrahlung signals, and used an extended ROI up to

25 keVee [24].

Since the present ALP and dark photon search uses the same ROI as the latter study,

we adopt a similar background modeling strategy. Figure 4.8 shows the probability density

functions (PDFs) of the bulk background components used in the likelihood analysis.

F()*’! 4.8: Probability density functions of the bulk background components included in the likeli-
hood analysis. These components include Compton scattering, cosmogenic activation
lines, and tritium beta decay. Each individual spectrum is normalized.

71Ge Neutron Activation Lines

The electron-capture (EC) decay of 71Ge produces some of the most prominent features

in the CDMSlite energy spectrum. Following neutron activation during 252Cf calibration

runs, 71Ge is produced in the detector and subsequently decays via electron capture to 71Ga.

Electron capture from the K, L, and M shells results in the emission of characteristic

X-rays, which deposit their full energy in the detector. These signals appear as Gaussian
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peaks whose widths are determined by the detector energy resolution.

The 71Ge background model is therefore described as a sum of three Gaussian functions:

𝑞71Ge(𝑍) =
∑
𝑙

𝑌𝑙

𝑈𝑙

∝
2𝛹

exp


↑
(𝑍 ↑ 𝑉𝑙)

2

2𝑈2
𝑙


. (4.16)

The peak positions, resolutions, and relative intensities are summarized in Table 4.5.

Shell 𝑉𝑙 [keVee] 𝑈𝑙 [eVee] 𝑌𝑙/𝑌𝜃

M 0.16 13.9 ± 0.2 0.0203
L 1.30 36.3 ± 0.2 0.1202
K 10.37 108 ± 0.2 1

T"+,! 4.5: 71Ge electron capture peak parameters used in the background model.

Cosmogenic Activation Lines

During detector fabrication and transport above ground, cosmic-ray interactions activate

long-lived isotopes in the germanium crystal. These isotopes decay through electron

capture, producing characteristic peaks in the energy spectrum.

The dominant cosmogenic isotopes contributing to the background are 68Ga, 65Zn, and
55Fe. Their spectral shapes are modeled as Gaussian peaks:

𝑞cosmo(𝑍) =
∑
𝑙

𝑌𝑙

𝑈𝑙

∝
2𝛹

exp


↑
(𝑍 ↑ 𝑉𝑙)

2

2𝑈2
𝑙


. (4.17)

The energies and relative intensities of the corresponding peaks are listed in Table 4.6.

Isotope K [keVee] 𝑌𝜃 L [keVee] 𝑌𝑓/𝑌𝜃 M [keVee] 𝑌𝑗/𝑌𝜃

65Zn 8.98 1 1.097 0.1105 0.123 0.0181
68Ga 9.66 1 1.20 0.1107 0.140 0.0183
55Fe 6.54 1 0.77 0.1016 0.82 0.0079

T"+,! 4.6: Cosmogenic electron-capture peak energies and relative intensities.
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Tritium Background

Tritium (3H) is produced in germanium through cosmogenic activation and decays via beta

emission:

3H →
3 He + 𝑄

↑
+ 𝐿̄𝑄 .

The di"erential beta decay spectrum is given by [21]

𝑐 (𝑆𝑄) = 𝑇

√
𝑆

2
𝑄
+ 2𝑆𝑄𝑕𝑄 (𝛩 ↑ 𝑆𝑄)

2
(𝑆𝑄 + 𝑕𝑄𝑁

2
)𝜁 (𝛻 ,𝑆𝑄), (4.18)

where 𝑆𝑄 is the kinetic energy of the emitted electron, 𝛩 is the decay endpoint energy,

𝑕𝑄 is the electron mass, and 𝜁 (𝛻 ,𝑆𝑄) is the Fermi function that accounts for Coulomb

interactions between the outgoing electron and the daughter nucleus.

The normalizations of the bulk backgrounds are treated as a free parameter in the

likelihood fit.

4.9.2 Surface Backgrounds

Surface backgrounds originate primarily from radon progeny deposited on detector surfaces

and surrounding materials. These radioactive contaminants, particularly isotopes in the
210Pb decay chain, produce low-energy events that can mimic signal-like features.

Due to the complexity of their interaction mechanisms, these backgrounds cannot be

described with simple analytical models. Instead, they are constructed using detailed

Geant4 simulations of the detector geometry. In these simulations, lead isotopes from the

radon decay chain are deposited on various detector surfaces, and the resulting particle

interactions are recorded to generate expected energy spectra.
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To obtain absolute rates, the simulated spectra are normalized using alpha event rates

measured during calibration runs. Since the Geant4 outputs are produced as binned

histograms while the PLR analysis requires unbinned PDFs, the simulated spectra are

smoothed using kernel density estimation (KDE). This procedure produces continuous

probability density functions suitable for likelihood fitting.

For the CDMSlite R3 dataset, the detector T2Z1 (top detector of Tower 2 in Fig. 2.4) is

used. In this configuration three primary surface background components are relevant:

• Ge ZiP (GZ): contamination on the germanium detector surface,

• Side Housing (SH): contamination on the copper sidewalls surrounding the detector,

• Top Lid (TL): contamination on the copper lid above the detector.

In contrast, the CDMSlite R2 dataset uses detector T5Z2, which is located in the middle

of its tower as shown in the Fig. 2.4. As a result, the top lid contribution is negligible and

only the GZ and SH components are included.

Figure 4.9 and Figure 4.10 show the KDE-smoothed surface background models for

the R2 and R3 datasets, respectively.

Surface backgrounds are particularly sensitive to the radial fiducial volume cut. Events

occurring near the detector sidewalls experience a reduced electric field, leading to a smaller

NTL gain and distortions in the reconstructed energy spectrum.

To account for these e"ects, a morphing procedure is implemented within the likelihood

framework. This method introduces nuisance parameters that allow the spectral shapes of

surface background components to vary within predefined uncertainty bands, thereby cap-

turing systematic uncertainties arising from electric-field variations and detector geometry.
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F()*’! 4.9: Smoothed surface background models for CDMSlite Run 2 obtained using KDE: Ge
ZIP (left) and side housing (right). The red dashed lines show the 1𝑈 upper and lower
uncertainty bands. Adapted from Ref. [32].

Three template spectra for each surface background component are considered: a

median spectrum 𝑢med(𝑍), and upper and lower variations, 𝑢upper(𝑍) and 𝑢lower(𝑍), which

define the allowed range of spectral shape variations. The PDFs shown in Fig. 3 are

normalized to unit area and can be scaled by the expected number of events to obtain the

event density spectra 𝑢(𝑍).

A morphing parameter 𝑕 is introduced to interpolate linearly between these templates:

𝑢(𝑍 ,𝑕) =



𝑢med(𝑍) + 𝑕


𝑢upper(𝑍) ↑ 𝑢med(𝑍)


, 𝑕 > 0,

𝑢med(𝑍) + 𝑕 [𝑢med(𝑍) ↑ 𝑢lower(𝑍)] , 𝑕 < 0.
(4.19)

The morphing parameters are allowed to float freely in the likelihood fit, with one

parameter assigned to each surface background component. This approach enables the fit

to adjust the spectral shape within the predefined uncertainty envelope.

In the final likelihood analysis, the normalization of each surface background component

is treated as a constrained parameter.
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F()*’! 4.10: Smoothed surface background models for CDMSlite R3 using KDE: Ge ZiP (top),
Side Housing (middle), and Top Lid (bottom). The red dashed lines show the 1𝑈
upper and lower uncertainty bands. Adapted from Ref. [32].
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4.10 Likelihood Construction

A key methodological advancement in this analysis is the use of the PLR technique with

a comprehensive treatment of nuisance parameters. Unlike traditional approaches, such

as Poisson upper limits or the Optimum Interval method, which lack explicit background

modeling incorporation, our analysis employs a statistically rigorous PLR framework. This

incorporates detailed signal and background models, alongside pseudo-data to estimate

expected sensitivity bands. Data from CDMSlite Runs 2 and 3, totaling approximately

110 kg-days of exposure, are combined in a unified statistical framework. Systematic un-

certainties, including those from energy resolution and detection e!ciency, are embedded

directly into the likelihood, ensuring full propagation into the final sensitivity. This unified

approach enables consistent statistical interpretation and improves reproducibility.

We adopt an unbinned PLR method to derive upper limits on the axio-electric coupling

and kinetic mixing parameter. The likelihood function is built using signal and background

PDFs, and fits are performed to extract the best-fit signal strength.

We search for dark absorption signals (ALPs and dark photons) over the mass range

40 eV/𝑁
2 to 25 keV/𝑁

2. Notably, the lower bound of this range extends below the detector’s

trigger threshold (56 eV𝑄𝑄 for CDMSliteR2 and 70 𝑄𝑄 for CDMSliteR3), where signal

e!ciency drops to zero. This extension is feasible because the expected signal shape is

Gaussian: even when the true energy lies below the threshold, a small fraction of events

may be detected due to the Gaussian tail extending above the threshold. The lower bound

is set approximately 3𝑈 below the CDMSlite R2 threshold (56 eVee). However, due to

rapidly decreasing e!ciency in this region, the resulting exclusion limits quickly weaken

below the threshold.

At low energies (below ↓100 eV), the CDMSlite R2 dataset exhibits a dominant low-
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frequency (LFN) noise background originating from vibrations of the cryocooler used

to keep the electronics cold. Despite the application of analysis cuts to mitigate this

e"ect, these noise events, with highly variable pulse shapes, pose challenges for accurate

modeling. Consequently, the background model in this energy region is less reliable. Due

to this unmodeled LFN background, our analysis focuses on setting robust upper limits

rather than pursuing a potential discovery of ALPs or dark photons.

An alternative strategy would be to use only the CDMSlite R3 data, where low-frequency

noise is better controlled, permitting a discovery-oriented search. However, this would

reduce the total exposure (R2 has twice exposure of R3) and thereby degrade sensitivity.

The likelihood functions are constructed separately for each sub-run—R2, R3a, and

R3b—and then combined in a joint fit. The parameter of interest is the number of signal

events (𝑘𝑐 ) from dark absorption, in the global fit. Thus, 𝑘𝑐 represents the total signal

across R2, R3a, and R3b, rather than separate components.

The variables and definitions used in the likelihood framework are summarized in

Table 4.7. We follow the notation convention from the inelastic WIMP search analysis.

4.10.1 Likelihood function

The likelihood function used in the dark matter absorption search consists of three main

components:

Poisson Term

This term constrains the total number of predicted events in the model to match the observed

number of events in the dataset. It accounts for Poisson fluctuations in the overall event

rate and is applied separately for the R2 and R3 data sets.
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T"+,! 4.7: Variables used in the likelihood function

Variable Definition Type
𝑐 Number of events in the data Constant
𝑎 Iterator over 𝑐 data events Iterator
𝑍𝑙 Energy of event 𝑙 Constant

𝑘𝑐 or 𝐿𝑀 Number of signal events Free
𝑞𝑀 Signal PDF Function
𝑣 Iterator over bulk backgrounds Iterator
𝐿𝑣 Number of events in bulk background 𝑣 Free
𝑞𝑣 PDF of background 𝑣 Function
𝑑𝑣 Iterator over surface backgrounds (SH, GZ, TL) Iterator
𝐿𝑑𝑣 Number of events in surface background 𝑑𝑣 Free
𝑢𝑑𝑣 Event density of surface background 𝑑𝑣 Function
𝑙, 𝑝 Iterators over nuisance parameters Iterator
𝑛𝑔𝑆/ 𝑇 Value of parameter 𝑔 Constrained
𝑉𝑔𝑆/ 𝑇 Expected value of parameter 𝑔 Constant
𝛴 Covariance matrix for systematics Constant
𝑚 Dimension of Gaussian constraint Constant
𝑑 Surface background morphing parameter Constrained
𝑘 Covariance matrix for surface morphing Constant
𝑠 Resolution nuisance parameter Constrained
𝛱 Covariance matrix for resolution uncertainty Constant
ϱ E!ciency morphing parameter Constrained
𝑈ϱ Uncertainty in ϱ Constant

LPoisson =

(
𝐿𝑀 +

∑
𝑣
𝐿𝑣

)
𝑐

𝑐!
exp


↑


𝐿𝑀 +

∑
𝑣

𝐿𝑣


(4.20)

Signal and Background Model Terms

These terms form the core of the likelihood function. They incorporate the PDFs for both

the signal and background components, describing the expected distribution of events and

assessing the likelihood of each observed event arising from a specific model. The PDFs

are tailored for each dataset, R2, R3a, and R3b, due to di"erences in detector resolution

and detection e!ciency.
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L𝑀,b =
𝑐∏
𝑎=1


𝐿𝑀 𝑞𝑀 (𝑍𝑎) +

∑
𝑣

𝐿𝑣 𝑞𝑣 (𝑍𝑎) +

∑
𝑑𝑣

𝑢𝑑𝑣 (𝑍𝑎)


(4.21)

Constraint Term

This component imposes external constraints on the nuisance parameters. These constraints

are derived from auxiliary measurements and help stabilize the fit while accounting for

systematic uncertainties. We assume that these uncertainties follow Gaussian distributions

and incorporate a multivariate Gaussian constraint in the analysis.

Lconstrain =
1

(2𝛹)𝑚/2 |𝛴 |1/2
exp

(
↑

1
2
(𝑛𝑙 ↑ 𝑉𝑛𝑆 )

𝑆

𝛴
↑1
𝑙 𝑝

(𝑛 𝑝 ↑ 𝑉𝑛 𝑇 )

)
(4.22)

Here, 𝛴 is the covariance matrix of dimension 𝑚 ↔ 𝑚.

These constraints fall into three categories:

• Surface background morphing

• Resolution parameters,

• E!ciency parameters.

The total constrained log-likelihood term for CDMSlite R2 and R3 data is the sum of

individual log-likelihood components:

lnLconstrain = ln(LR2
surf) + ln(LR3

surf) + ln(LR2
res) + ln(LR3a

res ) + ln(LR3b
res )+

ln(LR2
e" ) + ln(LR3a

e" ) + ln(LR3b
e" )

(4.23)

Which expands to:



182
CHAPTER $. SEARCH FOR AXION-LIKE PARTICLES AND DARK PHOTONS IN

SUPERCDMS SOUDAN

lnLConstrain = ↑
1
2

2∑
𝑙, 𝑝=1

(𝑑
R2
𝑙

↑ 𝑉
R2
𝑑𝑆
)
𝑆

𝑘
↑1
R2(𝑑

R2
𝑝

↑ 𝑉
R2
𝑑 𝑇
)

↑
1
2

3∑
𝑙, 𝑝=1

(𝑑
R3
𝑙

↑ 𝑉
R3
𝑑𝑆
)
𝑆

𝑘
↑1
R3(𝑑

R3
𝑝

↑ 𝑉
R3
𝑑 𝑇
)

↑
1
2

3∑
𝑙, 𝑝=1

(𝑠
R2
𝑙

↑ 𝑉
R2
𝑠𝑆
)
𝑆

𝛱
↑1
R2(𝑠

R2
𝑝

↑ 𝑉
R2
𝑠 𝑇
)

↑
1
2

3∑
𝑙, 𝑝=1

(𝑠
R3a
𝑙

↑ 𝑉
R3a
𝑠𝑆

)
𝑆

𝛱
↑1
R3a(𝑠

R3a
𝑝

↑ 𝑉
R3a
𝑠 𝑇

)

↑
1
2

3∑
𝑙, 𝑝=1

(𝑠
R3b
𝑙

↑ 𝑉
R3b
𝑠𝑆

)
𝑆

𝛱
↑1
R3b(𝑠

R3b
𝑝

↑ 𝑉
R3b
𝑠 𝑇

)

↑
(ϱR2

↑ 𝑉
R2
ϱ )

2

2(𝑈R2
ϱ )2

↑
(ϱR3a

↑ 𝑉
R3a
ϱ )

2

2(𝑈R3a
ϱ )2

↑
(ϱR3b

↑ 𝑉
R3b
ϱ )

2

2(𝑈R3b
ϱ )2

(4.24)

4.10.2 Total Likelihood

The full likelihood is the product of the three terms described above. In practice, we work

with the log-likelihood:
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lnLtotal = lnLPoisson + lnL𝑀,b + lnLconstrain

= ↑


𝐿
𝛱2
𝑀
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∑
𝑣

𝐿
𝛱2
𝑣
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𝑑𝑣

𝐿
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
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∑
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𝑙
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𝑙
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𝑠𝑆
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𝑆

𝛱
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𝑝
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𝑠 𝑇

)

↑
1
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𝑙, 𝑝=1
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𝑙

↑ 𝑉
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𝑠𝑆
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𝑆

𝛱
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R3b(𝑠

R3b
𝑝

↑ 𝑉
R3b
𝑠 𝑇

)

↑
(ϱR2

↑ 𝑉
R2
ϱ )

2

2(𝑈R2
ϱ )2

↑
(ϱR3a

↑ 𝑉
R3a
ϱ )

2

2(𝑈R3a
ϱ )2

↑
(ϱR3b

↑ 𝑉
R3b
ϱ )

2

2(𝑈R3b
ϱ )2

(4.25)

Each of these terms contributes distinctly to the final fit: - LPoisson constrains the total

observed events, - L𝑀,b determines the shape agreement between data and model, and -

Lconstrain regulates the influence of nuisance parameters.
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4.10.3 Parameter Priors and Constraints

In order to find the best-fit parameters, we maximize the likelihood (or, equivalently,

minimize the negative log-likelihood). This optimization is performed using iminuit, a

Python interface to the widely used MINUIT algorithm.

To avoid local minima that do not reflect physical reality, the parameters are bounded

with physically motivated limits. For instance:

• Background event counts are constrained to be non-negative and not greater than the

number of observed events in each sub-run.

• Surface background morphing parameters are allowed to vary within ±5𝑈.

• Resolution parameters are permitted within ±10↔ their nominal estimates.

The priors and constraints used for each parameter in the likelihood analysis are sum-

marized in Table 4.8.

The Gaussian priors are based on independent measurements or calibrations. For

instance, surface backgrounds are constrained using 𝑖-event rate measurement from iZIP

detectors:

• R2: SH2: 24.0 ± 2.0; GZ2: 21.6 ± 3.4

• R3: TL3: 158.4 ± 16.6; SH3: 22.3 ± 1.4; GZ3: 23.5 ± 5.9

The e!ciency and resolution models are similarly constrained by data-driven estima-

tions. These constraints help stabilize the fit and incorporate systematic uncertainties.

We developed the likelihood model for the dark absorption process within the pylim

software framework primarily made for WIMP search developed by the SuperCDMS

Collaboration.
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T"+,! 4.8: Priors and ranges of parameters used in the likelihood.

Variable Definition Type Values / Ranges
𝑘𝑐 ∋ 𝐿𝑀 Number of signal

events
Free —

𝐿𝑣 Bulk background
events

Free [0, 𝑐obs]

𝐿𝑑𝑣 Surface back-
ground events

Gaussian con-
strained

R2: SH2: 24.0 ± 2.0, GZ2: 21.6 ± 3.4
R3: TL3: 158.4 ± 16.6, SH3: 22.3 ± 1.4, GZ3: 23.5 ± 5.9

𝑉𝑑 Nominal surface
morphing

Constant 0 (all detectors)

𝑑 Surface morphing
parameter

Gaussian con-
strained

[-5𝑈, +5𝑈]

𝑘 Covariance ma-
trix (surface mor-
phing)

Constant
𝛱2 :

[
1.21 0.97
0.97 0.94

]

𝛱3 :

1.09 0.87 0.93
0.87 1.14 0.90
0.93 0.90 1.20


𝑉𝑠 Nominal resolu-

tion parameters
(𝑈𝑍 , 𝑅𝜁, 𝑌)

Constant 𝛱2 : 𝑈𝑍 = 9.26 ↔ 10↑3
, 𝑅𝜁 = 0.64 ↔ 10↑3

, 𝑌 = 5.68 ↔ 10↑3

𝛱3𝑃 : 𝑈𝑍 = 9.87 ↔ 10↑3
, 𝑅𝜁 = 0.87 ↔ 10↑3

, 𝑌 = 4.94 ↔ 10↑3

𝛱3𝑣 : 𝑈𝑍 = 12.7 ↔ 10↑3
, 𝑅𝜁 = 0.80 ↔ 10↑3

, 𝑌 = 5.49 ↔ 10↑3

𝑠 Resolution nui-
sance parameter

Gaussian con-
strained

[0.0001, 0.1]

𝛱 Covariance ma-
trix (resolution)

Constant
𝛱2 :


1.21↔10↑8

↑2.29↔10↑10 1.73↔10↑9

↑2.29↔10↑10 1.21↔10↑8
↑1.02↔10↑7

1.73↔10↑9
↑1.02↔10↑7 8.84↔10↑7


𝛱3𝑃 :


1.60↔10↑9

↑3.43↔10↑11 3.07↔10↑10

↑3.43↔10↑11 1.47↔10↑8
↑1.47↔10↑7

3.07↔10↑10
↑1.47↔10↑7 1.63↔10↑6


𝛱3𝑣 :


1.60↔10↑9

↑4.23↔10↑11 3.39↔10↑10

↑4.23↔10↑11 1.47↔10↑8
↑1.32↔10↑7

3.39↔10↑10
↑1.32↔10↑7 1.32↔10↑6


𝑉ϱ Nominal e!-

ciency morphing
parameter

Constant 0 (all subruns)

𝑈ϱ E!ciency mor-
phing uncertainty

Constant 1

ϱ E!ciency mor-
phing parameter

Gaussian con-
strained

[-5𝑈, +5𝑈]
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4.11 Upper Limit Estimation Using Profile Likelihood Ra-
tio methods

Upper limits on the axio-electric coupling and kinetic mixing parameters are derived using

the PLR approach. This method incorporates both signal and background components into

the likelihood function, as illustrated in the flowchart in Fig. 4.2.

Procedure Summary

1. Likelihood Construction: The likelihood function is constructed using both signal

and background PDFs:

• The signal PDF is a mono-energetic response modeled as a Gaussian peak,

with its width determined by the detector energy resolution. Since both ALPs

and dark photons result in monoenergetic energy depositions, a common signal

model is used for both.

• The background PDF is obtained either by fitting experimental data using

parameterized forms of known background components or by simulation.

Throughout the analysis, it is assumed that either ALPs or dark photons constitute

the entirety of dark matter in the Universe.

2. Experimental Data Input: The input to the likelihood function is the filtered

experimental energy spectrum from CDMSlite Run 2 and Run 3.

3. Parameters of Interest and Nuisance Parameters: The parameter of interest is the

signal count 𝑐𝑑. All other parameters, including those that describe the background

shape, resolution, and detection e!ciency, are treated as nuisance parameters and

profiled during the fit.
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4. Likelihood Maximization: The likelihood is maximized in two di"erent ways:

• Unconditional fit: All parameters (including 𝑐𝑑) are allowed to vary freely to

maximize the likelihood globally. Examples for CDMSlite Run 2 and Run 3

likelihood fits at a test mass of 10 keV/𝑁2 are shown in Fig. 4.11 and Fig. 4.12.

• Conditional fit: The signal yield 𝑐𝑑 is fixed at a set of values, and the likelihood

is maximized only over the nuisance parameters. This produces the conditional

likelihood curve as a function of 𝑐𝑑.

