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Studies of neutrinos in
high definition with LArTPC

Abstract

Neutrinos, among the most elusive particles in the Standard Model, hold the poten-
tial to illuminate fundamental questions in particle physics and cosmology, including
the mechanism of neutrino mass generation and the search for physics beyond the Stan-
dard Model. The Deep Underground Neutrino Experiment (DUNE) is poised to address
these challenges through a comprehensive program of precision neutrino oscillation mea-
surements, nucleon decay searches, and astrophysical neutrino detection, leveraging a
high-intensity neutrino beam and massive Liquid Argon Time Projection Chambers
(LArTPCs) across a 1300 km baseline.

This dissertation presents contributions to two critical aspects of DUNE’s detector
development and physics potential. First, it details the performance and deployment
of the Digital Wire Analyzer (DWA), an advanced quality assurance tool designed to
ensure the mechanical and electrical integrity of Anode Plane Assemblies (APAs) in
the DUNE Far Detector. The DWA enables precise, automated verification of wire
tension, continuity, and isolation, safeguarding the fidelity of charge readout in large-
scale LArTPCs. Validation studies demonstrate that the DWA achieves high accuracy
and reliability across thousands of channels, with tension measurements consistent with
traditional methods but delivered at significantly greater speed and scalability. Its suc-
cessful integration into production workflows has established the DWA as a cornerstone
technology for ensuring APA quality throughout DUNE’s construction.

Second, this work explores the development and application of Q-Pix, a novel pixel-
based readout technology offering true three-dimensional, self-triggering capabilities for
next-generation LArTPCs. Through hardware characterization and simulation studies,
the potential of Q-Pix to enhance low-energy neutrino detection is evaluated, with a
focus on supernova and solar neutrino signals. The results demonstrate significant im-
provements in event reconstruction, background rejection, and energy threshold reduc-
tion compared to traditional wire-based systems, highlighting Q-Pix as a transformative
approach for future DUNE modules and beyond.

Together, these efforts advance the precision and scope of neutrino detection, con-
tributing to the realization of “high-definition” neutrino physics with liquid argon de-
tectors.
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Somewhere, something incredible is

waiting to be known.

Carl Sagan

Introduction

Long before I traced neutrinos through liquid argon, I was trained as a classical flautist.
I spent years immersed in melody and rhythm, unaware that the music I loved was
governed by principles I had yet to discover. When I could no longer play due to braces, I
found myself drawn instead to the physics that made those harmonics possible. Beneath
the melody was fluid dynamics, beneath the harmony was interference, and beneath it

all, a universe governed by laws even more elegant than the music they made possible.



What began as a search for harmony in sound soon became a search for harmony
in nature itself. That search finds its most comprehensive expression, so far, in the

Standard Model of particle physics.

1.1 Historical Context and the Role of Neutrinos

Developed in the 1970s, the Standard Model provides a quantum field theory descrip-
tion of all known fundamental particles and their interactions, excluding gravity [1]. It
describes the electromagnetic, weak, and strong forces within a single theoretical frame-
work based on a gauge symmetry structure. Matter particles are grouped into three
generations of quarks and leptons, while interactions are mediated by gauge bosons:
gluons for the strong force, W+ and Z° bosons for the weak force, and the photon for
electromagnetism. The Higgs mechanism explains how particles acquire mass through
spontaneous symmetry breaking, giving rise to the massive /¥ and Z bosons and gen-
erating masses for charged fermions via their interactions with the Higgs field. The
discovery of the Higgs boson on July 4, 2012, at the Large Hadron Collider (LHC)
provided strong validation for the Standard Model, completing its particle content. It
remains one of the most successful and precisely tested frameworks in the history of
physics [2].

Yet even in its empirical triumphs, the Standard Model remains incomplete. It cannot
explain the observed matter-antimatter asymmetry of the universe, the nature of dark
matter, or, most intriguingly, the non-zero masses of neutrinos. Neutrinos occupy a
special place in this story. Nearly massless, electrically neutral, and weakly interacting,
they were first introduced to preserve the conservation of energy and momentum in

beta decay. In 1930, Wolfgang Pauli postulated the neutrino to resolve this discrepancy,



famously writing [3], “I have done a terrible thing. I have postulated a particle that
cannot be detected.” It would take more than two decades for neutrinos to be confirmed
experimentally. Since then, neutrino physics has evolved from a theoretical curiosity
into a powerful probe of new physics.

Today, neutrinos serve as one of the most sensitive instruments for exploring physics
beyond the Standard Model. Their weak interactions, flavor oscillations, and poten-
tial Charge Parity (CP)-violating properties make them central to some of the most
pressing questions in particle physics and cosmology. But what makes neutrinos espe-
cially powerful is not their abundance—it is their subtlety. They speak in the softest
tones, interacting rarely, eluding detection, leaving only the faintest traces in their wake.
Observing them demands more than just technological sophistication—it requires preci-
sion, patience, and a system finely tuned to respond only when the rare and meaningful
occurs. This thesis is situated at that frontier, focused on the development of novel
detection techniques for observing neutrinos in high definition with Liquid Argon (LAr)
—technology designed not to overwhelm the data with constant measurement, but to

remain sensitive to the faint, fleeting signals that emerge when silence speaks.

1.2 The Discovery of Neutrinos

The neutrino, initially postulated by Pauli to salvage conservation laws, has become
one of the most elusive and illuminating particles in physics. This section traces the
key experimental milestones in the detection of neutrino flavors and their properties—
laying the groundwork for the revolutionary realization that neutrinos have mass.

The first direct detection of neutrinos was achieved by Fred Reines and Clyde Cowan

in 1955, through the observation of inverse beta decay at the Savannah River nuclear



reactor [4]. Their first experiment, conducted in 1953, used a nuclear reactor at Hanford
as a source of electron antineutrinos, which they attempted to detect via the inverse
beta decay reaction:

pt+v.—nter (1.1)

They employed a liquid scintillator to detect two gamma rays: one at 511 keV from
positron-electron annihilation, and another at 9 MeV from neutron capture a few mi-
croseconds later. However, this early attempt was unsuccessful due to overwhelming
background from cosmic rays and radioactive decays.

In 1955, they improved the experiment by increasing the detector size from 300 liters
to 10 tons and switching to a more powerful reactor at the Savannah River Plant. They
also added lead shielding to suppress cosmic ray interactions and doped the water with
cadmium to enhance neutron detection: cadmium has a high cross section for thermal
neutron capture and emits a distinctive gamma-ray cascade upon capture, providing
a delayed coincidence signal crucial for identifying inverse beta decay events. This
improved setup successfully confirmed the existence of neutrinos and demonstrated their
weakly interacting nature [5]. Reines was awarded the Nobel Prize in Physics in 1995
for this work. Cowan had unfortunately passed away earlier and was therefore ineligible.

Soon after, in 1962, muon neutrinos were discovered by Leon Lederman, Melvin
Schwartz, and Jack Steinberger [6]. They developed a high-energy muon neutrino beam
by directing a proton beam at a beryllium target, which produced mesons that decayed
into (anti)muons and muon (anti)neutrinos. This », beam was then directed into a
spark chamber placed behind iron shielding to observe interactions characteristic of
muon neutrinos.

The tau neutrino was finally detected in 2001 by the Direct Observation of the Nu



Tau (DONuT) experiment [7], following decades of indirect evidence for its existence.
This was one of the most technically demanding neutrino experiments to date, for
two main reasons. First, producing a tau neutrino beam requires significantly higher
energies than those needed for electron or muon neutrinos. Second, the tau lepton
produced via charged-current tau neutrino interactions has a lifetime of only 2.9x107% s,
decaying almost instantaneously into charged pions, a muon, or an electron. Identifying
tau neutrino interactions therefore requires sub-millimeter spatial resolution to resolve
the characteristic kink of the tau decay. The DONuT collaboration addressed these
challenges using a high-energy proton beam to produce tau neutrinos, and a hybrid
detector consisting of steel-emulsion targets interleaved with scintillating fiber trackers.
Researchers scanned these emulsion plates by hand under microscopes, searching for a
sign: a sudden kink in a track, a whisper of a tau’s final moment. Four tau neutrino
events were ultimately identified from around 3500 interactions recorded|[8].

Beyond its technical achievement, the DONuT experiment also represents a uniquely
human facet of particle physics: the act of peering into emulsion with the naked eye,
searching frame by frame for the unseen. It evokes a form of science that is as much
devotion as it is deduction. For those who study it, one cannot help but imagine the
moment of discovery—the researcher at the microscope, witnessing a kinked track for
the first time, standing at the very edge of human knowledge. These are the moments
that define not just experimental breakthroughs, but the very spirit of physics. It is
this quiet, hands-on pursuit of understanding that continues to inspire my work, and
reminds me that even the most fleeting signals can carry the weight of discovery.

In parallel, experiments at the Large Electron-Positron Collider (LEP) studied Z



boson decays through the process

etem = Z = v (1.2)

to determine the number of light neutrino flavors [9]. Precision measurements showed
that the number of light active neutrino species, those that couple to the Z boson, is
2.984040.0082, consistent with three flavors. This established the framework of three
massless, weakly interacting neutrinos in the Standard Model.

Despite this apparent completeness, the Standard Model still leaves important ques-
tions unanswered. One such issue is the absence of right-handed neutrinos. In 1956,
Chien-Shiung Wu’s experiment on beta decay demonstrated maximal parity violation,
consistent with the emission of right-handed antineutrinos [10]. The following year,
Maurice Goldhaber’s experiment studying the decay of ®?Eu showed that all neutrinos
are left-handed [11]—a result naturally explained if neutrinos are massless.

At the time, these findings supported the Standard Model’s structure, which included
only left-handed neutrinos and right-handed antineutrinos. However, the later discov-
ery of neutrino mass challenged this picture. A massive fermion must possess both
left- and right-handed components, yet the Standard Model contains no right-handed
neutrino field and thus no way to endow neutrinos with mass via the standard Higgs
mechanism. This absence, once considered an elegant simplification, became a profound
inconsistency—one that points to physics beyond the Standard Model.

The resolution to this puzzle emerged not from theoretical constructs, but from ex-
perimental anomalies. In particular, measurements of solar and atmospheric neutrinos
revealed flavor transformations—oscillations—that implied non-zero neutrino masses

and thus signaled new physics. These discoveries are discussed in the next section.



1.3 The Discovery of Neutrino Mass

While early experiments confirmed the existence of three neutrino flavors, they also re-
vealed anomalies that hinted at physics beyond the Standard Model. Foremost among
these was the solar neutrino deficit observed by Ray Davis in 1968—a result that ulti-
mately led to the discovery that neutrinos have non-zero mass [12]. In this experiment,
he built a detector deep underground at the Homestake Mine to measure the flux of so-
lar neutrinos. At the time, scientists were developing theoretical models of solar fusion.
John Bahcall, a theoretical astrophysicist, calculated the expected solar neutrino flux
based on these models, and Davis aimed to confirm this prediction [13].

The experiment used 380,000 liters of perchloroethylene and targeted the charged-

current (CC) interaction of electron neutrinos:

ve +3Cl — ¥Ar +¢. (1.3)

Counting the number of 3"Ar atoms produced using Germanium detectors, Davis
observed a significant deficit—about one-third of the predicted flux. This discrepancy
became famously known as the solar neutrino problem.

Similar discrepancies between theoretical predictions and measured values were ob-
served in other experiments. One notable example was the Kamiokande experiment,
originally constructed to search for proton decay using a large water Cherenkov detector
in the Kamioka Mine, Japan. In 1989, Kamiokande confirmed the solar neutrino deficit
through real-time detection of ®B neutrinos [14]. Later, in 1992, the same detector re-
ported an unexpected deficit in atmospheric muon neutrinos compared to theoretical

predictions, a result known as the atmospheric neutrino anomaly [15]. Complementing



these findings, the Gallium Experiment (GALLEX) at Gran Sasso began operations
in 1991 and observed a similar shortfall in solar neutrino flux, particularly targeting
low-energy neutrinos from the pp-chain [16].

In 1998, the Super-Kamiokande experiment provided the first compelling evidence for
neutrino oscillations by observing a deficit of upward-going muon neutrinos compared
to downward-going ones—an effect consistent with distance-dependent flavour trans-
formation of atmospheric neutrinos [17]. Utilizing a large water Cherenkov detector
located in the Kamioka Mine, Super-Kamiokande demonstrated that neutrinos change
flavour as they propagate through the Earth.

Subsequently, in 2002, the Sudbury Neutrino Observatory (SNO) resolved the long-
standing solar neutrino problem by directly measuring both CC and neutral-current
(NC) interactions using a heavy water Cherenkov detector [18]. The CC interaction is
sensitive exclusively to electron neutrinos, while the NC interaction is equally sensitive

to all active neutrino flavours. These interactions are represented as:

CC: v+d—=p+p+e
(1.4)

NC: Vg—l—d—)])—i-n—i-w

Here, d denotes deuterium, and ¢ represents any active neutrino flavour (e, g, 7).

SNO’s CC interaction measurements revealed a significant deficit of electron neu-
trinos, consistent with earlier solar neutrino experiments. However, their crucial NC
measurements demonstrated that the total flux of all neutrino flavors matched solar
model predictions. This resolved the solar neutrino problem by providing definitive ev-
idence that electron neutrinos from the Sun undergo flavor oscillations into muon and
tau neutrinos en route to Earth, directly confirming neutrino flavor conversion and the

existence of neutrino mass. Specifically, the electron neutrino flux detected via CC in-



teractions aligned with the deficits seen by experiments like Homestake, while the total
neutrino flux from NC interactions was in excellent agreement with Bahcall’s theoretical
predictions.

Takaaki Kajita from Super-Kamiokande and Arthur B. McDonald from SNO were
awarded the 2015 Nobel Prize in Physics for these groundbreaking discoveries.

These complementary results from solar and atmospheric neutrino experiments pro-
vided compelling evidence that neutrinos undergo flavor transitions in flight. Since
such transitions are only possible if neutrinos have distinct, non-zero masses, these ob-
servations signaled the need for new theoretical frameworks that extend beyond the
Standard Model. The following section introduces the quantum mechanical foundation
of neutrino oscillation, explaining how this phenomenon directly implies that neutrinos

Possess non-zero mass.

1.4 Neutrino Oscillation

The observation that neutrinos change flavour as they propagate implies that their
flavour eigenstates are not identical to their mass eigenstates. This phenomenon, known
as neutrino oscillation, is only possible if neutrinos have mass. This section outlines the
theoretical foundation of this effect, beginning with the simplified two-flavour case and

extending to the full three-flavour framework relevant to modern experiments.

1.4.1 Two-Flavour Neutrino Oscillation Formalism

Although neutrino oscillations in nature involve three flavours, significant insight can be
gained by first considering a simplified two-flavour system. Let us assume two flavour

eigenstates, v, and g, related to two mass eigenstates, » and »,, via a unitary mixing



matrix parametrized by a single mixing angle &:

Vg cos@ sind 21
= . (1.5)

Vg —sinf cosd vy

A neutrino produced in a pure flavour state |»,) at time # = 0 can be expressed in

terms of mass eigenstates as:
|»(0)) = |v,) = cos ) + sin b|r,). (1.6)
Since mass eigenstates propagate independently, their time evolution is given by:
(o) =), (i=1,2). (L7)
Thus, the state at time ¢ evolves as:
14(2)) = cos 8By + sin B2 |n,). (1.8)
The probability of detecting the neutrino as flavour »; at time # is given by:

P(va — (1)) = |(plva(0)) . (1.9)
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Using [vg) = —sin 6]»1) + cos d»,), the transition amplitude becomes:

A(ve = () = (vglva(9))

= (—sin 8(v;| + cos 8(,|)(cos Be B |v1) + sin B 2! |n,)) (1.10)
= —sinfcos BB 4 cos fsin e (1.11)
= sinfcos § (¢ — 1) (1.12)

and the corresponding probability is:

Py, — V{g(l‘)) = 4(v, — ‘V[g(l‘))|2

= | cos Gsin G B! (A — 1))? (1.13)
= cos® fsin® (2 — ¢ A JAF (1.14)
- Sinzwzu — cos(AEr)) (1.15)
- Sinz?ﬁZsinz <A2B> (1.16)
= sin? 26 sin® <A2Et) , (1.17)

where AE = E2 — El.

For a neutrino mass eigenstate »;, the exact energy-momentum relation is given by:

E = \[p? + md, (118)

where E; is the total energy, p is the momentum (assumed approximately equal for all
mass eigenstates), and m; is the mass of the 7-th eigenstate.

In the relativistic limit, where m? < p*, the square root can be expanded using a

11



binomial approximation:

2 2
E,-—p1/1+71:2’:p<1+;;3>. (1.19)

This yields:

2
me
E ~ e 2y 1.20
oy (1.20)
Since highly relativistic neutrinos satisfy £ ~ p, we can rewrite this as:
m2
E,~FE+ —~. 1.21
+ oz (1.21)
Therefore,
2_ 2 Am2
AE=F, —FE~"2""1 _ 2" (1.22)
2F 2F

where Am3; = m3 — m7 is the mass-squared difference.

Finally, assuming # ~ L (the distance traveled) and using natural units (h = ¢ = 1),

the oscillation probability becomes:

Am3, L
P(v, — vg) = sin® 26 sin” <VZEZI> . (1.23)

Restoring conventional units yields the practical form:

(1.24)

2 2]
P(v, — vg) = sin® 24 sin® (1.267 Amy; [eV7] - L [km]>

E[GeV]

This expression reveals the characteristic oscillatory behaviour of neutrinos. The am-
plitude of the oscillation is governed by the mixing angle 8, while the frequency depends

on the mass-squared difference Am3;, the neutrino energy E, and the baseline L over
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which the neutrino propagates. Crucially, if all neutrino masses were equal—or zero—
Am3, would become zero, and no probability of flavour change (P(v, — v5)) would be zero
as well. Thus, the observation of neutrino oscillations provides unambiguous evidence
that at least two neutrino mass eigenstates possess distinct, non-zero masses, marking
a clear departure from the original Standard Model, which assumes massless neutrinos.
While oscillation experiments are sensitive only to differences in mass squared, current
global fits and theoretical considerations suggest that all three neutrino mass states are

likely non-zero, though the absolute mass scale remains undetermined.

1.4.2 Three-Flavour Framework and Oscillation Parameters

While the two-flavour model captures the essence of neutrino oscillation, a complete
description of the phenomenon requires all three active neutrino flavours. In the three-
flavour framework, the flavour and mass eigenstates are related by the 3 x 3 Pontecorvo—

Maki-Nakagawa—Sakata (PMNS) matrix [19]:

Ve Us Up Ug V]
Vu | = | U U Us| |72]- (1.25)
VYr Un Upn Ug V3

The PMNS matrix can be parameterized by three mixing angles 6,5, 613, and 6,3, and

one Dirac CP-violating phase dcp. A common decomposition is:

1 0 0 13 0 J’13€7i§CP 2 s O
Upmns = | 0 3 523 0 1 0 —s12 2 0> (126)
0 —523 (23 —513&‘.’19CP 0 13 0 0 1
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where s5;; = sin §; and ¢; = cos 0.

Each mixing angle and mass-squared difference governs neutrino oscillations within
specific energy and baseline regimes. The parameters 6, and Am3, dominate solar
neutrino oscillations and long-baseline reactor experiments, where the characteristic
mass-squared difference of ~ 7.4 x 107> eV? matches the relevant L/E scales. The mixing
angle 6,3 and the larger mass-squared difference |[Am%,| ~ 2.5 x 1073 eV? primarily
govern atmospheric neutrino oscillations and are probed by long-baseline accelerator
experiments. The mixing angle 6;3, once thought to be vanishingly small, has been
measured to be non-zero, enabling sensitivity to CP violation through the complex
phase dcp. If dep is significantly different from zero or =, it would signal CP violation in
the lepton sector—an intriguing feature that may offer indirect insights into the matter—

antimatter asymmetry of the universe via mechanisms such as leptogenesis.

1.4.3 Matter Effects

While the vacuum oscillation framework describes neutrino propagation in empty space,
neutrinos often traverse dense media such as the Sun, the Earth, or supernovae, where
the presence of matter modifies their evolution. This modification, known as the
Mikheyev—Smirnov—Wolfenstein (MSW) effect [20], alters the effective oscillation pa-
rameters and can lead to dramatic enhancements in flavour conversion under specific
conditions.

In matter, electron neutrinos interact with ambient electrons via both CC and NC
interactions, while muon and tau neutrinos experience only NC interactions. The re-
sulting asymmetry induces an effective potential energy for electron neutrinos relative
to the other flavours. This additional energy enters the neutrino Hamiltonian in the

flavour basis and modifies the propagation dynamics.
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In the two-flavour approximation, the effective Hamiltonian in vacuum is given by:

Am? | —cos28 sin28
Hvac = E ’
sin2d  cos28

(1.27)

where Am? is the mass-squared difference, 8 is the vacuum mixing angle, and E is the
neutrino energy. In a medium with electron number density NN,, an additional matter-

induced potential appears for electron neutrinos:

Vee = V2GEN,, (1.28)

where Gr is the Fermi constant. This potential enters the total Hamiltonian as:

Vee O
Hmattcr = Hvac + . (129)

0 0

While neutrinos propagate as eigenstates of the total Hamiltonian, the presence of
a flavour-dependent potential in matter redefines these propagation eigenstates relative
to their vacuum counterparts. The MSW effect captures how this modification, arising
from coherent forward scattering of electron neutrinos, alters flavour evolution compared
to vacuum oscillations.