F()*’! 4.11: Unconditional likelihood fit for CDMSlite Run 2 for an axion mass of 10 keV/𝑁2.
The black dashed line shows the best-fit signal model, while the colored solid lines
correspond to the best-fit background models. Left: full analysis energy range; right:
zoomed-in view.

5. Profile Likelihood Ratio: The profile likelihood ratio 𝑊 is defined as the ratio of

the maximum likelihood under a fixed signal count 𝑐𝑑 (conditional) to the global

maximum likelihood (unconditional):

𝑊(𝑐𝑑) =
L(𝑐𝑑,

ˆ̂
𝛽)

L(𝑐̂𝑑, 𝛽)
(4.26)

where:
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F()*’! 4.12: Unconditional likelihood fit for CDMSlite Run3 for an axion mass of 10 keV/𝑁2.
The black dashed line shows the best-fit signal model, while the colored solid lines
correspond to the best-fit background models. Left: full analysis energy range; right:
zoomed-in view.

• 𝑐𝑑: Signal event count (parameter of interest).

• {𝛽}: Set of nuisance parameters (e.g., background shape, resolution, e!ciency).

• 𝑐̂𝑑: Best-fit value of 𝑐𝑑 from the “unconditional” fit (maximizes L(𝑐𝑑, 𝛽) over

both 𝑐𝑑 and 𝛽).

• 𝛽: Best-fit nuisance parameters from the “unconditional” fit.

• ˆ̂
𝛽: Best-fit nuisance parameters from the “conditional” fit, with 𝑐𝑑 held fixed.

Since the denominator represents the global maximum, 𝑊(𝑐𝑑) △ 1. The PLR is thus

a function of 𝑐𝑑 only.

6. Test Statistic (One-Sided Upper Limit):

To determine an upper limit on the signal yield 𝑐𝑑, we use the profile likelihood ratio

test statistic defined as
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𝑏(𝑐𝑑) =



↑2 ln𝑊(𝑐𝑑), 𝑐̂𝑑 △ 𝑐𝑑

0, 𝑐̂𝑑 > 𝑐𝑑,

(4.27)

where 𝑊(𝑐𝑑) is the profile likelihood ratio and 𝑐̂𝑑 denotes the best–fit estimator of

the signal yield obtained from maximizing the likelihood.

This one-sided definition is appropriate for constructing upper limits. If the fitted

signal strength satisfies 𝑐̂𝑑 > 𝑐𝑑, the data represent an upward fluctuation relative to

the tested value 𝑐𝑑 and therefore do not indicate incompatibility with that hypothesis.

Such outcomes are not included in the rejection region of the test, and the test

statistic is set to zero in this case. Consequently, larger values of 𝑏(𝑐𝑑) correspond to

increasing disagreement between the hypothesized signal yield 𝑐𝑑 and the observed

data.

7. Asymptotic Distribution and 90% Upper Limit:

In the asymptotic regime, the distribution of the test statistic follows the results

derived in Ref. [33]. Because the signal yield is physically constrained to be non-

negative (𝑐𝑑 ∈ 0), the estimator 𝑐̂𝑑 can lie on the physical boundary when the true

signal is zero. Consequently, under the background-only hypothesis the asymptotic

distribution of the test statistic becomes a mixture of a 𝑀
2 distribution with one degree

of freedom and a delta function at zero,

𝑞 (𝑏) =
1
2
𝑒(𝑏) +

1
2
𝑀

2
1 (𝑏).

This behavior arises because, in approximately half of the experimental realizations,

the unconstrained estimator of the signal yield would be negative and is therefore
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projected onto the physical boundary at 𝑐𝑑 = 0. The remaining realizations follow a

𝑀
2 distribution with one degree of freedom.

The corresponding cumulative distribution function (CDF) for 𝑏 > 0 is

𝜁 (𝑏) = 0.5 + 0.5 𝜁
𝑀

2
1
(𝑏).

The 90% confidence level upper limit corresponds to the value of 𝑏 for which the

CDF reaches 0.9,

𝜁 (𝑏) = 0.9.

Solving this relation gives

𝑏 = 1.64.

Therefore, the 90% confidence level upper limit on the signal yield is obtained by

determining the value of 𝑐𝑑 for which

𝑏(𝑐𝑑) = 1.64.

Figure 4.13 shows the test statistic as a function of 𝑐𝑑 for a test axion mass of

0.692 keV/𝑁2, together with the cumulative distribution function of the test statistic.

The p-value of 0.1 corresponds to 𝑏 = 1.64.

8. Event Rate Limits at Various ALP/Dark Photon Masses: The upper limit on

the event rate is determined using the test statistic derived from the PLR method,

evaluated for various ALP and dark photon masses. For each mass hypothesis, a
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F()*’! 4.13: (Left) Estimation of the 90% upper limit on the event rate for ALPs with a mass of
0.155 keV/𝑁2. The horizontal line at 𝑏 = 1.64 corresponds to the 90% confidence
level threshold for the signal strength 𝑐𝑊. (Right) Distribution of the test statistic 𝑏 for
the one-sided upper-limit test. The asymptotic mixture distribution 0.5𝑒(𝑏) + 0.5𝑀2

1
is shown. The cumulative distribution function reaches 0.9 at 𝑏 = 1.64, defining the
90% confidence level threshold.

90% confidence level upper limit is calculated. The results from CDMSlite R2 ,

CDMSlite R3, and their combination CDMSlite R2+R3 are shown in Fig. 4.14.

F()*’! 4.14: 90% upper limits on the event rate for the dark absorption process using CDMSlite
R2 and R3 data. Since both axion-like particle and dark photon absorption processes
produce Gaussian-shaped signals with widths determined by the detector resolution,
the experimental upper limits on the event rate are identical for both cases. The event
rate shown here corresponds to the dark photon scenario.

9. 90% Upper Limit Estimation on the Coupling Parameter:
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The experimental upper limit on the event rate can be translated into an upper limit

on the coupling constants using theoretical predictions for the signal rate. Once

the 90% confidence level upper limit on the event rate is obtained from the data,

the corresponding constraint on the coupling strength is derived using the model-

dependent relations given in Eqs. 4.9 and 4.12. These relations connect the predicted

event rate to the underlying coupling parameters of the respective models.

F()*’! 4.15: Procedure for estimating the upper limits on the coupling strengths using theoretical
signal-rate predictions (left: ALPs, right: dark photons).

For a given coupling strength, the theoretical model predicts the expected number of

signal events. By comparing this prediction with the experimentally observed upper

limit, we derive the 90% upper limit on the coupling parameters.

10. Final Exclusion Curves: After obtaining the upper limits on the coupling strength

across all mass points, we construct the exclusion curves for the axio-electric coupling

and the kinetic mixing parameter. Figure 4.16 presents the exclusion limits derived

using the PLR method and compares them to previously published results based on

the Poisson upper limit approach.

A factor of approximately two improvement is observed in the PLR limits compared

to Poisson-based limits, and up to a factor of five near the L- and M-shell peaks in

germanium. For the K-shell, the earlier Poisson limit was derived using a combined

exposure of 440 kg-days from CDMSlite and iZIP data. In contrast, the PLR limit
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from just 110 kg-days is competitive with that result. Below ↓120 eV/𝑁2, low-

frequency noise (LFN) dominates and remains unmodeled, resulting in the PLR

limit converging with the Poisson limit in that region.

F()*’! 4.16: 90% upper limits on the axio-electric coupling for ALPs and the kinetic mixing
parameter for dark photons obtained using the PLR method with CDMSlite R2+R3
data. The results are compared with previously published dark absorption limits from
SuperCDMS Soudan based on the Poisson upper limit method.

4.12 Pseudo Limit / Expected Sensitivity Calculations

To estimate the expected sensitivity of our experiment to ALPs and dark photons, pseudo-

datasets based on a background-only hypothesis are used. These pseudo-datasets are created

by first fitting the filtered CDMSlite data using only background components—excluding

any signal contribution. The best-fit parameters from these fits are then used to generate

multiple pseudo-datasets via random sampling, simulating what the data would look like

under the background-only assumption.

Since these pseudo-datasets do not include any signal component, they serve as a reliable

baseline for evaluating the experiment’s sensitivity in the absence of a true dark absorption

signal. To ensure consistency with previous SuperCDMS analyses, we adopt pseudo-
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datasets originally generated for the WIMP search via inelastic scattering processes [24].

These are equally applicable for both WIMP and dark absorption searches, as they are

derived solely from the same background model fit. Thirty such pseudo-datasets for

CDMSlite Run 2 and Run 3 are shown in Fig. 4.17.

F()*’! 4.17: Pseudo-datasets generated by randomly sampling the best-fit parameters from a
background-only fit to the CDMSlite data. The red solid line histogram corresponds
to the experimental data whereas the dashed colour lines are pseudo data. Left:
CDMSlite Run 2 shows an excess at low energies due to unmodeled low-frequency
noise (LFN). Middle and Right: CDMSlite Run 3a and 3b. These pseudo-datasets
are the same as those used in the SuperCDMS inelastic dark matter search analysis,
ensuring consistency across studies.

Each pseudo-dataset is analyzed to derive a 90% upper limit on the coupling parameter

across a range of ALP and dark photon masses. We used 100 pseudo-datasets, and obtained
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a distribution of upper limits at each mass point. The spread in these distributions reflects

the statistical uncertainties associated with the analysis. For each mass, the 1𝑈 uncertainty

band is extracted, providing a quantitative estimate of the expected sensitivity range under

the background-only hypothesis. The resulting upper limits and sensitivity bands from

F()*’! 4.18: 90% upper limits on the axio-electric coupling for ALPs (left) and the kinetic mixing
parameter for dark photons (right), derived using the PLR method. The blue dashed
line shows the PLR limit from CDMSlite, and the black dashed line shows the Poisson-
based limit from SuperCDMS Soudan. Coloured dotted curves represent limits from
individual pseudo-datasets.

the pseudo-datasets are shown in Fig. 4.18. The blue dashed line represents the exclusion

limit from the PLR method applied to the data, while the black dashed line shows the

Poisson-based limit from SuperCDMS Soudan, which does not assume any background

modeling.

Below approximately 120 eV/𝑁2, the experimental limit deteriorates due to unmodeled

LFN, leading to convergence between the PLR and Poisson limits. Above this threshold, the

experimental PLR limit lies within the 2𝑈 sensitivity band in 91% of the pseudo-datasets,

consistent with the expected 95%, demonstrating the robustness of the expected sensitivity

estimation in regions una"ected by LFN.
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F()*’! 4.19: 90% upper limits on the axio-electric coupling for ALPs (left) and the kinetic mixing
parameter for dark photons (right), derived using the PLR method. The colored bands
represent the 1𝑈 and 2𝑈 sensitivity ranges expected from pseudo-datasets under the
background-only hypothesis.

4.13 Summary and Conclusions

We have presented 90% upper limits on the axio-electric coupling constants for ALPs

and the kinetic mixing parameters for dark photons, derived using the PLR method. This

approach incorporates detailed, data-driven background models, enabling us to probe

regions of parameter space that were previously inaccessible in SuperCDMS analyses.

Our results demonstrate an overall improvement of nearly a factor of two over the

previously published SuperCDMS dark absorption limits using CDMSlite data. Notably,

in energy regions near the L- and M-shell peaks of germanium, we achieve up to a five-

fold enhancement in sensitivity. The use of the PLR method allows for a more rigorous

treatment of systematic uncertainties through the profiling of nuisance parameters, further

strengthening the robustness of our constraints.

At low energies, around and below 100 eV/𝑁2, the presence of unmodeled low-frequency

noise (LFN) causes the PLR-derived limits to converge with earlier results that did not

employ background modeling. However, at higher energies, where previous analyses
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F()*’! 4.20: 90% upper limits on the axio-electric coupling for axion-like particles (left) and on
the kinetic mixing parameter for dark photons (right), derived using the PLR method.
Results from this work are compared with the latest 90% UL limits from other
studies SuperCDMS [8, 34, 35], EDELWEISS [36], Majorana [37], DarkSide [38],
XENON [39], PandaX [40], XMASS [41], and SENSEI [42, 43].

combined CDMSlite and iZIP data totaling approximately 440 kg-days of exposure, our

PLR-based limits are competitive, and in some cases superior, to those obtained using

simpler Poisson-based upper-limit methods.

A comparison of our PLR-based results with the latest constraints from other dark matter

experiments is shown in Fig. 4.20. While many of the excluded regions are also constrained

by other leading experiments, our study demonstrates that improved statistical techniques

and detailed background modeling can extract meaningful and competitive results from

existing data. This work highlights the importance of advanced analysis methods and sets

a strong precedent for future searches in the low-mass dark matter regime, particularly with

next-generation detectors such as SuperCDMS SNOLAB.

Furthermore, the developments presented in this work, including the development of

axion-like particle and dark photon signal models with in-medium e"ects, as well as the

construction of a PLR analysis framework for dark matter absorption processes—can be

directly applied to future analyses in the SuperCDMS SNOLAB experiment.
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Weakly Interacting Massive Particles (WIMPs) are another theoretically well motivated

dark matter candidates, arising naturally in extensions of the Standard Model such as

supersymmetry and extra-dimensional frameworks [1–3]. Direct detection experiments

aim to observe nuclear recoils induced by the elastic scattering of WIMPs o" detector

nuclei. These searches probe the WIMP mass (𝑗𝑀) and WIMP–nucleon cross section

(𝑈𝑀↑𝑎) over a wide parameter space, spanning approximately 10↑40 to 10↑50 cm2 in cross

203
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section and from sub-GeV/𝑁2 to TeV/𝑁2 in mass [4–8].

As experiments strive to probe ever smaller cross sections using detectors with larger

masses and improved energy resolution, they encounter an irreducible background arising

from neutrino interactions via coherent elastic neutrino–nucleus scattering (CE𝐿NS) [9].

In CE𝐿NS, low-energy neutrinos scatter coherently o" entire nuclei, producing nuclear

recoils that are indistinguishable from those induced by WIMPs. The presence of this

background defines a practical sensitivity limit for the achievable cross-section, commonly

referred to as the neutrino floor, below which WIMP signals can no longer be distinguished

with high statistical significance [10–12].

The neutrino floor is not a sharp boundary but rather a sensitivity threshold that depends

on both experimental and theoretical inputs. Key factors include:

• the understanding of CE𝐿NS cross sections, which are well defined within the Stan-

dard Model, although experimental confirmation at high significance (> 5𝑈) is still

ongoing,

• the knowledge of neutrino fluxes and their uncertainties from multiple sources,

including solar, atmospheric, di"use supernova neutrino background (DSNB), and

geoneutrinos, and

• the detector target material, exposure, and energy threshold.

To emphasize the di"use, site-dependent, and exposure-dependent nature of this sen-

sitivity limit, the term neutrino fog has been introduced [13, 14]. It denotes the region of

parameter space (in 𝑈𝑀↑𝑎 vs 𝑗𝑀) where the WIMP signal becomes statistically indistin-

guishable from the neutrino background. In this convention, the neutrino floor represents

the upper boundary of the neutrino fog.
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While CE𝐿NS measurements from various experiments to date are consistent with

Standard Model predictions [15–17], systematic uncertainties in neutrino fluxes, reaching

up to ↓ 50%, remain the dominant limitation in precisely defining the neutrino floor. In

more recent formulations based on the concepts of neutrino fog and opacity, the neutrino

floor becomes largely independent of detector exposure and energy threshold, while the

choice of target material continues to play a significant role. Consequently, the neutrino

floor must be determined for the detector target material of interest. In this work, we focus

on a SuperCDMS-like high-voltage (HV) germanium (Ge) detector and therefore evaluate

the neutrino floor for a Ge target.

Neutrinos arise from both naturally occurring processes and human-made sources.

Natural neutrino backgrounds originate from several environments, including the Sun, the

Earth’s interior, supernova activity throughout the universe, and cosmic-ray interactions in

the atmosphere. Solar neutrinos provide the dominant contribution at low recoil energies,

while atmospheric neutrinos become increasingly relevant at higher energies. Additional

components arise from geoneutrinos produced in terrestrial radioactive decay chains and

from the DSNB, which represents the cumulative emission from past stellar explosions in

the universe [10, 11].

In addition to these natural sources, artificial neutrino backgrounds can also play an

important role in certain experimental environments. Nuclear reactors produce intense

fluxes of electron antineutrinos (𝐿̄𝑄) through the beta decays of fission products generated

during reactor operation. For detectors located near reactor facilities, this flux can signifi-

cantly contribute to the neutrino-induced recoil spectrum, thereby impacting the neutrino

floor [18].

While the impact of solar, atmospheric, and DSNB neutrinos on dark matter searches has

been studied extensively, the role of reactor antineutrinos has received comparatively less
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attention in neutrino-floor calculations [10, 13]. Their contribution depends sensitively

on the relative positioning of the experiment with respect to nearby nuclear reactors,

introducing a strong site dependence unlike the dominant components from solar and

atmospheric neutrinos. This e"ect becomes particularly significant for low-mass WIMP

searches in the sub-10 GeV/𝑁2 regime, rendering the neutrino floor highly dynamic.

5.1 Motivation

The influence of reactor neutrinos becomes particularly important when exploring the low-

mass WIMP regime, spanning roughly from sub-GeV/𝑁2 to a few GeV/𝑁2. In this mass

range, the nuclear recoils generated by CE𝐿NS interactions of reactor antineutrinos fall

within the same energy region expected from WIMP scattering events. As a result, the

reactor-induced recoil spectrum can mimic the signal of low-mass dark matter, potentially

elevating the neutrino floor by several orders of magnitude depending on the distance

between the detector and the reactor source. Reliable sensitivity projections in this regime

therefore require careful modeling of reactor antineutrino fluxes, including their energy

spectra, total thermal power, and the geometric dependence of the flux with distance.

Phonon-sensitive germanium detectors operated at high bias voltage and optimized for

extremely low energy thresholds provide a powerful platform for probing this parameter

space. Experiments such as SuperCDMS employ such detectors to achieve sensitivity to

nuclear recoils at the sub-keV scale [4, 19, 20]. This capability enables searches for WIMPs

with masses approaching sub-GeV/𝑁2, but it also increases the experiment’s sensitivity to

neutrino-induced recoils originating from reactor antineutrinos. Consequently, reactor

neutrino backgrounds must be carefully quantified when evaluating the ultimate sensitivity

of these detectors.
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In this work, we investigate how reactor-generated 𝐿̄𝑄 fluxes influence the neutrino floor

for germanium-based dark matter detectors. Detailed spectral models for a gigawatt-scale

thermal reactor (GWth) are employed to compute the CE𝐿NS recoil spectrum expected in

germanium, while detector e"ects such as quenching are incorporated to translate nuclear

recoil energies into measurable signals. The resulting event rates are evaluated for di"erent

reactor–detector separations in order to quantify the dependence of the background on

experimental location.

To characterize the resulting limitations on dark matter sensitivity, we consider two

complementary definitions of the neutrino floor. The first follows the discovery-limit

formalism, which defines the smallest WIMP–nucleon cross section that can be detected

with 3𝑈 significance at a 90% power across an ensemble of simulated experiments, taking

into account statistical fluctuations and systematic uncertainties in the neutrino fluxes [10,

11]. The second approach adopts the opacity-based framework, often referred to as the

neutrino fog, in which the degradation of experimental sensitivity is described through

a dimensionless opacity parameter that captures the transition of WIMP discovery cross-

section from a statistics-limited to a systematics-limited regime as neutrino backgrounds

increase [13, 14].

Earlier investigations introduced these methodologies independently but did not provide

a comprehensive study of how reactor antineutrinos modify the neutrino floor as a function

of detector location. For example, the discovery-limit analysis by Billard et al. [10], later

extended by Ruppin et al. [11], evaluated neutrino floors for several detector targets without

including contributions from reactor or geoneutrinos. The opacity-based framework pro-

posed by O’Hare [13] incorporated reactor neutrinos, but only for a specific experimental

site at Gran Sasso. Similarly, subsequent studies, such as that by Fan et al. [14], exam-

ined the opacity floor for the CJPL laboratory without explicitly modeling the distance
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dependence of reactor fluxes. Other recent analyses have investigated reactor antineutrino

spectra at various underground laboratories, but did not propagate these e"ects into WIMP

sensitivity calculations, and therefore did not assess their impact on the neutrino floor [18].

A detailed study of how the neutrino floor varies with reactor–detector distance is

therefore essential. Such an analysis is important not only for accurately assessing the

impact of reactor antineutrinos on current low-mass WIMP search experiments, but also

for guiding experimental planning and site selection for future dark matter experiments,

where the e"ect strongly depends on the local antineutrino flux.

The analysis presented here addresses this gap by systematically evaluating how reactor

antineutrino fluxes modify both definitions of the neutrino floor, the discovery-limit and

opacity-based frameworks, for germanium detectors across a range of reactor-detector

distances. Our results show that detectors located within approximately ↓ 10 km of a

gigawatt-scale reactor can experience a substantial increase in the neutrino floor in the few-

GeV/𝑁2 WIMP mass region, leading to potential degradations in discovery sensitivity by

several orders of magnitude. In contrast, at distances exceeding ↓ 100 km, the contribution

from reactor antineutrinos becomes negligible compared to natural neutrino backgrounds.

These findings underscore the importance of experimental siting and accurate back-

ground modeling for future low-threshold dark matter experiments. By explicitly incorpo-

rating reactor antineutrino contributions, this study provides a more realistic assessment

of the neutrino floor and o"ers valuable guidance for the design and interpretation of

next-generation searches for low-mass WIMPs.
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5.2 WIMP Signal Rate Modeling

5.2.1 Di"erential Event Rate

Direct detection experiments aim to observe the tiny nuclear recoil energies produced

when dark matter particles scatter elastically from atomic nuclei inside a detector. In the

widely studied Weakly Interacting Massive Particle framework, the interaction probability

is extremely small and the resulting recoil energies are correspondingly low. For low-mass

WIMPs, particularly those with masses below approximately 10 GeV/𝑁
2, the expected

nuclear recoil energies fall in the sub-keV to few-keV range. Detecting such small energy

depositions requires detectors with exceptionally low thresholds and excellent control over

backgrounds, making this region of parameter space experimentally challenging [4, 5].

The predicted nuclear recoil spectrum from WIMP interactions is typically expressed

in terms of the di"erential event rate per unit detector mass and recoil energy. The rate can

be written as [21]

𝑚𝛱

𝑚𝑍𝛱

=
𝑐𝑌 𝑢0
𝑌

𝑈𝑐

2𝑗𝑀 𝑉
2
𝑐

𝜁
2
(𝑍𝛱) 𝜈(𝑟min), (5.1)

where 𝑍𝛱 denotes the nuclear recoil energy. In this expression, 𝑐𝑌 is Avogadro’s

number and 𝑢0 represents the local dark matter density in the solar neighborhood, commonly

taken to be approximately 0.3 GeV/cm3 [22]. The quantity 𝑌 corresponds to the atomic

mass number of the detector target nucleus, while 𝑗𝑀 is the mass of the WIMP particle.

The parameter 𝑉𝑐 denotes the reduced mass of the WIMP–nucleus system,

𝑉𝑐 =
𝑗𝑀𝑗𝑐

𝑗𝑀 + 𝑗𝑐

,

where 𝑗𝑐 is the nuclear mass. The term 𝑈𝑐 represents the WIMP–nucleus scattering

cross section evaluated at zero momentum transfer. The factor 𝜁 (𝑍𝛱) is the nuclear
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form factor, which accounts for the loss of coherence in the scattering process when the

momentum transfer becomes comparable to the inverse nuclear size.

The astrophysical properties of the Galactic dark matter halo enter the recoil rate

through the quantity 𝜈(𝑟min), commonly referred to as the mean inverse speed. This factor

encapsulates the fraction of WIMPs in the local halo that possess su!cient velocity to

produce a recoil of energy 𝑍𝛱 in the detector. It is defined as

𝜈(𝑟min) =
∫

𝑟esc

𝑟min

𝑞 (v + v𝑍 )
𝑟

𝑚
3
𝑟, (5.2)

where 𝑞 (v) denotes the WIMP velocity distribution in the Galactic rest frame. The

vector v𝑍 represents the velocity of the Earth relative to the Galactic halo, and 𝑟esc corre-

sponds to the Galactic escape velocity beyond which particles are no longer gravitationally

bound to the Milky Way.

Within the commonly adopted Standard Halo Model (SHM) [23], the dark matter

velocity distribution is approximated by a Maxwell–Boltzmann distribution truncated at

the escape velocity. Typical parameter values used in calculations are 𝑟esc = 544 km/s and

𝑟𝑍 = 232 km/s. Under these assumptions, analytic expressions for the mean inverse speed

can be derived, greatly simplifying the computation of recoil spectra for di"erent detector

materials and WIMP masses [21].

The lower limit of the velocity integral is determined by the minimum WIMP velocity

required to produce a recoil of energy 𝑍𝛱 in the target nucleus. This threshold velocity is

given by

𝑟min =


𝑗𝑐𝑍𝛱

2𝑉2
𝑐

. (5.3)

This relation illustrates an important feature of WIMP kinematics: lighter WIMPs of a
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given velocity generate lower recoil energy compared to heavier particles. Consequently,

experiments searching for low-mass WIMPs require detectors with very low energy thresh-

olds. At the same time, this energy region could overlap with nuclear recoils generated by

CE𝐿NS, which can produce backgrounds that mimic the WIMP signal.

5.2.2 Spin-Independent WIMP–Nucleon Scattering in Germanium

Germanium-based detectors have become a leading technology for probing the low-mass

WIMP parameter space (𝑈𝑀↑𝑎 vs 𝑗𝑀 ) due to their excellent energy resolution and ability to

achieve extremely low detection thresholds. These characteristics make them particularly

suitable for detecting the small nuclear recoils expected from light dark matter particles.

An additional advantage arises from the nuclear structure of germanium. Most naturally

occurring germanium isotopes possess even numbers of both protons and neutrons, resulting

in nuclei with nearly zero total spin. Because of this nuclear configuration, spin-dependent

(SD) interactions between WIMPs and nuclei are strongly suppressed in germanium targets.

As a result, the dominant interaction channel is spin-independent (SI) scattering, which

proceeds coherently across all nucleons in the nucleus. For this reason, the modeling of

WIMP signals in germanium detectors generally focuses on the SI interaction channel.

The relationship between the SI WIMP–nucleus cross section 𝑈𝑐 and the fundamental

WIMP–nucleon cross section 𝑈
SI
𝑀↑𝑎 is given by

𝑈𝑐 = 𝑈
SI
𝑀↑𝑎 𝑌

2
(
𝑉𝑐

𝑉𝑎

)2
, (5.4)

where 𝑉𝑎 represents the reduced mass of the WIMP–nucleon system,

𝑉𝑎 =
𝑗𝑀𝑕𝑎

𝑗𝑀 + 𝑕𝑎

,
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and 𝑕𝑎 is the nucleon mass.

The factor 𝑌
2 reflects the coherent enhancement of the scattering amplitude when

the WIMP interacts with all nucleons in the nucleus simultaneously. This coherence

e"ect significantly increases the expected event rate for heavier target nuclei. The ratio

(𝑉𝑐/𝑉𝑎)
2 accounts for the di"erence in kinematic scaling between the WIMP–nucleus and

WIMP–nucleon systems.

Substituting Eq. (5.4) into the general recoil rate expression of Eq. (5.1) yields the

di"erential recoil rate for SI WIMP interactions in germanium:

𝑚𝛱

𝑚𝑍𝛱

=
𝑐𝑌 𝑢0 𝑈

SI
𝑀↑𝑎

2𝑌𝑗𝑀 𝑉
2
𝑎

𝑌
2
𝜁

2
(𝑍𝛱) 𝜈(𝑟min). (5.5)

The nuclear form factor 𝜁 (𝑍𝛱) describes the suppression of coherent scattering when

the momentum transfer becomes comparable to the nuclear size. In this work, the Helm

parameterization is adopted [21]:

𝜁
2
(𝑍𝛱) =

[
3 𝑝1(𝑏𝑠𝑎)

𝑏𝑠𝑎

]2
exp(↑𝑏2

𝑑
2
), (5.6)

where 𝑝1(𝑛) = (sin 𝑛/𝑛2
↑ cos 𝑛/𝑛) is the spherical Bessel function of order one. The

momentum transfer is defined as 𝑏 =
∝

2𝑗𝑐𝑍𝛱. The parameter 𝑑 = 0.9 fm represents the

nuclear skin thickness, while the e"ective nuclear radius 𝑠𝑎 is given by

𝑠𝑎 =

√
𝑁

2 +
7
3
𝛹

2
𝑃

2 ↑ 5𝑑2
,

with 𝑁 = 1.23𝑌1/3
↑ 0.60 fm and 𝑃 = 0.52 fm. This parameterization provides an

accurate description of the nuclear charge distribution and the associated loss of coherence

at higher momentum transfer.
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5.2.3 Quenching and the Measured WIMP Energy Spectrum

In addition to the theoretical recoil spectrum, it is necessary to account for detector-

specific e"ects that influence how nuclear recoils are observed experimentally. Germanium

detectors operated under high bias voltage conditions, such as those used in the SuperCDMS

experiment, utilize the Neganov–Trofimov–Luke (NTL) e"ect to amplify phonon signals

generated by ionization [24, 25]. This mechanism enhances the sensitivity of the detector

to very small energy depositions, as low as O(eV).

However, nuclear recoils do not produce ionization as e!ciently as electron recoils of

the same deposited energy. Consequently, the observable signal associated with a nuclear

recoil is reduced relative to the true recoil energy. This e"ect is known as quenching and

is described by the ionization yield 𝛬 (𝑍𝛱), defined as the fraction of the recoil energy that

is converted into ionization.

The ionization yield is commonly modeled using the Lindhard theory:

𝛬 (𝑍𝛱) =
𝑔 𝑂(𝑅)

1 + 𝑔 𝑂(𝑅)
, 𝑂(𝑅) = 3𝑅0.15

+ 0.7𝑅0.6
+ 𝑅 , 𝑅 = 11.5𝑍𝛱𝛻

↑7/3
. (5.7)

Here 𝛻 is the atomic number of the target material and 𝑔 is a material-dependent

parameter that controls the shape and magnitude of the ionization yield. For germanium

(𝛻 = 32), recent measurements performed by the CONUS+ Collaboration indicate that

𝑔 ↘ 0.162 provides a good description of the ionization response down to recoil energies

of approximately 150 eVee [26].

Because experimental measurements are typically reported in terms of electron-equivalent

energy rather than nuclear recoil energy, the two quantities must be related through the

ionization yield. The measured electron-equivalent energy is given by
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𝑍ee = 𝛬 (𝑍𝛱) 𝑍𝛱 . (5.8)

To convert the recoil spectrum into the experimentally observable spectrum, the di"er-

ential rate must be transformed accordingly:

𝑚𝛱

𝑚𝑍ee
=

𝑚𝛱

𝑚𝑍𝛱

𝑚𝑍𝛱

𝑚𝑍ee
. (5.9)

This procedure ensures that theoretical predictions for WIMP-induced recoil spectra

are expressed in the same energy scale as the measured detector response, allowing direct

comparison with experimental data.

Figure 5.1 illustrates the expected recoil spectra in terms of nuclear recoil energy

(top panel) and electron-equivalent energy (bottom panel). The results are shown for

a benchmark WIMP with mass 6 GeV/𝑁
2 and spin-independent cross section 𝑈𝑀↑𝑎 =

4.4 ↔ 10↑45 cm2. Also included are the predicted CE𝐿NS contributions from solar, atmo-

spheric, geoneutrino, and reactor neutrino sources. A detailed description of these CE𝐿NS

components is provided in Sec. 5.3.

The comparison indicates that the recoil spectrum from 8B solar neutrinos closely

tracks that expected from low-mass WIMP interactions within the energy range of in-

terest. This overlap highlights a key limitation for next-generation dark matter searches:

neutrino-induced recoils can e"ectively mimic a WIMP signal. Consequently, a precise

understanding and characterization of such backgrounds are crucial for accurately deter-

mining the discovery reach of direct detection experiments. This challenge motivates the

detailed investigation of neutrino-induced backgrounds and the concept of the neutrino

floor discussed in the following sections.
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F()*’! 5.1: Nuclear-recoil (top) and corresponding electron-equivalent (bottom) energy spectra
for di"erent CE𝐿NS components, shown for a low-threshold detector. The electron-
equivalent spectrum is obtained using the Lindhard quenching model. A representative
WIMP signal (6 GeV/𝑁2, 𝑈𝐿-𝑋 = 4.4 ↔ 10↑45 cm2) is included for comparison. The 8B
solar-neutrino-induced recoil spectrum closely follows the shape of the WIMP signal
over the relevant energy range, illustrating the intrinsic degeneracy that limits discrim-
ination in low-mass WIMP searches. Only the mean spectra are shown. Adapted from
Ref. [18].
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5.3 CE𝐿NS-Induced Background Modeling

5.3.1 Di"erential Scattering Cross Section

CE𝐿NS is a Standard Model neutral-current interaction in which a neutrino scatters elas-

tically from an entire atomic nucleus. Unlike charged-current processes, CE𝐿NS does not

depend on neutrino flavor because the interaction proceeds via the exchange of a neutral 𝛻

boson. As a result, neutrinos of all flavors contribute to this process with equal coupling

strength within the Standard Model framework [9].

A distinctive feature of CE𝐿NS is the coherent enhancement of the scattering amplitude

at su!ciently low momentum transfer. In this regime, the wavelengths associated with the

exchanged momentum are comparable to or larger than the nuclear radius, allowing the

scattering amplitudes from individual nucleons to add constructively. This coherence

results in a cross section that approximately scales with the square of the weak nuclear

charge. Because the weak charge receives its dominant contribution from neutrons, CE𝐿NS

interactions are particularly sensitive to the neutron content of the nucleus.

For a neutrino with energy 𝑍𝐿 scattering from a nucleus of mass 𝑗 and producing

a nuclear recoil with energy 𝑍𝛱, the di"erential CE𝐿NS cross section can be expressed

as [27]

𝑚𝑈(𝑍𝐿, 𝑍𝛱)

𝑚𝑍𝛱

=
𝑡

2
𝜁
𝑗

4𝛹
𝛩

2
𝜉

(
1 ↑

𝑗𝑍𝛱

2𝑍2
𝐿

)
𝜁

2
(𝑍𝛱), (5.10)

where 𝑡𝜁 is the Fermi constant and 𝜁 (𝑍𝛱) represents the nuclear form factor that

accounts for the loss of coherence at larger momentum transfers. The weak nuclear charge

𝛩𝜉 is given by

𝛩𝜉 = 𝑐 ↑ (1 ↑ 4 sin2
𝛽𝜉 )𝛻 ,
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where 𝑐 and 𝛻 denote the neutron and proton numbers of the target nucleus, respec-

tively, and 𝛽𝜉 is the weak mixing angle. Because the factor (1 ↑ 4 sin2
𝛽𝜉 ) is numerically

close to zero, the proton contribution is strongly suppressed. Consequently, the CE𝐿NS

cross section is largely determined by the number of neutrons, leading to the characteristic

scaling proportional to 𝑐
2.

For a given neutrino energy, the recoil energy imparted to the nucleus is kinematically

limited. The maximum possible recoil energy is

𝑍
max
𝛱

=
2𝑍2

𝐿

𝑗 + 2𝑍𝐿

. (5.11)

This relation illustrates that neutrinos with energies in the MeV range typically generate

nuclear recoils at keV scale and below in heavy nuclei such as germanium. As a result,

CE𝐿NS signals are particularly relevant for detectors designed to probe extremely low-

energy nuclear recoils.

5.3.2 Quenching and Observable CE𝐿NS Spectrum

To determine the expected CE𝐿NS event rate in a detector, the scattering cross section must

be folded with the flux of neutrinos arriving at the detector from all relevant sources. The

di"erential interaction rate per unit detector mass can therefore be written as

𝑚𝛱

𝑚𝑍𝛱

=
𝑐𝑌

𝑌

∑
𝑝

∫
𝑍

max,j
𝑌

𝑍
min
𝑌 (𝑍𝑈)

𝛺 𝑝 (𝑍𝐿)
𝑚𝑈(𝑍𝐿, 𝑍𝛱)

𝑚𝑍𝛱

𝑚𝑍𝐿, (5.12)

where 𝑐𝑌 is Avogadro’s number and 𝑌 is the atomic mass number of the detector

material. The summation index 𝑝 labels the di"erent neutrino sources contributing to the

background. The function 𝛺 𝑝 (𝑍𝐿) represents the neutrino flux spectrum associated with

source 𝑝 .
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The lower limit of the integration corresponds to the minimum neutrino energy required

to produce a nuclear recoil of energy 𝑍𝛱, which is given by

𝑍
min
𝐿

(𝑍𝛱) =

√
𝑗𝑍𝛱

2
.

The upper limit 𝑍max,j
𝐿

depends on the endpoint energy of the specific neutrino source

under consideration. In this analysis, detector e!ciency is assumed to be unity above the

experimental threshold, allowing the theoretical recoil spectrum to be directly interpreted

as the observable interaction rate.

For germanium detectors operated in HV mode, the conversion between nuclear recoil

energy and measured signal requires accounting for quenching e"ects. As discussed in

Sec. 5.2, only a fraction of the recoil energy is converted into ionization and subsequently

amplified through the NTL e"ect. Consequently, the experimentally measured energy scale

corresponds to electron-equivalent energy rather than true nuclear recoil energy.

The same quenching model applied to WIMP-induced recoils is therefore used to

convert CE𝐿NS recoil spectra into the electron-equivalent energy scale. This ensures that

the predicted CE𝐿NS background spectra are expressed in the same observable units as the

detector response and can be directly compared with WIMP signal models.

5.3.3 Neutrino Sources Contributing to CE𝐿NS Backgrounds

CE𝐿NS interactions can be induced by neutrinos originating from a variety of astrophysical

and terrestrial processes. These neutrino backgrounds can be broadly classified into natural

sources and anthropogenic sources, both of which must be considered when evaluating the

sensitivity of direct dark matter searches.



%.#. CE𝐿NS-INDUCED BACKGROUND MODELING 219

Non-Reactor Neutrinos

Solar Neutrinos Solar neutrinos constitute the largest neutrino flux reaching Earth and

therefore represent the dominant CE𝐿NS background for low-energy nuclear recoil experi-

ments. These neutrinos are produced primarily through nuclear fusion reactions occurring

in the Sun’s core, with the 𝜅𝜅 chain and the CNO cycle providing the principal production

mechanisms.

Solar neutrinos dominate the neutrino flux for energies below approximately 18 MeV

and are particularly relevant for dark matter searches targeting low-mass WIMPs with

masses below about 10 GeV/𝑁
2. In the present analysis, we include the major components

of the solar neutrino spectrum: 𝜅𝜅, 𝜅𝑄𝜅, 𝑋𝑄𝜅, 7Be, 8B, 13N, 15O, and 17F neutrinos.

The corresponding nuclear recoil spectra in germanium are adopted from the calculations

presented in Ref. [10].

Atmospheric Neutrinos Atmospheric neutrinos originate from the decay of secondary

particles produced when high-energy cosmic rays interact with nuclei in the Earth’s atmo-

sphere. These interactions generate neutrinos over a broad energy range extending up to the

TeV scale. Although the overall flux of atmospheric neutrinos is significantly lower than

that of solar neutrinos, their higher energies allow them to produce larger nuclear recoils.

Consequently, atmospheric neutrinos become increasingly relevant for dark matter

searches probing higher WIMP masses, typically above ↓ 100 GeV/𝑁
2. However, as the

neutrino energy increases, the coherence condition for CE𝐿NS scattering gradually breaks

down due to the larger momentum transfer involved. This loss of coherence suppresses the

CE𝐿NS rate. Following the approach of Ref. [10], atmospheric neutrinos with energies up

to 1 GeV are included in the calculation of the recoil spectrum.
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Geoneutrinos Geoneutrinos are electron antineutrinos produced through the 𝜂-decay

chains of naturally occurring radioactive isotopes within the Earth, primarily 238U, 232Th,

and 40K. These isotopes are distributed throughout the Earth’s crust and mantle, and their

relative abundances, along with variations in crustal thickness and composition, lead to

site-dependent di"erences in the observed geoneutrino flux. In general, locations with

thicker continental crust exhibit higher fluxes compared to oceanic or shield regions.

Despite this spatial variability, the overall geoneutrino flux remains significantly lower

than that of solar neutrinos, typically by about two orders of magnitude. Consequently,

their contribution to the CE𝐿NS-induced background in direct detection experiments is

subdominant over most of the WIMP parameter space. Owing to their relatively low

endpoint energies (of order a few MeV), geoneutrinos predominantly induce very low-

energy nuclear recoils, making their impact most relevant for searches targeting WIMP

masses near the sub-GeV to ↓1–2 GeV/𝑁2 range.

For the present study, we adopt a representative geoneutrino-induced di"erential recoil

spectrum in germanium based on calculations performed for the China Jinping Underground

Laboratory (CJPL) [28]. While the absolute normalization of the geoneutrino flux varies

across experimental sites, its e"ect on the neutrino floor is relatively modest. As discussed

in Sec. 5.4.2, a reduction of the flux by a factor of two, approximately corresponding to

levels expected at SNOLAB, results in changes of at most ↓10% in the neutrino floor

in the absence of reactor contributions, and only in a narrow WIMP mass region around

𝑗𝑀 ′ 1.7 GeV/𝑁2.

In comparison, reactor antineutrinos introduce a much stronger and rapidly varying site

dependence, as their flux scales inversely with the square of the reactor–detector distance.

As a result, variations in reactor proximity dominate over geoneutrino-induced di"erences

when assessing site-dependent neutrino backgrounds. This justifies the use of a single
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representative geoneutrino model in this work without compromising the robustness of the

overall conclusions.

Supernova Neutrinos The di"use supernova neutrino background represents the inte-

grated flux of neutrinos emitted by all past core-collapse supernovae throughout the history

of the universe. These neutrinos typically have energies up to O(10 MeV) and form a faint

but persistent neutrino background.

Although the DSNB flux is relatively small, the resulting CE𝐿NS recoils occur at

energies relevant for dark matter searches targeting intermediate WIMP masses around

20 GeV/𝑁
2. The corresponding recoil spectra in germanium are taken from Ref. [10].

For all non-reactor neutrino sources described above, the calculated nuclear recoil

spectra are converted into electron-equivalent energy using the same quenching model

applied to WIMP-induced recoils. Figure 5.1 compares the di"erential recoil spectra from

the individual CE𝐿NS components with the predicted spectrum for a representative WIMP

signal. In particular, the recoil spectrum generated by 8B solar neutrinos closely resembles

that expected from low-mass WIMP interactions, illustrating the di!culty of distinguishing

these two contributions experimentally.

The relative contributions of di"erent neutrino sources vary significantly across the

WIMP mass range of interest. In the low-mass regime (𝑕𝑀 ↭ 10 GeV/𝑁
2), the CE𝐿NS back-

ground is primarily driven by solar neutrinos, while at higher masses (𝑕𝑀 ↫ 100 GeV/𝑁
2),

atmospheric neutrinos become the dominant contribution. The adopted uncertainties as-

sociated with each neutrino flux component are listed in Table 5.1. The likelihood analysis

treats the flux normalization parameters as independent Gaussian nuisance parameters,

neglecting correlations between their uncertainties.

The quenching parameter measured by the CONUS+ experiment, 𝑔 = 0.162±0.004 [16],
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T"+,! 5.1: Systematic uncertainties (𝑈𝑇) on the normalization of CE𝐿NS neutrino/anti-neutrino
flux components considered in this analysis.

Flux component Uncertainty (𝑈𝑝 )
pp 0.6% [12]
pep 1% [12]
hep 30% [12]
7Be I (384 keV) 6% [12]
7Be II (861 keV) 6% [12]
8B 2% [12]
13N 15% [12]
15O 17% [12]
17F 20% [12]
DSNB 50% [12]
Atmospheric 25% [12]
Geo (40K) 6% [28]
Geo (238U) 30% [28]
Geo (232Th) 30% [28]
Reactor 8% [12]

corresponds to a relative uncertainty of about 1%, which is small compared to the overall

systematic uncertainties in flux normalisations a"ecting the CE𝐿NS event rate. Moreover,

since both neutrino-induced and WIMP-induced recoil spectra are modified by quenching

in a similar manner, its impact on the determination of the neutrino floor is expected to be

limited. We quantified this e"ect in Sec. 5.4.2, where we varied the quenching parameter

within its 3𝑈 uncertainty range and observed no significant change in the resulting neu-

trino floor. Based on this, the uncertainty associated with the quenching parameter is not

propagated in the primary analysis.

Other detector-related uncertainties, such as those arising from signal e!ciency and

energy thresholds, are not included; an idealized detector response is assumed. These

assumptions are consistent with those adopted in previous studies of the neutrino floor.



%.#. CE𝐿NS-INDUCED BACKGROUND MODELING 223

Reactor Antineutrinos

In addition to natural neutrino sources, nuclear reactors produce intense fluxes of electron

antineutrinos through the beta decay of neutron-rich fission fragments. The dominant

fission isotopes contributing to reactor antineutrino production are 235U, 238U, 239Pu, and
241Pu. The resulting antineutrino spectrum extends to energies of several MeV and can

induce nuclear recoils through CE𝐿NS interactions in nearby detectors.

For detectors located near nuclear reactor facilities, the reactor antineutrino flux can

become a significant source of CE𝐿NS background. Because the recoil energies generated

by these neutrinos lie in the sub-keV range, they overlap directly with the signal region

relevant for low-mass WIMP searches in germanium detectors.

The di"erential reactor antineutrino flux at a detector located a distance 𝑓 from a reactor

with thermal power 𝛥th can be written as

𝛺𝐿̄𝑃 (𝑍𝐿) =
𝛥th

4𝛹𝑓2⇒𝑍 𝑞 ⇑

∑
𝑙

𝑞𝑙𝑘𝑙 (𝑍𝐿), (5.13)

where ⇒𝑍 𝑞 ⇑ ↘ 202.5 MeV represents the average energy released per fission [29].