Diagonalizing this total Hamiltonian yields modified oscillation parameters in mat-
ter: an effective mixing angle §,, and an effective mass-squared difference Am2,. These

quantities fully determine the oscillation probability in a matter-rich environment and
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are given by:

in” 26
sin? 26, = e , (1.30)
(cos 20 — MTTFZN‘?E> + sin? 26
2
2V 2GENLE
Am?, = Amz\/<cos 20 — \/;F2> + sin? 24. (1.31)
m

These expressions directly reflect how the matter potential distorts both the mixing
structure and the oscillation frequency compared to their vacuum values.
A particularly striking feature of the MSW effect arises when the matter potential

satisfies the so-called resonance condition:

2V2GpNE

A2 cos 26. (1.32)
m

At this point, the effective mixing angle reaches ,, = 7/4, corresponding to maximal
mixing—even if the vacuum mixing angle & is small. This condition marks the point
of most efficient flavour conversion: neutrinos produced in a pure flavour state can
undergo nearly complete transformation into another flavour over the course of prop-
agation. Physically, this occurs because the flavour states become equal mixtures of
the instantaneous mass eigenstates in matter, maximizing the interference that drives
oscillations.

This resonance mechanism is particularly important in solar neutrino physics. Neu-
trinos produced in the Sun’s core propagate through a smoothly varying electron density
profile as they travel outward. If the density changes slowly enough—a condition known
as adiabaticity—the neutrino remains in its instantaneous matter eigenstate. When this

eigenstate evolves from one dominated by electron flavour into one dominated by an-
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other flavour, nearly complete conversion occurs. This MSW-driven transformation
explains the observed suppression of electron neutrinos detected on Earth, as confirmed
by solar neutrino experiments such as SNO and Super-Kamiokande.

A similar mechanism operates in the extreme environment of a core-collapse super-
nova. In this case, neutrinos are produced in enormous numbers and across all flavours,
emerging from regions with electron densities many orders of magnitude higher than in
the Sun. As they travel outward through the exploding stellar envelope, the rapidly
decreasing matter density enables multiple MSW resonances to occur at different radii,
each corresponding to distinct mass-squared splittings (Am3; and Am3;). These res-
onances can drive flavour conversion through both the solar and atmospheric mass
scales, and depending on the ordering and adiabaticity, they can significantly alter the
flavour composition of the neutrino signal observed on Earth. Moreover, in supernovae,
neutrino-neutrino interactions introduce an additional nonlinear effect known as collec-
tive oscillation, which can interplay with MSW-driven transitions and lead to even more
complex spectral features.

Beyond astrophysical environments, the MSW effect also plays a crucial role in ter-
restrial long-baseline accelerator experiments. As beam neutrinos traverse the Earth’s
crust—typically over distances of hundreds to thousands of kilometers—the matter-
induced potential introduces a difference between neutrino and antineutrino oscillation
probabilities. This arises because the sign of the matter potential flips for antineutrinos,
and the oscillation probabilities depend on the sign of the mass-squared difference Am%l.
As a result, the degree of matter-induced enhancement or suppression differs between
neutrinos and antineutrinos, and this asymmetry provides a handle on determining the
neutrino mass ordering. Experiments such as NuMI Off-axis », Appearance (NOvA)

experiment and Tokai to Kamioka (T2K) experiment, and future efforts like Deep Un-
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derground Neutrino Experiment (DUNE) and Hyper-Kamiokande, leverage this matter

effect as a key sensitivity lever in their measurement programs.

1.4.4 Experimental Approaches and Parameter Sensitivities

Oscillation experiments aim to determine the six fundamental parameters of the three-
flavour framework: the two mass-squared differences (Am3;, Am3;), three mixing angles
(612, 613, 23), and the CP-violating phase dcp. Different experimental approaches probe
these parameters across varying baselines and energy regimes. Table 1.1 summarizes

the primary sensitivities of each experimental class.

Experiment Type Status | Dominant Secondary
Sensitivity Sensitivity

KamLAND Reactor (Long-baseline) Past 012, Am%l 013

K2K Accelerator Past 623, |Am3,| —

MINOS Accelerator Past 623, |Am3,] G13

Daya Bay Reactor (Short-baseline) Current | 63 [Am3 |

RENO Reactor (Short-baseline) Current | i3 |[Am3 |

Double Chooz Reactor (Short-baseline) Current | 63 |Am3|

Super-Kamiokande Solar / Atmospheric Current | 61, Am%l; 63, | Mass ordering, 613
‘Am§1|

Borexino Solar Current | 62, Am%l 613

IceCube Atmospheric Current | 63, |Am3| Mass ordering

T2K Accelerator Current | &3, dcp 63, Mass ordering

NOvA Accelerator Current | 63, Mass ordering ocp, &3

JUNO Reactor Future Mass ordering, 013

(Medium-baseline) Am%l, 612

Hyper- Solar / Atmospheric / Ac- | Future 653, |Am§1\, dcp Mass ordering, 613

Kamiokande celerator

DUNE Accelerator Future Mass ordering, 613
dcp, 623

Table 1.1: Summary of major neutrino oscillation experiments, categorized by type and status,
along with their dominant and secondary sensitivities to oscillation parameters.

Together, these experiments have established the existence of neutrino oscillations
and measured most of the mixing parameters with increasing precision. However, key

unknowns remain—including the neutrino mass ordering, the octant of 4,3, and the value
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of dcp. These open questions provide the central motivation for the next generation
of long-baseline experiments such as DUNE and Hyper-Kamiokande, which will be

discussed in subsequent chapters.

1.5 Theory of Mass

The discovery of neutrino oscillations implies that neutrinos possess non-zero mass.
However, in the framework of the Standard Model, neutrinos remain massless due to
the absence of right-handed neutrino fields. Fermion masses in the Standard Model

arise from Yukawa interactions of the form:

['Yukawa = _)’fI/HfR + h-C-, (133)

where L is the left-handed fermion doublet, A is the Higgs field, and fz is the correspond-
ing right-handed singlet. For charged leptons and quarks, both left- and right-handed
components exist, allowing such mass terms. In contrast, since no right-handed neutrino
vz has been observed yet, no analogous Yukawa coupling can be written for neutrinos.
As a result, neutrinos are massless by construction within the Standard Model. Ex-
plaining the origin and smallness of neutrino mass thus requires an extension of the

Standard model and has far-reaching implications for particle physics and cosmology.

1.5.1 Dirac versus Majorana Neutrinos

A fundamental question in neutrino physics is whether neutrinos are Dirac or Majorana
particles. If neutrinos are Dirac fermions—Ilike electrons or quarks—they require the
existence of a right-handed neutrino field, »z, which does not participate in Standard

Model gauge interactions. This gauge-singlet field allows neutrinos to acquire mass
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through the same mechanism as other fermions: a Yukawa coupling to the Higgs field.

The corresponding term in the Lagrangian is

LDirac = ) ZfJVR +h.c, (134)

where y, is the neutrino Yukawa coupling, L is the lepton doublet, and H is the conjugate
Higgs field. After electroweak symmetry breaking, this interaction generates a Dirac
mass for the neutrino:

mp = y,v, (1.35)

where v /= 246 GeV is the Higgs vacuum expectation value. Reproducing the observed
sub-eV neutrino masses requires the Yukawa coupling y, to be exceptionally small, ap-
proximately 10712 [21, 22]. This value is many orders of magnitude smaller than the
Yukawa couplings of other fermions, such as the electron (y, ~ 107°¢). Such extreme sup-
pression appears unnatural, as the Standard Model provides no underlying reason for
why the neutrino’s coupling to the Higgs field should be so disproportionately weaker
than that of all other particles. This disparity motivates the exploration of alterna-
tive mass generation mechanisms, such as the seesaw mechanism, which can naturally
explain the smallness of neutrino masses without requiring anomalously fine-tuned pa-
rameters.

Alternatively, if neutrinos are Majorana particles, meaning they are identical to their
antiparticles, their mass can arise through mechanisms that violate lepton number con-
servation. Remarkably, it is possible to generate such a mass term without introduc-
ing new particles beyond the Standard Model, by constructing an effective interaction
involving only existing fields. This interaction, known as the Weinberg operator, is

suppressed by a high energy scale associated with physics beyond the Standard Model.
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After electroweak symmetry breaking, the Weinberg operator [23] leads to a neutrino
mass proportional to v*/A, where v is the Higgs vacuum expectation value and A rep-
resents the characteristic scale of new physics responsible for lepton number violation.
The observed smallness of neutrino masses—on the order of sub-eV—implies that A
must lie near 10" GeV [22]. This energy scale is intriguingly close to that predicted
by Grand Unified Theories (GUTS), suggesting a potential link between the origin of

neutrino mass and the unification of fundamental forces.

1.5.2 Seesaw Mechanisms

A well-known realization of the Weinberg operator is provided by the seesaw mecha-
nism [24], which offers a natural explanation for the smallness of neutrino masses. In
this framework, heavy particles—introduced through extensions of the Standard Model
—couple to the light neutrinos. As a result, neutrino masses are suppressed by the
ratio of the electroweak scale to a much larger mass scale associated with new physics.
This elegant mechanism captures the essence of why neutrino masses are many orders
of magnitude smaller than those of charged fermions.

Several variants of the seesaw mechanism exist, differing in the types of heavy par-
ticles involved—such as heavy right-handed neutrinos or scalar and fermionic triplets
—but they all share the common feature that light neutrino masses emerge due to the
presence of high-scale states that effectively decouple at low energies. While the de-
tailed dynamics depend on the specific model, the generic prediction is that observing
tiny neutrino masses today points toward physics at energy scales potentially linked to

grand unification or other beyond Standard Model phenomena.
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1.5.3 Implications

Mass-generating mechanisms often violate lepton number, leading to experimentally
testable consequences. The most prominent example is neutrinoless double beta decay
(0988), a hypothetical process in which two neutrons transform into two protons and two
electrons without emitting neutrinos. This process, illustrated in Figure 1.1, violates
lepton number conservation and can only occur if neutrinos are Majorana particles. A
discovery of 0¥88 would not only provide definitive evidence for the Majorana nature

of neutrinos, but also offer sensitivity to the absolute neutrino mass scale through the

decay rate.
P
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Figure 1.1: Feynman diagram of neutrinoless double beta decay (0¥88), where a virtual Majorana
neutrino mediates the process, allowing two neutrons to decay into two protons and two electrons
without neutrino emission. Figure taken from [25].

The high scale associated with the seesaw mechanism also provides a natural frame-
work for leptogeneesis, wherein the decays of heavy Majorana neutrinos in the early uni-
verse generate a lepton asymmetry. As first outlined by Sakharov [26], the dynamical

generation of a matter—antimatter asymmetry requires three conditions to be satisfied:

22



violation of baryon (or lepton) number, violation of C and CP symmetries, and a de-
parture from thermal equilibrium. In leptogenesis, these criteria are naturally met [27,
28]: heavy Majorana neutrino decays violate lepton number and, if CP-violating phases
are present in the neutrino sector, produce an excess of leptons over anti-leptons. Since
these decays occur out of equilibrium in the cooling early universe, the generated lepton
asymmetry is preserved and partially converted into a baryon asymmetry through non-
perturbative sphaleron processes. This mechanism offers a compelling explanation for
the observed matter-antimatter imbalance and links neutrino mass generation to one of
the fundamental questions in cosmology.

In summary, while the origin of neutrino mass lies beyond the Standard Model,
its experimental consequences are accessible to current and next-generation neutrino
experiments. These efforts form the backbone of a broader program to probe the nature

of mass and symmetry in the universe.

1.6 Open Questions in Neutrino Physics

The discovery of neutrino oscillations has opened a rich and ongoing field of inquiry
into the fundamental properties of neutrinos. While the phenomenon confirms that
neutrinos are massive and mix, several critical questions remain unresolved. Addressing
these open problems is essential not only for completing the neutrino sector but also for
understanding the broader implications for particle physics, cosmology, and the origin

of mass.

23



Normal Ordering (NO) Inverted Ordering (10)

2
ATI’L atm

55 ) I

Figure 1.2: lllustration of the two possible neutrino mass orderings: normal ordering (NO) where
ms > my > my, and inverted ordering (10) where m, > m; > mj3. The vertical axis represents
mass-squared, and the colored bars indicate the flavour composition of each mass eigenstate.

1.6.1 Neutrino Mass Ordering

Oscillation experiments are sensitive to mass-squared differences, but not to the absolute
mass values. As a result, it remains unknown whether the third mass eigenstate is the
heaviest (normal ordering, m3 > my > my) or the lightest (inverted ordering, my > m; >
ms) as illustrated in Figure 1.2.

Upcoming and ongoing long-baseline experiments, such as DUNE [29] and Jiang-
men Underground Neutrino Observatory (JUNO) [30], aim to determine the ordering
with high precision by leveraging matter effects and interference patterns in neutrino

oscillations.

1.6.2 CP Violation in the Lepton Sector

Another major open question is whether neutrino oscillations violate the CP symmetry.

The Dirac CP-violating phase d¢cp in the PMNS matrix governs this phenomenon, which

24



manifests as a difference in oscillation probabilities between neutrinos and antineutrinos.
A non-zero dcp could provide a crucial ingredient for explaining the matter-antimatter
asymmetry of the universe via leptogenesis. Present data from T2K [31] and NO»A [32]
suggest a preference for significant CP violation [33, 34], but the uncertainties remain
large. Definitive measurements are a central goal of the next generation of accelerator-
based experiments, especially DUNE and Hyper-Kamiokande. Note that the Dirac
phase dcp affects oscillation probabilities and can be measured in long-baseline exper-
iments, whereas potential Majorana phases—if neutrinos are Majorana particles—do

not influence oscillations and must be probed via processes like 0v45.

1.6.3 Absolute Neutrino Mass Scale

While oscillation experiments are sensitive to differences in squared masses, they provide
no information about the absolute mass scale of neutrinos. Determining this absolute
scale remains one of the most elusive goals in fundamental physics, with direct impli-
cations for cosmology, particle theory, and the overall structure of the lepton sector.
Three complementary experimental approaches are currently pursued, each probing a
different aspect of neutrino mass.

The most direct and model-independent method is kinematic: precise measurements
of the electron energy spectrum near the endpoint of beta decay can reveal the effec-
tive electron neutrino mass. The most sensitive experiment of this kind is KATRIN
(Karlsruhe Tritium Neutrino), which uses a high-luminosity windowless gaseous tritium
source and an ultra-precise electrostatic spectrometer over 70 meters in length to exam-
ine the endpoint of tritium beta decay. With its unprecedented energy resolution and
control of systematics, KATRIN currently places an upper bound of m, < 0.8 €V at

90% confidence level [35]. Beyond the physics reach, KATRIN represents a technolog-
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ical masterpiece—combining cryogenic pumping, high-voltage stability, and ultra-high
vacuum at massive scale—and stands as a landmark of modern experimental neutrino
physics.

A second avenue is offered by cosmological observations. Neutrinos contribute to the
energy density of the universe and influence the formation of large-scale structure. Their
masses suppress small-scale clustering and alter the evolution of density perturbations,
leaving measurable imprints on the cosmic microwave background. Recent results from
Planck, combined with baryon acoustic oscillation and lensing data, constrain the sum
of neutrino masses to Y m, < 0.12 eV [36].

A third and more indirect method involves 0¥44. If neutrinos are Majorana particles,
this process could occur in certain nuclei, providing sensitivity to the effective Majorana
mass mpgg—a coherent sum over neutrino masses weighted by the elements of the PMNS
matrix and potential Majorana phases. Experiments that target neutrinoless double
beta decay will be explained in more details in the next subsection.

Together, these approaches offer synergistic insight into the absolute neutrino mass
scale and its ordering. A consistent picture across all three methods would help distin-
guish between normal and inverted hierarchies and test the degree to which neutrino
masses are hierarchical, quasi-degenerate, or indicative of physics beyond the minimal

three-flavour framework.

1.6.4 Majorana or Dirac Nature

A fundamental open question in neutrino physics is whether neutrinos are Majorana or
Dirac particles. If neutrinos are Majorana, they are identical to their antiparticles, and
lepton number is violated. The most sensitive experimental probe of this is 0y88. Obser-

vation of this process would unambiguously confirm the Majorana nature of neutrinos,
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establish lepton number violation, and provide information on the absolute neutrino
mass scale through the effective Majorana mass term mgg.

Several next-generation experiments are actively pursuing this goal with increasing
sensitivity. Among these, the NEXT (Neutrino Experiment with a Xenon TPC) pro-
gram [25] offers a particularly promising approach, employing high-pressure xenon gas
time projection chambers to combine excellent energy resolution with topological recon-
struction of electron tracks. This capability provides powerful background rejection, a
key requirement in 088 searches. NEXT is designed to search for 0143 in **Xe with

0% years, and its modular design allows for scalable

sensitivity to half-lives beyond 1
upgrades toward ton-scale detectors in future phases.

Other leading experiments include Large Enriched Germanium Experiment for Neu-
trinoless B8 Decay (LEGEND) [37], which uses high-purity germanium detectors en-
riched in 7°Ge; CUORE Upgrade with Particle IDentification (CUPID) [38], a bolo-
metric detector targeting °°Mo; and next Enriched Xenon Observatory (nEXO) [39], a
proposed liquid xenon Time Projection Chamber (TPC) also studying **Xe. Although
no confirmed observation of 0v4f has yet been made, these efforts are rapidly advancing

the experimental frontier and will play a crucial role in determining the Majorana or

Dirac nature of neutrinos in the coming decade.

1.6.5 Sterile Neutrinos and Anomalies

Beyond the established three-flavour framework, several short-baseline anomalies and
cosmological tensions have motivated the hypothesis of sterile neutrinos—additional
neutral fermions that do not interact via the weak force but can mix with active neu-
trinos. Although Liquid Scintillator Neutrino Detector (LSND) [40] and Mini Booster

Neutrino Experiment (MiniBooNE) [41] observed excess events consistent with sterile
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neutrino oscillations at the ~1 eV scale, subsequent searches by Micro Booster Neutrino
Experiment (MicroBooNE) have not confirmed these signals [42], leading to tension in
global fits. New precision efforts, such as the Fermilab Short-Baseline Neutrino (SBN)

program [43], aim to conclusively address this possibility.

1.6.6  Unification and High-Energy Implications

The smallness of neutrino masses may be a low-energy window into physics at much
higher scales, such as grand unification or string theory. Many seesaw models operate
at scales near 10" GeV, suggesting that neutrinos could serve as a bridge to otherwise
inaccessible energy regimes. Although these connections remain speculative, they pro-
vide theoretical motivation for studying the flavour structure of the neutrino sector and

the pattern of mixing angles.

1.6.7 Conclusion and Outlook

Neutrinos remain among the most enigmatic particles in the Standard Model. Ad-
dressing the open questions outlined in this chapter—such as the mass ordering, CP
violation, absolute mass scale, and Majorana nature—requires a comprehensive exper-
imental program spanning reactor, solar, atmospheric, and accelerator-based neutrino
sources.

Among these efforts, DUNE is uniquely positioned to deliver decisive answers to
some of those questions. With its long-baseline configuration, precision Liquid Ar-
gon Time Projection Chamber (LArTPC) detectors, and high-intensity neutrino beam
from Fermilab, DUNE will probe CP violation, resolve the mass ordering, and test the

three-flavour paradigm with unprecedented sensitivity. Moreover, its capabilities ex-

28



tend beyond oscillation physics, offering the potential to detect supernova and solar

neutrinos, search for proton decay, and explore beyond-Standard-Model phenomena.
The next chapter introduces the DUNE experiment in detail, outlining its scientific

goals, experimental design, and anticipated contributions to our understanding of neu-

trinos and the fundamental structure of the universe.

29



The whole of science is nothing more than

a refinement of everyday thinking—done together.

Albert Einstein

Deep Underground Neutrino Experiment

(DUNE)

Some experiments hum quietly in the background of discovery—DUNE, however, begins
with a symphony. It is a flagship endeavor in neutrino physics, composed on a scale
never before attempted: a beamline stretching 1300 kilometers across the Earth, a

network of liquid argon detectors buried deep underground, and an experimental design
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crafted to probe some of the most profound unanswered questions in particle physics
and cosmology. From the origin of matter’s dominance over antimatter, to the ordering
of neutrino masses, to the tantalizing possibility of proton decay, DUNE is designed not
merely to listen, but to resolve—with clarity, with depth, and with force.