The quantities 𝑞𝑙 denote the fractional contributions of the individual fissile isotopes,

and 𝑘𝑙 (𝑍𝐿) represents the antineutrino spectrum emitted per fission for isotope 𝑙. Typical

fission fractions for a gigawatt-scale reactor, such as the KKL power plant used in CONUS+

experiment, are summarized in Table 5.2.

T"+,! 5.2: Representative fission fractions ( 𝑞𝑆) assumed for a gigawatt-scale nuclear reactor, based
on typical operating conditions of the KKL reactor [30].

Isotope Fission fraction ( 𝑞𝑙)
235U 53%
239Pu 32%
238U 8%
241Pu 7%
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The reactor antineutrino spectrum used in this work is constructed by combining an

analytic description at higher energies with tabulated results at lower energies. For neutrino

energies above 2 MeV, the spectra corresponding to individual fission isotopes are modeled

using an exponential parameterization [31, 32]

𝑚𝑐𝐿̄𝑃

𝑚𝑍𝐿̄𝑃

= 𝑃 exp
(
𝑃0 + 𝑃1𝑍𝐿̄𝑃 + 𝑃2𝑍

2
𝐿̄𝑃

)
, (5.14)

where the isotope-dependent coe!cients are provided in Table 5.3.

T"+,! 5.3: Coe!cients for the parameterized 𝐿̄𝑃 spectra (𝐿𝑃/MeV/fission) applicable for 𝑍𝑌 >

2 MeV.

Isotope 𝑃 𝑃0 𝑃1 𝑃2
235U 1.0461 0.870 ↑0.160 ↑0.0910
238U 1.0719 0.976 ↑0.162 ↑0.0790
239Pu 1.0527 0.896 ↑0.239 ↑0.0981
241Pu 1.0818 0.793 ↑0.080 ↑0.1085

For energies below 2 MeV, we adopt tabulated spectra derived from detailed reactor

calculations [32], as listed in Table 5.4.

T"+,! 5.4: Tabulated 𝐿̄𝑃 spectra below 2 MeV (in units of 𝐿̄𝑃/MeV/fission) [32].

𝑍𝐿 [MeV] 235U 239Pu 238U 241Pu
0.008 0.024 0.140 0.089 0.200
0.016 0.092 0.560 0.350 0.790
0.031 0.350 2.130 1.320 3.000
0.062 0.610 0.640 0.650 0.590
0.125 1.980 1.990 2.020 1.850
0.250 2.160 2.080 2.180 2.140
0.500 2.660 2.630 2.910 2.820
0.750 2.660 2.580 2.960 2.900
1.000 2.410 2.320 2.750 2.630
1.500 1.690 1.480 1.970 1.750
2.000 1.260 1.080 1.500 1.320

At low energies (𝑍𝐿 ↭ 1 MeV), an additional contribution arises from neutron capture
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F()*’! 5.2: Reactor antineutrino flux spectra (mean values) at distances of 1, 10, and 50 km
from a 3.6 GWth reactor core, assuming an isotropic point-like source. The spectrum is
constructed by combining an analytic parameterization above 2 MeV with tabulated data
at lower energies (see Sec. 5.3.3). The overall normalization decreases with distance
following the expected inverse-square (1/𝑓2) scaling, illustrating the rapid suppression
of reactor antineutrino flux with increasing baseline. Only central values are shown;
uncertainties from reactor fuel composition, spectral modeling, and normalization are
not included. Adapted from Ref. [18].

on 238U. The corresponding antineutrino spectrum is taken from Ref. [33] and normalized

using an average yield of 1.2 antineutrinos per fission [32].

The total reactor antineutrino spectrum is obtained by summing the isotope-weighted

contributions and scaling with the reactor power and detector distance. The resulting spectra

for di"erent reactor–detector separations are shown in Fig. 5.2. Following Ref. [12], we

adopt a representative flux normalization uncertainty of 8% for the reactor antineutrino

flux. This value reflects the current level of modeling uncertainty and is consistent with

the ↓7.8% deficit observed by the Daya Bay experiment in the measured 235U antineutrino

yield relative to theoretical predictions [34]. Both KKL (CONUS+) and Daya Bay Nuclear

Power Plant operate with low-enriched uranium (LEU) fuel and therefore exhibit broadly

similar fuel compositions and fission fraction evolution over the reactor cycle. The adopted
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8% value should thus be interpreted as a realistic reference rather than a universal site-

independent constant. The impact of varying reactor systematic uncertainty on the neutrino

floor is further studied in Sec. 5.4.

Reactor antineutrinos can form a significant component of the CE𝐿NS background

in direct detection experiments, particularly for detector sites located in close proximity

to nuclear power plants. Their contribution is highly sensitive to the reactor–detector

separation, resulting in substantial variations in the expected event rates across di"erent

locations. As illustrated in Fig. 5.3, the CE𝐿NS rate from reactor antineutrinos can change

by several orders of magnitude for baselines within ↓50 km, and begins to exceed the

solar neutrino contribution at distances below approximately ↓10 km. This strong distance

dependence makes an accurate, site-specific modeling of reactor fluxes essential for reliable

neutrino floor predictions and for evaluating the discovery potential of future low-threshold

dark matter experiments. The nuclear recoil spectrum from reactor induced CE𝐿NS is

converted into measurable electron-equivalent energy using the same Lindhard quenching

model with 𝑔 = 0.162.

To ensure the reliability of the reactor antineutrino modeling, we validated our pre-

dicted CE𝐿NS recoil spectrum against experimental observations from the CONUS+ ex-

periment [35]. CONUS+ employs kilogram-scale high-purity germanium detectors with

sub-keV ionization thresholds and is located at a distance of 20.7 m from the KKL re-

actor core. It has reported the first observation of reactor antineutrino-induced CE𝐿NS

interactions with a significance of 3.7𝑈.

For this validation, we calculated the expected di"erential CE𝐿NS event rate for a ger-

manium detector at the same baseline. A comparison between the predicted spectrum and

the measured CONUS+ data is shown in Fig. 5.4. The agreement between the two demon-

strates that the reactor flux model and the CE𝐿NS rate calculation accurately reproduce the
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F()*’! 5.3: Di"erential CE𝐿NS event rates (mean values) induced by reactor antineutrinos, com-
pared with non-reactor sources (solar, atmospheric, DSNB, and geoneutrinos). Results
are shown for detector locations at 1 km (upper left), 10 km (upper right), and 50 km
(bottom) from a 3.6 GWth reactor core. At distances below ↓10 km, reactor-induced
CE𝐿NS events become comparable to or exceed the combined non-reactor background.
Adapted from Ref. [18].

experimentally observed signal.

Since the primary focus of this work is on the variation of reactor-induced backgrounds

with distance (from a few kilometers up to ↓100 km), all non-reactor neutrino components

are assumed to remain unchanged with detector location. Under this assumption, the

observed variation in the total CE𝐿NS background is driven predominantly by the reactor
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F()*’! 5.4: Comparison of the predicted CE𝐿NS di"erential spectrum with CONUS+ measure-
ments at a baseline of 20.7 m from the KKL reactor. The prediction includes quenching
e"ects using the Lindhard model (𝑔 = 0.162), and the blue shaded band represents an
assumed 8% systematic uncertainty in the reactor flux normalization. Adapted from
Ref. [18].

antineutrino contribution.

5.4 Reactor Antineutrinos and Their Influence on the Neu-
trino Floor

We studied the impact of reactor-origin antineutrinos on the neutrino floor for low-threshold

germanium-based dark matter detectors. To quantify this e"ect, we adopt two complemen-

tary and widely used definitions of the neutrino floor, each based on a distinct statistical

framework. The first approach is the conventional discovery-limit formalism introduced

by Billard et al. [10], which defines the minimum WIMP–nucleon cross section that can

be identified with a statistical significance of at least 3𝑈 in 90% of repeated hypothetical

experiments.

The second approach follows the opacity-based framework developed by O’Hare [13].

In this picture, the so-called neutrino fog represents the region where neutrino-induced
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backgrounds increasingly obscure a potential dark matter signal. The neutrino floor is

then identified as the boundary at which the sensitivity transitions from being dominated

by statistical fluctuations to being limited by systematic uncertainties associated with the

neutrino background.

Figure 5.5 presents the analysis flowchart used in this work to determine the neutrino

floor. The primary objective is to study the impact of reactor antineutrinos on the neu-

trino floor for di"erent reactor-to-detector distances. The figure shows both the discovery

limit–based approach and the opacity-based approach, highlighting the key steps involved

in each method as well as the di"erences between them.

F()*’! 5.5: Analysis flowchart illustrating the procedures for determining the neutrino floor using
the discovery limit–based approach and the opacity-based approach.

5.4.1 Discovery-Limit based definition of Neutrino floor

Within the discovery-limit formalism [10], the neutrino floor is determined by evaluating

the smallest WIMP–nucleon cross section that can be identified as a signal in presence of
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the CE𝐿NS backgrounds with a significance of at least 3𝑈 in 90% of repeated realizations

of the experiment, corresponding to a power of 0.9. This definition explicitly incorporates

the statistical fluctuations of CE𝐿NS backgrounds and the uncertainties associated with

neutrino fluxes.

We employ a binned profile-likelihood approach, where the number of observed events

in each energy bin is modeled as an independent Poisson-distributed variable. Systematic

uncertainties in the neutrino flux normalizations are incorporated through independent

Gaussian-distributed nuisance parameters. Correlations between di"erent flux components

are neglected. The statistical significance of a potential signal is evaluated using the profile

likelihood ratio test, following the standard formalism for searches of new physics [36].

The corresponding likelihood function is defined as

L(𝝐) =
𝑐bins∏
𝑙=1

( ∑
𝑝
𝑖 𝑝 𝑜𝑙 𝑝 + 𝑘𝑙

)
𝑎𝑆

𝑎𝑙!
𝑄
↑
∑

𝑇 𝑖 𝑇𝑜𝑆 𝑇↑𝑘𝑆

↔

∏
𝑝

exp


↑
(𝑖𝑝 ↑ 1)2

2𝑈2
𝑝


, (5.15)

where 𝑎𝑙 denotes the number of observed events in energy bin 𝑙, 𝑘𝑙 is the predicted

WIMP signal contribution, and 𝑜𝑙 𝑝 corresponds to the CE𝐿NS background from neutrino

source 𝑝 . The parameter 𝑖𝑝 scales the normalization of each background component,

and 𝑈𝑝 represents the corresponding fractional uncertainty (see Table 5.1). For sensitivity

projections, the expected median sensitivity is obtained using the Asimov dataset, in which

the observed counts in each bin are fixed to their expectation values under the signal-plus-

background hypothesis,

𝑎𝑙 = 𝑘𝑙 +

∑
𝑝

𝑜𝑙 𝑝 ,
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i.e. in the absence of statistical fluctuations. The profile likelihood ratio evaluated with

this Asimov dataset provides the median expected discovery significance.

To evaluate the presence of a signal, we construct the profile-likelihood ratio comparing

the signal-plus-background (alternate hypothesis) and background-only hypotheses (null

hypothesis). The corresponding conditional and unconditional log-likelihoods are

lnLcond =
∑
𝑙

𝑎𝑙 ln

∑
𝑝

𝑖 𝑝 𝑜𝑙 𝑝


↑

∑
𝑙

∑
𝑝

𝑖 𝑝 𝑜𝑙 𝑝 ↑

∑
𝑝

(𝑖𝑝 ↑ 1)2

2𝑈2
𝑝

, (5.16)

lnLuncond =
∑
𝑙

𝑎𝑙 ln


𝑘𝑙 +

∑
𝑝

𝑖 𝑝 𝑜𝑙 𝑝


↑

∑
𝑙


𝑘𝑙 +

∑
𝑝

𝑖 𝑝 𝑜𝑙 𝑝


↑

∑
𝑝

(𝑖𝑝 ↑ 1)2

2𝑈2
𝑝

. (5.17)

The test statistic used to quantify the preference for the signal hypothesis is defined as

𝑏0 = 2

lnLuncond


𝑖 𝑇=𝑖̂ 𝑇

↑ lnLcond

𝑖 𝑇= ˆ̂

𝑖 𝑇


, (5.18)

where 𝑖̂ 𝑝 and ˆ̂
𝑖𝑝 denote the unconditional and conditional maximum-likelihood estimators,

respectively. Under the asymptotic approximation, the discovery significance in Gaussian

units is given by

𝛻 =
∝
𝑏0, (5.19)

which quantifies the statistical significance for rejecting the background-only hypothesis.

To determine the discovery-limit cross section, we perform Monte Carlo simulations

using 1000 pseudo-experiments for each assumed WIMP mass and cross section. In each

realization, event counts are generated by applying Poisson fluctuations to the expected

signal-plus-background model in every energy bin. The profile-likelihood test statistic is

then evaluated for each pseudo-dataset, yielding a distribution of significances that reflects

statistical variability between experiments.

The discovery-limit cross section, 𝑈disc
𝑀↑𝑎, is defined as the smallest cross section for

which at least 90% of pseudo-experiments achieve a significance of 𝛻 ∈ 3. This criterion
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corresponds to a statistical power of 90% for detecting a WIMP signal at the 3𝑈 level,

providing a robust and experimentally meaningful sensitivity threshold. By performing the

same methodology across a range of WIMP masses, the discovery-limit curve is obtained,

which defines the neutrino floor in this framework.

To cover a broad WIMP mass range, we adopt two detector configurations with di"erent

energy thresholds, following Ref. [10]. A low-threshold setup (5.3 eVnr, corresponding

to 0.46 eVee under the Lindhard model) is optimized for low-mass WIMP searches and

captures the dominant contribution from solar neutrinos. A higher-threshold configuration

(7.2 keVnr or 1.65 keVee) suppresses solar backgrounds and enhances sensitivity to DSNB

and atmospheric neutrinos, which are relevant at higher WIMP masses. The most stringent

sensitivity obtained from these two configurations at each mass point defines the overall

neutrino floor.

The exposures used in the pseudo-experiments are chosen such that the statistical

uncertainty on the neutrino background remains subdominant compared to systematic

uncertainties. For the low-threshold configuration, the exposure corresponds to approxi-

mately 200 expected 8B solar neutrino events, while the high-threshold setup yields around

500 total neutrino events [10, 11]. These correspond to exposures of ↓0.4 ton-year and

1.43 ↔ 104 ton-year, respectively. Although these values exceed current experimental

capabilities, they serve as idealized benchmarks to probe the asymptotic regime where

systematic uncertainties dominate.

All calculations incorporate the systematic uncertainties in neutrino fluxes listed in

Table 5.1 as Gaussian priors and include contributions from solar, atmospheric, DSNB,

geoneutrino, and reactor-induced CE𝐿NS backgrounds. This ensures a realistic treatment

of both statistical and systematic e"ects in the sensitivity projections.

Figure 5.6 shows the influence of reactor antineutrinos on the neutrino floor as a function
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F()*’! 5.6: Dependence of the discovery-limit neutrino floor on reactor–detector distance for low-
mass WIMPs. Results are shown for separations of 1, 5, 10, 50, and 100 km from a
3.6 GWth reactor core, along with the no-reactor baseline. Adapted from Ref. [18].

of distance. The impact is most significant in the low-mass regime (𝑗𝑀 ↭ 10 GeV/𝑁
2),

with the largest deviation occurring around 𝑗𝑀 ↓ 2.5–3 GeV/𝑁2. At short baselines, the

enhanced reactor-induced CE𝐿NS rate substantially raises the neutrino floor, degrading

the discovery sensitivity by orders of magnitude. As the distance increases, the reactor

contribution decreases following the inverse-square scaling, and the neutrino floor gradually

approaches the baseline case without reactor contributions.

We further examine the role of systematic uncertainties in the reactor antineutrino flux.

As shown in Fig. 5.7, reducing the flux uncertainty significantly improves the sensitivity

at short distances (e.g., 1 km), where reactor backgrounds dominate. In contrast, at larger

distances (e.g., 10 km), the impact of flux uncertainty is less pronounced due to the reduced

reactor contribution.

Finally, Fig. 5.8 demonstrates the dependence of sensitivity on exposure. Increasing

exposure enhances both signal and background statistics, reducing statistical uncertainties

and improving the discrimination power. However, once systematic uncertainties dominate,
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F()*’! 5.7: Impact of reactor flux uncertainty on the discovery-limit neutrino floor for detector
distances of 1 km and 10 km. The nominal case assumes an 8% uncertainty, while the
dashed curves correspond to a tenfold reduction. Adapted from Ref. [18].

F()*’! 5.8: Dependence of the discovery limit on exposure for a detector with a nuclear-recoil
threshold of 5.3 eVnr (0.46 eVee). A reactor–detector distance of 10 km is assumed. In-
creasing exposure improves sensitivity, but the gain saturates in regions where neutrino-
induced recoils are spectrally indistinguishable from WIMP signals. Adapted from
Ref. [18].



%.$. REACTOR ANTINEUTRINOS AND THEIR INFLUENCE ON THE NEUTRINO
FLOOR 235

further increases in exposure yield diminishing returns. This e"ect is most evident in

regions where the WIMP-induced recoil spectrum closely resembles that of neutrinos,

such as near 𝑗𝑀 ↓ 6 GeV/𝑁2, where the signal is degenerate with the 8B solar neutrino

background. This behavior highlights the intrinsic sensitivity limit imposed by neutrino

backgrounds.

To address the dependence of the discovery-limit framework on exposure and detector

threshold, an alternative definition based on the concept of opacity is considered in the

following subsection.

5.4.2 Opacity-Based Neutrino Floor

An alternative and more physically motivated definition of the neutrino floor has been

developed in terms of the concept of neutrino fog, as introduced by O’Hare [13]. In this

framework, the limitation imposed by neutrino backgrounds is not described as a sharp

boundary, but rather as a gradual transition region in which the discrimination between

WIMP-induced nuclear recoils and those arising from CE𝐿NS becomes increasingly di!-

cult. This degradation in sensitivity arises primarily from systematic uncertainties in the

neutrino fluxes, rather than from statistical fluctuations alone.

Within this formalism, the neutrino floor is defined using the dimensionless opacity pa-

rameter, which quantifies how rapidly the discovery sensitivity deteriorates as the neutrino

background increases. The opacity provides a direct measure of the relative importance of

statistical versus systematic uncertainties, thereby o"ering a more nuanced characterization

of the detector sensitivity across di"erent regimes.

At low exposures, the sensitivity of a dark matter search improves with increasing

exposure according to Poisson statistics, scaling approximately as the inverse square root

of the number of events. In this regime, statistical fluctuations dominate the uncertainty,
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F()*’! 5.9: Left: WIMP discovery-limit cross section 𝑈𝐿 vs. detector exposure for 𝑕𝐿 =
2.6 GeV/𝑁

2 (solid) and 6 GeV/𝑁
2 (dashed) at a 50 km reactor baseline. The two

cases are dominated by reactor 𝐿̄𝑃 CE𝐿NS and the 8B solar neutrino floor, respectively.
Right: Evolution of the opacity parameter 𝑖 with exposure, and discovery limits, at
the same 50 km baseline, showing the onset of neutrino–signal degeneracy. Adapted
from Ref. [18].

and increasing exposure leads to significant improvements in the minimum detectable

WIMP–nucleon cross section. However, as the exposure grows, the number of neutrino-

induced events increases proportionally, and uncertainties in their flux normalization begin

to play a dominant role. This results in a gradual saturation of the discovery sensitivity, as

illustrated in Fig. 5.8. Beyond this point, further increases in exposure yield diminishing

improvements in sensitivity.

To quantify this transition, we follow the methodology outlined in Ref. [13]. For a

fixed detection significance of 𝛻 = 3, the discovery-limit cross section, denoted 𝑈
(𝛻=3)
𝑀↑𝑎 , is

computed over a grid of WIMP masses 𝑗𝑀 and detector exposures. For each exposure,

the total CE𝐿NS background, 𝑐𝐿, is obtained by summing contributions from all relevant

neutrino sources, including solar, reactor, DSNB, geoneutrinos, and atmospheric neutrinos.

The opacity parameter, 𝑎, is defined in terms of the logarithmic response of the
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discovery-limit cross section to changes in the total neutrino background:

𝑎 = ↑


𝑚 ln𝑈 (𝛻=3)

𝑀↑𝑎

𝑚 ln 𝑐𝐿

↑1

. (5.20)

This definition captures the scaling behavior of the sensitivity. In the statistics-dominated

regime, the discovery limit scales as 𝑈𝑀↑𝑎 ↗ 𝑐
↑1/2
𝐿

, corresponding to 𝑎 ↘ 1. In contrast,

when systematic uncertainties dominate, the sensitivity becomes weakly dependent on

exposure, leading to 𝑎 ⇓ 1.

Figure 5.9 (left) illustrates the dependence of the discovery-limit cross section on the

total neutrino background for two representative WIMP masses. The first case, 𝑗𝑀 =

2.6 GeV/𝑁
2, corresponds to a scenario in which reactor antineutrinos provide a dominant

CE𝐿NS background, particularly for a reactor–detector distance of 50 km. The second

case, 𝑗𝑀 = 6.0 GeV/𝑁
2, highlights the regime where 8B solar neutrinos dominate the

background and produce recoil spectra similar to those expected from WIMPs.

At low neutrino event counts (or equivalently low exposure), the expected 𝑐
↑1/2
𝐿

scaling

is clearly observed, reflecting the Poisson-limited regime. As the exposure increases, the

improvement in sensitivity slows down and approaches a plateau, indicating the onset of

a systematics-dominated regime where uncertainties in neutrino flux normalization limit

further gains. Interestingly, at very high exposures, the scaling behavior can partially revert

toward the Poisson-like regime. This occurs because the spectral shapes of WIMP and

CE𝐿NS signals are not perfectly identical, and with su!cient statistics, these di"erences

can be exploited to regain some discrimination power [12, 13].

The opacity-based neutrino floor is defined as the contour in the (𝑗𝑀,𝑈𝑀↑𝑎) parameter

space where the opacity parameter satisfies 𝑎 = 2. This choice marks the transition between

the statistics-limited regime (𝑎 ↭ 2) and the systematics-limited regime (𝑎 ↫ 2). Above this

opacity value, the sensitivity improvement from increasing exposure becomes significantly
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suppressed, and the detector operates within the neutrino fog region.

The evolution of the opacity parameter with exposure and discovery sensitivity is shown

in Fig. 5.9 (right). The top panel illustrates how 𝑎 increases with exposure, reflecting

the transition from statistical to systematic dominance. The bottom panel presents the

corresponding dependence on the discovery-limit cross section, providing a complementary

view of the same transition.

The impact of reactor antineutrinos on the opacity-based neutrino floor is summarized

in Fig. 5.10, which shows results for multiple reactor–detector baselines ranging from

1 km to 100 km, along with a no-reactor reference scenario. In the absence of reactor

contributions, the low-mass sensitivity is primarily limited by solar neutrinos, particularly

the 8B component.

When reactor antineutrinos are included, an additional region of increased opacity

emerges around 𝑗𝑀 ↓ 2.5–3 GeV/𝑁2, where the reactor-induced CE𝐿NS spectrum closely

resembles that of low-mass WIMPs. As the detector is placed closer to the reactor core, the

flux increases significantly due to the 1/𝑓2 dependence, leading to a substantial upward shift

of the neutrino floor in this mass range. For baselines shorter than approximately 10 km,

the reactor contribution can exceed that from solar neutrinos, becoming the dominant

background in the low-energy regime.

This behavior contrasts with the discovery-limit-based definition, where the neutrino

floor can depend explicitly on the choice of detector exposure and energy threshold used

in pseudo-experiments. In the opacity-based framework, the definition is inherently less

sensitive to these choices, as it is based on the scaling properties of the sensitivity rather than

on a fixed statistical criterion. Consequently, the opacity-based neutrino floor provides a

more robust and physically transparent characterization of the ultimate limitations imposed

by neutrino backgrounds.
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F()*’! 5.10: Impact of reactor 𝐿̄𝑃 flux on the opacity-based neutrino floor (median expected sen-
sitivity) for reactor–detector baselines of 1, 5, 10, 50, and 100 km, along with a no-
reactor scenario. Reactor antineutrinos predominantly a"ect WIMP searches around
𝑗𝐿 ↓ 2.5–3 GeV/𝑁2. As the baseline decreases, the neutrino “fog” region shifts
upward, with reactor-induced backgrounds overtaking the solar-neutrino contribution
for distances ↭ 10 km. Adapted from [18].
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Overall, these results demonstrate that reactor antineutrinos constitute a significant

and site-dependent background for dark matter searches targeting WIMP masses below

↓ 10 GeV/𝑁
2. Even at moderate distances, their contribution can substantially degrade

sensitivity in the low-mass region, emphasizing the importance of careful site selection and

background modeling for next-generation low-threshold experiments.

As an important validation of our analysis framework, we compare the baseline neu-

trino floor obtained in this work, defined as the neutrino floor in the absence of reactor

antineutrino contributions, with previously published results for germanium-based detec-

tors. This comparison serves as a consistency check for both the statistical treatment and

the implementation of neutrino-induced backgrounds.

The comparison is performed for two commonly used definitions of the neutrino floor:

the discovery-limit–based approach [37] and the opacity-based approach [13]. The results

are presented in Fig. 5.11, where our calculations are shown alongside the corresponding

curves reported in the literature.

For the discovery-limit–based neutrino floor, our results are in good agreement with

those reported in the APPEC Committee Report (2021) [37] over most of the WIMP mass

range. In particular, the overall shape and normalization of the neutrino floor at low masses

are well reproduced. However a noticeable deviation is observed, in the region around a

WIMP mass of 𝑗𝑀 ↓ 6 GeV/𝑁
2. This mass range corresponds to the transition where

the neutrino floor is primarily governed by recoils induced by 8B solar neutrinos. The

origin of this discrepancy can be traced to the di"erent assumptions made regarding the

systematic uncertainty associated with the 8B neutrino flux. In the present work, we adopt a

significantly reduced systematic uncertainty of 2% for the 8B flux (see Table 5.1), reflecting

recent improvements in solar-neutrino flux determinations. In contrast, the APPEC report

assumes a much larger uncertainty of 16%. As discussed in Fig. 5.7, neutrino floor is
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sensitive to such normalization uncertainties, since the statistical discrimination between

signal and background depends explicitly on the assumed level of background uncertainty.

A reduction in the systematic uncertainty e"ectively enhances the ability to distinguish

a potential WIMP signal from the neutrino background, thereby lowering the inferred

neutrino floor and extending the accessible parameter space for dark matter discovery. To

confirm this interpretation, we have repeated the calculation using a 16% uncertainty for

the 8B flux. Under this assumption, the resulting neutrino floor shifts upward and becomes

consistent with the APPEC result, demonstrating that the observed di"erence arises entirely

from the choice of input systematic uncertainties rather than from any methodological

inconsistency. For the opacity-based neutrino floor, we find good agreement with the

results presented in Ref. [13] across the full WIMP mass range.

Overall, this comparison demonstrates that the analysis framework employed in this

work reliably reproduces established neutrino floor calculations in the reactor-free limit.

The remaining di"erences are fully understood in terms of di"ering assumptions about

background systematic uncertainties, providing confidence in both the implementation and

the interpretation of the results.

Systematic Robustness Check of the Analysis

To quantify the stability of the inferred neutrino floor, we perform a series of controlled vari-

ation studies in which key physical inputs and detector-related parameters are systematically

modified. These tests are designed to probe the sensitivity of the results to environmental

conditions, detector response modeling, and reactor-related assumptions. In particular,

they allow us to identify which e"ects produce meaningful shifts in the neutrino floor and

which remain subdominant.
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F()*’! 5.11: Comparison of the baseline neutrino floor (no-reactor case) with published discovery-
limit–based [37] and opacity-based [13] results for a germanium detector. Overall,
the results presented in this work successfully reproduce the established trends in the
literature. The lower neutrino floor observed in the discovery-limit case near a WIMP
mass of 6 GeV/𝑁

2 arises from the smaller (2%) systematic uncertainty assumed for
the 8B solar-neutrino flux in this analysis, compared to the 16% uncertainty adopted
in Ref. [37]. The grey shaded regions indicate parameter space excluded by lead-
ing direct-detection experiments, including SuperCDMS [4, 38], EDELWEISS [39],
PICO [40], DarkSide [41], CRESST [5, 42], LZ [6], PandaX [7], and XENON [8].
Adapted from Ref. [18].

Impact of Geoneutrino Flux Variations: The geoneutrino flux originates from ra-

dioactive decays of uranium and thorium chains within the Earth’s crust and mantle. Its

magnitude depends on the geological composition surrounding the detector and can vary

significantly between experimental sites. To account for this uncertainty, we consider

a factor-of-two variation in the geoneutrino flux, spanning the range expected between

locations such as CJPL and SNOLAB.

The impact of this variation on the neutrino floor is shown in Fig. 5.12. The e"ect is lo-

calized in the low-mass region, with the largest deviation occurring near 𝑗𝑀 ↓ 1.7 GeV/𝑁
2,

where the recoil spectrum from geoneutrinos overlaps with that expected from low-mass

WIMPs. Even in this region, the change in the neutrino floor remains at the level of
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F()*’! 5.12: E"ect of a factor-of-two variation in the geoneutrino flux on the opacity-based neu-
trino floor in the absence of reactor contributions, assuming a representative detector
configuration. The impact is minimal (↭10%), with the largest deviation occurring
near 𝑗𝐿 ↓ 1.7 GeV/𝑁

2. Only central values are shown; uncertainties beyond the flux
variation are not included. Adapted from Ref. [18].

O(10%). At higher masses, the contribution becomes negligible due to the rapidly falling

geoneutrino recoil spectrum.

When reactor antineutrinos are included at baselines ofO(10 km) or smaller, the CE𝐿NS

rate from reactor neutrinos dominates the low-energy recoil spectrum. In this regime,

the relative contribution of geoneutrinos becomes negligible, indicating that geoneutrino-

induced backgrounds do not play a significant role in near-reactor configurations.

Influence of Quenching-Model Uncertainties: The mapping between nuclear recoil

energy and the observable detector response is governed by the quenching model. To

assess the associated uncertainty, we vary the Lindhard quenching parameter within its

experimentally allowed range, adopting the CONUS+ value 𝑔 = 0.162 ± 0.004. This

variation modifies both the recoil-energy scale and the e"ective event rate.
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F()*’! 5.13: Opacity-based neutrino floor obtained under variations of the Lindhard quenching
parameter within its 3𝑈 uncertainty range. The resulting curves are nearly indistin-
guishable. Adapted from Ref. [18].

The resulting neutrino floors are shown in Fig. 5.13. Across the full WIMP mass range,

the curves remain nearly identical, indicating that the e"ect of quenching uncertainty is

negligible. This can be understood from the fact that both WIMP-induced and CE𝐿NS-

induced recoil spectra are modified in a similar manner under changes in the quenching

model. As a result, the relative spectral degeneracy between signal and background remains

essentially unchanged, leading to minimal impact on the inferred neutrino floor.

E"ect of Multiple Reactor Sources: In realistic experimental environments, detectors

may receive contributions from multiple nuclear reactors located at di"erent distances

and operating with di"erent thermal powers. To evaluate this scenario, we consider a

configuration consisting of three reactors with distinct baselines and compute the combined

CE𝐿NS spectrum.

The resulting neutrino floor, shown in Fig. 5.14, is found to be nearly indistinguish-

able from that obtained using an e"ective single-reactor description with an appropriately
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F()*’! 5.14: Neutrino floor for a multi-reactor configuration compared to an equivalent single-
reactor approximation. The two cases show identical behavior. Adapted from
Ref. [18].

weighted flux normalization. This indicates that the combined contribution of multiple

reactors can be accurately captured by a simplified e"ective model, without requiring de-

tailed treatment of each individual source. Such an approximation is particularly useful for

studying detector sites influenced by complex reactor networks.

Reactor Spectrum Shape Variations: The antineutrino spectrum emitted by a reactor

depends on its fuel composition, which determines the relative contributions from di"erent

fissile isotopes. To quantify the impact of this e"ect, we compare a nominal commercial

reactor spectrum with a highly enriched 235U configuration, representative of research

reactors.

As shown in Fig. 5.15, the resulting change in the neutrino floor is at the level of ↓ 10%.

This variation is small compared to the much larger shifts induced by changes in reactor

baseline, which directly a"ect the overall flux normalization. Therefore, uncertainties

associated with reactor fuel composition and spectral shape do not constitute a dominant
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F()*’! 5.15: Comparison of neutrino floors obtained for di"erent reactor fuel compositions at a
fixed baseline. The fission fraction can change both the shape and normalisation of
the reactor anti-neutrino flux. The variation remains at the ↓ 10% level. Adapted
from Ref. [18].

limitation in determining the neutrino floor.

E"ect of Solar Neutrino Uncertainty Variations: The sensitivity of the neutrino floor

is strongly influenced by the precision with which the solar neutrino fluxes are known.

For dark matter masses of O(GeV/𝑁
2
), the dominant irreducible background arises from

solar 8B neutrinos. Early neutrino floor studies adopted a relatively large uncertainty of

approximately 16% on the 8B solar neutrino flux [10], reflecting the precision available at

that time. More recent global analyses of solar neutrino fluxes have substantially improved

the determination of the 8B flux, reducing its uncertainty to about 2% [43], which is the

value adopted throughout this study. To quantify the impact of this improvement, we

compare the neutrino floor obtained using the current 2% uncertainty with that obtained

using the earlier 16% assumption. As shown in Fig. 5.16, increasing the 8B solar neutrino



%.$. REACTOR ANTINEUTRINOS AND THEIR INFLUENCE ON THE NEUTRINO
FLOOR 247

flux uncertainty from 2% to 16% raises the neutrino floor by approximately one order of

magnitude for dark matter masses around 6 GeV/𝑁2. This demonstrates that reducing the

uncertainty on the solar 8B neutrino flux significantly lowers the neutrino floor, thereby

improving the sensitivity of future direct detection experiments to weaker dark matter–

nucleon cross sections.

F()*’! 5.16: Comparison of the neutrino floor for two assumed uncertainties in the solar 8B neutrino
flux (2% and 16%) at a reactor-to-detector distance of 10 km. Increasing the solar 8B
flux uncertainty from 2% to 16% raises the neutrino floor by approximately one order
of magnitude for dark matter around 6 GeV/c2.

Taken together, these variation studies demonstrate that the inferred neutrino floor is

robust against most of the systematic variations considered in this work. Variations in the

geoneutrino flux, quenching model, reactor configuration, and reactor fuel composition

produce only minor changes, generally at the level of O(10%) or less. In contrast, uncer-

tainties in the flux of a dominant neutrino background can have a substantially larger impact

on the neutrino floor. The solar 8B neutrino flux provides a clear example: increasing its

assumed uncertainty from 2% to 16% results in approximately an order-of-magnitude in-

crease in the neutrino floor around 𝑗𝑀 ↓ 6 GeV/𝑁
2. This highlights the importance of
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accurately determining the fluxes of the neutrino sources that contribute significantly to

the background when assessing the ultimate sensitivity of direct dark matter detection

experiments. Thus, while the opacity-based framework remains robust against the other

systematic variations investigated here, its sensitivity to uncertainties in dominant neutrino

fluxes reflects the importance of our knowledge of the underlying neutrino backgrounds.

5.5 Implications for Next-Generation Dark Matter Searches

Next-generation direct-detection experiments designed to probe WIMP masses below ap-

proximately 10 GeV/𝑁2 rely on detectors with extremely low energy thresholds. While

such detectors significantly enhance sensitivity to low-mass dark matter, they also become

increasingly susceptible to backgrounds arising from CE𝐿NS. Among these backgrounds,

antineutrinos emitted by nuclear reactors can play an important role when detectors are

located within relatively short distances of reactor facilities.

Reactor antineutrinos generate nuclear recoils with energies comparable to those ex-

pected from low-mass WIMP interactions. As a result, their presence can e"ectively raise

the neutrino floor and reduce the achievable discovery sensitivity of future experiments.

Understanding the magnitude of this e"ect is therefore essential when assessing the realistic

reach of upcoming low-threshold detectors.

Figure 5.17 compares the influence of reactor-induced CE𝐿NS backgrounds on the

neutrino floor using both the discovery-limit and opacity-based definitions. Although both

approaches predict a similar qualitative behavior, quantitative di"erences of up to an order

of magnitude can arise because the two methods characterize the neutrino background

limitation in fundamentally di"erent ways [13].
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When a detector is located close to a nuclear reactor, the resulting antineutrino flux can

become a dominant contributor to the low-energy recoil spectrum. This leads to a significant

upward shift of the neutrino floor in the low-mass WIMP region. The magnitude of this shift

depends strongly on the reactor–detector separation. Table 5.5 summarizes the calculated

neutrino floor values for a representative WIMP mass of 𝑗𝑀 = 2.6 GeV/𝑁2.

For baselines shorter than approximately 10 km, the neutrino floor can increase by sev-

eral orders of magnitude compared to the baseline scenario without reactor contributions,

with an enhancement of about two orders of magnitude around 2.6 GeV/𝑁2 at a reac-

tor–detector distance of 1 km. In contrast, at distances of tens to hundreds of kilometers,

the impact of reactor antineutrinos becomes progressively less significant.

The opacity-based definition shows a stronger sensitivity to variations in the reactor an-

tineutrino flux compared to the discovery-limit approach. This behavior arises because the

opacity formalism explicitly quantifies how systematic uncertainties in the neutrino back-

ground degrade experimental sensitivity. Consequently, detectors aiming to probe WIMP

masses below ↓10 GeV/𝑁2 would ideally be located at distances exceeding approximately

100 km from large gigawatt-scale reactor complexes. At such distances, reactor-induced

CE𝐿NS events contribute only a small fraction of the total neutrino background. These

findings emphasize the importance of incorporating site-specific neutrino backgrounds into

sensitivity forecasts for future dark matter experiments.

Finally, several experimental strategies may help mitigate neutrino-induced limitations

in future detectors. One promising approach involves the use of directional detection

techniques [44, 45], which exploit the anisotropic distribution of incoming neutrinos and

dark matter particles to enhance signal discrimination.
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T"+,! 5.5: Neutrino floor cross sections for a WIMP mass 𝑗𝐿 = 2.6 GeV/𝑁2, evaluated at di"erent
reactor–detector baselines. The table compares discovery-limit-based and opacity-
based neutrino floors, normalized to the no-reactor baseline and quoted as percentage
enhancements. At a 1 km reactor baseline, reactor antineutrinos can raise the low-mass
neutrino floor by approximately two orders of magnitude compared to the reactor-free
case.

Reactor–detector Discovery-limit-based Opacity-based
𝑈𝑀–𝑎 [cm2] 𝑈/𝑈baseline ω [%] 𝑈𝑀–𝑎 [cm2] 𝑈/𝑈baseline ω [%]

1 km 5.57 ↔ 10↑44 25.79 2479 4.23 ↔ 10↑43 326.15 32515
5 km 6.28 ↔ 10↑45 2.91 191 1.66 ↔ 10↑44 12.77 1177
10 km 3.32 ↔ 10↑45 1.54 54 4.78 ↔ 10↑45 3.68 268
50 km 2.27 ↔ 10↑45 1.05 5 1.34 ↔ 10↑45 1.03 3
100 km 2.20 ↔ 10↑45 1.02 2 1.30 ↔ 10↑45 1.00 0

no reactor (baseline) 2.16 ↔ 10↑45 1.00 – 1.30 ↔ 10↑45 1.00 –

F()*’! 5.17: Impact of reactor proximity on low-mass WIMP sensitivity. Upper Left: discovery-
limit–based neutrino floor. Upper Right: opacity-based neutrino floor. Bottom:
discovery-limit versus opacity-based neutrino floor. The opacity-based definition ex-
hibits stronger sensitivity to reactor antineutrino flux variations. Grey shaded regions
indicate parameter space excluded by leading experiments, including SuperCDMS [4,
38], EDELWEISS [39], PICO [40], DarkSide [41], CRESST [5, 42], LZ [6], Pan-
daX [7], and XENON [8]. The region between current experimental bounds and the
neutrino floor defines the accessible discovery window for future WIMP searches.
Adapted from Ref. [18].
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5.6 Summary and Outlook

In this chapter, we studied the impact of antineutrinos from GWth-scale nuclear reac-

tors on the sensitivity of future low-threshold dark matter experiments targeting WIMPs

with masses below ↓ 10 GeV/𝑁2. The analysis was performed for a detector configura-

tion inspired by high-voltage germanium devices used in the SuperCDMS program, with

the detector response modeled using Lindhard quenching to account for the conversion

between nuclear-recoil and electron-equivalent energies. To quantify neutrino-induced

backgrounds, the neutrino floor was evaluated using two complementary statistical ap-

proaches: the discovery-limit formalism and the opacity-based framework, allowing a

consistent comparison of reactor e"ects across methods.

The main results of this work can be summarized as follows:

• The impact of reactor antineutrinos is most significant in the low-mass WIMP re-

gion, particularly around 𝑗𝑀 ↓ 2.5–3 GeV/𝑁2, where CE𝐿NS recoil spectra overlap

strongly with WIMP-induced signals.

• For reactor–detector separations below ↓ 10 km, reactor-induced CE𝐿NS events

substantially elevate the neutrino floor. At distances of order ↓ 1 km, the neutrino

floor can increase by up to O(102
) in the most a"ected mass region.

• The reactor antineutrino flux follows an approximate 1/𝑓2 scaling with distance,

causing its contribution to decrease rapidly and become negligible beyondO(100) km.

• Both the discovery-limit and opacity-based formalisms yield consistent qualitative

trends, with reactor antineutrinos producing a similar upward shift in the neutrino

floor. The opacity-based approach exhibits a stronger sensitivity to variations in the

reactor antineutrino flux, while the overall conclusions remain robust.
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• Additional studies considering uncertainties in detector response and background

modeling (including quenching factor, geoneutrinos, and reactor flux uncertainties)

show that geometric flux scaling with distance is the dominant factor governing the

reactor-induced background.

The strong distance dependence of reactor antineutrino flux implies that site selection

is a critical factor in the design of next-generation direct detection experiments. Facilities

located in close proximity to nuclear reactors may experience a significant irreducible

neutrino background that elevates the neutrino floor and reduces sensitivity to low-mass

WIMPs. Therefore, experimental sites situated at distances well beyond ↓ 100 km from

major reactor complexes are preferred for probing this parameter space. Complementary

mitigation strategies, such as directional detection techniques or improved background

discrimination, may further help in partially alleviating neutrino-induced limitations.

Overall, this analysis underscores the necessity of accounting for reactor antineutrino

backgrounds in precision sensitivity studies for future dark matter searches, particularly in

the low-mass WIMP regime. It also motivates further work exploring advanced detection

techniques and background mitigation strategies to preserve sensitivity in neutrino-limited

scenarios.
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6.1 Motivation

Fast neutrons constitute one of the most critical sources of background in rare event search

experiments based on nuclear recoil detection, such as WIMP-like dark matter searches and

coherent elastic neutrino-nucleus scattering (CE𝐿NS) experiments. In these studies, the

signal of interest arises from low-energy nuclear recoils, which can be closely mimicked

by neutron-induced interactions in detector materials. This similarity makes fast neutrons

(MeV scale kinetic energy) a particularly challenging and largely irreducible background,

necessitating their precise characterization for reliable signal identification and background

discrimination.

To reduce external backgrounds, rare event experiments are typically performed in

deep underground laboratories, where the overburden significantly suppresses cosmic-ray-

induced radiation. However, even in such environments, fast neutrons with energies of

the order of MeV may persist as a significant background component. These neutrons

are primarily produced through spontaneous fission of trace radioactive isotopes such as

uranium and thorium present in the surrounding rock, (𝑖, 𝑎) reactions induced by alpha

particles from natural decay chains, and residual interactions of cosmic-ray muons with

surrounding materials.

Owing to their electrically neutral nature, neutrons do not ionize directly but interact

via nuclear processes, often producing recoil nuclei in detector materials. Consequently,

accurate measurement of fast neutron energy spectra is of considerable importance in a

broad range of nuclear and astroparticle physics applications.

Organic liquid scintillation detectors are widely employed for fast neutron detection
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due to their high detection e!ciency, excellent timing characteristics, and PSD capability.

In these detectors, fast neutrons predominantly interact through elastic scattering with

hydrogen nuclei, producing recoil protons. These recoil protons deposit energy in the

scintillator medium, leading to excitation of molecular states and subsequent emission of

scintillation photons [1]. The emitted optical photons are collected by a PMT, where they

are converted into electrical signals via photoelectron emission followed by amplification

through dynode stages.

Among organic scintillators, EJ-301 [2] is particularly well-suited for neutron mea-

surements due to its excellent PSD performance. The detector response is approximately

linear for electron recoils, such as those arising from gamma-ray interactions, with slight

deviations at low energies [3]. In contrast, nuclear recoils produced by neutron interactions

exhibit significant non-linearity in the scintillation response due to quenching e"ects [4–6].

This non-proportional behavior complicates the direct interpretation of the measured pulse

height spectrum in terms of the incident neutron energy.

A further challenge in neutron energy calibration arises from the lack of mono-energetic

neutron sources. Commonly used neutron emitters, such as 252Cf and 241Am–9Be, pro-

duce continuous energy spectra. As a result, conventional calibration techniques based

on discrete energy deposition signatures are not applicable, necessitating the use of spec-

tral unfolding techniques to reconstruct the incident neutron energy distribution from the

measured detector response.

The unfolding procedure relies on the construction of a detector response matrix, which

establishes the relationship between the incident neutron energy and the corresponding light

output in the detector. This response matrix is typically obtained through detailed Monte

Carlo simulations that incorporate neutron interactions, scintillation photon production,

quenching e"ects described by Birks’ law, and detector resolution. The reliability of the



260
CHAPTER &. CALIBRATION OF EJ-#’! LIQUID SCINTILLATION DETECTORS AND

FAST NEUTRON MEASUREMENTS

reconstructed neutron spectrum therefore depends critically on realistic modeling of the

detector response.

Previous studies on neutron spectrum unfolding using organic scintillators such as

NE213 and BC501A have often relied on simplified response models that do not explicitly

include optical photon transport or detailed detector e"ects [7, 8]. Although some recent

works have incorporated optical processes in simulations, they lack direct validation with

experimental data [9]. This highlights the need for a comprehensive approach that combines

detailed simulations with experimental calibration to achieve reliable neutron spectroscopy.