Much like a conductor shaping the dynamics of a performance, DUNE’s configuration
orchestrates its physics reach: a high-intensity, wide-band neutrino beam generated
at Fermilab; a long-baseline trajectory to the Sanford Underground Research Facility
(SURF); and precision detection via modular LArTPCs at both ends of the beam line,
poised to capture even the faintest traces of interaction. The far detector, with a
fiducial mass of 40 kilo-tons (ktons) of liquid argon, offers the scale necessary to collect
rare events with high statistical power. This design enables DUNE to disentangle the
overlapping melodies of CP violation and matter effects—unraveling the subtle interplay
of neutrino oscillations.

Within the global symphony of neutrino research, DUNE contributes a distinctive and
resonant movement. Alongside complementary experiments such as Hyper-Kamiokande
and JUNO, it distinguishes itself through its extended baseline and high-resolution imag-
ing capabilities. These features enable a diverse physics program, spanning precision
oscillation measurements, astrophysical neutrino detection, and searches for physics be-
yond the Standard Model.

This chapter provides an overview of DUNE’s scientific goals, experimental design,
and core technologies, with particular emphasis on the modular architecture of the
Far Detector (FD) and the role of the Anode Plane Assemblies (APAs) in the first
detector module. The APA-based design establishes the foundation for the following
chapters, which delve into the quality assurance protocols and the ongoing development

of advanced readout systems that build upon this technological framework.
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2.1 Physics of DUNE

Two primary objectives of DUNE are to establish the neutrino mass ordering and to
investigate the existence of CP violation in the leptonic sector, both achieved through
high-precision measurements of neutrino oscillation parameters. These goals are instru-
mental in testing the three-flavor neutrino oscillation paradigm and in furthering our
understanding of the fundamental symmetries governing particle interactions.

Beyond these core objectives, DUNE’s scientific program encompasses a broad spec-
trum of studies. This includes measurements of low-energy neutrinos from supernova
burst and the sun, and searches for physics beyond the Standard Model (BSM), such as
proton decay, and dark matter interactions. Furthermore, the Near Detector (ND) will
facilitate a complementary physics program, enabling precise measurements of neutrino
cross sections and nuclear effects.

To realize these objectives, DUNE leverages simultaneous fitting of the energy spectra
of neutrinos and antineutrinos (v, — v,, ¥, = %4, ¥, — v, ¥, — ¥) detected in FD. This
approach allows for concurrent determination of all relevant oscillation parameters, with
specific spectral features through the asymmetry between neutrino and antineutrino

appearance.

2.1.1 Beamline Physics

At the heart of DUNE’s long-baseline oscillation program is its ability to leverage a
high-intensity (1.2 MW, planned to be upgraded to 2.4 MW), wide-band neutrino beam
directed over a 1300 km baseline from Fermilab to the FD at SURF. This baseline is de-
liberately optimized to span both the first and second oscillation maxima, as illustrated

in Figure 2.1, thereby enhancing sensitivity to subdominant effects such as CP violation
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and matter-induced asymmetries. The combination of long baseline and broad energy
coverage allows DUNE to probe the fundamental parameters governing neutrino flavor

transformation with unprecedented precision.
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Figure 2.1: Difference in v, — », oscillation probability between dcp = +7/2 and dcp = —7/2

as a function of baseline (L) and neutrino energy (E), highlighting CP violation sensitivity regions.
The dashed curves indicate the locations of the first and second vacuum oscillation maxima. Fig-
ure adapted from [44].

A critical feature of DUNE’s design is its sensitivity to matter effects, arising from
coherent forward scattering as neutrinos propagate through Earth’s crust. These in-
teractions modify the effective oscillation probabilities, enhancing or suppressing the
v, — ¥, appearance channel depending on the neutrino mass ordering and beam mode
(neutrino or antineutrino). This intrinsic asymmetry provides a robust handle for deter-
mining whether the mass ordering follows the normal or inverted ordering. Figure 2.2
demonstrates the distinct energy-dependent behavior of neutrino and antineutrino ap-
pearance probabilities under varying values of the CP-violating phase dgp.

DUNE’s dual-mode beam operation is essential for disentangling matter-induced
asymmetries from intrinsic CP-violating effects governed by dcp. By precisely mea-

suring both appearance and disappearance channels across a wide energy spectrum,

33



0.14- Neutrinos M ogp = -2 014 Antineutrinos Ws,, =-w2
1285 km r 1285 km
Normal Ordering Hsee=0 [s,.=0

0.12-  Normal Ordering

D5CP=11'/2 DSCP=71'/2

> >
1 o 1 0.08
= =
= =
a o. o 0.06
0.04
0.02
5910 1 2 3 4 5678 590 1 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)

Figure 2.2: Oscillation probabilities P(v, — v.) (left) and P(v, — 7.) (right) as functions of
neutrino energy for a baseline of 1285 km under normal mass ordering. The bands correspond to
representative values of dcp = —=/2 (blue), 0 (red), and z/2 (green), illustrating the interplay
between CP violation and matter effects.[45]

DUNE can resolve parameter degeneracies that have limited the sensitivity of previous
experiments.

This capability translates into a world-leading sensitivity to both the neutrino mass
ordering and leptonic CP violation. As shown in Figure 2.3, DUNE is projected to deter-
mine the mass ordering with greater than So significance over most values of dcp within
a few years of operation. Figure 2.4 presents the expected significance for establishing
CP-violating effects across possible true values of dop, demonstrating DUNE’s ability
to surpass the So discovery threshold for a substantial fraction of parameter space after
a decade of operation.

Through this comprehensive approach, DUNE complements shorter-baseline and
narrow-band experiments, establishing itself as a cornerstone in the global effort to
elucidate the fundamental properties of neutrinos and to explore physics beyond the

Standard Model.
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Figure 2.3: Projected sensitivity to neutrino mass ordering as a function of dcp, assuming (left)
normal and (right) inverted mass ordering. The vertical axis shows /A2, with shaded bands indi-
cating 1o variations due to statistical, systematic, and oscillation parameter uncertainties. Results
are shown for 7-year (blue) and 10-year (orange) exposures.[45]
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Figure 2.4: Expected sensitivity to leptonic CP violation as a function of dcp, assuming (left) nor-
mal and (right) inverted mass ordering. The vertical axis shows significance & = |/Ay?. Results
are shown for staged exposures of 7 years (blue) and 10 years (orange), with shaded bands repre-
senting lo uncertainties.[45]
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2.1.2 Low-Energy Neutrino Physics

In addition to its long-baseline oscillation program, DUNE offers exceptional sensitivity
to low-energy neutrinos from astrophysical sources, most notably those emitted during
core-collapse supernovae. The 40 kt fiducial mass of liquid argon across the FD modules,
combined with fine-grained tracking and calorimetric capabilities, enables DUNE to
serve as a premier observatory for galactic supernova neutrinos.

DUNE is uniquely positioned to detect the early burst of electron neutrinos ()
produced during the neutronization phase of a core-collapse event via charged-current
interactions on argon:

ve + Ar — ¢~ + *K*. (2.1)

This sensitivity to the », channel complements water Cherenkov detectors, which
primarily observe 7, through inverse beta decay. As a result, DUNE provides critical
information on the flavor composition and time structure of the supernova neutrino
flux, offering insights into both astrophysical dynamics and neutrino properties under
extreme conditions.

While supernova neutrino detection represents a key component of DUNE’s low-
energy physics program, the experiment also holds potential for observing solar neu-
trinos through similar interaction channels. Achieving competitive sensitivity in this
domain requires enhanced background mitigation strategies, including radiopure detec-
tor components, active veto systems, and potentially a dedicated low-threshold module.
These prospects are the subject of ongoing research and development within the collab-
oration.

A detailed discussion of supernova neutrino detection capabilities, including expected

event rates and flavor sensitivity, is presented in Chapter 5. Solar neutrino detection
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prospects and associated background studies are addressed in Chapter 6.

2.1.3 Physics Beyond the Standard Model

Beyond its primary mission to investigate neutrino oscillations, DUNE serves as a pow-
erful instrument for probing BSM physics. The combination of a large fiducial mass
(40 kton), deep underground placement, and high-resolution detection capabilities en-
ables sensitive searches for rare processes and exotic phenomena that could reveal new
fundamental physics.

At the forefront of DUNE’s BSM program is the search for baryon number violation,
most notably through proton decay [46]. GUTs predict that protons are unstable, with
favored decay channels depending on the theoretical framework. While water Cherenkov
detectors such as Hyper-Kamiokande are optimized for detecting modes like p — ¢ 7°,
DUNE’s liquid argon technology offers unique sensitivity to channels involving kaons,
particularly p — K. In this mode, the low-momentum KV is invisible in water due to
falling below the Cherenkov threshold, but it produces a distinctive, trackable signature
in liquid argon. With this capability, DUNE is expected to probe proton lifetimes
beyond 1034 years for such channels, providing critical complementarity to other global
searches.

In addition to baryon number violation, DUNE offers a broad platform to explore
other BSM scenarios [46, 47]. Precision measurements of neutrino oscillations allow for
tests of the existence of sterile neutrinos, through potential deviations from the three-
flavor framework. The experiment’s sensitivity to matter effects over its long baseline
(1300 km) enables searches for non-standard interactions (NSI) that could alter neutrino
propagation in ways not predicted by the Standard Model. Furthermore, DUNE’s

intense neutrino beam and versatile detection systems create opportunities to search
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for signatures of heavy neutral leptons (HNLs) or particles associated with dark sectors,
which could manifest through rare interactions in or near the detectors. Through this
diverse range of exploratory physics, DUNE extends its impact far beyond precision tests
of established neutrino properties, positioning itself as a discovery machine capable of
addressing some of the most profound open questions in particle physics.

DUNE’s comprehensive physics program—spanning precision measurements of neu-
trino oscillations, detection of low-energy astrophysical neutrinos, and searches for rare
processes and physics beyond the Standard Model—relies critically on its innovative
experimental design. The following section outlines the key components of this de-
sign, including the neutrino beamline, near detector complex, and the modular liquid
argon-based far detector, which together enable DUNE to achieve its ambitious scientific

objectives.

2.2 DUNE experiment

The DUNE experiment consists of three main components: a new high-intensity neu-
trino beam produced at Fermilab, the ND located 574 m downstream of the neutrino
source, and the FD situated 1300 km away at SURF. An overview of this long-baseline
configuration is illustrated in Figure 2.5. The following section provides a detailed

description of each of these components.

2.2.1 Neutrino Beam

The neutrino beam for DUNE is produced by the Long-Baseline Neutrino Facility
(LBNF) [49] at Fermilab, which delivers a high-intensity, wide-band beam optimized

for long-baseline oscillation studies. Protons accelerated to energies between 60 and
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Figure 2.5: Schematic overview of the DUNE experiment. A high-intensity proton beam at Fer-
milab produces a neutrino beam directed towards the Near Detector complex. The neutrinos then
travel 1300 km through the Earth to the Far Detector located deep underground at SURF. Image
taken from [48].

120 GeV by the Main Injector are directed onto a graphite target, initiating hadronic
cascades that predominantly generate charged pions and kaons. These secondary mesons
are focused by a system of pulsed magnetic horns, which select particles of the desired

charge to control the neutrino or antineutrino content of the beam. Figure 2.6 illustrates

the schematic overview of the beamline configuration.
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Figure 2.6: Schematic layout of the LBNF beamline at Fermilab. Protons from the Main Injec-
tor are extracted and directed to the target station, where meson production and focusing occur.
The mesons decay in flight within the decay pipe, producing a neutrino beam that passes through
an absorber system before reaching the Near Detector Hall. The configuration supports flexible
operation in both neutrino and antineutrino modes. Image taken from [49].
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The focused mesons enter a helium-filled decay pipe, where they decay in flight to
produce a collimated beam of muon neutrinos or antineutrinos, depending on the horn
polarity. Downstream of the decay region, a hadron absorber and shielding system
remove residual protons, mesons, and muons, ensuring that primarily neutrinos continue
toward the Near and Far Detectors.

The LBNF beamline is designed for flexibility, allowing adjustments to the focusing
system and proton energy to tune the neutrino energy spectrum. The default configu-
ration centers the flux around 2.5 GeV, aligning with the first oscillation maximum for
the 1300 km baseline, while maintaining a broad energy profile to access both the first
and second oscillation maxima. Figures 2.7 illustrate the expected neutrino flux at FD

for forward horn current and reverse horn current modes.
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Figure 2.7: Simulated energy spectra of the DUNE beam at the Far Detector for (a) neutrino
mode (Forward Horn Current) and (b) antineutrino mode (Reverse Horn Current). The fluxes are
shown for muon neutrinos (), muon antineutrinos (7,), electron neutrinos (v.), and electron an-
tineutrinos (7). The beam is optimized to peak near 2.5 GeV, covering both the first and second
oscillation maxima.[45]

Comprehensive monitoring systems, including hadron and muon monitors down-

40



stream of the decay region, provide real-time characterization of the beam profile and
intensity. Additionally, ND complex plays a critical role in constraining the initial
neutrino flux and composition, enabling precise extrapolation to FD and control of
systematic uncertainties in oscillation measurements.

The LBNF beamline has been designed not only to meet the immediate requirements
of DUNE’s oscillation program but also to accommodate future upgrades, ensuring

long-term flexibility for evolving physics goals.

2.2.1.1 Near Detector Complex

The DUNE Near Detector complex plays a pivotal role in constraining systematic uncer-
tainties associated with neutrino flux predictions and interaction cross-sections. Located
approximately 574 m downstream of the LBNF target station, the Near Detector charac-
terizes the unoscillated neutrino beam with high precision, providing essential input for
extrapolating measurements to FD and enabling accurate determination of oscillation
parameters.

To address the diverse challenges of neutrino interaction modeling and flux normal-
ization, ND comprises a suite of complementary subsystems. The primary component,
ND-LAr, is a modular liquid argon time projection chamber designed to replicate the
target material and detection technology of FD. This ensures that neutrino-argon in-
teractions are studied in an environment closely matched to that of the oscillation
measurement, minimizing detector-related biases.

Adjacent to ND-LAr is ND-GAr, a high-resolution gaseous argon (GAr) time pro-
jection chamber surrounded by a magnet and calorimeter system. ND-GAr enhances
particle tracking, momentum resolution, and charge identification, particularly for low-

energy particles and those exiting the ND-LAr volume. This capability is crucial for
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Figure 2.8: Near Detector complex with different configuration. Schematics are shown for the
case where ND-GAr and ND-LAr are placed on axis (left), and ND-GAr and ND-LAr are placed off
axis (right). Figures taken from [45].

precise reconstruction of complex final states and for studying nuclear effects in neutrino
interactions.

Completing the system is System for on-Axis Neutrino Detection (SAND), a per-
manent on-axis detector that continuously monitors the stability of the neutrino beam
during data-taking periods, while ND-LAr and ND-GAr are in off-axis positions.

A distinctive feature of the Near Detector design is the ND-Precision Reaction Inde-
pendent Spectrum Measurement (PRISM) approach, which allows lateral movement of
the ND-LAr and ND-GAr detectors across a range of off-axis positions. By sampling
the neutrino beam at different angles, ND-PRISM effectively provides measurements
under varying neutrino energy spectra without altering the underlying neutrino inter-
action kinematics. This technique enables a powerful constraint on the relationship
between neutrino energy and observed final states, significantly reducing model depen-
dencies in oscillation analyses. The operational principle of ND-PRISM is illustrated
in Figure 2.8, showing how the detectors traverse different off-axis positions to achieve

spectral variation.
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Together, these components form an integrated system that ensures precise character-
ization of the neutrino beam and interaction dynamics. ND complex is thus essential to
achieving DUNE’s goal of high-precision oscillation measurements by providing robust

control over the dominant sources of systematic uncertainty.

2.2.2  Far Detector Concept

The DUNE FD, located 1.5 kilometers underground at SURF in Lead, South Dakota,
serves as the cornerstone of the experiment’s long-baseline oscillation program and rare-
event searches. Positioned at the end point of the 1300 km baseline from Fermilab, the
FD is designed to observe neutrino interactions after oscillation effects have developed,
providing sensitivity to key phenomena such as CP violation, mass ordering, and po-
tential signals of physics beyond the Standard Model. Its deep underground location
suppresses backgrounds, further enabling detection of low-energy neutrinos from astro-
physical sources and rare-process searches like proton decay.

The FD employs a modular architecture, consisting of four independent cryostats,
each housing a LArTPC with a fiducial mass of approximately 10 kilotons. This phased
deployment strategy allows for the integration of proven technologies in the initial mod-
ules while accommodating innovative designs in later stages as detector Research and
Development (R&D) progresses.

A schematic overview of the underground caverns and cryostat infrastructure is shown
in Figure 2.9, highlighting the scale of the detector halls and supporting systems. Each
cryostat utilizes membrane cryostat technology to contain the vast volumes of liquid
argon required for high-statistics neutrino detection, with precision-engineered internal
structures to support the TPC components and maintain uniform electric fields over

multi-meter drift distances.
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Figure 2.9: Left: Underground caverns for the DUNE Far Detector and cryogenics systems at
SURF. The drawing shows the cryostats (red) for the first two FD modules at the 4850-foot level.
Right: Schematic of a cryostat housing a 10 kt FD module, illustrating scale and supporting infras-
tructure.[50]

While all four modules share the foundational LArTPC detection principle, their
specific implementations reflect a trajectory of technological evolution. The first mod-
ule adopts a single-phase horizontal drift design utilizing APAs, providing a robust
and well-characterized starting point. The second module introduces a vertical drift
configuration with Charge Readout Planes (CRPs), aimed at increasing active volume,
enhancing mechanical efficiency and exploring alternative readout geometries. The con-
figurations for the third and fourth modules remain under active development, with
ongoing R&D investigating advanced concepts such as pixel-based charge readout and
further optimization for low-energy neutrino detection.

This modular and adaptive design philosophy ensures that DUNE not only addresses
its immediate physics goals but also remains flexible to incorporate emerging technolo-
gies. The core detection technique—LArTPC—is discussed in detail in the following
section, providing the basis for understanding the implementation strategies adopted

across the Far Detector modules.
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2.3 LArTPC

LArTPC [51, 52] represents a transformative advancement in neutrino detection tech-
nology, offering unprecedented spatial resolution, calorimetric precision, and topological
event reconstruction. Originating from the time projection chamber concept introduced
by David Nygren [53], the adaptation of this technique to cryogenic liquid argon has
enabled detectors that combine large active volumes with fine-grained imaging—capa-
bilities essential for addressing modern challenges in neutrino physics and rare-event
searches.

The choice of liquid argon as a detection medium is driven by its uniquely favorable
physical properties, as well as its availability and affordability. Its high density al-
lows for compact, fully active detectors with substantial target mass, while its chemical
inertness and noble gas electron structure ensure excellent charge transport characteris-
tics. Moreover, argon’s intrinsic scintillation properties provide a complementary optical
signal, enhancing timing resolution and background discrimination. These attributes
collectively position LArTPCs as ideal instruments for detailed studies of neutrino in-
teractions, precision oscillation measurements, and searches for processes beyond the
Standard Model.

Over the past two decades, LArTPC technology has matured through a series of
experimental milestones, including Imaging Cosmic And Rare Underground Signals
(ICARUS) [54], Argon Neutrino Teststand (ArgoNeuT) [55], and MicroBooNE [56],
demonstrating both the feasibility and scientific potential of this approach. Building
on this foundation, large-scale implementations such as ProtoDUNE [57] have validated
the scalability of LArTPCs to multi-kiloton detectors, paving the way for their central

role in next-generation experiments like DUNE.
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The subsequent sections explore the fundamental operating principles of LArTPCs,
their capabilities in particle identification, and their place within the broader landscape

of neutrino detection technologies.

2.3.1 Operating Principles of LArTPCs

When a charged particle traverses liquid argon, it interacts with a high-density medium
(1.4 g/cm?), providing a relatively high probability of interaction within a relatively
compact detector volume—an essential feature for neutrino detection. Along its path,
the particle ionizes the argon atoms, liberating electrons, and excites atoms, leading to
the formation of excimers. The decay of these excimers produces abundant scintillation
photons in the vacuum ultraviolet (VUV) range, predominantly at 128 nm. Impor-
tantly, liquid argon is transparent to its own scintillation light, allowing these photons
to propagate over large distances without significant attenuation. Efficient detection of
prompt scintillation light is critical for determining the absolute interaction time (%)),
which in turn enhances spatial resolution along the drift axis.

An externally applied uniform electric field—500 V/cm in DUNE—guides the lib-
erated ionization electrons toward the anode. This is made possible by argon’s high
dielectric strength, which allows stable operation under strong electric fields without
risk of electrical breakdown. A critical factor enabling precise charge transport in liquid
argon is its noble element nature. As a noble element, argon possesses a fully filled outer
electron shell, making it chemically inert and highly resistant to forming bonds or at-
tracting free electrons. This closed-shell configuration ensures that ionization electrons
generated by traversing particles are not readily captured by argon atoms themselves.
Instead, in ultra-pure conditions, these electrons can drift freely over several meters

without significant loss. This property is fundamental to achieving long electron drift
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distances in LArTPCs. Unlike materials with partially filled electron shells or polar
molecules, where free electrons could be easily captured or scattered, argon provides an
environment where the ionization charge remains intact, preserving detailed spatial and
calorimetric information throughout the drift. However, because even trace amounts
of electronegative impurities can disrupt this ideal behavior, rigorous purification is
essential to fully exploit argon’s electron-preserving characteristics.