Motivated by these considerations, the primary objective of this chapter is to establish

a robust and experimentally validated framework for fast neutron spectroscopy using an

organic liquid scintillation detector. Specifically, this work aims to (a) determine the

detector energy resolution scale, (b) extract the Birks’ constant to account for scintillation

quenching in nuclear recoils, (c) construct a detailed detector response matrix using Monte

Carlo simulations, (d) validate di"erent spectral unfolding methods, and (e) reconstruct and

calibrate the incident neutron energy spectrum using detector response through unfolding

techniques. These deliverables collectively enable a consistent and reliable approach for

neutron energy reconstruction in low-background experiments.

In the following section, we discuss the working principle of scintillation detectors.

6.2 Working Principle of Scintillation Detectors

6.2.1 Scintillation Detector

A scintillation detector is a radiation detection device that converts the energy deposited by

incident radiation into detectable light. When a particle traverses the scintillator medium,

it loses energy through interactions with the material, resulting in excitation of electrons
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from lower to higher energy states. The subsequent de-excitation of these electrons leads to

the emission of photons, typically in the ultraviolet or visible region of the electromagnetic

spectrum. The intensity of emitted light is proportional to the energy deposited by the

incident particle, making scintillators suitable for energy measurement.

F()*’! 6.1: Schematic of a liquid scintillation detector illustrating the detection principle: incident
radiation deposits energy in the scintillator, producing optical photons that are collected
and converted into electrical signals by a PMT. This highlights the conversion of
deposited energy into a measurable electronic response. Adapted from [10].

The scintillation photons are subsequently collected and converted into an electrical

signal using a photosensitive device, typically a PMT. This conversion process forms the

basis of radiation detection in scintillation-based systems.

6.2.2 Photomultiplier Tube

A PMT is a highly sensitive device used to convert low-intensity light signals into measur-

able electrical pulses. It consists of three main components: a photocathode, a series of

dynodes, and an anode.

The photocathode is coated with a photosensitive material, such as bialkali compounds,

which emits electrons when incident photons are absorbed. The e!ciency of this conversion

is characterized by the quantum e!ciency (QE), typically ↓30% for commonly used
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photocathodes. The emitted photoelectrons are accelerated towards a sequence of dynodes

maintained at progressively higher electric potentials using a voltage divider network.

At each dynode stage, secondary electron emission occurs, leading to a cascade multi-

plication process. This results in a substantial amplification of the initial signal, with the

total gain by several orders of magnitude. The amplified electron cloud is finally collected

at the anode, producing an electrical pulse whose amplitude is proportional to the number

of initial photoelectrons, and hence to the energy deposited in the scintillator.

6.2.3 Properties and Types of Scintillators

An ideal scintillator should satisfy several key requirements:

• High scintillation e!ciency to convert deposited energy into detectable light,

• Linear relationship between deposited energy and light output,

• Optical transparency to its own emitted photons,

• Fast decay time to enable good timing resolution.

Scintillators are broadly classified into two categories based on their composition:

• Inorganic scintillators: These are typically high-Z, high-density crystalline ma-

terials, making them suitable for gamma-ray detection due to their high stopping

power.

• Organic scintillators: These are composed of low-Z materials and are particularly

suitable for fast neutron detection and beta spectroscopy. Their low atomic number

favors interactions with light charged particles such as recoil protons.
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In this work, an organic liquid scintillator (EJ-301) is used due to its excellent perfor-

mance in fast neutron detection.

6.3 Organic Scintillation Mechanism

In organic scintillators, scintillation light is produced through molecular excitation and

de-excitation processes. The mechanism is governed by the 𝛹-electron structure of organic

molecules, which gives rise to discrete energy levels.

11
F()*’! 6.2: Molecular energy level structure in an organic scintillator showing singlet (𝑘𝑆) and

triplet (𝑆𝑆) states, and the radiative transitions governing prompt (fluorescence) and
delayed (phosphorescence) scintillation components. This shows the origin of the
scintillation light. Adapted from [1].

These energy levels are categorized into singlet (𝑘𝑙) and triplet (𝑆𝑙) states. When energy

is deposited in the scintillator, electrons are excited from the ground state (𝑘0) to higher
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excited singlet states (𝑘𝑙). These excited states rapidly relax to the lowest excited singlet

state (𝑘1), followed by radiative transitions back to the ground state. This process produces

prompt scintillation light.

The time dependence of this prompt fluorescence can be described by an exponential

decay:

𝜋 (𝛶) = 𝜋0𝑄
↑𝛶/𝜌

, (6.1)

where 𝜌 is the decay constant, typically of the order of a few nanoseconds.

In addition to prompt fluorescence, a fraction of excited molecules undergo inter-system

crossing to the triplet state (𝑆1). The de-excitation from the triplet state occurs over much

longer timescales (microseconds to milliseconds), resulting in delayed fluorescence. The

coexistence of prompt and delayed components forms the basis for pulse shape discrimi-

nation (PSD), which allows separation of neutron- and gamma-induced events.

6.3.1 Optical Properties and Practical Considerations

The emission spectrum of organic scintillators lies predominantly in the ultraviolet to visible

region. Importantly, the emission spectrum is shifted relative to the absorption spectrum,

ensuring that the scintillator medium remains largely transparent to its own emitted light.

This property minimizes self-absorption and enhances light collection e!ciency.

In practical applications, the performance of organic scintillators can be a"ected by

environmental factors. Exposure to oxygen leads to quenching of scintillation light, re-

ducing the overall light yield. Additionally, prolonged exposure to ultraviolet radiation

and elevated temperatures can degrade the scintillator material. To mitigate these e"ects,

scintillators are often sealed in airtight containers or maintained in an inert atmosphere

using nitrogen or argon purging.

We next describe the experimental setup used in this analysis.



&.$. EXPERIMENTAL SETUP 265

F()*’! 6.3: Emission and absorption spectra of a typical organic scintillator, showing the spectral
separation between absorption and emission wavelengths. This separation ensures
transparency to self-emitted scintillation light and thereby enhances photon trans-
port and collection e!ciency. Adapted from https://eljentechnology.com/
17-products.

6.4 Experimental Setup

A schematic representation of the experimental setup is shown in Fig. 6.4. The overall

configuration consists of an EJ-301 liquid scintillation detector, associated signal processing

electronics, and a data acquisition system. The experimental methodology and analysis

framework are explained below Ref. [11].

EJ-301
CAEN V1730
digitizer with

DPP-PSD firmware

High voltage
Supply

Hamamatsu
R7724 PMT Computer

F()*’! 6.4: Block diagram of the experimental setup. Adapted from Ref. [11].

The detector used in this study is a 2▽▽ ↔ 2▽▽ EJ-301 organic liquid scintillator, manu-

https://eljentechnology.com/17-products
https://eljentechnology.com/17-products
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factured by Eljen Technology [2]. The scintillator is optically coupled to a photomultiplier

tube (PMT), model R7724, developed by Hamamatsu [12]. This PMT provides fast timing

response and high gain, which are essential for resolving scintillation pulses and performing

pulse shape discrimination.

F()*’! 6.5: (a) Overview of the full experimental setup, with the detector placed inside the
shielding. (b) EJ-301 liquid scintillation detector coupled to a PMT. (c) Electronics
system comprising the power supply, digitizer, and oscilloscope.

When ionizing radiation interacts within the scintillator volume, it produces scintillation

photons through excitation and de-excitation of molecular states. These optical photons

are incident on the PMT photocathode, resulting in the emission of photoelectrons. The

photoelectrons are subsequently amplified through a cascade of dynodes, producing a

measurable electrical pulse at the anode. The amplitude and shape of this pulse carry

information about the deposited energy and the type of interacting particle.

The analog signal from the PMT anode is digitized using a CAEN V1730 digitizer with

14-bit resolution. The digitizer operates in Digital Pulse Processing (DPP) mode, which
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enables real-time pulse shape analysis. PSD is performed using the charge integration

method, where two integration gates are defined over the pulse waveform: a short gate (𝛩𝑘)

that captures the prompt component of the scintillation signal, and a long gate (𝛩𝑓) that

includes both prompt and delayed components.

The PSD parameter is defined as

PSD = 1 ↑
𝛩𝑘

𝛩𝑓

, (6.2)

where𝛩𝑘 and𝛩𝑓 denote the integrated charges within the short and long gates, respectively

[13]. Due to di"erences in scintillation decay profiles, neutron- and gamma-induced

events occupy distinct regions in the PSD parameter space, allowing for e"ective event

discrimination.

In the present work, the short and long integration gates are optimized to 30 ns and

280 ns, respectively, to achieve optimal neutron-gamma separation. The digitized signals

are recorded and transferred to a computer for o%ine analysis. The PMT is operated at

an anode voltage of +750 V. The operating conditions, including the applied high voltage

and integration gate widths, are optimized to maximize the pulse shape discrimination

performance. This performance is quantified using the Figure of Merit (FOM), which

characterizes the separation between neutron and gamma distributions in the PSD parameter

space [14]. A FOM value of approximately 1.14 is achieved for an energy threshold of

275 keVee in the present setup.

A photograph of the experimental setup is shown in Fig. 6.5.

6.5 Analysis Flowchart

The objective of this study is to establish a robust calibration of neutron energy for an

EJ-301 liquid scintillation detector using a well-characterized Am-Be neutron source. To
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achieve this, a comprehensive simulation and analysis framework is developed, beginning

with an accurate geometrical modeling of the detector system.

The initial stage focuses on characterizing the detector response to gamma radiation,

as gamma-induced interactions produce electron recoils that define the electron-equivalent

energy scale. Simulated gamma spectra are generated based on energy deposition arising

primarily from Compton scattering. Optical photon transport is subsequently incorporated

to model scintillation light production and collection, enabling a realistic description of

the detector response, including finite resolution e"ects. The generated optical signals are

then converted into electrical signals and digitized in terms of ADC channels to closely

replicate experimental conditions.

F()*’! 6.6: Analysis flowchart illustrating the simulation and data analysis framework for cali-
brating the EJ-301 liquid scintillation detector response to gamma rays and neutrons,
including detector modeling, optical photon generation, signal digitization, parameter
optimization, and neutron energy unfolding.

A key aspect of the calibration involves determining the intrinsic resolution scale
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of the scintillator, which is not readily available in the literature. This is achieved by

comparing simulated and experimentally measured spectra from a 22Na gamma source.

The extracted resolution parameter is further validated through consistency checks using

additional gamma sources such as 60Co and 137Cs.

Following the gamma calibration, the framework is extended to neutron interactions by

incorporating hadronic processes along with high-precision neutron physics. The detector

response to both mono-energetic neutrons and the continuous spectrum from the Am-Be

source is modeled. Since the Am-Be source emits both gamma rays and neutrons, an

essential step involves isolating neutron-induced events from gamma-induced backgrounds

in experimental data. A comparison between simulated and measured neutron responses

enables the determination of the quenching parameter, specifically Birks’ constant, which

governs the non-linear light yield for heavily ionizing particles.

After fine-tuning the resolution scale, Birks’ constant, and the digitization procedure of

the electron-equivalent response in terms of ADC channels, the detector response matrix

for fast neutrons is constructed using simulations.

In the final stage, true fast neutron energy is calibrated through spectral unfolding

techniques. The reliability of the unfolding methods is first validated using simulated

data, demonstrating the e"ectiveness of both RooUnfold and GRAVEL algorithms. These

methods are subsequently applied to experimental data obtained from the Am-Be source,

enabling reconstruction of the incident neutron energy spectrum. This establishes a cali-

brated relationship between the detector response and neutron energy.

The overall workflow of the simulation and analysis procedure is summarized in Fig. 6.6.

The following section describes the Unfolding Methodology used in this analysis.
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6.6 Unfolding Methodology

6.6.1 Overview of the Unfolding Problem

The primary objective of the unfolding procedure is to reconstruct the true energy spectrum

of incident neutrons from the experimentally measured detector response. In scintillation-

based neutron detectors, the measured signal does not directly represent the incident neutron

energy spectrum. Instead, it corresponds to a convolution of the true spectrum with the

detector response, which includes e"ects such as non-linear light yield, energy resolution,

and statistical fluctuations.

Mathematically, this inverse problem can be expressed as a linear transformation, where

the measured detector response is related to the true neutron energy distribution through

the detector response function. The unfolding process aims to invert this relationship and

recover the incident spectrum from the measured data.

The unfolding requires two essential inputs:

• The detector response matrix, typically obtained from detailed Monte Carlo simula-

tions.

• The experimentally measured detector response (pulse height or light output spec-

trum),

6.6.2 Detector Response Matrix

The detector response matrix encodes the relationship between the incident neutron energy

and the corresponding light output in the detector. The response matrix R can be expressed

as:



&.&. UNFOLDING METHODOLOGY 271

R =

DEEEEEEEEEEEE
F

𝛱𝑓1𝑍1 𝛱𝑓1𝑍2 𝛱𝑓1𝑍3 · · · 𝛱𝑓1𝑍𝑍

𝛱𝑓2𝑍1 𝛱𝑓2𝑍2 𝛱𝑓2𝑍3 · · · 𝛱𝑓2𝑍𝑍

𝛱𝑓3𝑍1 𝛱𝑓3𝑍2 𝛱𝑓3𝑍3 · · · 𝛱𝑓3𝑍𝑍

.
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𝛱𝑓𝑋𝑍1 𝛱𝑓𝑋𝑍2 𝛱𝑓𝑋𝑍3 · · · 𝛱𝑓𝑋𝑍𝑍

GHHHHHHHHHHHH
I

. (6.3)

Here, 𝛱𝑓𝑆𝑍 𝑇 represents the probability that an incident neutron with energy 𝑍 𝑝 produces

a detector response in the 𝑙
th light output bin 𝑓𝑙. Each column of the response matrix

corresponds to a normalized response function, representing the probability distribution

of the collected optical photon signal (at the photocathode) over the light output bins for a

given incident neutron energy.

Due to the lack of mono-energetic neutron sources, the response matrix is constructed

using Monte Carlo simulations. In the present work, 240 mono-energetic neutron response

functions are simulated over the energy range from 0.05 MeV to 12 MeV with uniform

energy binning. This ensures adequate coverage of the fast neutron energy region relevant

for the measurements.

6.6.3 Forward Model of Detector Response

The relationship between the incident neutron spectrum and the measured detector response

can be written in matrix form as:

N = R ↔ 𝜻, (6.4)

where:

• N represents the measured detector response (light output spectrum),
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• 𝜻 is the incident neutron energy spectrum,

• R is the detector response matrix [8].

In expanded form, Eq. (6.4) can be written as:

DEEEEEEEE
F

𝑐1

𝑐2
.
.
.

𝑐𝑎

GHHHHHHHH
I

=

DEEEEEEEE
F

𝛱𝑓1𝑍1 𝛱𝑓1𝑍2 · · · 𝛱𝑓1𝑍𝑍

𝛱𝑓2𝑍1 𝛱𝑓2𝑍2 · · · 𝛱𝑓2𝑍𝑍

.

.

.

.

.

.

.
.
.

.

.

.

𝛱𝑓𝑋𝑍1 𝛱𝑓𝑋𝑍2 · · · 𝛱𝑓𝑋𝑍𝑍

GHHHHHHHH
I

DEEEEEEEE
F

𝛺1

𝛺2
.
.
.

𝛺𝑕

GHHHHHHHH
I

. (6.5)

Here, 𝑐𝑙, 𝛺 𝑝 , and 𝛱𝑓𝑆𝑍 𝑇 denote the individual elements of the detector response vector,

incident spectrum vector, and response matrix, respectively.

The unfolding problem involves solving Eq. (6.4) for 𝜻, which is an ill-posed inverse

problem due to statistical fluctuations and finite detector resolution.

6.6.4 Unfolding Algorithms

Several unfolding techniques have been developed to address this inverse problem. In this

work, two widely used methods are employed: the GRAVEL iterative method and the

Bayesian unfolding approach implemented in the RooUnfold framework.

GRAVEL Iterative Method

The GRAVEL method is an iterative unfolding technique that updates the estimated spec-

trum at each iteration based on the agreement between measured and reconstructed detector

responses. The update equation is given by [8]:
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𝛺
𝑔+1
𝑝

= 𝛺
𝑔

𝑝
↔ exp

DEEEE
F
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I
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where 𝑔 denotes the iteration number. The weight factor 𝜉𝑔

𝑙 𝑝
is defined as:

𝜉
𝑔

𝑙 𝑝
=

𝛱𝑓𝑆𝑍 𝑇𝛺
𝑔

𝑝∑
𝑝
▽ 𝛱𝑓𝑆𝑍 𝑇▽

𝛺
𝑔

𝑝
▽

·
𝑐

2
𝑙

𝑈
2
𝑙

. (6.7)

Here, 𝛺𝑔

𝑝
represents the unfolded spectrum at the 𝑝

th energy bin after the 𝑔
th iteration,

and𝑈𝑙 is the statistical uncertainty associated with the measured data, approximated as
∝
𝑐𝑙.

The iteration is initialized with a uniform spectrum, 𝛺0, and proceeds until convergence is

achieved.

Bayesian Unfolding (RooUnfold)

In addition to the GRAVEL method, the unfolding is also performed using the Bayesian ap-

proach implemented in the RooUnfold framework [15]. Specifically, the RooUnfoldBayes

algorithm is used, which iteratively updates the estimated spectrum based on Bayes’ theo-

rem.

The initial prior distribution is taken as a uniform spectrum, 𝛺0 = 1/𝑗 , where 𝑗 is the

total number of energy bins. At each iteration, the posterior distribution is updated using

the detector response matrix and the measured data. This method naturally incorporates

regularization through the number of iterations, which controls the level of smoothing in

the unfolded spectrum.
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6.6.5 Convergence and Goodness of Fit

To evaluate the quality of the unfolding and monitor convergence, the reduced chi-square

statistic is calculated at each iteration:

𝑀
2

𝑎.𝑚. 𝑞

=
1

𝑎.𝑚. 𝑞

∑
𝑙

(∑
𝑝
𝛱𝑙 𝑝 𝛺 𝑝 ↑ 𝑐𝑙

)2

𝑈
2
𝑙

. (6.8)

A value of 𝑀2
/𝑎.𝑚. 𝑞 close to unity indicates that the reconstructed detector response is

consistent with the measured data within statistical uncertainties. This criterion is used to

determine the optimal number of iterations for both unfolding methods. It is found (detailed

in Sec. 6.10) that 150 iterations are su!cient for the 𝑀
2
/ndf to reach a stable value in the

unfolding of both Monte Carlo simulated and experimental spectra, indicating that the

results are insensitive to variations in the iteration number within this region. Therefore,

this value is chosen as the cuto" for the iterative procedure.

We next describe the detector construction and material definition in G!"#$4 used in

this analysis.

6.7 Detector Construction and Material Description in
GEANT4

A detailed Monte Carlo simulation of the EJ-301 detector has been developed using the

GEANT4 toolkit to accurately model the detector response to incident radiation. The

simulation incorporates realistic detector geometry, material composition, and optical pho-

ton processes to reproduce the experimental conditions as closely as possible. The overall

methodology follows the framework presented in Ref. [11], with additional implementation

details described in this section.
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6.7.1 Detector Geometry

The geometrical parameters of the detector and its constituent components are obtained

from the manufacturer specifications [2]. The detector consists of a cylindrical volume

filled with liquid scintillator. The inner radius of the detector is 25.5 mm, while the outer

radius is 27 mm, corresponding to the aluminium housing. The height of the detector is

50.8 mm.

F()*’! 6.7: Simulated detector geometry: (left) external view showing the detector positioned
above a granite base and surrounded by air; (right) internal view illustrating the active
scintillator volume (red, 97%) and enclosed inert gas region (yellow, 3%) by volume.
Adapted from Ref. [11].

A front cap of thickness 1.5 mm encloses the scintillator volume, while the rear side of

the detector is coupled to a glass window of thickness 4.8 mm, which serves as an optical

interface between the scintillator and the photomultiplier tube. The detector housing is

modeled using aluminium, ensuring realistic treatment of particle interactions and optical

boundary conditions.

The internal structure of the detector is composed of approximately 97% organic liquid

scintillator and 3% inert gas. In the present simulation, argon is used to represent the inert

gas component. Additionally, the inner walls of the detector are coated with TiO2, which

acts as a di"use reflector with a reflectivity of approximately 90%. This coating enhances

light collection e!ciency by redirecting scintillation photons toward the PMT.



276
CHAPTER &. CALIBRATION OF EJ-#’! LIQUID SCINTILLATION DETECTORS AND

FAST NEUTRON MEASUREMENTS

The simulated detector geometry is shown in Fig. 6.7. In order to replicate the exper-

imental conditions, the detector is placed on a granite base within the simulation. This is

included since secondary radiation produced from interactions of primary particles with

surrounding materials can contribute to the measured detector response. The entire setup

is enclosed within a world volume filled with air, representing the laboratory environment.

The dimensions of the world volume are chosen to be su!ciently large to avoid boundary

e"ects on particle transport.

Radioactive sources are positioned along the negative Z-axis at a distance of 10 cm

from the front face of the detector.

6.7.2 Optical Physics and Scintillation Properties

In experiments, the energy deposited by gamma interactions is not directly observable.

Instead, the deposited energy is converted into optical photons through the scintillation

process, which are subsequently detected by the PMT and converted into an electrical

signal. Therefore, the observable quantity is the number of optical photons produced in

scintillator and subsequently detected in the PMT. This process involves the excitation

of 𝛹-electrons in molecular energy levels, followed by photon emission (as discussed in

Section 6.2).

To accurately simulate this process, the G4OpticalPhysics package in GEANT4 is

employed [16]. This enables the generation, transport, and interaction of optical photons

within the detector volume. The primary optical photon processes considered in the

scintillation detector include absorption and transmission within the scintillator, absorption

in the reflector (TiO2 coating), reflection from the reflector and at the glass window,

refraction at the interface between the scintillator and the window, and transmission through

the glass window followed by collection at the photocathode.
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The relevant optical and scintillation properties of the EJ-301 detector are implemented

based on the manufacturer datasheet [2]. These include refractive index, absorption length,

emission spectrum, scintillation yield, decay time components, and Birks’ constant. The

key properties used in the simulation are summarized in Table 6.1.

Scintillator properties values
Light output (% w.r.t. Anthracene) 78

scintillation e!ciency 12000/MeV
Wavelength of max emission (nm) 425

Decay time (ns) 3.2
3.16

Mean decay time of first 3 components (ns) 32.3
270

Attenuation length (m) 2.5-3
Specific gravity 0.874
Refractive index 1.505

H atoms / cm3 ( ↔1022) 4.82
C atoms / cm3 (↔1022) 3.98

T"+,! 6.1: Key scintillation properties of EJ-301 used in our Geant4 simulation [2].

Their transport of optical photons is governed by processes such as absorption, scatter-

ing, reflection, and refraction. The attenuation length defines the distance over which the

photon intensity reduces to 1/𝑄 of its initial value.

The inclusion of optical physics significantly alters the detector response. In the absence

of optical processes, the simulation records only the deposited energy through ionization

using electromagnetic physics. However, once scintillation and optical photon transport

are included, the response becomes smeared due to photon statistics and absorption losses

resulting detector resolution e"ect.
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F()*’! 6.8: Simulated detector response to 662 keV gamma-rays under optical modeling con-
ditions. Top left: Energy deposition without optical physics, representing only the
raw deposited energy. Top right: Optical physics included without surface (bound-
ary) properties, showing scintillation photon production without realistic transport.
Bottom: Optical physics with boundary conditions, demonstrating realistic photon
transport and detector response.

In addition to bulk material properties, optical boundary conditions are defined for all

relevant interfaces in the detector. These include:

• Scintillator–glass boundary (dielectric–dielectric),

• Scintillator–aluminium boundary (dielectric–metal),

• Scintillator–argon boundary (dielectric–dielectric),

• Aluminium–argon boundary (metal–dielectric).

These interfaces govern the reflection, refraction, and absorption of optical photons,

and are essential for accurately modeling light transport within the detector. The impact
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of including scintillation and optical physics in the GEANT4 simulation is illustrated in

Fig. 6.8.

After implementing the optical properties, the simulated emission spectrum of optical

photons is evaluated and compared with the reference spectrum provided by the manufac-

turer [2].

F()*’! 6.9: Simulated optical photon emission spectrum compared with the EJ-301 reference
spectrum. The peak around 425 nm confirms correct implementation of scintillation
properties. Adapted from Ref. [11].

The agreement between simulated and reference spectra confirms the correct imple-

mentation of scintillation emission, absorption, and transport processes.

6.7.3 Quenching E"ect and Birks’ Law

The non-linear response of the scintillator to charged particles is modeled using Birks’ law:

𝑚𝑓

𝑚𝑛

=
𝑘
𝑚𝑍

𝑚𝑛

1 + 𝑔𝑜
𝑚𝑍

𝑚𝑛

. (6.9)

Here, 𝑘 denotes the scintillation e!ciency, corresponding to the light yield per unit

deposited energy in the linear (electron-equivalent) regime, and is fixed by the measured
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light yield of the EJ-301 scintillator. The parameter 𝑔𝑜 = 0.1065 mm MeV↑1 is the Birks’

constant, whose value is obtained by tuning the simulation to reproduce the measured

neutron response of EJ-301 to an Am–Be source through data–Monte Carlo comparison

(see Sec. 6.9).

Quenching refers to any process that decreases the fluorescence intensity of a given

material. While factors such as material impurities and insu!cient solvent concentration

can also contribute to quenching, these e"ects are not included in the present simulation,

as they are expected to be negligible compared to the Birks’ quenching e"ect.

Quenching becomes significant for particles with large stopping power (𝑚𝑍/𝑚𝑛). Elec-

trons produced in gamma-ray interactions have relatively low 𝑚𝑍/𝑚𝑛, resulting in an ap-

proximately linear light output that is only weakly a"ected by quenching. In contrast, recoil

protons generated by neutron interactions possess much higher 𝑚𝑍/𝑚𝑛, leading to strong

quenching and consequently reduced light output.

This di"erence in quenching behavior is the primary reason why neutron-induced

signals appear at lower light output compared to gamma rays depositing the same amount

of energy in the scintillator.

The following sections present the simulated gamma-ray and neutron responses in

G!"#$4 and their comparison with experimental results.

6.8 Simulated Gamma Response and Comparison with
Experiment

The gamma response of the EJ-301 liquid scintillation detector is primarily studied to tune

the resolution parameter of the scintillator using Data-MC comparison.
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6.8.1 Simulated Detector Response to Experimental Sources

In this work, gamma-rays from three standard radioactive sources (22Na, 137Cs, and 60Co)

are simulated to validate the detector response. The relevant gamma-ray energies, branching

ratios, and corresponding Compton edge values are summarized in Table 6.2.

T"+,! 6.2: Gamma-ray energies, branching ratios, and corresponding Compton edge energies for
the sources used in the simulation.

Source 𝑍𝛿 (MeV) Branching Ratio (%) Compton Edge (MeV)
22Na 0.511 178 0.340

1.275 99.84 1.062
137Cs 0.662 85 0.477
60Co 1.173 99.85 0.963

1.332 99.98 1.117

F()*’! 6.10: Simulated gamma-ray response in terms of deposited energy within the scintillator
for 60Co, 137Cs, and 22Na sources. Distinct Compton edges corresponding to each
gamma-ray energy are visible, representing the maximum energy transfer in a single
Compton scattering event, while events beyond the edge arise from multiple scattering
within the detector volume. Adapted from Ref. [11].

To simulate gamma-ray interactions, the G4EmStandardPhysics electromagnetic

physics list is implemented in GEANT4, which accurately models processes such as Comp-
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ton scattering, photoelectric absorption, and pair production within the scintillator medium.

The simulated gamma responses, expressed in terms of deposited energy, are shown in

Fig. 6.10.

In organic scintillators, gamma-ray interactions in the energy range ofO(100 keV–MeV)

are dominated by Compton scattering. Consequently, the energy deposition spectra exhibit

characteristic Compton edges corresponding to the maximum energy transfer in a single

scattering event. Events beyond the Compton edge arise from multiple scattering processes

within the detector volume.

6.8.2 Optical Photon Generation in gamma interaction

After incorporating optical photon generation and transport in the simulation, the detector

response is expressed in terms of scintillation light output rather than deposited energy.

The inclusion of optical processes introduces statistical fluctuations in photon production

and collection, leading to a broadening of spectral features.

F()*’! 6.11: Simulated gamma-ray spectra including optical photon processes. The inclusion of
optical photon physics results in a smearing of the Compton edges due to detector
resolution e"ects. Adapted from Ref. [11].



&.). SIMULATED GAMMA RESPONSE AND COMPARISON WITH EXPERIMENT283

The resulting smeared spectra for the gamma sources are shown in Fig. 6.11. The

sharp Compton edges are now smeared due to the finite resolution e"ect of the scintillator

primarily arising from optical photon generation statistics. The excess counts near the

threshold in the experimental data are arising due to the electronic noise.

6.8.3 Digitization of Simulated Signals

To enable direct comparison between simulation and experiment, the simulated light output

must be converted into digitized signals corresponding to the readout electronics. In the

experiment, the digitizer operates with a charge sensitivity of 5 fC per Least Significant Bit

(LSB) and a 14-bit resolution.

If 𝑐 optical photons are incident on the photocathode in a given event, the corresponding

ADC channel can be calculated as:

ADC channel =
𝑐 ↔ QE ↔ PMT gain ↔ 𝑄

digitizer sensitivity

=
𝑐 ↔ 0.26 ↔ 4.44 ↔ 104

↔ 1.602 ↔ 10↑19

5 ↔ 10↑15

= 𝑐 ↔ 0.37, (6.10)

Here, for our PMT, the photocathode quantum e!ciency (QE) is taken to be 26%, and

the gain is taken to be 4.44 ↔ 104 [12]. This relation enables the conversion of simulated

optical photon counts into the ADC scale used in the experiment.

6.8.4 Determination of Resolution Scale using data-MC comparison

The resolution scale parameter is tuned by comparing simulated and experimental gamma-

ray spectra. In scintillation detectors, the finite energy resolution arises from statistical
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fluctuations in the number of generated optical photons. In Geant4, this e"ect is incorpo-

rated through a resolution scale parameter, which controls the width of the photon yield

distribution. The spread in the number of produced optical photons is given by

Spread = Resolution scale ↔
∝
Scintillation yield, (6.11)

[16]

where the scintillation yield represents the average number of optical photons produced

per unit deposited energy. For the EJ-301 scintillator, this is approximately 12,000 optical

photons per 1 MeVee, where “ee” denotes electron-equivalent energy deposition.

The 22Na source is chosen as the primary reference for tuning the resolution scale due

to the presence of two well-separated gamma-ray peaks, which provide a sensitive probe

of the detector resolution.

Simulations are performed for di"erent values of the resolution scale, and the result-

ing spectra are compared with experimental data. The best agreement is obtained for a

resolution scale value of 5. This value is subsequently validated using 137Cs and 60Co

spectra.

The comparison between simulated and experimental spectra is shown in Fig. 6.12,

along with ratio plots that demonstrate good agreement across the full energy range. Based

on this study, the resolution scale is fixed at 5 for all subsequent simulations.

6.8.5 Energy Dependence of Light Yield for gamma

The relation between deposited energy and optical photon yield is investigated using mono-

energetic gamma rays over a broad energy range. Gamma rays interact predominantly

through electron recoil. These electrons deposit energy in the medium via ionization and

excitation processes, which subsequently lead to the emission of scintillation photons.
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F()*’! 6.12: Comparison of simulated and experimental gamma-ray spectra for 22Na (top left),
60Co (top right), and 137Cs (bottom). The overall agreement in spectral shape and
Compton features validates the detector modeling, while excess counts near the thresh-
old in the experimental data are attributed to electronic noise. Adapted from Ref. [11].

For a fixed gamma-ray energy, the number of scintillation photons produced is approx-

imately proportional to the energy deposited by the secondary electrons. This results in

an approximately linear relationship between deposited energy and optical photon yield,

as observed in the top panels for 0.5 MeV and 1 MeV gamma rays. The linearity arises

from the relatively low stopping power (𝑚𝑍/𝑚𝑛) of electrons, for which Birks’ quenching

remains weak.

Deviations from perfect linearity become more pronounced at lower gamma energies.
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F()*’! 6.13: Top: Optical photon yield versus deposited energy for mono-energetic gamma rays
of 0.5 MeV (left) and 1 MeV (right), showing an approximately linear response.
Bottom: Energy dependence of optical photon yield up to 8 MeV, where the ideal
scintillation yield (12000 photons/MeV𝑃𝑃, orange) is compared with collected photons
at the photocathode (blue). The reduced light yield at low energies reflects quenching
e"ects from higher 𝑚𝑍/𝑚𝑛 of secondary electrons.

In this regime, the Compton-scattered electrons have lower kinetic energies and therefore

higher average stopping power. According to Birks’ law, an increase in 𝑚𝑍/𝑚𝑛 enhances

non-radiative recombination processes, reducing the scintillation e!ciency. This leads to

a suppression of light yield relative to the intrinsic expectation.

At higher gamma energies, the secondary electrons possess higher kinetic energies and

correspondingly lower stopping power. As a result, the influence of Birks’ quenching is

reduced, and the light yield approaches a linear dependence on deposited energy. In this
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regime, the scintillation response approaches the intrinsic light yield of the material.

The intrinsic scintillation yield of 12000 photons/MeV𝑄𝑄 of EJ-301 represents the

number of optical photons produced per unit electron-equivalent deposited energy under

ideal conditions. However, the number of photons detected at the photocathode is lower than

this value (Fig. 6.13). This di"erence arises from several factors, including optical photon

absorption within the scintillator, scattering processes, reflections at material boundaries,

finite geometrical acceptance.

Overall, the observed energy dependence of the light yield reflects the combined e"ects

of charged-particle stopping power, non-linear quenching described by Birks’ law, and

optical photon transport and detection e!ciencies within the detector system.

6.9 Simulated Neutron Response and Comparison with
Experiment

6.9.1 Neutron Interaction in Scintillator

Unlike gamma rays, neutrons interact with the scintillator via nuclear processes rather than

electromagnetic interactions. In hydrogen-rich organic scintillators such as EJ-301, the

dominant mechanism is elastic scattering with hydrogen nuclei, producing recoil protons.

Interactions with carbon nuclei, including both elastic and inelastic scattering, also occur,

particularly at higher neutron energies, and neutrons may undergo multiple scattering events

before fully losing their energy.

The resulting charged particles (primarily recoil protons, along with a smaller contri-

bution from carbon ions) deposit energy in the medium through ionization and excitation.

This leads to the formation of excited molecular states, whose de-excitation through singlet

and triplet channels produces scintillation photons.
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Neutron detection in such detectors can therefore be viewed as a two-stage process:

(i) neutron interactions with nuclei generating recoil charged particles, and (ii) subsequent

energy deposition by these particles, resulting in scintillation light emission.

In addition, inelastic scattering on carbon can produce excited nuclear states that de-

excite via gamma emission. These secondary gamma rays further contribute to the total

deposited energy through electron production.

It is important to note that the scintillation light yield is not linearly proportional to the

deposited energy for heavily ionizing particles such as recoil protons. This nonlinearity

arises from quenching e"ects, which are commonly described by Birks’ law.

To simulate neutron interactions, the G4HPNeutron physics list is employed [16]. This

model provides a high-precision, data-driven description based on evaluated nuclear data

libraries, and is well suited for accurately modeling neutron interactions over a wide energy

range.

6.9.2 Optical Photon Generation in Neutron Interaction

Neutron interactions produce more complex detector responses compared to gamma rays

due to the stochastic nature of nuclear scattering processes and the involvement of multiple

interaction channels.

In elastic scattering, the incident neutron transfers a fraction of its energy to a recoil

proton. Due to the large stopping power (𝑚𝑍/𝑚𝑛) of these protons, the resulting scintillation

light output is strongly quenched, leading to relatively low light yield per unit deposited

energy. Such neutron response is also highly non-linear, as shown in Fig. 6.14. In contrast,

inelastic scattering processes produce secondary gamma rays, which subsequently generate

recoil electrons with lower 𝑚𝑍/𝑚𝑛. These electrons produce comparatively higher light

output. The coexistence of these processes results in characteristic band-like structures in
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F()*’! 6.14: Optical photon yield versus deposited energy for mono-energetic neutrons of 1 MeV
(top left), 5 MeV (top right), and 10 MeV (bottom). The non-linear response reflects
energy deposition via recoil nuclei (primarily protons) with high 𝑚𝑍/𝑚𝑛, leading to
significant quenching.

the light output versus deposited energy distributions.

Furthermore, neutron-induced scintillation signals exhibit di"erent temporal charac-

teristics compared to gamma-induced signals. Recoil protons preferentially excite triplet

states in the scintillator molecules, leading to a larger slow component in the scintillation

decay. This results in longer pulse tails for neutron events, forming the basis for PSD

between neutron and gamma interactions.

The response functions i.e. the detector response to mono-energetic sources exhibit sig-

nificant broadening with increasing neutron energy. A few examples of response functions

are shown in Fig. 6.15. This behaviour arises from the increasing contribution of multiple
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F()*’! 6.15: Response functions of the EJ-301 detector for mono-energetic neutrons, showing the
broadening of the energy deposition spectrum with increasing neutron energy.

scattering events, wider kinematic distributions of recoil energies, and the presence of

additional interaction channels such as inelastic scattering. These e"ects collectively lead

to a broad and non-Gaussian detector response.

6.9.3 Electron-Equivalent Energy Calibration and Need for Unfolding

The detector is typically calibrated using gamma-ray sources, providing a response in

terms of electron-equivalent energy (MeVee). However, due to the non-linear scintillation

response arising from quenching, neutron-induced signals cannot be directly interpreted

on this energy scale.

A mapping between nuclear recoil energy and electron-equivalent energy is obtained

using detailed Monte Carlo simulations. The resulting relation, as shown in Fig 6.16,

exhibits strong non-linearity, primarily due to the enhanced quenching associated with

high-𝑚𝑍/𝑚𝑛 recoil protons. As a result, a given nuclear recoil energy corresponds to

a significantly lower electron-equivalent energy. Direct experimental validation of this
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F()*’! 6.16: Relation between nuclear recoil energy and electron-equivalent energy. Each point
corresponds to a optical photon yield. The observed non-linearity reflects the e"ect
of quenching in the scintillator.

mapping is challenging due to the limited availability of mono-energetic neutron sources

over a wide energy range.

Unfolding techniques provide a powerful approach to address this limitation. By

comparing the unfolded neutron energy spectra with known reference spectra (e.g., Am–

Be sources), the accuracy of the detector response matrix and the associated calibration

can be assessed.

6.9.4 Response Matrix Construction

The detector response to mono-energetic neutrons is simulated over an energy range from

0.05 MeV to 12 MeV. This range is divided into 240 bins, corresponding to an energy

bin width of 0.05 MeV. For each incident neutron energy, the corresponding light output

distribution is recorded, and these distributions collectively form the detector response

matrix.

The nature of the response functions evolves significantly with increasing neutron
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F()*’! 6.17: Top: Variation of detector response functions with incident neutron energy, illustrat-
ing the broadening and shifting of the spectra. Bottom: Simulated neutron response
matrix (240 ↔ 240) for the EJ-301 detector. Adapted from Ref. [11].

energy. At lower energies, the response is relatively localized, whereas at higher energies,

the response functions become broader and flatter. This behavior arises due to the increasing

contribution of multiple interaction channels and energy transfer mechanisms. Additionally,

the peak of the light output distribution shifts towards higher energies with increasing

incident neutron energy.
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Due to the complex and non-linear nature of neutron interactions in the scintillator, the

response functions do not follow a simple analytical form. As a result, the detector response

matrix cannot be described using a closed-form expression and is instead represented

numerically in the form of tabulated data or histograms.

The simulated neutron response functions and the corresponding response matrix are

shown in Fig. 6.17.

6.9.5 Simulation of Am-Be Neutron Source

The neutron spectrum from an Am-Be source follows a continuous energy distribution,

as defined by the ISO standard [17]. This spectrum is used as input in the simulation to

generate neutrons incident on the detector.

The presence of the granite base slightly modifies the neutron spectrum due to scattering

e"ects, particularly at low energies. This e"ect is included in the simulation to ensure

consistency with experimental conditions.

The simulated detector responses to the Am-Be source are shown in Fig. 6.18, both in

terms of deposited energy and optical photon counts.

6.9.6 Neutron–Gamma event Discrimination using PSD

Since the Am-Be source emits both neutrons and gamma rays, it is essential to separate

their respective contributions in the experimental data. This discrimination is achieved

using PSD, a well-established technique in organic scintillators that exploits di"erences in

scintillation decay characteristics for neutron- and gamma-induced events.

Gamma rays primarily interact via Compton scattering, producing fast electron recoils

that result in prompt scintillation (fluorescence). In contrast, neutrons interact predomi-

nantly through elastic scattering with hydrogen nuclei, producing recoil protons that induce
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F()*’! 6.18: Simulated Am–Be neutron spectrum and corresponding detector response. Top left:
Input neutron spectrum, showing negligible modification due to scattering from the
granite base. Top right: Deposited energy spectrum in the scintillator. Bottom:
Resulting optical photon yield. The figures links the incident neutron spectrum to the
measurable detector response. Adapted from Ref. [11].

a larger fraction of delayed scintillation (delayed fluorescence). As a result, neutron-induced

pulses exhibit a longer tail compared to gamma-induced pulses, as illustrated in Fig. 6.19.

The discrimination is performed using the charge integration method, where the pulse

is integrated over two time windows: a short gate and a long gate. The PSD parameter is

defined in Eq. 6.2.

The quality of neutron–gamma separation is quantified using the Figure of Merit,

defined as:

𝜁𝜀𝑗 =
𝑉𝑎 ↑ 𝑉𝛿

FWHM𝑎 + FWHM𝛿

, (6.12)
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F()*’! 6.19: Pulse shape discrimination using the charge integration method. Representative
neutron and gamma pulses are shown, with neutron-induced events exhibiting a
longer tail. Short (Ishort) and long (Ilong) integration gates quantify this di"erence,
enabling event separation based on pulse shape. Adapted from [18].

where 𝑉𝑎 and 𝑉𝛿 are the mean PSD values for neutron and gamma distributions obtained

from a Gaussian fit to the PSD distribution, and FWHM𝑎 and FWHM𝛿 are their corre-

sponding full widths at half maximum. A higher FOM indicates better separation.

To optimize the discrimination performance, the FOM is evaluated as a function of

detector operating parameters. The anode voltage and integration gate widths are varied to

identify optimal conditions. The maximum FOM is achieved at an anode voltage of 750 V,

with a short gate of 30 ns and a long gate of 280 ns, which are adopted for the analysis.

The corresponding FOM achieved is 1.14 for an energy threshold of 275 keV𝑄𝑄.

An example of a typical raw pulse recorded from the Am-Be source is shown in

Fig. 6.20, illustrating the waveform used for charge integration.

Using the optimized PSD parameters, neutron and gamma events form distinct bands

in the PSD distribution, as shown in Fig. 6.21. Events within the mean ±3𝑈 region are

identified for each class. Neutron events are selected by subtracting the gamma contribution
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F()*’! 6.20: Example of a raw pulse recorded using an oscilloscope for an Am-Be source.

from the total spectrum, enabling e!cient separation of neutron-induced events from

gamma backgrounds for further analysis. An additional cut at 740 ADC channels is applied

to suppress gamma leakage into the neutron band. Above this threshold, the fraction of

misidentified gamma events is negligible. Therefore, no explicit PSD e!ciency correction

is applied in the analysis.

This negligible contribution of gamma in neutron band is further supported by the

PSD distribution obtained from background data, shown in Fig. 6.21 (right), where the

contribution of ambient gamma events in the neutron band is found to be negligible. The

fraction of such misidentified events is estimated to be ↓0.17% of the total Am–Be neutron

event rate.

Following the selection of neutron-induced events, the simulated detector response

is compared with the corresponding experimental data to determine the Birks’ constant

governing scintillation quenching. The results of this comparison are presented in Fig. 6.22.

The nominal value of the Birks’ constant is found to be 𝑔𝑜 = 0.1065 mm MeV↑1. Although

the exact scintillating composition of the commercial EJ-301 detector is not explicitly
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F()*’! 6.21: (left) PSD distribution for the Am–Be source showing clear separation between
neutron and gamma events. Events within the mean ±3𝑈 region are identified used
for further analysis. Adapted from Ref. [11]. (right) PSD distribution for background
data, demonstrating negligible leakage of ambient gamma events into the neutron
band. The misidentified fraction is ↓0.17% relative to the Am–Be neutron event rate,
indicating a negligible impact on the analysis.

specified, this value is consistent with those reported for pseudocumene-based organic

scintillators. To study the e"ect of variation of 𝑔𝑜 on the simulated spectrum, it is varied

within ±10% of its nominal value. This variation results in only a minimal change in the

simulated detector response, indicating that the unfolding results are largely insensitive

to the exact value of the Birks’ constant within this range. Therefore, the systematic

uncertainty arising from the choice of the Birks’ constant is considered to be negligible.

Overall, the simulated and experimental spectra show good agreement. However, a

noticeable deviation is observed in the high-energy region above approximately 8000 ADC

channels. Although the event statistics are relatively low in this region, the ratio of the

simulated spectrum to the experimental data remains systematically below unity, with

uncertainties that do not overlap with unity. This indicates that the observed discrepancy

cannot be attributed solely to statistical fluctuations.

This deviation corresponds to energies above (8000/0.37) ↘ 2.2↔104 cathode-collected

optical photons. To investigate the origin of this discrepancy, several checks were per-
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F()*’! 6.22: Comparison of simulated detector response for di"erent values of the Birks’ constant.
The nominal value 𝑔𝑀 = 0.1065 mm MeV↑1 provides the best agreement with the
experiment. Variations within ±10% of this value produce only minor changes in the
spectrum, indicating a negligible systematic uncertainty associated with the Birks’
constant.