The ionization electrons are subsequently collected or induce signals on finely seg-
mented readout structures. In single-phase designs, such as those employing APAs
shown in Figure 2.10, the anode consists of multiple layers of wires oriented at distinct
angles (e.g., U, V, and X planes). This configuration captures several two-dimensional
projections of the ionization pattern. By combining these projections with the mea-
sured drift time—referenced to the prompt scintillation light signal (#y)—the full three-
dimensional trajectory of the charged particle can be reconstructed with millimeter-scale
precision. Alternative designs, such as CRPs in vertical drift configurations, employ seg-
mented electrodes arranged at multiple orientations to achieve the same fundamental
reconstruction principle.

Through this combination of high-density target material, long-range charge trans-
port, precise spatial readout, and optical detection, LArTPCs function as fully active,
high-resolution detectors capable of detailed event imaging. Figure 2.10 illustrates the
working principle of LArTPC described above.

In addition to these core operational features, LArTPCs inherently provide strong
particle identification capabilities. The fine-grained tracking, combined with measure-
ments of energy loss per unit length (dE/dx) and event topology, enables effective dif-
ferentiation between particle species. This includes the ability to distinguish electrons

from photons originating in the neutrino interaction, such as those from z° decay, as
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Figure 2.10: Schematic of APA operation in a single-phase LArTPC. lonization electrons drift
toward the APA under an applied electric field, inducing signals on the U and V wire planes before
being collected on the X plane. The resulting waveforms (right) provide multiple two-dimensional
projections, which, combined with drift time, enable full 3D reconstruction of charged particle
trajectories.

well as to identify stopping protons via Bragg peak signatures and reconstruct complex
hadronic final states. These intrinsic strengths are critical for reducing backgrounds in
neutrino oscillation analyses and enhancing sensitivity to rare processes such as proton
decay. While detailed reconstruction techniques lie beyond the scope of this overview,
the role of LArTPCs in delivering precise event characterization remains central to their
application in modern neutrino physics.

While LArTPCs offer a unique combination of fine-grained tracking, calorimetry,
and particle identification within a fully active volume, they represent one approach
within a broader landscape of neutrino detection technologies. Among these, Water
Cherenkov detectors—such as Super-Kamiokande and its successor Hyper-Kamiokande
—have played a foundational role in neutrino physics for decades. The complementary

strengths and design philosophies of LArTPCs and Water Cherenkov detectors illustrate
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how diverse experimental strategies are employed to address overlapping and distinct
scientific goals. A comparative perspective highlights not only the motivations behind
DUNE’s adoption of LArTPC technology, but also how it fits within the global effort

to advance neutrino research.

2.3.2  Advantages for Neutrino Physics

In the landscape of modern neutrino detection technologies, two approaches have
emerged as dominant and complementary: Water Cherenkov detectors, exemplified by
experiments such as Super-Kamiokande and Hyper-Kamiokande, and LArTPCs, as
adopted by DUNE. Each technology offers distinct strengths, shaped by its underlying
detection principles and optimized for different physics goals.

Water Cherenkov detectors operate by capturing Cherenkov light emitted when
charged particles exceed the speed of light in water, with photomultiplier tubes (PMTs)
lining the detector volume to record these signals. This method enables the construction
of massive, cost-effective detectors with excellent sensitivity to high-energy neutrinos
and clean identification of simple event topologies, such as single-ring muon or electron
events. Hyper-Kamiokande, for example, leverages this capability with a fiducial mass
exceeding 200 kilotons to pursue studies of atmospheric neutrinos, proton decay, and
astrophysical sources.

In contrast, LArTPCs provide fine-grained, three-dimensional imaging through the
detection of ionization charge and scintillation light within a dense, fully active liquid
argon volume. This enables precise reconstruction of complex interaction topologies,
detailed calorimetry, and robust particle identification—particularly in distinguishing
electrons from photons, a critical feature for reducing neutral current z° backgrounds

in », appearance measurements. Furthermore, LArTPCs excel in tracking hadronic
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final states, offering superior energy resolution and deeper insight into neutrino-nucleus
interaction dynamics compared to the more integrated light signals of Water Cherenkov
detectors.

While Water Cherenkov detectors benefit from scalability to extremely large vol-
umes and low-energy thresholds suited for detecting solar neutrinos and certain proton
decay modes (e.g., p — ¢"7°), LArTPCs are optimized for precision studies where de-
tailed event reconstruction is essential. The intrinsic timing from scintillation light,
combined with millimeter-scale spatial resolution, allows effective background rejection
and makes LArTPCs particularly powerful for both accelerator-based programs and
rare-event searches.

For DUNE, the adoption of LArTPC technology is driven by capabilities such as pre-
cision measurements of oscillation parameters, sensitivity to CP violation, determination
of neutrino mass ordering, and searches for proton decay modes favored by Grand Uni-
fied Theories—such as p — K7 —all benefit from the detailed imaging and calorimetric
performance that LArTPCs provide. Moreover, DUNE complements global efforts, such
as Hyper-Kamiokande, by offering a contrasting detection strategy that broadens the
overall sensitivity of the neutrino physics community.

A summary comparison of the key features of Water Cherenkov detectors and LArT-
PCs is presented in Table 2.1, highlighting how each technology addresses distinct as-

pects of neutrino detection.

2.4 Implementation in DUNE: Far Detector Modules

The modular design of the DUNE FD reflects a strategic approach to balancing tech-

nological maturity with innovation. While all four modules share the foundational
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Feature

Water Cherenkov Detec-
tors

Liquid Argon TPCs

Detection Principle

Cherenkov light emission de-
tected by PMTs

Tonization charge drift and
scintillation light detected via
charge readout and photode-
tectors

Typical Medium

Ultra-pure water

Ultra-pure liquid argon

Spatial Resolution

~10s of cm (limited by PMT
coverage and light scattering)

Millimeter-scale precision via
charge readout

Calorimetry

Indirect (based on total light
yield)

Direct measurement via ion-
ization charge (dE/dx)

Particle Identifica-
tion

Effective for simple topologies
(muon vs. electron ring sep-
aration); limited for complex
or hadronic events

Detailed hadronic tracking,
complex topology reconstruc-
tion

Energy Threshold

~5-7  MeV  (Cherenkov
threshold)

MeV-scale, limited by elec-
tronic noise and backgrounds

Detector Mass

Highly scalable to 100+ kilo-
tons

Modular scalability; typical
modules order of kilotons

Best Suited For

Atmospheric and solar neutri-
nos, proton decay (p — et 7"),
supernova bursts

Precision oscillation physics,
¢/y discrimination, proton de-
cay (p — K'7), detailed in-
teraction studies

Examples

Super-Kamiokande,
Kamiokande

Hyper-

ICARUS, MicroBooNE, Pro-
toDUNE, DUNE
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Table 2.1: Comparison between Water Cherenkov detectors and LArTPCs in neutrino physics
applications.

detection principle of LArTPC, each embodies a distinct implementation that leverages
advancements in detector engineering, scalability, and performance optimization.

The first module adopts a single-phase horizontal drift configuration based on APAs,
representing the most established and well-characterized LArTPC design. The second
module, while also using horizontal drift, introduces a vertical drift architecture utilizing
CRPs, designed to increase active volume, improve mechanical efficiency, and explore
alternative readout geometries. The configurations for the third and fourth modules
remain under active development, with ongoing R&D focused on enhancing low-energy

sensitivity, background reduction, and advanced charge readout technologies such as




pixel-based systems.

This section details the design philosophies, operational principles, and motivations
behind each module, with particular emphasis on the horizontal drift APA-based mod-
ule, which serves as the technological foundation for DUNE’s initial physics program
and the focus of subsequent quality assurance (QA) and quality control (QC) efforts

discussed in this thesis.

2.4.1 First Module: Anode Plane Assemblies

The first DUNE Far Detector module employs a single-phase LArTPC design with
Horizontal Drift (HD), centered around APAs. This configuration, validated through
extensive prototyping in experiments such as ICARUS [54], MicroBooNE [56], and
ProtoDUNE-SP [57], represents the most mature and reliable implementation of
LArTPC technology at scale. Its selection reflects a balance of proven performance,
mechanical stability, and scalability—key factors in meeting DUNE’s initial physics
objectives.

In this design, ionization electrons produced by neutrino interactions drift horizontally
over several meters under a uniform electric field of 500 V /cm, directed toward the APA
surfaces. Each APA consists of a stainless steel frame supporting a grounded (G) plane
followed by three layers of precisely tensioned wires arranged in U, V, and X orientations.
The G plane, closest to the drift volume, shapes the local electric field and shields the
induction planes from the bulk drift potential, ensuring clean signal formation. The X
plane then collects charge directly, while the U and V planes, angled at +30° relative
to vertical, register induction signals. This multi-plane architecture captures distinct
two-dimensional projections of the ionization pattern. When combined with drift time

information—enhanced by scintillation light detection, this enables trajectories to be
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reconstructed in three dimensions, as shown in Figure 2.10.

Each APA measures approximately 6 meters in height and 2.3 meters in width. Mul-
tiple APAs are tiled to form continuous anode walls within the cryostat, ensuring full
coverage of the active volume. Figure 2.11 shows a photograph of a fully assembled

APA undergoing inspection, offering a view of an actual production unit.

Figure 2.11: Photograph of a DUNE APA during QA inspection. The APA measures approxi-
mately 6 meters in height and 2.3 meters in width. The presence of myself provides a sense of
scale, illustrating the modular construction used to tile multiple APAs within the FD cryostat.

To ensure low-noise signal acquisition, the readout electronics are operated within the
cryogenic environment. Cold ASICs (Application-Specific Integrated Circuits) mounted
directly on the APA frames perform pre-amplification, shaping, and digitization of wire
signals, minimizing input capacitance and thermal noise. Embedded within the APA
structure, photon detection systems capture scintillation light using wavelength-shifting

light guides coupled to silicon photomultipliers (SiPMs), providing the 7, information
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for drift-time-based reconstruction and background rejection.

Mechanical precision is critical to APA performance, particularly in maintaining uni-
form wire tension to prevent sagging or breakage during thermal cycling and operation.
To this end, rigorous QA /QC protocols are implemented throughout production, includ-
ing wire tension measurements, electrical continuity tests, and structural inspections.
Specialized diagnostic tools, such as the Digital Wire Analyzer (DWA), have been de-
veloped to enable efficient, high-throughput verification of wire integrity—an aspect
explored in detail in the following chapter.

The APA-based single-phase module forms the technological backbone of DUNE’s ini-
tial deployment, providing a robust, well-characterized platform for precision oscillation
measurements, low-energy neutrino detection, and rare-event searches. Its established
design not only supports DUNE’s early physics program but also serves as a reference

point for the evolution of detector technologies in subsequent modules.

2.4.1.1 Second Module: Charge Readout Planes

The second DUNE Far Detector module introduces a single-phase Vertical Drift (VD)
LArTPC design utilizing CRPs, marking a significant evolution in detector architec-
ture. By relocating the readout planes to the top and bottom of the cryostat, this
configuration increases the active volume relative to the total cryostat volume, while
also enhancing scalability and mechanical efficiency. At the same time, it preserves
compatibility with the reconstruction principles established in the first module, ensur-
ing continuity in physics performance.

In the VD design, a central cathode divides the detector horizontally, creating two
symmetric vertical drift regions where ionization electrons migrate upward and down-

ward under a uniform electric field of approximately 500 V/cm. This field strength
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yields the same electron drift velocity as in the horizontal drift configuration of the
first module, ensuring comparable charge transport and reconstruction performance.
However, achieving this field over the vertical drift distances requires applying a signifi-
cantly higher cathode voltage—an engineering challenge that represents a technological
milestone in large-scale LArTPC design. The vertical layout also reduces the horizon-
tal footprint of the anode planes, enabling a more compact and mechanically stable
geometry—an important consideration for multi-kiloton detectors.

At the top and bottom of the active volume, CRPs serve as the charge collection
interfaces. Each CRP consists of perforated printed circuit boards (PCBs) embedded
with segmented electrodes arranged in three orientations, typically +30° and 90°. Like
the APA-based system, this projective readout captures multiple two-dimensional views
of the ionization trails left by charged particles. When combined with drift time in-
formation—enhanced by scintillation light detection—the full three-dimensional event
topology is reconstructed with high precision. This shared reconstruction methodology
is consistent in data interpretation across both horizontal and vertical drift modules.

The CRP approach departs from traditional wire-based designs by employing rigid
PCB structures, eliminating challenges associated with wire tensioning, sagging, or
breakage. Such design choice enhances mechanical robustness, simplify construction,
and offer improved uniformity in signal response across large detector areas. Struc-
turally, the CRPs are supported by modular frameworks: the upper CRPs are suspended
from the cryostat ceiling, while the lower CRPs rest on posts on the cryostat floor. This
arrangement facilitates precise alignment, ease of installation for ProtoDUNE, and long-
term mechanical stability within the cryogenic environment. An example of the CRP
installation setup is shown in Figure 2.12 shows colleagues alongside the support frame-

work inside the cryostat during installation, providing a view of the full-scale CRP
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units.

Figure 2.12: Photograph of a full-scale CRP module for the Far Detector. The upper CRP mod-
ules are shown suspended from the ceiling structure.

By adopting vertical drift and CRP technology, the second module aims to increase
active volume efficiency, streamline large-scale LArTPC construction, and validate al-
ternative readout solutions. These innovations not only contribute to DUNE’s diverse
physics program—spanning oscillation studies and rare-event searches—but also serve

as a testbed for future advancements in liquid argon detector design.

2.4.2 Third and Fourth Modules: Modules of Opportunity

The designs of the third and fourth DUNE Far Detector modules remain deliberately
adaptable, reflecting both the rapid evolution of LArTPC technology and DUNE’s com-
mitment to integrating advancements that address challenges observed in earlier mod-

ules. While the single-phase APA design of the first module provides a stable and
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well-characterized foundation, it also exposes inherent limitations of wire-based read-
out systems—such as high channel density, ambiguities from projective geometries, and
difficulties in reconstructing complex or overlapping event topologies. The vertical drift
configuration of the second module introduces mechanical and readout improvements
but leaves open opportunities for further optimization in areas like pattern recognition,
low-energy sensitivity, and large-scale scalability.

Envisioned as “modules of opportunity,” the third and fourth modules are intended to
serve as platforms for deploying innovative detection technologies aligned with DUNE’s
expanding physics objectives. A primary focus of ongoing R&D is the development of
pixel-based charge readout systems, such as Q-Pix or LArPix, which offer true three-
dimensional, self-triggering capabilities. By replacing traditional anode planes with
pixelated readouts, these systems aim to eliminate reconstruction degeneracies inherent
to two-dimensional projections, enhance spatial resolution, and improve identification
of complex event topologies—particularly in dense hadronic environments or low-energy
neutrino interactions.

Beyond charge readout advancements, these modules may incorporate enhanced pho-
ton detection systems, novel drift configurations, or low-background design strategies
to extend DUNE’s sensitivity to rare processes and astrophysical neutrino sources. In
particular, improved granularity and lower detection thresholds are critical for preci-
sion studies of supernova and solar neutrinos, where resolving faint, localized energy
depositions can reveal subtle features of neutrino spectra and time profiles.

The third and fourth modules thus represent not only an extension of DUNE’s core
scientific program but also a strategic investment in the future of LArTPC technology.
By serving as testbeds for next-generation detector concepts, these modules will inform

the design of future large-scale neutrino experiments, ensuring that DUNE remains at
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the forefront of both discovery potential and technological innovation.

While DUNE’s FD modules represent a triumph of large-scale engineering, their
performance ultimately depends on the precision of individual components. In the first
module, APAs must function with the accuracy of a finely tuned instrument, where
thousands of wires work in harmony to ensure reliable charge readout. Maintaining this
precision requires rigorous QA and QC throughout production. The following chapter
introduces the tools and methods developed to meet this challenge, with a focus on the
DWA—a system designed to efficiently verify the mechanical and electrical integrity
of every APA wire while fabricating and before it takes its place in DUNE’s detector

ensemble.
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Great things are not done by impulse,

but by a series of small things brought together.

Vincent van Gogh

Digital Wire Analyzer

A LArTPC is much like a grand instrument, finely tuned to capture the whisper of
invisible particles. At its heart, the APA resembles the strings of a harp or a grand
piano, where each wire is meticulously engineered to play a crucial role in detecting
ionization signals left behind by passing neutrinos. Just as a musician carefully tunes
every string to ensure the harmony of a performance, every APA wire must be precisely

tensioned and electrically sound to maintain the integrity of the signals. A single mis-
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tuned string can distort a melody—likewise, a wire that is improperly setup can interfere
with signal reconstruction, compromising the physics data collected by the detector.
To ensure that every string in this neutrino instrument is in perfect condition, rigorous
quality control measures are essential. Just as a luthier inspects and tunes each string
on a piano before a performance, specialized diagnostic tools are used to verify the
tension, continuity, and isolation of every APA wire before installation. These ensure
the precision of the detector, so that it is ready to capture nature’s most elusive notes

—the rare interactions of neutrinos.

3.1 QA/QC of APA

To ensure the reliable operation of APAs described in Subsection 2.4.1, several wire
characteristics must be tightly controlled. For instance, the electrical path formed by
each wire must remain continuous from the front-end electronics through to its full
length. Discontinuities can arise from wire breakage, poor soldering at the readout
interface, or interruptions in the PCB trace. Additionally, wires must be electrically
isolated from their surroundings to maintain sensitivity to ionization electrons without
introducing leakage currents or noise. These properties are typically verified using off-
the-shelf instruments such as multimeters.

However, the wire tension—arguably the most critical characteristic—lacks such a
convenient measurement tool. If the tension is too high, thermal contraction in liquid
argon may cause the wire to snap. Broken wires risk shorting across other layers, which
could damage the detector. If the tension is too low, wires may sag under gravity or
become susceptible to mechanical vibrations. This leads to distortions in the APA’s ge-

ometry, resulting in non-uniform electric fields and misreconstruction of particle tracks.
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Vibrating wires also introduce additional electronic noise.

Previous studies have determined that an optimal wire tension of 6.86 N balances
these effects [58, 56]. This value minimizes breakage during cooldown while limiting sag
to less than 0.5 mm for the 5 m-long U and V wires.

The standard method for measuring tension involves exciting the wire and measuring

its natural frequency, which is related to tension by

T = 42L*f%d, (3.1)

where A is the linear mass density, L is the length, and f; is the fundamental fre-
quency. Various excitation techniques have been explored—mechanical [59, 60], elec-
tromagnetic [61, 62, 63, 64, 65], and electrical [66, 67, 68, 69, 70, 71, 72, 73].

Currently, the most widely used method is mechanical excitation, with the frequency
measured via a laser-reflection system. This method was implemented in the Micro-
BooNE experiment [59], as shown in Figure 3.1. A laser diode and a photodetector are
positioned in a V-shaped configuration, adjacent to each other and angled toward the
wire. When the wire is plucked, it vibrates at its natural frequency, modulating the
intensity of the reflected laser light captured by the photodetector. The resulting signal
is Fourier-transformed, and the resonance frequency appears as a peak, as seen in the
right panel of the Figure 3.1. The first and second harmonics are clearly visible.

Although effective, this method is labor-intensive and time-consuming—posing a sig-
nificant challenge for a detector on the scale of DUNE. Each APA comprises nearly
3000 wires arranged in multiple overlapping planes, amounting to approximately one
million wires across the entire experiment [29]. After assembly, wires in inner planes

are no longer physically accessible, making laser-based tensioning impractical for full
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Figure 3.1: Apparatus used for laser-based tension measurement (left) and its Fourier-transformed
frequency spectrum (right).
APA quality control.

To address these limitations, the DWA was developed [74]—a digital device capable
of simultaneously measuring the tension of up to eight wires, with full automation and

minimal operator intervention, both during and after production.

3.2 DWA Principle

In the method employed by the DWA | tested wires are excited via electromagnetic forces,
generated by two equally spaced and parallel neighboring wires [75]. These neighboring
wires are biased with a combination of alternating current (AC) and direct current (DC)

voltages. The applied stimulus voltages can be expressed as

Vi(l‘) = Vac sin(wt) + I'pc, (3.2)

where w = 27f, and the signs correspond to the two neighboring wires—one is biased

with 7y and the other with V_. This results in a voltage difference of 2Vp¢ across the
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gap between the two stimulus wires, creating a constant electric field at the location of
the test wire. Simultaneously, the V5 components capacitively couple to the test wire.
Together, these effects produce a time-varying force at frequency f on the test wire.