F()*’! 6.23: Comparison of simulated detector response to the Am–Be ISO neutron spectrum
with experimental data, where neutron events are selected using PSD. The overall
agreement validates the simulation, with deviations at higher energies. The possible
reasons for these di"erence are discussed in the text. Adapted from Ref. [11].
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formed.

First, three di"erent G!"#$4 physics lists (FTFP, QBBC, and QGSP) were implemented

in the simulation, all of which produce consistent detector responses. This demonstrates

that the observed discrepancy is not driven by the choice of physics list, and that the

associated systematic uncertainty from the G!"#$4 physics modeling is negligible. The

comparison is shown in Fig. 6.24.

F()*’! 6.24: Comparison of simulated detector responses using di"erent G!"#$4 physics lists
(FTFP, QBBC, and QGSP). The consistency among the spectra indicates that the
systematic uncertainty associated with the choice of physics list is negligible. The
horizontal axis represents the number of optical photons collected at the photocathode,
which can be converted to ADC channels using a conversion factor of 0.37.

Second, the resolution scale parameter used in the simulation was varied and examined.

The comparison of spectral broadening between simulation and experiment indicates no

significant energy dependence, implying that the resolution model does not account for the

observed di"erence.

Third, possible contributions from external neutron backgrounds not fully accounted

for in the simulation were investigated. For instance, neutrons produced by cosmic muon

interactions with surrounding materials, such as nearby lead shielding or the concrete

structure of the laboratory, could enhance the high-energy component of the measured
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spectrum. However, this e"ect was found to be negligible based on background data

(without the Am–Be source). Neutron-like events selected using PSD were observed to lie

below channel 2000 and constitute only ↓ 0.17% of the total neutron event rate, indicating

an insignificant contribution to the high-energy region.

Finally, the e"ect of environmental neutron scattering was considered. In particular, the

experimental setup was placed on a granite base, which was included in the simulation to

account for possible scattered neutron backgrounds. The results show that this contribution

primarily a"ects the low-energy region and has a negligible impact on the high-energy part

of the spectrum.

After accounting for these factors, two primary explanations remain. One possibility

is that the neutron energy spectrum of the Am-Be source used in the experiment deviates

slightly from the standard ISO spectrum, particularly in the high-energy region. Since

Am-Be is a composite source, variations in its composition can lead to changes in the

emitted neutron spectrum.

Another possible explanation is related to limitations in the nuclear data used in the

simulation. As neutron interactions are modeled using evaluated cross-section libraries,

incomplete or insu!cient data for certain isotopes, particularly hydrogen and carbon, may

contribute to the observed discrepancy.

These factors are likely responsible for the di"erences observed between the simulated

and experimental spectra in the high-energy region.

In the following section, we describe the unfolding of the detector response to the

Am–Be neutron spectrum.
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6.10 Unfolding of Detector Response to Am-Be Neutron
Spectrum

6.10.1 Validation of Unfolding Methods Using Simulated Data

As a first step, the unfolding procedure is validated using simulated detector responses.

A Monte Carlo Am-Be neutron spectrum based on ISO reference data [17] is used as the

input spectrum. The corresponding detector response is generated using the GEANT4

simulation framework described in previous sections.

The purpose of this validation is to assess the capability of the unfolding algorithms,

namely the GRAVEL iterative method and the Bayesian unfolding method implemented in

RooUnfold, to accurately reconstruct the true neutron energy spectrum from the detector

response.

The GRAVEL unfolding algorithm is implemented in Python, while the RooUnfold

method is applied using the PyROOT interface [15]. The unfolded spectra obtained from

both methods are shown in the upper left panel of Fig. 6.25. The corresponding evolution

of the goodness-of-fit parameter, 𝑀2
/𝑎.𝑚. 𝑞 , as a function of iteration number is presented

in the upper right panel.

Both unfolding methods successfully reconstruct the input ISO spectrum with good

accuracy. The agreement between the unfolded and true spectra demonstrates the robustness

of the response matrix and validates the unfolding procedure.

6.10.2 E!ciency Correction

The detection e!ciency of the scintillation detector is energy-dependent, particularly for

neutrons. High-energy neutrons have a lower probability of interacting within the detector

volume due to their longer mean free path, resulting in reduced detection e!ciency at
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F()*’! 6.25: Unfolding results for the simulated Am–Be detector response: (upper left) recon-
structed neutron spectrum; (upper right) variation of 𝑀

2
/n.d.f. with iteration num-

ber; (lower left) neutron detection e!ciency as a function of energy; (lower right)
e!ciency-corrected reconstructed spectrum. This demonstrates the convergence and
performance of the unfolding procedure. Adapted from Ref. [11].

higher energies.

To account for this e"ect, an e!ciency correction is applied to the unfolded spectra.

The neutron detection e!ciency is estimated from simulation as the ratio of detected events

to the number of incident neutrons for each energy bin. The e!ciency curve is shown in

the lower left panel of Fig. 6.25.

After applying the e!ciency correction, the reconstructed spectra (lower right panel of

Fig. 6.25) show improved agreement with the true ISO spectrum across the entire energy
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range.

A comparison between the GRAVEL and RooUnfold methods reveals that both ap-

proaches yield consistent results within statistical uncertainties. However, the RooUnfold

method exhibits faster convergence and improved stability, as reflected in the behavior of

the 𝑀
2
/𝑎.𝑚. 𝑞 metric. This makes the Bayesian unfolding approach computationally more

e!cient for practical applications.

6.10.3 Unfolding of Experimental Data

Following validation with simulated data, the unfolding procedure is applied to the experi-

mentally measured detector response obtained from the Am-Be neutron source.

The unfolded spectra from experimental data are shown in the upper left panel of

Fig. 6.26, along with the variation of 𝑀
2
/𝑎.𝑚. 𝑞 in the upper right panel. The di"erences

between the unfolded spectra give an estimate of the systematic uncertainties between the

unfolding algorithm.

In the experimental setup, a threshold is applied in terms of ADC channels (740

channels, corresponding to ↓2 MeV). Due to the intrinsic resolution of the detector, this

threshold does not correspond to a sharp cuto" in neutron energy. Instead, it introduces a

gradual suppression of low-energy events.

As a result, the detection e!ciency is significantly reduced below this threshold, as

shown in the lower left panel of Fig. 6.26. Additionally, events observed below 2 MeV

arise from inelastic scattering processes and detector resolution e"ects.

6.10.4 E!ciency-Corrected Experimental Spectrum

After applying the e!ciency correction, the unfolded experimental spectrum is shown in

the lower right panel of Fig. 6.26. While the overall shape of the reconstructed spectrum
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F()*’! 6.26: Unfolding results for experimental data: (upper left) reconstructed neutron spectrum;
(upper right) variation of 𝑀

2
/n.d.f. with iteration; (lower left) neutron detection

e!ciency including threshold e"ects; (lower right) e!ciency-corrected reconstructed
spectrum. Adapted from Ref. [11].

is consistent with the ISO reference, some deviations are observed, particularly at low and

high energies.

At energies below 2 MeV, the e!ciency correction leads to an overestimation of the

spectrum due to large uncertainties associated with threshold e"ects and inelastic scattering

contributions. Therefore, the reconstructed spectrum in this region should be interpreted

with caution.

The deviations observed at higher energies may arise from several sources:

• Variations in the actual Am-Be source spectrum compared to the ISO reference, due
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to di"erences in isotope composition and source fabrication.

• Limitations in the GEANT4 neutron cross-section data at higher energies, which

may a"ect the accuracy of the simulated response matrix.

• Residual uncertainties in detector modeling, including optical properties and Birks’

constant.

Despite these limitations, the overall agreement between the unfolded and reference

spectra demonstrates the reliability of the unfolding methodology and validates the use of

the EJ-301 detector for fast neutron spectroscopy.

6.11 Discussion of Uncertainties in Unfolding

The uncertainties in the reconstructed neutron spectrum arise from both statistical and sys-

tematic sources. These can be broadly categorized into (i) experimental uncertainties, (ii)

uncertainties associated with the unfolding methodology, and (iii) detector and simulation

modeling uncertainties. These are summarized and discussed below.

Statistical Uncertainty: The statistical uncertainty in the experimental spectrum, both

before and after e!ciency correction, is shown in Fig. 6.27. The detector threshold at

740 ADC channels corresponds to an incident neutron energy of approximately 2 MeV.

Due to the finite detector resolution and contributions from inelastic neutron interactions,

a small fraction of neutrons with energies below this threshold can still produce su!cient

light output to cross the threshold. As a result, statistical fluctuations are higher in this

region due to limited statistics. After applying the e!ciency correction, these fluctuations

are scaled up, leading to larger uncertainties in the reconstructed spectrum below ↓2 MeV.
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Therefore, the unfolded spectrum in this region is associated with significant statistical

uncertainty and should be interpreted with caution.

F()*’! 6.27: Unfolded neutron spectrum with statistical uncertainties: (left) without e!ciency
correction and (right) with e!ciency correction. The increase in uncertainty at low
energies reflects the combined e"ects of detector threshold and e!ciency scaling.

Unfolding Methodology: A source of systematic uncertainty arises from the unfold-

ing procedure itself. This is evaluated by comparing results obtained using the iterative

GRAVEL algorithm and the Bayesian unfolding approach implemented in RooUnfold.

Regularization is used to stabilize the ill-posed inversion of the detector response matrix by

suppressing statistical fluctuations. In both methods, it is implemented through controlled

iteration, with the number of iterations acting as the e"ective regularization parameter.

Di"erences in the update rules used in the iterative procedures lead to small variations in

the unfolded spectra. The di"erence between the unfolded spectra is an estimate of the

associated systematic uncertainty.

Detector and Simulation Modeling: Additional systematic uncertainties arise from the

detector modeling in the simulation. These include uncertainties associated with the choice

of physics list, optical photon transport, and scintillation quenching.
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The Birks’ constant governing scintillation quenching is determined by comparing

simulated and experimental detector responses. Varying the Birks’ constant within ±10%

of its nominal value results in only a minimal change in the simulated spectrum (Fig. 6.22),

indicating that the unfolded results are mostly insensitive to this parameter within the

considered range.

Similarly, the impact of di"erent G!"#$4 physics lists on the detector response is

evaluated (Fig. 6.24). The resulting spectra are consistent, indicating that the systematic

uncertainty associated with the choice of physics list is negligible.

Overall, the dominant uncertainties arise from statistical fluctuations, particularly in

the low-energy region below ↓2 MeV, as well as from systematic e"ects associated with

the unfolding methodology. Systematic uncertainties related to detector and simulation

modeling, including the choice of Birks’ constant and physics list, are found to be small

within the explored parameter variations.

6.12 Conclusion

In this work, a comprehensive study of the response of a 2▽▽ ↔ 2▽▽ EJ-301 liquid scintillation

detector to gamma rays and fast neutrons has been carried out using a combination of

detailed GEANT4 simulations and experimental measurements. A realistic detector model,

including geometry, material composition, optical photon processes, and quenching e"ects,

has been implemented to accurately reproduce the detector response.

The simulated gamma-ray responses were used to calibrate the detector in the electron-

equivalent energy scale and to determine the resolution scale parameter by comparison with

experimental data. A consistent agreement between simulated and measured spectra for

multiple gamma sources demonstrates the validity of the detector modeling. In addition,
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the Birks’ constant for the EJ-301 scintillator has been estimated through tuning of the

simulated neutron response, yielding a value consistent with those reported for similar

organic scintillators.

A detailed neutron response matrix was constructed using mono-energetic neutron

simulations over a wide energy range. This response matrix forms the basis for unfolding the

experimentally measured detector response. Two di"erent unfolding techniques, namely

the GRAVEL iterative method and the Bayesian unfolding method implemented in the

RooUnfold framework, have been applied to reconstruct the neutron energy spectrum from

the measured Am-Be source data.

The unfolding methods were first validated using simulated data, where both approaches

successfully reproduced the input neutron spectrum. When applied to experimental data,

both methods yielded consistent results, demonstrating the robustness of the unfolding

procedure. The RooUnfold method was found to be computationally more e!cient.

An energy-dependent e!ciency correction was applied to the unfolded spectra to ac-

count for the finite detection probability of neutrons within the scintillator volume. After

correction, the reconstructed neutron spectrum shows good agreement with the reference

ISO Am-Be spectrum, with some deviations at low and high energies attributed to thresh-

old e"ects, detector resolution, and possible uncertainties in the source characteristics and

simulation inputs.

The results of this work establish a reliable calibration of the EJ-301 detector for fast

neutron energy measurements. The methodology developed here, combining detailed

detector simulation with unfolding techniques, provides a robust framework for neutron

spectroscopy using organic scintillation detectors.

This calibrated detector can be e"ectively deployed in low-background environments,

such as underground laboratories, to measure fast neutron energy spectra. Such mea-
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surements are crucial for characterizing neutron-induced backgrounds in rare event search

experiments, including dark matter searches and coherent elastic neutrino-nucleus scatter-

ing studies.

Future improvements may include refined modeling of neutron interaction cross-

sections at higher energies, incorporation of more detailed detector response e"ects, and

application of advanced regularization techniques in unfolding to further reduce systematic

uncertainties. Additionally, extending this methodology to other detector geometries and

materials can broaden its applicability in nuclear and astroparticle physics experiments.
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7.1 Conclusion

This thesis presents a comprehensive investigation of key experimental and phenomeno-

logical challenges in the search for low-mass dark matter, with particular emphasis on

sub-keV detector calibration, statistically robust signal extraction, and the characterization

of irreducible backgrounds. The work is motivated by the growing shift of direct detection

experiments toward the sub-GeV/𝑁2 dark matter regime, where traditional assumptions re-

garding detector response, background rejection, and statistical inference require significant

refinement.

The central objective of this thesis has been to develop and validate a coherent frame-
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work for rare-event searches that integrates:

• Precision detector calibration at sub-keV energy scales using ultra-sensitive cryogenic

silicon calorimeters, together with studies of their bias-dependent detector response.

• Advanced statistical inference methods for low-count spectral analyses, enabling

signal extraction and upper-limit setting on coupling strengths, particularly in the

context of axion-like particle and dark photon searches.

• Quantitative understanding of irreducible neutrino backgrounds through coherent

elastic neutrino–nucleus scattering (CE𝐿NS) in low-mass WIMP dark matter search

experiments.

• Experimental characterization and modeling of fast neutron backgrounds relevant to

nuclear-recoil-based rare-event searches, such as WIMP-like dark matter and CE𝐿NS

searches.

These components are inherently interconnected. As detector thresholds approach

the O(eV) scale and experimental exposure increases, sensitivity becomes progressively

limited not only by statistical fluctuations but also by systematic uncertainties associated

with detector response and background modeling. The contributions presented in this thesis

explicitly address this transition, establishing a framework for precision-driven rare-event

searches in the low-mass dark matter regime.

Precision Sub-keV Calibration and Detector Response study in Cryo-
genic Detectors

A major experimental achievement of this work is the development of a sub-keV calibration

framework for SuperCDMS silicon HVeV detectors based on Compton-step features arising
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from bound-electron scattering. Using controlled 137Cs gamma irradiation, distinct spectral

features corresponding to the L-shell (↓100–150 eV) and K-shell (↓1.8 keV) binding

energies were resolved. The detectors achieved an energy resolution of approximately 3

eV and thresholds near 30 eV, demonstrating dark matter signal sensitivity to the sub-keV

scale.

The calibration methodology incorporated FEFF-based modeling of bound-electron

Compton scattering, Geant4 simulations for validation at higher energies, and a data-

driven treatment of low-energy excess backgrounds. This framework enabled a continuous

and consistent energy calibration from the sub-keV regime up to ↓2 keV, providing a

robust mapping between deposited energy and detector response in the region of interest

for low-mass dark matter searches.

An independent calibration using optical photon injection under high-voltage opera-

tion (150 V) yields well-defined energy signatures for absorbed photons, consistent with

Neganov–Trofimov–Luke (NTL) amplification. A key result is that the detector response

at zero bias is approximately 30% lower than under high-voltage operation. This di"erence

reflects the underlying phonon production mechanisms and underscores the importance

of bias-dependent response modeling. Such e"ects introduce a non-negligible systematic

uncertainty, directly impacting energy reconstruction, signal e!ciency estimation, and the

interpretation of low-energy spectral features.

Overall, this work establishes a robust and experimentally validated calibration frame-

work that significantly reduces one of the dominant uncertainties in sub-keV dark matter

searches.
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Searches for Axion-Like Particles and Dark Photons Using Advanced
Statistical Tools

This thesis presents a statistically rigorous search for axion-like particles and dark photons

using a profile likelihood ratio (PLR) framework applied to SuperCDMS CDMSlite data.

The analysis utilizes an exposure of approximately 110 kg·days, with an energy resolution

at the level of O(10 eVee), and performs a spectral analysis over the mass range from ↓40

eV/𝑁2 to 25 keV/𝑁2.

Unlike earlier analyses based on Poisson counting or optimum interval methods, the

PLR approach:

• Incorporates detector response, signal e!ciency, background parameterization, and

systematic uncertainties through nuisance parameters.

• Exploits the full spectral information and enables simultaneous signal–background

fitting to data.

• Provides well-defined statistical coverage within a unified likelihood framework.

• Naturally includes systematic uncertainties in the analysis.

• Supports both exclusion limits and discovery-oriented analyses for weak signals.

In contrast, conventional Poisson counting and OI methods are primarily limited to

upper-limit setting and constraining coupling parameters, and do not provide a general

framework for discovery-based hypothesis testing.

No statistically significant excess consistent with dark matter absorption was observed

in the analysis. The resulting 90% confidence level limits on the axion-electron coupling

(𝑂𝑃𝑄) and the dark photon kinetic mixing parameter (𝑅) improve upon previous SuperCDMS
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analyses of the same datasets by up to a factor of ↓5. Although these constraints are not yet

competitive with those from leading liquid noble gas detector experiments (e.g., XENONnT,

PandaX, and DarkSide), this work demonstrates the strength of semiconductor-based de-

tectors as complementary probes and establishes a methodologically robust framework for

future analyses with larger exposures.

Importantly, this study highlights that statistical methodology itself is a limiting factor

in rare-event searches, and that likelihood-based approaches are essential for maximizing

sensitivity in the low-energy regime.

Reactor CE𝐿NS Backgrounds and the Neutrino Floor

Another key conceptual contribution of this thesis is the systematic evaluation of reactor

antineutrino-induced coherent elastic neutrino–nucleus scattering (CE𝐿NS) backgrounds

and their impact on the neutrino floor for low-mass WIMP searches. This work addresses

an important gap in the literature by explicitly quantifying the site dependence of neutrino

backgrounds arising from nearby nuclear reactors.

Reactor antineutrino fluxes were modeled for a typical 3.6 GWth reactor, with baselines

ranging from ↓1 km to ↓100 km. The flux modeling incorporates fission fractions from
235U, 239Pu, 238U, and 241Pu, combined with hybrid spectral models, and is validated

against the CONUS+ CE𝐿NS measurement, which shows agreement with the Standard

Model prediction at approximately the 3.7𝑈 level.

The key physical findings of this analysis are:

• Reactor CE𝐿NS produces nuclear recoils predominantly in the sub-keV energy

regime.
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• The spectral overlap with WIMP-induced recoils is most significant for WIMP masses

around 2–3 GeV/𝑁
2.

• At distances ↭ 10 km, reactor antineutrinos from a GWth-scale reactor can increase

the neutrino floor by a few orders of magnitude.

• At distances ↫ 100 km, the reactor contribution becomes negligible.

These results demonstrate that the neutrino floor is not a universal limit, but instead

depends on experimental site, exposure, and associated systematic uncertainties.

Two complementary statistical frameworks were developed. The first is a discovery-

limit approach, based on achieving a 3𝑈 detection in 90% of pseudo-experiments. The

second is an opacity (neutrino fog) framework, which characterizes the transition of the

CE𝐿NS background from a statistics-limited regime to one dominated by systematic un-

certainties. The main conclusions are consistent under both definitions of the neutrino

floor and remain robust against reasonable variations in detector quenching, site-dependent

geoneutrino contributions, and reactor antineutrino flux uncertainties.

These findings have direct implications for experimental design, including site selection,

detector threshold optimization, and the interpretation of future low-mass dark matter

searches.

Experimental Characterization and Modeling of Fast Neutron Back-
grounds

Another key contribution of this thesis is the experimental characterization and modeling

of fast neutron backgrounds using EJ-301 liquid scintillation detectors. Fast neutrons

represent a critical background for nuclear-recoil-based rare-event searches, as they produce

signals that closely mimic WIMP and CE𝐿NS interactions. Their neutral nature and high
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penetration through shielding materials make accurate measurement and modeling essential

for reliable background estimation.

The detector response is studied using a 2”↔2” cylindrical EJ-301 detector coupled to

a photomultiplier tube and exposed to an Am–Be neutron source. Owing to its hydrogen-

rich composition and pulse-shape discrimination capability, the EJ-301 detector e!ciently

separates neutron-induced nuclear recoils from gamma-induced electron recoils. A detailed

G!"#$4 simulation framework models neutron and gamma interactions, scintillation light

production, and optical photon transport.

The detector energy response is calibrated using Compton spectra from standard

gamma-ray sources, including 22Na, 60Co, and 137Cs, allowing precise tuning of the energy

resolution based on optical photon statistics. The scintillation response to nuclear recoils

is described using Birks’ law, capturing the non-linear light yield and strong quenching of

proton recoils. The Birks’ constant is determined by comparing simulated and measured

proton-recoil spectra, ensuring consistency between data and the detector model.

Using the validated model, a neutron response matrix is constructed for mono-energetic

neutrons. This matrix is used to reconstruct the incident neutron spectrum from measured

data through unfolding techniques such as Gravel and RooUnfold. The unfolded spectrum

agrees well with the reference ISO Am–Be neutron spectrum, demonstrating the reliability

of both the detector modeling and the unfolding procedure.

Overall, this work establishes a robust framework for fast neutron measurements, pro-

viding a direct mapping between detector signals and incident neutron energies. This is

essential for background characterization in rare-event searches, validating simulations,

and reducing systematic uncertainties. The methods developed here are directly applica-

ble to neutron background studies in current and next-generation dark matter and CE𝐿NS

experiments.
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7.2 Outlook

The results of this thesis are directly relevant to next-generation experiments, particularly:

SuperCDMS SNOLAB and Low-threshold cryogenic semiconductor detectors worldwide.

Future extensions of this work may include the application of the PLR framework to larger

exposures and multi-detector datasets, improved modeling of low-energy backgrounds and

detector non-linearities, and further reduction of systematic uncertainties associated with

neutrino fluxes and detector calibration.

Additional directions include the exploration of advanced background discrimination

techniques beyond spectral analysis, as well as the development of novel detection strategies

such as directionality. As experiments approach and potentially reach the neutrino floor,

progress will increasingly depend on precision modeling, cross-experiment comparisons,

and innovative analysis techniques that go beyond traditional rate-based approaches.

In summary, this thesis establishes a precision-driven and experimentally validated

framework for low-mass dark matter searches by integrating sub-keV detector calibration,

statistically rigorous data analysis, and quantitative background modeling. These contribu-

tions enhance the reliability, interpretability, and future sensitivity of rare-event searches,

and provide a strong foundation for ongoing and future e"orts to probe the particle nature

of dark matter.
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