When the excitation frequency fmatches the natural frequency of the wire, the system
enters mechanical resonance. The test wire undergoes an amplified oscillatory displace-
ment, which can be modeled as a damped harmonic oscillator. The amplitude of the
oscillation near resonance is given by

Alw) = Ao (3.3)

V@ =Pt G

where A, is a constant proportional to the applied driving force—scaling with both

Vac and Vpc in Equation 3.2. The parameter y represents a damping coefficient, and
wo = 2zfp is the angular frequency corresponding to the wire’s natural frequency. This
equation describes the response of a driven, damped harmonic oscillator. The amplitude
remains small when the driving frequency w is either much lower or much higher than
the natural frequency wg, but it reaches a maximum when « = wy. At resonance, the
expression simplifies to:

Ao

V%0

highlighting that the peak amplitude is inversely proportional to both the damp-
ing coefficient y and the natural frequency . A smaller damping factor results in a
sharper, more pronounced amplitude peak, which improves the precision with which
the resonance frequency—and thus the wire tension—can be extracted. The width of
the peak also provides insight into energy loss mechanisms in the wire, such as material

damping or mechanical coupling to the support structure. This sharp resonance behav-
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ior is crucial to the sensitivity of the DWA, as it enables precise identification of the
natural frequency.

As the test wire oscillates transversely between two adjacent stimulus wires, the ca-
pacitances between them—denoted C4 (¢) and C_ (¢)—undergo small modulations due to
the varying distances. Let the instantaneous displacement of the test wire be described
by a sinusoidal function x(z) = 4, sin(wt), where A4, is the oscillation amplitude and
is the angular frequency. Assuming the amplitude is much smaller than the pitch 4
separating the wires (i.e., 4, < d), the distance to the right and left stimulus wires
becomes d — x(¢) and d + x(z), respectively.

For small oscillations, the mutual capacitance between wires can be approximated
as inversely proportional to their separation. Expanding 1/(d & x(¢)) to first order in

x(¢)/d, the time-varying capacitances become:

Cal)m — s (li ’”E?) _ c(m‘iﬂm@)) , (3.5)

where C is the nominal capacitance at the equilibrium distance 4. Introducing the
dimensionless parameter

Ay
a(w) = —, 3.6
(o) = (36)
which satisfies 2(w) < 1, the capacitance modulation can be written compactly as

Ci(r) = C(1+ a(w)sin(wr)) (3.7)

capturing the leading-order effect of the wire’s oscillation on the capacitive coupling.
The combination of these time-varying capacitances and voltages induces a current

in the test wire. This current, /(z), is the sum of two components from the neighboring
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wires, /4 (¢) and I_(¢), which is given by

d
x(Ci Vi)

_4
dr

[C(1£a(w)sin(wt)) (Vacsin(wt) + Vpe)]

— d% CVac sin(wr) £ Ca(w) Vg sin®(wt) & CVpe + Ca(w) Vpe sin(a)t)] (3.8)

= Cwcos(wt) (Vac + a(w)Vpc) £ 2Ca(w) Vacw sin(wt) cos(wt)

= wCcos(wt) (Vac + a(w)Vpc) £ wCa(w) Vac sin(2wt)

and thus,
I(t) = Li () + 1-(2)

= 2wCcos(wt) (Vac + a(w) Vpe) (3.9)
= 2wcos(wt) x 4’ (w)

where 4'(w) represents a composite amplitude factor incorporating the voltage and
capacitance dependencies. This induced current I(t) derived in Equation 3.9 is only
significant when the drive frequency o is the wire’s resonance. Therefore, it appears as
a strong short bipolar waveform in the frequency scan, serving as the key signature for
identifying the wire’s natural frequency, shown in Figure 3.2.

In practice, the DWA system applies these time-varying voltages to the neighboring
stimulus wires and continuously monitors the current induced on the adjacent test wires.
The resonance signature is identified by sweeping the frequency and locating the bipolar
peak.

To maximize measurement coverage, a minimal repeating unit of four wires is ar-
ranged in a specific sequence: a stimulus wire biased at V., followed by a test wire,

then a stimulus wire biased at J_, and finally a second test wire. This pattern ensures
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Figure 3.2: Resonance response of a test wire showing a bipolar current peak, fitted with the
model described by Equation 3.9. Figure taken from [75].

that each test wire is symmetrically placed between two wires with a 2Vp¢ differential.
The method is scalable by reassigning wire roles—stimulus wires can become test wires
in subsequent measurements, and vice versa. In this way, all wires on a plane can be
sequentially measured without repositioning hardware.

An important feature of this method is that it implicitly verifies both the electrical
continuity and isolation of the wires under test. Since the induced current is proportional
to the test wire’s capacitance—which depends on the effective electrical length—any
discontinuity or break in the wire distorts the signal. Similarly, if the test wire is
not electrically isolated, its potential may be constrained by an unintended connection
to a neighboring wire or ground. Depending on which wires are active in the scan,
this can result in an unusually high and flat amplitude across the frequency range or
a distorted response lacking a clear resonance peak—Dboth signatures are used to flag

isolation failures. As such, the DWA provides a comprehensive diagnostic tool for wire
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tension, continuity, and isolation—all without requiring physical access to the wires,
offering a significant advantage over previous methods relying on manual multimeter

probing.

3.3 DWA Hardware

The DWA system consists of two primary components: the power distribution box
(PDB) and the DWA unit (Figure 3.3 left). A flexible flat ribbon cable, known as the
flex cable, maintains the electrical connection between the APA and the DWA unit, as
shown in the right image of Figure 3.3. The overall system architecture is summarized

in Figure 3.4.

Wl QY

Al

Figure 3.3: Left: Photograph of the DWA unit. The power distribution box (PDB, left), optional
remote controller (front left), DWA enclosure (right), and the flex cable emerging from the front
of the DWA are visible. Right: Photograph showing the DWA in operation, with the flex cable
connecting the DWA to the APA headboard mounted on a vertical test stand.
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Figure 3.4: System-level block diagram of the DWA. The system consists of a power distribu-
tion box, an analog board containing control and signal processing electronics, and multiple relay
boards interfacing with the APA wires. Arrows indicate power and signal flow between modules.

3.3.1 Power Distribution Box

The power distribution box houses an AC-DC converter that supplies the necessary
power to operate the DWA system, converting mains voltage into regulated +5 V DC

lines. The input voltage is user-configurable for either 120 V or 230 V AC, depending
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on regional standards. Three power buttons—controlling the main power, HV DC, and
HV AC—are located on the side panel, along with three status LEDs labeled “Network”,
“Activity”, and “Error”, which reflect the operational status of the system, as can be

seen in Figure 3.5.

f-:{:x. i " LA |\J 1§

Uigital vvire Analyzer
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On/Off HV AC Hv DC
Status

s

Network Activity

Figure 3.5: Front panel of the power distribution box (PDB) of the DWA system. The top row
contains three power buttons for controlling main power, high-voltage AC (HV AC), and high-
voltage DC (HV DC). The bottom row displays three status LEDs indicating network connection
(green), activity (blue), and system errors (red).

The PDB enclosure functions as a Faraday cage, shielding the electronics from electro-
magnetic interference produced by the AC power source. An umbilical cable containing
20 individual signal and power lines connects the PDB to the DWA unit, supplying
power while also returning system status signals to the PDB to drive user feedback

LEDs.

3.3.2 Overview of the DWA Unit

The DWA unit integrates all functional modules required for stimulus generation, rout-
ing, measurement, and noise filtering. Internally, it includes the analog board, which
generates high-voltage stimulus and processes current responses from the wires; com-

mercial system-on-module (SOM) that integrates the Field Programmable Gate Array
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(FPGA), which controls frequency sweeps, signal acquisition, and communication; the
bandpass filter (BPF) boards, which isolate signals of interest while rejecting out-of-
band noise; and the relay boards, which manage high-voltage routing to and from the
APA wires. These components are organized into a compact form optimized for test

stand use. Figure 3.6 shows the analog and relay boards used in the system.

Figure 3.6: Left: photograph of the DWA unit with the top cover removed. The analog board
can be seen mounted on top, featuring the red SOM, Avnet MicroZed, hosting FPGA. The vertical
daughterboards are the BPF boards. Right: photograph of a DWA relay board. The black rectan-
gular components are high-voltage reed relays that form the switch matrix for routing stimulus and
readout signals to APA wires.

3.3.2.1 Analog Signal Generation and Amplification

The analog board serves as the core of the signal chain, handling both stimulus genera-
tion and readout amplification. It generates a high-voltage sinusoidal AC signal, which
is swept over a predefined frequency range to excite the APA wires under test. The
signal generation begins with a square wave produced by a digital-to-analog converter

(DAC), which is then shaped into a sine wave using a switched-capacitor on the BPF
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with a quality factor of approximately 10. This filtering step is essential for removing
harmonics and producing a clean sinusoidal waveform.

The resulting sine wave is amplified using a high-voltage operational amplifier with a
fixed gain of 18, powered by DC-DC converters. The use of a high-amplitude AC signal
enhances the detectability of the small capacitive currents induced by the vibrating
wire, improving the signal-to-noise ratio. Once generated, the amplified signal is passed

to the relay boards for routing to the appropriate APA wires.

3.3.2.2 Relay Boards and High-Voltage Switching

The relay boards enable the dynamic switching of the high-voltage stimulus signals
and measurement lines. Each relay board can test up to 128 wires by selecting which
wires are biased and which are read out, without manual intervention. The stimulus
voltages— 1V ac and +Vpc—are delivered to the relay boards, where the DC voltages
are generated by onboard DC-DC converters powered by a +5 V line. The DC levels
are adjustable via potentiometers.

High DC voltages increase the amplitude of the bipolar resonance response, though
their upper limit is constrained by the voltage tolerance of connected hardware. For
APA testing, the headboards are rated for 500 V in accordance with IPC-2222 [76], and
the DWA’s HVp( is set accordingly.

Stimulus voltages are distributed through a switch matrix composed of high-voltage
reed relays. These relays offer low open-circuit capacitance (approximately 1 pF), high
isolation resistance, and sufficient breakdown voltage, and also include integrated mag-
netic shielding. These properties minimize crosstalk and allow dense placement on the
printed circuit board.

The switch matrix architecture consists of bus relays and wire relays. Each bus line
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connects to two bus relays and four wire relays. A relay board contains 16 such bus
lines, totaling 32 bus relays and 64 wire relays per board. One of the two bus relays
delivers the stimulus voltage (V4 or V_), while the other is used to read out the response
signal. Each of the four wire relays selects one of the connected wires for routing to the
bus. Only one bus relay per line is active at any given time. This structure enables any
wire to be assigned as either a stimulus or measurement wire by switching the relays,
allowing all wires in the array to be tested through a series of role swaps.

The dynamic switching scheme is illustrated in Figure 3.7, which shows two consecu-
tive relay configurations used to measure alternating groups of wires. In each scan, one
set of wires is connected to the variable gain amplifier (VGA) readout while neighbor-
ing wires are biased with high voltage to induce motion. The roles are then reversed in
the next scan. This structure allows every wire in a densely packed array to be tested
using only a limited number of channel lines. On the left side of the Figure 3.7, the
relay-level logic shows which relays are active; on the right, the corresponding wire-level
connections are visualized, highlighting how the switching pattern enables complete

coverage.

3.3.2.3 VGA and Signal Conditioning

Once the current induced on the test wire is routed to the analog board, it is converted
to a voltage by a resistor and then amplified using a VGA. The VGA is implemented
using an operational amplifier in a non-inverting configuration. A digital potentiometer
serves as the feedback resistor, allowing the gain to be adjusted dynamically up to a
maximum value of 21. The resistor that converts current to voltage, connected to the
inverting input, forms a high-pass RC filter with the inherent capacitance of the wire

system. This filter has a cutoff frequency given by f, = 1/(2zRC). If the resonance
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Figure 3.7: Relay switch matrix configurations used in two consecutive DWA scans. Top: The
first configuration, where wires such as 2, 18, 34, and 50 are connected to VGA readout channels,
and adjacent wires (e.g., 1 and 3) are biased with V. and V_ to induce wire motion. Bottom:
The second configuration, where roles are swapped: the wires previously biased are now measured,
and vice versa. Red lines highlight the active connections formed through bus and wire relays,
while blue boxed relays indicate inactive lines. On the right, physical grouping of the first 17 wires
are shown for each configuration, with relays omitted. By alternating relay states in this manner,
the DWA is able to test all wires while keeping each measured wire sandwiched between two bi-
ased neighbors. The diagram is adapted and modified from [74] for clarity.
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frequency fy of the wire is well below £, the signal is heavily attenuated and difficult to
detect. Conversely, if fy is much higher than f;, the filter enters a unity-gain regime in
which small capacitance variations no longer modulate the gain, rendering the resonance
undetectable. To ensure that the resonance signal is both present and amplified, the

resistor value is selected based on the expected capacitance of the APA wires.

3.3.3 Noise Filtering and Mains Subtraction

Since APA wires can behave as antennas, the system is susceptible to electromagnetic
interference from nearby electrical equipment. To mitigate broadband noise, each of the
eight amplified signals from the VGAs is passed through a dedicated bandpass filter.
The filtered analog signals are digitized using an eight-channel, 16-bit ADC. These
digitized signals are then processed by the SOM, which performs real-time filtering and
feature extraction. More details on SOM will be discussed in Section 3.4.

One prominent noise source is the mains voltage, which introduces periodic interfer-
ence at either 50 Hz or 60 Hz, depending on the region. This is particularly problematic
when the mains frequency is close to the resonance frequency being measured. To ad-
dress this, the firmware includes an active mains noise subtraction (MNS) algorithm.
The system uses an AC-AC transformer to step down the mains voltage to 12 V AC.
This is then converted into a square wave, providing a synchronized timing reference
for noise subtraction. The square wave allows precise phase tracking of the mains in-
terference, enabling the firmware to filter out the corresponding noise components from

the digitized data. Further details on the MNS algorithm are presented in Section 3.4.
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3.3.4 Connection to APA

The DWA system connects to the APA via two polyimide flex cables—one per relay
board (Figure 3.3)—and custom probe boards that interface with the APA headboards

(Figure 3.8).

Figure 3.8: Left: photograph of the DWA probe board used to interface with APA headboards.
Right: probe boards connected to the APA headboards during testing. The topmost board is the
G-layer probe board, attached to its corresponding G-layer headboard. Below it are stacked head-
boards for the X, U, and V layers, with their shared probe board connected at the bottom.

The X, U, and V layers share a common probe board, while the G layer uses a

dedicated one. The flex cables, chosen for their high dielectric strength and flexibility,

allow dense high-voltage routing while accommodating various test stand geometries.

3.4 DWA Firmware

The DWA utilizes a commercial SOM, the Avnet MicroZed, which is based on the Xil-
inx Zyng-7020 system-on-chip (SoC). This SoC integrates a FPGA with a dual-core
Advanced RISC Machine (ARM) processor. ARM processors are power-efficient micro-
processors designed for high-performance embedded applications. They are based on a

Reduced Instruction Set Computing (RISC) architecture, which executes a streamlined
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set of instructions to achieve faster processing and lower power consumption compared
to Complex Instruction Set Computing (CISC) architectures.

The SOM connects to the DWA hardware through two 100-pin connectors, providing
digital control over key components such as the DAC, BPFs, relays, and ADC. Con-
figuration and control commands are transmitted via Ethernet from a laptop to the
SOM, enabling remote setup and automation of frequency sweeps and data acquisition.
This automation is implemented as a finite-state machine (FSM), where the firmware

transitions between a defined set of operational states in response to input conditions.

3.4.1 Measurement Control and Configuration

The firmware running on the FPGA governs the automated measurement process ac-
cording to a predefined configuration received from the host system. This configuration
includes parameters such as the frequency range, frequency step size, and dwell time
at each frequency. These values determine the behavior of the relays, the timing of
the waveform generation, and the data acquisition protocol. When a sweep is initi-
ated, the relay switch matrix is activated according to the defined sequence, and the
stimulus frequency begins at the minimum value. The system then increments through
frequency steps until the maximum frequency is reached. The step size directly impacts
the frequency resolution and thus the accuracy of the resonance detection.

To ensure accurate signal capture, the firmware allows the user to define the settling
time of the wire before each measurement. This ensures that any mechanical ringing
from the previous excitation has dissipated before new data is acquired. If this time is
too short, residual oscillations can distort the voltage amplitude measured at subsequent
frequencies.

The amplitude of the excitation signal is controlled by adjusting the DAC output,
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which in turn scales the high-voltage AC amplitude. Meanwhile, the gain of the readout
signal is tuned via a digital potentiometer controlling the VGA. The total number of
ADC samples collected per frequency step is determined by the product of two config-
urable values: the number of AC cycles per frequency point, and the number of ADC
samples per cycle. This approach allows flexible tuning of data resolution and noise

rejection.

3.4.2 Mains Noise Subtraction

In addition to programmable signal control, the firmware also implements an active
noise mitigation strategy, MNS, to suppress interference from the 50 Hz or 60 Hz mains
voltage. This technique is critical when the stimulus frequency is close to the mains
frequency or its harmonics.

The MNS process begins by recording the ambient noise prior to the application
of any stimulus voltage. This so-called noise scan is conducted at the beginning of
each sweep, and the resulting ADC samples are stored in memory. During the actual
measurement, the noise samples are subtracted from the corresponding signal samples
in real time. To ensure phase alignment between the noise and signal scans, a trigger
signal-—described earlier in Section 3.3.2—is used to synchronize both recordings.

To enhance the fidelity of the noise model, the firmware oversamples the mains noise
by a factor of 8 relative to the signal sampling rate. This high-resolution noise trace
captures small fluctuations more effectively, but it also increases memory usage. To
manage this, noise scans are only taken at 1 Hz intervals across the frequency sweep,
compared to the 2;—6 Hz step intervals used in the signal measurement. Linear inter-

polation is used to estimate the noise at intermediate frequencies not directly sampled.

This technique reduces the amplitude of the mains noise in the signal by approximately
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an order of magnitude.

Figure 3.9 illustrates the effectiveness of the MNS method. In this measurement, no
stimulus voltage was applied, and the signal arises entirely from ambient noise filtered
by the bandpass filter. The residual noise at the mains frequency is comparable to that
of its second harmonic, but remains small enough to avoid interfering with resonance

detection.

90 T T T T T T T
e  Without mains noise subtraction
801 e With mains noise subtraction

Amplitude [ADC count]

30 40 50 60 70 80 90
Stimulus frequency [Hz]

Figure 3.9: Demonstration of the effectiveness of the MNS algorithm. The plot shows the mea-
sured amplitude as a function of stimulus frequency without any applied signal voltage, isolating
the response due to ambient noise. The red trace shows the result without noise subtraction, ex-
hibiting a strong peak at 60 Hz corresponding to mains interference. The blue trace shows the
result after applying MNS, which suppresses the 60 Hz peak by nearly an order of magnitude. This
demonstrates the ability of the DWA firmware to significantly reduce environmental noise near the
mains frequency, preventing false resonance identification. Taken from [74].

3.5 DWA Software

We have developed custom software to configure the DWA firmware, control scans,

receive data, identify wire resonances, and calculate wire tensions. The graphical user
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interface (GUI), shown in Figure 3.10, organizes these functions into multiple tabs, each

serving a specific purpose.
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Figure 3.10: Screenshot of the DWA GUI during scan configuration and data collection. The left
panel displays real-time status information, including scan progress and missing measurements.
The top-center plots show signal evolution for each DWA channel. On the right, a visual repre-
sentation of the APA headboard layout helps identify which wires are selected. The software also
supports automatic scanning and resonance-based tension extraction.

3.5.1 DWA Configuration

Once the GUI is launched and the DWA system is connected via Ethernet, commu-
nication is established with the device. Upon successful connection, a green indicator
appears as can be seen in the left image of Figure 3.11, and a heart icon in the infor-
mation tab begins to pulse, signifying an active connection. The interface also displays
the connection status and the activation state of high-voltage sources. By default, the
green indicators for “HV AC” and “HV DC” are disabled; these only appear when their

respective sources are explicitly turned on.
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Figure 3.11: Screenshots of the DWA GUI. Left: The information panel confirms successful con-
nection to the DWA system. The green status labels for “HV AC" and “"HV DC” indicate that

the high-voltage sources are turned on, and the heart icon pulses to reflect active communication.
Right: Configuration panel used to define the scan conditions, including APA layer, headboard lo-
cation, flex cable orientation, and scan types (continuity and/or tension). The example shown here
is set for a G layer tension and continuity scan on headboard 1.

Following a successful connection, scan parameters can be entered through the Stim-
ulus tab as seen in the right image of Figure 3.11. The user specifies the APA layer,
side, and headboard to be tested, and the software internally calculates the wire lengths
for each APA channel based on this input. Additionally, the flex cable direction can be
specified as “Toward APA” or “Away from APA”, depending on its physical orientation.
This option is particularly useful when working around faulty relays. By toggling the
cable orientation and repeating the scan, two distinct mappings between DWA relays
and APA wires can be accessed, increasing fault tolerance in data acquisition.

The scan mode can also be selected depending on the type of measurement. For
continuity and isolation tests, a fast scanning mode is available that disables DC high
voltage and uses a coarser frequency step. This reduces scan time and is particularly

useful for quick validation of electrical connections.
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Once configuration is complete, clicking the “Configure Scan List” button generates

the scan sequence and updates the interface accordingly.

3.5.2 Data Acquisition and Monitoring

The DWA can measure 8 APA wires per scan. During scan configuration, the full set
of APA channels is divided into sequential subsets, each corresponding to a scan. A
visual representation of the APA is displayed on the right side of the interface shown
in Figure 3.10, where red lines indicate the wires currently under test. Solid lines
represent wires on Side A, while dashed lines represent their counterparts on Side B.
The horizontal lines represent the comb placed to confine the movement of wires. This
visualization updates in real time as scans progress.

Two checkboxes beneath the scan list enable automation: “Automate scanning” be-
gins the next scan in the sequence without user input, and “Auto load scan when com-
plete” loads the corresponding results tab immediately after each scan finishes. These
features enhance measurement throughput and streamline user interaction.

The Stimulus tab also displays real-time voltage data received via User Datagram
Protocol (UDP) from the ADC, plotted for each of the 8 scanned channels across stim-
ulus frequency.

Within the Results tab, the Wires sub-tab shows outcomes of continuity and isolation
tests. Continuity is assessed by comparing measured amplitude to a reference case in
which no wire is connected. If the signal profile matches the disconnected case, the wire
is likely broken. Isolation is evaluated by checking whether the wire’s signal exceeds a

threshold level; a large signal suggests coupling to another wire or component.
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3.5.3 Resonance Detection and Tension Refinement

For scans designed to measure wire tension, the Wires sub-tab also displays the calcu-
lated tension for each wire. Identifying the fundamental resonance frequency involves
several signal processing steps.

First, a cumulative sum of the amplitude spectrum is computed as a function of fre-
quency. This integral helps suppress noise and makes dominant features in the frequency
domain more prominent.

To isolate the sharp resonance features, a baseline model is constructed using a Sav-
itzky—Golay filter [77]. This method fits a third-order polynomial over a sliding window
of approximately 3 Hz in width, generating a smoothed version of the cumulative spec-
trum that captures only the slowly varying background trend. Crucially, this smoothed
output does not preserve narrow resonant peaks—it models only the baseline behavior.
The baseline output from the Savitzky—Golay filter is then subtracted from the original
cumulative signal. This subtraction yields a high-pass-filtered waveform in which broad
structures are removed and narrow resonance peaks are retained. The result is a cleaned
signal optimized for peak detection, as shown in Figure 3.12. The left and right images
show the cumulative amplitude spectrum before and after the baseline removal, which
signifies the resonant features.

To evaluate whether the processed signal contains resonances or only noise, a sliding
root-mean-square (RMS) window is applied to the resulting data to calculate a local
signal-to-noise ratio. If the RMS ratio exceeds a threshold (typically 4), the scan is
identified as containing significant resonant features.

For resonance detection, the first derivative of the signal is computed to identify rising
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Figure 3.12: Amplitude scan before (left) and after (right) signal processing with a Savitzky—
Golay filter. The resulting waveform on the right reveals narrow resonance peaks more clearly,
enabling accurate detection and tension extraction.

and falling edges. A Pythagorean sum is then calculated as

P(f) = \J4(F)2 + S(P2, (3.10)

where A(f) is the amplitude and S(f) is the slope at frequency f. This enhanced signal
accentuates narrow resonant features, even those with modest amplitudes.

Candidate peaks are then selected using an adaptive thresholding method that dy-
namically responds to local signal-to-noise conditions. Peaks that are too close together,
too small, or duplicated are removed. The initial rise of each peak is then localized by
tracking the onset of rapid amplitude increase.

Each detected peak is matched to the nearest expected resonance using a grid search
over a small frequency window. The quality of each match is scored using a cost function
that includes proximity to expected frequency, amplitude consistency, and smoothness
across channels. The lowest-cost assignment is selected to identify the wire’s fundamen-
tal resonance frequency.

With the fundamental frequency identified, the wire tension is calculated using Equa-
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tion 3.1, assuming the wire length and linear mass density are preconfigured. This
process is repeated for each wire, enabling rapid, accurate, and scalable tension mea-

surement across the APA.

Connect
D Stimulus Tensions | Log | Event Viewer
Not Connected Scans | Wires | Raw Plots (IS INCH Advanced

DWA MAC N/A

DWAIP N/A

Client IP N/A

Submission note. Remove and Archive Scan Save All Tensions Save and Load Next Unconfirmed Scan  Tensions saved!

Serial # N/A L L L LL |
Firmware N/A —% ,
Period N/A r r r I’r |1
State N/A 2 2
HVAC HVDC UA218 6.7 UA618 6.17 UA1018 7.02 Nominal Save | UA226 6.66 UA626 6.24 UA1026 7.18 Nominal save

Error state

Heartbeat *

BEI o i H——

Max ... UA220 6.83 UA620 6.15 UA1020 7.14 Nominal Save | UA228 6.73 UAB28 6.07 UA1028 7.62 Nominal Save

Step ...
Active ...
Unscanned channel | L L |
—— | T |
Scanned - unconfirmed b
UA222 6.71 UA622 6.22 UA1022 6.87 Nominal Save UA230 6.63 UAB30 6.19 UA1030 7.25 Nominal Save
0 22 0 :
UA224 6.74 UA624 6.17 UA1024 7.38 Nominal Save UA232 6.71 UA632 5.84 UA1032 7.72 Nominal Save

Figure 3.13: Screenshot of the Processed Plots sub-tab in the Results tab of the DWA GUI,
showing extracted resonance waveforms and calculated tensions for eight wire segments. Each
plot displays amplitude versus stimulus frequency for one DWA channel. Colored vertical bars in-
dicate the resonance frequencies identified by the algorithm, which are typically aligned with the
first major peak. The colors correspond to different wire segments and match the identifiers shown
beneath each plot. Dashed vertical lines indicate the expected resonance frequency for nominal
tension (6.5 N), helping the user validate results. Some segments display multiple peaks due to
comb spacing, which introduces nodal structure along the wire. If the vertical bars do not seem to
be placed at the peak, users can drag them to manually align them with all observable resonance
peaks; tension values are automatically updated in the interface. Alternatively, tensions can be
adjusted directly by editing the values in the text boxes below each plot.

This full view of the resonance spectrum provides intuitive, interactive tools for re-
fining the analysis. Multiple resonance peaks per wire segment may occur due to asym-

metrically spaced nodes created by the APA comb structure. In these cases, a single
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resonance does not fully represent the wire’s mechanical behavior, and correct tension
measurement requires aligning all vertical bars with the set of observed peaks for that
segment.

Users can conveniently click and drag the vertical bars directly in the plots to adjust
peak placement, or edit the values manually in the corresponding fields. These tools
enable efficient and accurate refinement of automated results, especially for complex
geometries or low signal-to-noise cases. Figure 3.13 shows an example of this post-

processing interface.

3.6 Performance Analysis

The results presented in this section are based on two complementary stages of DWA
development and validation. The initial performance evaluation was conducted using a
custom test stand developed during the first two years of my PhD, while I was based
at Harvard, prior to being stationed at the University of Manchester. While no pho-
tographs of the original Harvard setup are available, a functionally equivalent test stand
was later reconstructed at the University of Manchester, and its Computer-Aided De-
sign (CAD) model is shown in Figure 3.14. The Manchester test stand reproduced
the key elements of the original configuration and was used to extend the performance
validation to new operational regimes.

Most of the results in the following subsections are drawn from the earlier study
conducted at Harvard and documented in [74], while the performance limitations and
extended characterization are newly performed at Manchester and presented here for
the first time.

The following subsections evaluate the DWA system’s performance through controlled
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Figure 3.14: The DWA test stand replicating the APA setup for performance validation. The
wires are soldered onto headboards identical to those deployed in actual DUNE APAs, enabling
realistic testing of mechanical and electrical performance.

bench tests and production deployment. These tests assess continuity detection, ten-
sion measurement precision, and limitations related to wire length and environmental

conditions.

3.6.1 Continuity and Isolation Tests

To test electrical continuity and isolation, a frequency sweep was conducted from 100 Hz
to 1 kHz using a 50 Hz step size. Prior to sampling, a 0.2-second stimulus duration
was applied to allow signal stabilization. A DAC output amplitude of 512 mV and a
digital potentiometer resistance of 43 kQ were used uniformly. The results, presented in
Figure 3.15, show high reproducibility across repeated measurements. Noise was below
the marker resolution threshold and did not affect the continuity/isolation classification.

As discussed in Section 3.3.2, the shape of the amplitude response is governed by
the high-pass filter formed by the wire capacitance and input resistance of the VGA.
The total capacitance includes contributions from both the wire and internal parasitic

components, such as the switch matrix and flex cable routing. Differences in internal
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Figure 3.15: Continuity and isolation test results obtained using the DWA system. Left: Ampli-
tude response for channels 30, 51, and 52 with and without wires connected. The increased signal
amplitude in connected cases highlights the system'’s sensitivity to wire presence and continuity.
Right: Isolation tests for wire channels 51-54. Channels 52 and 53 were intentionally shorted with
a jumper wire, resulting in elevated, flat amplitude profiles characteristic of non-isolated wires. In
contrast, channels 51 and 54 display typical filtered responses, indicating proper isolation. These
results demonstrate the DWA's ability to distinguish electrically continuous and isolated wires via
simple thresholding and pattern recognition.

capacitance and gain across channels result in baseline variations. To illustrate this,
the left panel of Figure 3.15 presents responses from selected channels both with and
without wire connections. A clear contrast is observed, enabling channel-by-channel
diagnosis of wire continuity.

In the right panel, channels 52 and 53 were deliberately shorted using a jumper wire.
Their flat and elevated amplitude response clearly differentiates them from electrically
isolated wires, indicating the DWA’s sensitivity to inter-wire coupling and effective

isolation detection via threshold-based classification.

3.6.2 Tension Measurements

To validate tension measurements, eight wires were tested with expected resonance
frequencies near 200 Hz—at the high end of the DWA’s operational range. Previous

studies [75] found that resonance amplitudes diminish at higher frequencies due to
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increasing stiffness and internal damping of the wire, making excitation and detection

more challenging. Figure 3.16 illustrates this attenuation effect.
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Figure 3.16: Measured signal amplitude as a function of wire length, normalized to the response
at 1 m. Plot is taken from [75]. The increasing trend highlights the enhanced detectability of
longer wires, while shorter wires exhibit reduced amplitudes due to lower capacitive coupling and
diminished oscillation amplitudes, especially at high resonance frequencies.

The DWA was configured with a 0.125 Hz step size, 1 s stimulus duration, 2048 mV
DAC amplitude, 53 kQ resistance, 32 ADC samples per AC cycle, and +1.6 kV DC
bias. Figure 3.17 shows the resulting processed amplitude scans. The fundamental
resonance frequencies, ranging from 192.1 Hz to 199.4 Hz, are clearly resolved despite
the reduced capacitive coupling from the 4.8 mm wire pitch (larger than the 3 mm
in [75]). The DWA’s ability to measure higher frequencies is enabled by increased
DC bias and enhanced noise filtering. Since wire tension T is proportional to foz (see

Equation 3.1), this high-frequency performance extends the measurable tension range.
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Figure 3.17: Processed amplitude scans from eight DWA readout channels using 0.125 Hz fre-
quency steps and 1 s stimulus duration. Vertical offsets are added for clarity. Each trace shows a
clear resonance dip, with frequencies ranging from 192.1 Hz to 199.4 Hz, corresponding to wire
tensions between 5.8 and 6.2 N. Despite the reduced capacitive coupling from the 4.8 mm wire

pitch, resonances are well resolved due to increased

DC bias and improved noise filtering. The

scan demonstrates the DWA's capability for high-frequency tension measurement with sub-percent

repeatability.
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3.6.2.1 Frequency Detection Accuracy

To validate frequency detection, DWA results were compared to a laser—photodiode
apparatus (Figure 3.1) on a separate set of 6 m wires tensioned to 6.5 N (approx. 17 Hz).
Agreement within 0.1 Hz was observed, corresponding to 1% tension accuracy. Further
comparison using a force gauge and laser system on 1 m wires showed a systematic 0.3 N
offset in laser-derived tension due to wire density tolerance. After applying a correction
for this effect, the laser and force gauge measurements agreed with the DWA results
to within 1%, providing strong cross-validation of the DWA’s accuracy using multiple

independent techniques.

3.6.2.2 Tension Extraction and Timing Bias

Using the measured wire density, tension values from Figure 3.17 range from 5.8 to
6.2 N. The dominant source of systematic uncertainty—approximately 0.3 N—arises
from a 1 cm uncertainty in wire length. Repeated scans show tension variation below
0.1%, indicating excellent statistical precision and high repeatability of the method.
The total scan duration for Figure 3.17 was about 3 minutes, while continuity scans
in Figure 3.15 took 5 seconds. Measurement time depends on frequency range, step size,
stimulus duration, and ADC sampling. If the stimulus duration is too short, the wire
cannot fully respond, resulting in frequency shifts. Figure 3.18 shows the bias introduced
by a zero-second stimulus duration, compared to a laser baseline. A calibration factor
of 0.975 corrects this bias. Fast scans using this correction achieve the speedup by the

factor of 10 while maintaining 1% accuracy.
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Figure 3.18: Distribution of relative differences in measured wire tension between fast scans (0 s
stimulus duration) and a laser-based baseline. This systematic offset, attributed to incomplete wire
excitation, is corrected by applying a global calibration factor of 0.975.

3.6.3 Operational Limitations

Environmental effects such as humidity can influence DWA performance. High humidity
has been observed to introduce leakage currents at Daresbury Laboratory, complicating
data collection. These effects can be mitigated by using reference scans acquired under
similar environmental conditions.

In addition to environmental factors, physical constraints on the testable wire length
were systematically investigated during the extended characterization work conducted
at Manchester. This study analyzed the signal-to-noise ratio (SNR) of the DWA as a
function of wire length, providing a quantitative basis for understanding operational
limitations.

To extract the overall shape of the frequency scan while minimizing the impact of
rapid fluctuations, a moving average filter was applied to the absolute value of the origi-
nal scan following processing with the same filtering method used in the DWA software,

along with an additional low-pass filter. The window size for the moving average was
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set to half of the total frequency range, ensuring that the smoothing process captured
the broader features of the scan while reducing localized variations. The moving aver-
age was implemented using a simple averaging kernel, which was convolved with both
the amplitude and frequency arrays. Since the filter operates on the absolute value
of the signal, it effectively removes oscillatory components while preserving the overall
envelope of the waveform. This approach suppresses noise and small-scale fluctuations,
facilitating a clearer identification of large-scale signal structures without distorting the
general shape of the scan.

Figure 3.19 presents the results of this filtering pipeline. The left panel shows the
effect of applying a low-pass filter and absolute-value transformation to the data shown
in the right image of Figure 3.12. The right panel then shows the result after applying

a moving average, effectively smoothing and extracting the signal envelope.
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Figure 3.19: Signal envelope extraction process for SNR analysis. Left: The raw scan is processed
using a low-pass filter followed by an absolute-value transformation, preserving the resonance
shape while suppressing oscillatory noise. Right: The resulting signal is further smoothed using
a moving average filter with a window size equal to half the frequency range, revealing the overall

scan envelope. This approach enables robust extraction of signal amplitude for subsequent SNR
calculation.

To determine the signal amplitude, a Gaussian function was fitted around the ex-

pected location of the resonance peak. The signal amplitude Agigna1 was taken as the
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average within one o of the fitted peak. For noise estimation, the same frequency win-
dow was applied in a region without resonance, yielding Ayise- The signal-to-noise ratio
(SNR) was then calculated as: SNR = %.

The results of this Manchester-based study are shown in Figure 3.20. The data points
indicate that wires shorter than approximately 50 cm yield SNR values close to 1, sug-
gesting that resonance detection is unreliable in this regime due to the insufficient signal
response. This aligns with the practical limitation of the DWA, which requires wires
to be at least 50 cm long for any meaningful resonance measurement to be observed.
Above 90 cm, SNR increases sharply, though uncertainty also rises, likely due to damp-
ing or minor tension variations. This result confirms that the DWA performs optimally

for wire lengths greater than 50 cm, with improved resonance detection for longer wires

due to their more pronounced oscillatory response.
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Figure 3.20: SNR as a function of wire length. Wires shorter than 50 cm exhibit SNR values near
unity, making resonance detection unreliable in this regime. Beyond 90 cm, SNR increases sharply,
though with larger uncertainties, likely due to damping or tension non-uniformities.
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3.6.4 On-APA Validation of DWA

Figure 3.21 presents a comparison between DWA and laser-based tension measurements
performed on an APA produced at Daresbury Laboratory. The top panel shows per-
wire tensions across all wire planes and sides (GA to XB), with results from the DWA
(blue) and laser system (red). Shaded regions denote the nominal (blue) and accep-
tance (orange) tension ranges. The two methods show excellent agreement across all
planes. Slightly larger discrepancies in the U and V layers reflect the more complex
wire geometries, where multiple wire segments are mapped to a single readout channel,
introducing additional uncertainty in the laser measurement.

The bottom panel of Figure 3.21 shows histograms of the difference 77, — Tpwa for
each plane. The distributions are centered near zero with standard deviations below
0.5 N, confirming that the DWA delivers consistent and precise measurements. X and
G planes show the narrowest spread, while the broader spread in U and V is consistent

with the increased mapping complexity.

3.7 Summary

DWA has revolutionized the QA /QC process for APA production, addressing the lim-
itations of previous methods while ensuring the structural and electrical integrity of
APAs throughout their assembly, transport, and deployment. By enabling automated,
high-precision wire tension measurements, DWA streamlines a previously labor-intensive
process, reducing human intervention and enhancing reproducibility. Its ability to assess
wire continuity and isolation further establishes it as an indispensable diagnostic tool
for APA mass production at Daresbury, the University of Chicago, and other facilities

involved in DUNE construction.
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Figure 3.21:

Comparison of DWA and laser-based tension measurements for APA13. Top: Ten-

sion measurements from the DWA (blue) and laser system (red) across all APA planes and sides.
Shaded bands indicate nominal (blue) and acceptable (orange) tension ranges. Strong correla-
tion is observed across all layers. Larger differences in the U and V planes stem from complex
geometries where multiple segments are routed to a single channel. Bottom: Histograms of the

difference TT,er —

deviation, confirming the accuracy and precision of DWA measurements.

Towa by plane. Distributions are centered near zero with sub-0.5 N standard

The performance validation of the DWA has demonstrated its high accuracy and

reliability, with systematic comparisons to laser-based measurements confirming consis-

tency within 1% precision. The method’s robustness against environmental fluctuations,
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such as temperature and humidity variations, further solidifies its reliability in diverse
testing environments. Additionally, studies on SNR have established the operational
limits of DWA | confirming its capability to measure wires beyond 50 cm in length while
maintaining strong signal fidelity.

Following its successful validation, the DWA has been integrated into routine APA
QA /QC procedures at major production and testing sites including Daresbury Labora-
tory, the University of Chicago, Fermilab, and CERN. It is now a standard tool for both
incoming and outgoing APA inspections, supporting efficient, high-throughput verifica-
tion with minimal operator intervention. Twelve DWA units are currently in production
to meet the demands of DUNE’s large-scale APA assembly.

By bridging the gap between precision metrology and large-scale detector construc-
tion, the DWA has become a cornerstone technology in modern neutrino physics experi-
ments. Its success exemplifies how innovative instrumentation can significantly improve
detector performance and reliability, setting new standards for large-scale physics ex-
periments like DUNE.

It has been a privilege to play a leading role in the development and implementation
of the DWA, guiding the project from early prototyping through to mass deployment.
My responsibilities encompassed circuit design iterations, system integration, software
refinement, and the establishment of a production line to support large-scale usage. I
also developed training materials for use across multiple testing sites, delivered hands-
on instruction, and formalized standardized testing protocols—now adopted as routine
practice. These efforts enabled the successful scaling of the DWA into a fully integrated
QA/QC tool for APA production. To ensure long-term sustainability, I have personally
trained a growing user base, including five PhD students, three postdoctoral researchers,

and two staff scientists in Manchester. Additional training programs are planned to
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maintain technical continuity throughout the DUNE construction phase in the near
future.

Although the DWA has enabled significant advancements, there are still ways to im-
prove wire based LAr'TPCs. While these detectors have played a crucial role in neutrino
physics, their inherent limitations—high channel counts, complex signal readout, and
scalability constraints—pose growing obstacles to further advancements. Rather than
refining wire-based LArTPCs indefinitely, it is worth considering whether a fundamen-
tally different approach could unlock new possibilities. The next chapter explores one

such alternative: Q-Pix.
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Simplicity is the ultimate sophistication.

Leonardo da Vinci

Q-Pix

As LArTPCs evolve into larger and more ambitious instruments, the nature of their
performance changes. Traditional wire-based readout systems are like classical compo-
sitions—structured, continuous, and deliberate in how they record every note of a parti-
cle’s passage. However, as detectors scale toward Kilotons, this rigid approach begins to
falter. The sheer complexity of the signal space demands a new kind of instrumentation

—one that can adapt, improvise, and respond only when there is something truly worth
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hearing.

Q-Pix introduces a different philosophy of detection. It is not a piano string waiting
to be plucked, but a digital jazz musician, listening in silence and responding only when
the rhythm demands it. Each pixel in the array acts autonomously, integrating charge
over time and emitting a data “note” only when a tune is worth recording. This time-
to-charge encoding transforms the detector into an asynchronous, sparse, and highly
scalable system—TIess like a continuous recording and more like an improvisational score
built from moments of significance.

This chapter presents the motivation for developing a pixel-based readout, the prin-
ciples underpinning the Q-Pix architecture, and the results of the experimental demon-

strations of its core functionality.

4.1 Challenges of wire-based technology

Wire-based technology has a rich history in LArTPC experiments, as evidenced by its
successful implementation in ICARUS [54], ArgoNeuT [55], Liquid Argon In A Test-
beam (LArIAT) [78], Cryogenic Apparatus for Precision Tests of Argon Interactions
with Neutrinos (CAPTAIN) [79], and MicroBooNE [56]. The DUNE far detector’s first
module also utilizes this technology in its APA design describe in Subsection 2.4.1.
However, a fundamental limitation of wire-based readout is the inherent reduction of
dimensionality: the 3D evolution of ionization is projected onto 2D wire planes. This
dimensional compression introduces ambiguities that significantly complicate the recon-
struction of complex or overlapping events.

Figure 4.1 vividly illustrates this challenge with a scenario where a track is oriented

nearly parallel to the APA planes and perpendicular to the electric field. Panel (a)
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depicts this track (in red) relative to the three wire planes (orange, green, and blue). Due
to this orientation, as shown in panel (b), the ionization electrons drift simultaneously
towards all three wire planes, causing every intersected wire to receive a signal at the
same time. This results in a highly degenerate configuration where each wire plane
records a signal cluster devoid of relative timing information crucial for resolving the
track’s structure along the drift direction. Consequently, as highlighted in panel (c),
the only spatial constraint derivable from the combined wire signals is that the true
track must lie within the overlapping shaded region. This example underscores the
fundamental ambiguity arising from the 2D projection, severely limiting the ability to

uniquely reconstruct the original 3D trajectory even for relatively simple events.

drift direction

e

ST
. = Rl
I8

(a) Track Example (b) Projection to APA  (c) Possible Reconstruction

Pz — R

Figure 4.1: Example of a degenerate track configuration in a wire-based LArTPC readout. (a) A
charged particle track (red) is oriented nearly parallel to the APA planes and perpendicular to the
electric field direction. (b) Projections onto the three wire planes show that ionization electrons
arrive at all wires simultaneously, producing signal clusters without relative timing differences.

(c) The only spatial constraint inferred from the combined wire signals is that the track must lie
within the shaded overlapping region, illustrating the inherent ambiguity in reconstructing such
track orientations from 2D projections.

This inherent reconstruction problem escalates rapidly with the number of simul-
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taneously activated wires. In densely ionizing or high-multiplicity events, the lack of
temporal separation among numerous coincident signals leads to a combinatorial explo-
sion of possible 3D interpretations consistent with the 2D wire data. This can render
entire regions of the detector difficult to interpret. Furthermore, large-scale wire-based
systems like the DUNE APAs amplify this issue. Here, a single readout channel can be
connected to multiple wire segments stacked along the drift direction, meaning a sin-
gle charge signal can originate from several discrete spatial locations, further hindering
accurate 3D reconstruction.

Beyond these ambiguities rooted in the event topology and readout geometry, wire-
based systems are also susceptible to single-point hardware failures [80, 81, 82]. Each
wire and its associated electronics chain represents an independent point of failure. A
malfunction in any of these components can lead to the loss of signal from an entire read-
out channel, potentially affecting a significant volume of the detector. In APAs, where a
single channel can correspond to extended wire segments or multiple drift locations, the
failure of even one channel can noticeably reduce the efficiency of reconstructing events
across a broad area. Ensuring robustness against such failures is a critical engineering
consideration for large detectors with millions of channels, impacting their long-term
reliability and data quality.

The limitations of wire-based readout, while qualitatively evident through examples
like the degenerate track configuration, have also been quantitatively assessed. Studies
comparing 2D and 3D readout architectures, such as the one presented in Ref. [83],
demonstrate that the loss of 3D spatial information inherent to wire-based systems
leads to significant inefficiencies in event reconstruction. This dimensional reduction
obscures fine details of the ionization pattern. The quantitative analysis in Ref. [83]

provides a valuable framework for understanding these limitations and underscores the
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potential advantages of adopting 3D readout schemes like pixelated architectures, which

will be discussed in the following section.

4.2 Simulation Study of 2D vs. 3D Readout Geometries

To quantitatively evaluate the potential benefits of a true 3D charge readout for LArT-
PCs [83] conducted a comparative simulation study between a conventional 2D projec-
tive wire readout and a fully pixelated 3D readout scheme. This study assessed how
readout geometry affects neutrino event classification using deep learning techniques.
Convolutional neural networks (CNNs) were trained on identical datasets, formatted
for both 2D and 3D geometries, to evaluate differences in classification performance
without bias from reconstruction software.

Table 4.1 summarizes the classification accuracy of the trained networks for the 3D

readout configuration.

Category 3D Accuracy [%]
Neutrino Interaction 94
Proton Multiplicity 91
Charge Pion Presence 94
Neutral Pion Presence 95

Table 4.1: Accuracy in the validation set for the best 3D network to correctly classify neutrino
events.

The subsequent physics case analysis utilizes this classification accuracy results by
applying the trained networks to a realistic, flux-weighted DUNE far detector dataset.
This allows for the evaluation of physics performance metrics like efficiency, purity, and
background rejection for key event topologies using the network outputs as selection

variables, directly relevant to long-baseline neutrino oscillation studies. By optimizing
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thresholds for both 2D and 3D networks to achieve equivalent target purity or efficiency,
a fair comparison of their relative classification performance under realistic analysis
conditions is conducted.

The first analysis examines », CC event selection, essential for oscillation studies.
Figure 4.2 shows the resulting efficiency and purity as a function of neutrino energy.
At 85% efficiency, the 3D network achieves 90.6% purity, while the 2D network reaches

only 62.7%. Fixing purity at 96%, the 3D configuration maintains 78% efficiency versus

34% for 2D.
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Figure 4.2: Efficiency and purity for inclusive », CC event selection as functions of neutrino en-
ergy, for both 2D and 3D readouts. Figure from [83].

The second analysis focuses on neutral current z° production, a major background
for », CC selection. As shown in Figure 4.3, the 3D readout achieves 93.1% purity at
85% efficiency, compared to 83.5% for 2D. At 98% purity, the 3D network retains 63%

efficiency, versus 43% for 2D.
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Figure 4.3: Efficiency and purity for neutral current 7° event selection as functions of neutrino
energy, for both 2D and 3D readouts. Figure from [83].

The third analysis evaluates », CC selection, for which both readouts reach ~ 99.6%
purity when tuned for 99% background rejection. Figure 4.4 shows the 3D network
achieves an average efficiency of 72%, compared to 65% for 2D.

Together, these three classification studies demonstrate the significant advantages of
a 3D pixel-based readout over the conventional 2D projective wire configuration across
a range of neutrino interaction topologies. For complex signatures such as », CC and
NC 7z° events, the 3D readout provides substantially higher purity at fixed efficiency
and retains significantly more signal events under high-purity selection requirements.
Even for the relatively straightforward », CC selection, the 3D readout consistently
achieves better efficiency without sacrificing background rejection. These results high-
light the physics potential of a true 3D readout architecture, particularly in the context

of large-scale LArTPCs aiming to push the limits of signal identification and background

104



1.0 —
08 ——
—o—
—— +++—0—+_._

:‘? ++++++++
5 ——
Q- 0.6
°
c
©
>
9]
c
@04
)
E ——
w

0.2 4 3D - Efficiency = 0.7282 + 0.0003

' 4 3D - Purity = 0.9963 + 0.0001
2D - Efficiency = 0.6525 = 0.0003
2D - Purity = 0.9958 + 0.0001
0.0

00 25 50 75 100 125 150 175 20.0
Neutrino Energy [GeV]

Figure 4.4: Efficiency and purity for », CC event selection as functions of neutrino energy, with
99% background rejection. Figure from [83].

suppression. However, realizing such a readout in practice poses several technical and
engineering challenges, particularly in scaling pixel-based systems to the size and com-
plexity required for next-generation detectors. The following section outlines these chal-
lenges and introduces the Q-Pix concept as a promising solution to enable low-power,

scalable, and fully 3D charge readout for future LArTPCs.

4.3 Q-Pix Principle

Q-Pix is a novel pixel-based readout architecture originally proposed by Dave Nygren
in collaboration with Yuan Mei [84]. It was developed to meet the stringent demands
of low-energy, high-resolution LArTPC applications while preserving the advantages of
true 3D charge imaging.

Q-Pix employs a network of self-triggering charge-integrate/reset (CIR) blocks, each
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equipped with a free-running local clock. These blocks digitize the time intervals be-
tween charge resets locally, enabling compact encoding of both charge and timing in-
formation. This asynchronous, sparse data acquisition approach significantly reduces
the overall data volume. In addition, Q-Pix incorporates a dynamically reconfigurable,
fault-tolerant network topology, mitigating the impact of single-point failures—a key
concern in large-scale deployments.

One of the primary concerns is the significantly increased data volume associated
with pixel-based charge readout, largely driven by the higher channel count compared
to traditional wire-based systems—especially in large-scale detectors like the DUNE
FD. Moreover, in a large LArTPC, the vast majority of the detector volume is inactive
most of the time, with no interesting physics signals occurring. As a result, an effective
readout system must adhere to an “electronic principle of least action”, which can
minimize activity and power consumption under normal conditions, while remaining
capable of rapid and responsive data acquisition when a signal does appear.

The following section introduces the Q-Pix concept in more detail and explores how
it addresses the challenges of scalability and power efficiency in pixel-based readout

systems for next-generation LArTPC detectors.

4.4  Q-Pix Schematic Designs

Building on the foundational concept introduced above, the detailed implementation of
Q-Pix revolves around how charge signals are digitized and time-stamped at the pixel
level. Two primary circuit-level schemes have been proposed to realize this functional-
ity, as illustrated in Figure 4.5. The first, known as the reset scheme, formed the basis

of the original Q-Pix design and relies on detecting the moment when an integrated
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charge exceeds a predefined threshold, triggering a reset and time-stamp recording.
More recently, a refined approach called the replenishment scheme has been introduced
to address several limitations of the reset model, including improved charge-time lin-
earity and better compatibility with low-leakage electronics. The following subsections
describe these two schemes in detail, outlining their operating principles and their im-

plications for large-scale deployment in LArTPCs.

MOSFET
(h) =
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Charge sensitive  Schmitt Charge sensitive ~ Schmitt
Amplifier Trigger Amplifier Trigger

Figure 4.5: Circuit schematics of the two Q-Pix charge digitization schemes. Left: the original
reset-based scheme, in which the capacitor is fully discharged once the comparator threshold is
crossed. Right: the replenishment-based scheme, where only a fixed charge quantum is removed,
preserving the remaining charge on the capacitor. Figure taken from [85].

4.4.1 Reset Scheme

The foundational implementation of Q-Pix is based on a CIR circuit, illustrated
schematically in the left image of Figure 4.5. This design uses a self-triggering mech-
anism for charge detection and is paired with a time-stamping strategy similar to
the one successfully deployed in the IceCube experiment [86]. When charge carriers
arrive at the circuit input, they are first amplified by a charge-sensitive amplifier
(CSA) and continuously integrated onto a feedback capacitor. Once the accumulated

charge exceeds a predefined threshold set by a regenerative comparator (typically a

107



Schmitt trigger), the circuit initiates a rapid discharge of the capacitor resetting its
state, and records a time-stamp based on the local free-running clock. The pixel is
immediately ready to begin integrating charge again, enabling fully asynchronous,
triggerless operation in which each pixel responds only to meaningful signal activity.
A key feature of the reset scheme is that the entire charge stored on the capacitor
is removed during each reset, which simplifies the circuit design but also introduces a
potential limitation. If additional charge arrives during the brief reset interval, it is
discharged along with the pre-threshold charge and effectively lost, leading to a slight
undercounting of the total collected charge. Despite this, the reset time difference (RTD)
—the time interval between successive resets—serves as the core unit of information for
each pixel. Each RTD reflects the time required to accumulate a fixed charge quantum,
AQ, as set by the comparator threshold. Because the average input current / is inversely
proportional to the RTD, it can be reconstructed using the relation 7 o 1/RTD, with
I- AT = AQ. This allows a sparse and efficient reconstruction of current waveforms
without full waveform digitization. An example of waveform reconstruction using RTDs

is shown in Figure 4.6.

4.4.2 Enhanced Q-Pix Design: Replenishment Scheme

The replenishment scheme is a refinement of the original reset-based Q-Pix architecture
illustrated schematically in the left image of Figure 4.5, introduced to address a subtle
but important limitation in the charge integration process. Like the reset scheme, it
is built around the same fundamental principle: a capacitor accumulates charge from
incoming ionization signals, and when a threshold is reached, a time-stamp is recorded.
The difference lies in what happens during the discharge phase. In the original reset

scheme, the capacitor is fully discharged once the threshold is exceeded, which means
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Figure 4.6: Examples of waveform reconstruction from RTDs. The input currents are the results
of charge integration simulation for two different pixels near the vertex of simulated neutrino inter-
action. The blue lines show the current arriving to the pixel. The orange vertical lines in both of
the top images show the reset signals that were produced by the input current in each case. The
green lines on the bottom images show the reconstructed current using the RTDs. For this simula-
tion, AQ was chosen to be 1 fC (6250 electrons, or equivalently, 147.5 keV in LAr). Figures taken
from [87].

any additional charge entering the system during the brief discharge window is lost and
cannot be accounted for. This leads to a small but systematic underestimation of total
collected charge, particularly in the presence of rapidly arriving signals.

The replenishment scheme resolves this issue by replacing the full reset with a con-
trolled, partial discharge using a calibrated current source. Rather than draining the
entire accumulated charge, the system removes a known fixed amount of charge, AQ, and
records the time at which this action occurs. This preserves the ability to reconstruct
current using the same principle as the reset scheme—mnamely, that 7 oc 1/RTD, where
RTD is now the time between replenishment events. However, because only a fixed and
well-defined amount of charge is removed, any additional charge arriving during the brief
discharge interval remains on the capacitor and is included in the subsequent measure-

ment. This improves the fidelity of the current reconstruction, reduces distortion due

to signal pile-up, and enhances overall charge accounting. In effect, the replenishment
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scheme retains the simplicity and asynchronous nature of the reset architecture, while

offering a more precise treatment of dynamic charge input—an important consideration

for accurately capturing the detailed time structure of neutrino interactions in large

LArTPCs.

\ Feature

H Reset Scheme

\ Replenishment Scheme \

Discharge Method

Full capacitor reset upon
threshold crossing

Fixed charge removal using
calibrated current source

Residual
Handling

Charge

Lost during reset

Preserved and carried over
to the next cycle

Charge Accounting

Approximate; overlapping
signal charge during reset is
discarded

Precise; only known amount
removed, enabling better
charge fidelity

Circuit Complexity

Simpler

Slightly more complex due
to current source control

Response to Signal

May discard additional

Retains charge arriving dur-

Overlap charge arriving during reset | ing discharge period
Current Recon- || I o« 1/RTD, with possible | I o« 1/RTD, with improved
struction underestimation accuracy

Table 4.2: Comparison of the Reset and Replenishment Schemes in Q-Pix

4.5 Q-Pix Hardware Development

The successful implementation of the Q-Pix architecture requires rigorous hardware val-

idation to demonstrate the feasibility of its core design principles in practice. So far, our

Q-Pix collaboration has undertaken a series of prototyping efforts focused on realizing

and testing essential functionalities. These efforts represent a critical step in bridging

the gap between the conceptual design and a deployable readout system suitable for

large-scale LArTPCs. This section reviews two key milestones in the ongoing hardware

development, as reported in Refs.[85, 88], with each of the following subsections dedi-
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cated to summarizing and contextualizing the results of these studies within the broader

development trajectory of the Q-Pix readout system.

4.5.1 Demonstration of Q-Pix reconstruction mechanism

To validate the core design principles of the Q-Pix readout architecture, our collab-
oration developed and characterized a prototype front-end implementation based on
predominantly Commercial Off-The-Shelf (COTS) components [85]. This prototype
demonstrates the feasibility of realizing a sub-fC scale pixelated readout in hardware,
requiring only a single custom n-type Metal-Oxide-Semiconductor (NMOS) transistor,
with the remaining elements being mature commercial parts. This minimal reliance on
custom components makes the design highly attractive for scalable deployment, sug-
gesting that a low-power, sub-fC sensitive, pixelated charge readout —a foundational
technology for large-scale 3D LArTPCs —can be constructed using predominantly read-
ily available components and just one bespoke device.

This study, which focused on the replenishment scheme, addressed the challenge in
the stabilization of the quantized charge unit AQ through the introduction of a clocked
reset mechanism. The experimental setup employed discrete Operational Amplifier
(OpAmps), NMOS transistors, and an FPGA-controlled reset circuit, as illustrated in
Figure 4.7. This system enabled precise pulse-width modulation for the reset control,
ensuring consistent quantization in the presence of parasitic capacitances and environ-
mental noise.

By tuning the NMOS current and reset pulse width, the prototype demonstrated
reliable charge quantization down to AQ =~ 0.46 fC equivalent to 50 keV signal detection,
a value well-matched to the requirements of LArTPC applications. The performance was

quantified through measurements of the reset frequency as a function of input current,
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Figure 4.7: Photograph and schematic of the Q-Pix front-end demonstration setup. The circuit
is implemented with discrete COTS components, including OpAmps and a wire-bonded NMQOS
transistor. Measures were taken to minimize leakage current and parasitic capacitance, including
shielding, mechanical PCB modifications, and careful connector selection. Figures taken from [85].

revealing excellent time-to-charge linearity across a wide dynamic range. The results
can be seen in Figure 4.8, which shows a linear fit to the measured data and confirms
the effectiveness of the Q-Pix encoding mechanism at picoampere-scale currents.
Beyond validating charge quantization, the study also confirmed that the real hard-
ware reproduces the expected dynamic response to typical ionization current signals.
Figure 4.9 presents a comparison between simulated and measured Q-Pix reset wave-
forms for a representative input current profile. The post-improvement hardware setup
(bottom panel) closely matches the simulated behavior, demonstrating successful signal
capture and reset pulse generation with a reduced AQ of 0.46 fC. This marks the first
experimental observation of full waveform behavior in a Q-Pix-like system, providing
confidence in its ability to encode ionization topologies for later reconstruction.

These results show that despite the complexity traditionally associated with 3D pix-
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Figure 4.8: Measured input current vs. reset frequency for the Q-Pix COTS prototype. The ex-
tracted AQ = 0.46 fC demonstrates excellent time-to-charge linearity down to a few pA, validating
the core principle of the Q-Pix architecture. Figure taken from [85].

elated readouts, the practical implementation of Q-Pix may only require the design
and fabrication of a single custom transistor. With the rest of the circuitry built from
widely available components, the prototype lays a compelling foundation for a scalable,

cost-effective, and low-power front-end for large liquid argon detectors like DUNE.

4.5.2 Demonstration of Q-Pix Charge Quantization and Readout Capabilities

To evaluate the potential of Q-Pix for performing precision physics measurements, the
collaboration developed a fully COTS multi-channel prototype and applied it to a con-
trolled study of electron transport in a gaseous TPC [88]. Operating in gas provided a
stable and accessible platform to investigate charge transport without the added com-
plexity of a cryogenic environment. Specifically, the Simplified Analog Q-Pix (SAQ)
system, composed of 16 analog front-end channels and a digital FPGA-based back-end,
was used to measure the transverse diffusion of electrons in P-10 gas (90% Ar, 10%

CHy). This marks the first physics result obtained using a Q-Pix prototype, establish-
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Figure 4.9: Comparison of simulated and measured Q-Pix reset waveforms for a typical ionization
current input. The improved hardware setup (bottom panel) reproduces the expected signal shape
with a reduced AQ of 0.46 fC, demonstrating successful waveform capture by the replenishment
scheme. Figures taken from [85].

ing its viability as a low-threshold, self-triggered, and high-resolution ionization imaging
device.

The experimental apparatus consisted of a vacuum TPC with a gold photocathode
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illuminated by pulsed UV light from a xenon flashlamp to produce a well-defined electron
swarm. The electrons drifted under a uniform electric field toward a segmented anode
composed of 16 concentric annular electrodes, each coupled to a channel of the SAQ
readout. Figure 4.10 illustrates the system configuration, including the geometry of the

TPC and the anode-readout integration.
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Figure 4.10: System diagram of the TPC and SAQ electronics [88]. A UV light pulse from a
xenon flashlamp produces electrons at a gold photocathode. These drift toward a 16-channel seg-
mented anode, where the SAQ front-end records reset pulses corresponding to integrated charge.
The readout architecture enables reconstruction of the transverse distribution of the electron
cloud. Figure taken from [88].

To interpret the measured charge distributions Q(V) across the segmented anode,
the collaboration developed a set of simulations modeling the expected response of
the Q-Pix readout under various illumination conditions. As shown in Figure 4.11,
these simulations account for fiber alignment offsets and angular tilts relative to the
photocathode, which can introduce asymmetries in the radial charge profiles. While
such effects complicate the extraction of transverse diffusion, they are well-characterized
and incorporated into the analysis as constrained nuisance parameters. This modeling

enables robust comparisons between measurement and theory across a range of pressures
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and drift fields.

=1

m

s 8 = o &
-

Charge per area [arh]
L]

=
=

LY

(a)

10

08
06
04

02

L

]

10
ng
0.6
0.4

0z

IR

10
0.8
0.6

0.2

0.0 p*

id}

o

3 i
Radius [mm]

15

Figure 4.11: Simulated charge cloud distributions and corresponding radial profiles Q(r) for vari-
ous fiber orientations and positions. These models are used to account for systematic effects in the
geometry and illumination of the TPC, enabling accurate extraction of transverse diffusion from
the Q-Pix reset data. Figure taken from [88].

By monitoring the reset rates in each channel, the spatial distribution of the charge
cloud arriving at the anode could be reconstructed. The width of this distribution
reflects the degree of transverse diffusion experienced during drift. Calibrated measure-
ments were performed across a range of gas pressures (200-1500 Torr) and electric fields
(50-500 V/cm). The reconstructed charge profiles showed the expected narrowing with
increasing pressure, and no significant dependence on field strength, in agreement with
electron transport simulations using PyBoltz [89]. These results are summarized in Fig-
ure 4.12, which compares the extracted transverse diffusion coefficients to simulation
and previous experimental data.

These results confirm that Q-Pix’s time-to-charge encoding not only functions re-
liably in multi-channel configurations, but also enables quantitative reconstruction of
transport phenomena within a TPC. When considered alongside earlier waveform recon-

struction studies [85], this demonstration underscores Q-Pix’s potential as a scalable,
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Figure 4.12: Measured transverse diffusion o as a function of gas pressure (left) and drift field
(right), compared with expectations from PyBoltz simulation and prior experimental data. Results
from both the Wellesley and UTA systems show good agreement with theory, confirming that the
Q-Pix readout enables quantitative reconstruction of transport properties in a TPC. Figure taken
from [88].

physics-grade readout system for LArTPCs and other ionization-based detectors.

4.5.3 Toward Cryogenic Operation: Compact One-Channel Prototypes

A critical next step in the Q-Pix hardware development program is the validation of a
multi-channel system operating in liquid argon. While previous work has demonstrated
the core functionality of the Q-Pix readout architecture using COTS components in
room-temperature gas TPCs, its operation under cryogenic conditions remains untested.
To address this, the collaboration is pursuing a staged approach, beginning with the
design and characterization of a compact one-channel prototype intended to serve as
the basic unit of a larger, cryo-compatible multi-channel array.

The “Pill Board (PB)” prototype encapsulates the analog front-end of a single Q-Pix
channel into a compact, modular unit. Unlike previous designs that implemented a
more complex 64-channel interface from the outset, this architecture simplifies system
integration and modular testing by enabling the use of identical one-channel units. The
current design remains scalable, with support for expansion to a full 64-channel system

interfaced to a shared digital readout back-end. To characterize the performance of the
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PB and validate its response to known input currents, a circuit analysis was conducted at
the University of Texas at Arlington (UTA). The measurements utilized a custom-built
nanoampere-scale current source developed at UTA, capable of delivering highly stable,
low-current signals appropriate for Q-Pix calibration.By sweeping the input current and
recording reset time intervals, the effective AQ for the PB was extracted under various

operating conditions, providing a foundational calibration for future cryogenic testing.

4.5.3.1 Design Strategy: Modular One-Channel “PB” Prototype

The PB implements the replenishment-based CIR architecture in a fully self-contained
format. Its design prioritizes modularity, simplicity, and cryogenic compatibility, making
it an ideal unit for calibration, testing, and tiling into a larger system. Figure 4.13
shows both a photograph of the PB and a simplified schematic of its core analog logic,

highlighting the connection between the circuit design and its physical implementation.
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Figure 4.13: Schematic (left) and photograph (right) of the Q-Pix PB designed by Kevin Keefe,
The University of Texas at Arlington. The design implements the replenishment-based CIR scheme
in a compact and modular form factor. Together, these images highlight the connection between
the circuit architecture and its physical realization.

At the core of the PB is a CSA implemented using a low-leakage operational amplifier.
Input current from the anode electrode is integrated until the output voltage crosses a

threshold set by a comparator, which then triggers a charge replenishment. This signal,
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corresponding to the quantized charge AQ, is the key observable in the Q-Pix encoding
scheme. What is particularly notable about this implementation is its use of a sim-
ple replenishment mechanism based on a voltage buffer and resistor—effectively using
Ohm’s law (V/R) to deliver a controlled charge subtraction. This approach avoids the
need for a regulated current source or custom transistor and contrasts with the more
sophisticated replenishment circuit used in the COTS prototype introduced in subsec-
tion 4.5.1, which employed a four-terminal NMOS device to inject a fixed charge with
greater precision. The simplicity of the V/R approach offers a pragmatic path toward
modular testing, even if it sacrifices some control over charge quantization compared to
dedicated current-source designs.

The analog front-end is complemented by a digital slow control system, which al-
lows in situ tuning of critical operating parameters. Two I>?C-controlled digital poten-
tiometers adjust the reference voltage (Vif) and common-mode voltage (Vey), while a
dual-channel DAC (AD5339) supplies biasing voltages with high precision. This con-
figuration supports automated calibration workflows and enables stable operation in
cryogenic environments-where manual tuning is impractical. The design also includes
careful grounding and filtering to minimize noise and leakage current. Guard-ring struc-
tures and shielding capacitors are used to further suppress noise.

One of the key advantages of the PB architecture is its scalability. Each unit can
be treated as a standalone channel, allowing for straightforward replication and tiling
into a 64-channel readout system. This modular approach reduces design complexity
and facilitates both system integration and debugging. By abstracting each readout
channel into an independent unit, the PB serves as a versatile building block for the

next-generation Q-Pix system aimed at cryogenic deployment.
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4.5.3.2 Circuit Characterization and Calibration Infrastructure

To enable precise calibration of the PB prototype, a dedicated low-noise current source
board was developed to supply well-defined nanoampere-scale input currents. The cir-
cuit is based on a quad op-amp configured to generate a programmable current output of
-1A to 1A, with the input voltage of -10V to 10V. A trim stage allows fine-tuning of the
current level to sub-nanoampere precision. The current source was carefully designed
to be symmetric with respect to ground, supporting both positive and negative current
delivery. This allows bidirectional testing of the PB response and full characterization
of its linearity. The system is powered using isolated +2.5 V supplies to minimize noise
pickup.

The board was calibrated using a nanoammeter and tested across a range of expected
current values. Repeated measurements showed excellent linearity and reproducibility,
as shown in Figure 4.14. The RMS variation between measurements was negligible
across the tested range, confirming the current source as a reliable input reference
for PB calibration. This infrastructure enables precise extraction of the effective AQ
for each PB, as well as characterization of noise performance, integrator stability, and
replenishment timing.

The PB prototype was calibrated by injecting the controlled current from the nanoam-
pere current source (described above) at room temperature and observing the output
of the charge-integrate and reset logic using a digital oscilloscope. The goal of this
procedure was to validate that the replenishment-based Q-Pix mechanism functions as
expected and that the RTD encodes the input current in a predictable and repeatable
manner.

Figure 4.15 shows oscilloscope traces captured during the test, with input currents of
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Figure 4.14: Calibration of the nanoampere current source board. Three independent measure-
ments confirm excellent linearity between expected and measured current values over a range of
+1 nA. This stability enables high-precision characterization of the PB readout circuit. The error
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bars are smaller than the data point markers and are not visible at this scale.

approximately 0.65 nA and 0.90 nA. The yellow trace corresponds to the output of the
integrator, which exhibits a sawtooth-like waveform as the input current charges the
integrator until it crosses the threshold. The blue trace shows the output of the Schmitt
trigger comparator, which generates a replenishment pulse each time the threshold is
crossed. As expected, the time between reset pulses decreases as the input current

increases, indicating a larger quantity of charge accumulated over a shorter time interval.

RIGOL
DHi

0924
| Waveform View(ROLL)

Figure 4.15: Oscilloscope capture of the PB response to 0.65 nA (left) and 0.95 nA (right) in-
put current. The RTD shortens compared to the 0.65 nA case, as expected from increased input

current.
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To quantify the performance of the circuit, the inverse of the measured RTD (1/RTD)
was plotted against the expected current from the calibrated current source. As shown
in Figure 4.16, the relationship is approximately linear, consistent with the Q-Pix op-
erating principle: a constant input current results in a regular reset interval inversely
proportional to the current magnitude. This measurement confirms that the PB circuit
performs the time-to-charge conversion accurately and consistently across a representa-

tive current range.

Calibration

Invrerse of RTD

T T T T T
0.2 0.4 0.6 0.8 1.0
Expected current

Figure 4.16: Calibration curve for the PB prototype. The inverse of the RTD shows an approxi-
mately linear relationship with the expected input current from the calibrated nanoampere source,
confirming the validity of the time-to-charge encoding mechanism. The error bars are smaller than
the data point markers and are not visible at this scale.

These calibration measurements were performed at room temperature to establish
baseline performance of the PB circuit prior to cryogenic deployment. The observed
linearity and repeatability of the replenishment timing behavior confirm that the circuit
performs reliably under controlled conditions and is ready for further validation in liquid
argon. This warm test campaign serves as an essential intermediate step, ensuring that

the analog front-end and time-to-charge encoding mechanism are well-understood before
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subjecting the system to the challenges of cryogenic operation.

4.5.3.3 Toward Multi-Channel and Cryogenic Deployment

With the successful validation of the PB prototype at room temperature, the next stage
of development is focused on scaling the system to a 64-channel Q-Pix-ASIC prototype
and demonstrating its performance in liquid argon. This ongoing effort is planned to be
carried out using the UTA-Harvard (UTAH) TPC, a vertically oriented cylindrical time
projection chamber designed for precision detector R&D in cryogenic environments. A
photograph of the assembled system is shown in Figure 4.17, along with a set of detailed

CAD views of the field cage and mounting infrastructure.
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Figure 4.17: Left: Schematics diagram of the UTAH TPC field cage. Right: Photograph of the
UTAH TPC, a vertically mounted cylindrical time projection chamber for LAr R&D. Modular field-
shaping rings and mounting structures accommodate a 64-channel Q-Pix readout system.
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The UTAH TPC features a cylindrical field cage with a 92 mm inner radius and a
total drift length of 255 mm. The cage consists of field-shaping rings spaced along the
vertical drift axis. The rings are connected via a resistive divider chain to maintain a
uniform drift field, nominally operated at 500 V/cm. A mesh cathode sits at the base
of the drift volume, while an anode mesh and signal collection region are located at the
top. Simulations confirm that the electric field is uniform to within 1% across the active
region, ensuring reliable charge transport.

The cryogenic deployment is supported by a well-characterized LAr fill and purifica-
tion procedure developed for the UTAH TPC. The TPC is lifted into position using a
crane and seated on a thermal insulation platform, while an environmental fans are used
to prevent condensation around the signal interface. This infrastructure enables stable
cooldown and high-purity conditions for extended operation. For the planned tests, the
nominal drift length of approximately 12.8 cm and an operating drift field of 100 V/cm
correspond to a maximum drift time of roughly 80 us, which defines the expected reset
pulse interval range for the Q-Pix system during cosmic muon and a-source calibration
studies.

The physics-readout capability of the Q-Pix system in LAr will be tested with two
main event sources; ' Am source and cosmic-ray muons. For the ?*!Am source, a thin,
needle-like encapsulation will be inserted into the drift volume. The « particles emitted
by this source will produce short, localized ionization clusters. In addition, the vertical
geometry of the TPC makes it well suited to capture cosmic-ray muons, which generate
extended ionization tracks traversing the full drift region. These complementary signals
will provide clear benchmarks to evaluate spatial resolution, temporal stability, and
event reconstruction using Q-Pix’s time-to-charge encoding.

The development of the PB prototype and its ongoing integration into the UTAH
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TPC mark a pivotal point in the experimental realization of Q-Pix. The modular
architecture, validated calibration methodology, and upcoming cryogenic deployment
collectively demonstrate the feasibility of scaling Q-Pix from a conceptual circuit to a
functioning, physics-capable readout system.

These efforts provide the foundational hardware needed to explore Q-Pix’s strengths
in low-energy ionization signal detection—particularly in the context of rare-event
physics. In the next chapter, this potential is examined through a detailed study of
Q-Pix’s sensitivity to supernova neutrino bursts, where the architecture’s fine-grained
temporal resolution and self-triggered design offer unique advantages in capturing

low-energy, time-structured signals.
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Remember to look up at the stars and not down
at your feet. Try to make sense of what you see
and wonder about what makes the universe exist.

Be curious.

Stephen Hawking

Q)-Pix Supernovae studies

Stars have always captivated us with their brilliance, quietly twinkling in the night sky.
For most of their lives, they shine with a steady rhythm, fusing lighter elements into
heavier ones in a slow, burning harmony. They have guided sailors across oceans and
inspired stories sung across generations. Some stars, like our Sun, will one day dim and
fade in silence, transitioning gracefully into white dwarfs—a quiet coda to a long-lived

stellar symphony. But others, those with at least eight times the mass of our Sun, are
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destined for a far more dramatic finale. These massive stars end not in fading light, but
in a final, resonant crescendo: a core-collapse supernova, the dying chord of a stellar
life played at full cosmic volume.

This chapter is devoted to those fleeting neutrinos. We explore how Q-Pix, with its
quiet vigilance and exquisite timing, is uniquely suited to capture the earliest whispers
of a supernova burst. These are not the high-energy collisions of accelerator beams, but
subtle impressions from deep space—low-energy, untriggered events that unfold over
tens of seconds, requiring a detector that listens patiently and responds precisely.

Building on the architectural foundation laid in the previous chapter, we now consider
how Q-Pix can elevate DUNE’s sensitivity to supernova neutrinos. Q-Pix’s time-to-
charge encoding, low detection threshold, and continuous readout make it an ideal
instrument for this rare but information-rich phenomenon. The study presented here
forms the basis of my co-published work [87] and demonstrates how, in the hands of Q-
Pix, DUNE becomes not just a long baseline neutrino experiment, but an astrophysical

observatory—attuned to the dying notes of distant stars.

5.1 Supernova explosion

The path to this final crescendo is forged through nuclear fusion. Over the course of
millions of years, massive stars evolve through a series of nuclear burning stages, using
progressively heavier elements as fuel: hydrogen, helium, carbon, neon, oxygen, and
silicon. In each stage, these elements fuse into heavier ones, causing the star’s core to
grow increasingly hot and dense. The energy from these nuclear reactions provide an
outward pressure that counterbalances the inward pull of gravity. When one type of

fuel is exhausted, the star contracts, heats up, and ignites the next fuel source, typically
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the fusion product of the previous stage. While hydrogen and helium burning can last
millions of years, the final burning phase with silicon only lasts for about two weeks.
Silicon burning produces iron-group nuclei, marking the last exothermic fusion process.
From this point on, no further fusion can release energy. As the core temperature
continues to rise, high-energy gamma rays begin to break down iron nuclei into lighter
components—a process known as photodisintegration. This reaction absorbs energy,
further reducing the pressure within the core and accelerating its collapse. With no
fusion left to sustain the star and energy being actively consumed by nuclear disinte-
gration, the core—now a dense mass of iron—collapses under its own weight at nearly
a quarter of the speed of light. The collapse is abruptly halted by the short-range re-
pulsive nuclear force, sending a shock wave surging outward. This rebounding shock
is the true identity of a core-collapse supernova, unleashing a torrent of energy that
briefly rivals the combined luminosity of an entire galaxy [90]. Though not the most
energetic explosion in the universe, it is among the most luminous and most revealing—
an astrophysical event where gravity, quantum mechanics, and nuclear physics collide
in a single moment. This is the iron-core collapse supernova, the dominant pathway for
the death of massive stars.

Alternative collapse scenarios exist. One such example is the electron-capture su-
pernova (ECSN), in which a degenerate oxygen-neon-magnesium core succumbs not
to photodisintegration, but to electron capture. These ECSN models—such as those
developed by the Garching group—present distinct dynamics and neutrino emission
signatures, which will be explored in detail in Section 5.3.1.

Starting from the core collapse of the star, approximately 99% of the gravitational
binding energy will be carried away by neutrinos, totaling around 3 x 10%* ergs (3 x

104 jouls) over about 10 seconds—equivalent to 2 x 10'? times the Sun’s total energy
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output over one year [91]. The vast majority of these neutrinos escape the star and
travel across the universe, offering a unique glimpse into the supernova’s core processes
before any light signal arrives at Earth. The sequence of events leading to a core-collapse

supernova is visually depicted in Figure 5.1.

Figure 5.1: lllustration of the core-collapse supernova mechanism. (A) A massive star evolves
through successive nuclear burning stages, forming an onion-like structure with progressively heav-
ier elements toward the center. (B) As silicon burning ceases, an inert iron core forms and contin-
ues to grow. (C) With no fusion left to support it and photodisintegration of iron nuclei removing
thermal pressure, the core becomes unstable. (D) The core collapses at relativistic speeds until
halted by nuclear repulsion in the inner core. (E) This abrupt halt generates a rebounding shock
wave that propagates outward through infalling material. (F) The shock wave, potentially revived
by neutrino heating, ejects the outer layers in a supernova explosion.

5.2 Supernovae Neutrinos

The journey to the first discovery of supernova neutrinos began with a silent signal

that arrived before dawn on February 23, 1987. At 16:35:35 JST, the Kamiokande
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experiment in Japan recorded a sudden burst of neutrinos—lasting just 13 seconds
—originating from a stellar explosion in the Large Magellanic Cloud. At the time,
however, the event did not trigger any immediate alarms or recognition; the signal was
quietly logged without being flagged as unusual. It wasn’t until February 25, when a
faxed message from the University of Pennsylvania reached the University of Tokyo (see
Figure 5.2, left), that the significance of this fleeting signal came to light. Prompted
by this external alert, the Kamiokande team began a detailed re-analysis of their data
on February 27—discovering that they had, unknowingly, recorded the first glimpse of
supernova neutrinos, hours before the light from the explosion was observed on earth.

In a small personal twist of fate, that date—February 27—would become my birthday
exactly ten years later. Just as Kamiokande turned its eye to the data and unearthed
a new window into the cosmos, so too has that date marked the beginning of my own
journey into neutrino physics. The serendipity of it is hard to ignore.

As shown in the right panel of Figure 5.2, the burst signal reveals a sharp peak
and, just before it, a two-minute gap—caused by a brief maintenance downtime. Had
that pause lasted any longer, the discovery might never have happened. Instead, this
remarkable event revealed that neutrinos precede light in a supernova, offering humanity
both a deeper understanding of stellar collapse and a powerful early warning mechanism
for future cosmic events [92].

These neutrinos, emitted during the collapse of a massive star, typically carry en-
ergies in the range of a few to several tens of MeV—distinctly higher than those of
solar neutrinos but well below the GeV-scale neutrinos studied in accelerator experi-
ments. This intermediate energy regime presents both a challenge and an opportunity:
it requires detection technologies capable of low thresholds, fine time resolution, and

efficient background suppression, especially when aiming to extract information beyond
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Figure 5.2: The left photo shows the faxed message sent from the University of Pennsylvania

to the University of Tokyo on February 25, 1987, alerting the Kamiokande team to the recent
observation of supernova SN1987A. In response, the team requested the relevant data, which was
subsequently sent via physical mail and arrived two days later. The right image displays this mailed
data printout, showing the burst of neutrino events detected on February 23. The events are read
from right to left, with a pronounced peak followed by a quiet two-minute gap that occurs just a
few minutes prior. This gap corresponds to a scheduled detector maintenance pause. Remarkably,
had this maintenance been delayed by just four additional minutes, Kamiokande would likely have
missed the entire neutrino burst. Photos taken from [93].

the mere presence of a supernova.

Despite the great opportunities that early supernova detection would provide, those
neutrinos can be more than just an indicator of the occurring of supernovae-they could
be an effective probe in astrophysics and particle physics. Thus far, the direct detection
of neutrinos from SN 1987A by three experiments, Kamiokande [92], Irvine-Michigan-
Brookhaven (IMB) detector [94], and Baksan underground scintillation telescope [95],
confirmed several aspects of supernova astrophysics and demonstrated how such obser-
vations can deepen our understanding of fundamental neutrino properties. The unique
dying star environment that supernova neutrinos travel through of the exploding star
cannot be reproduced in terrestrial experiments. The interior consists of multiple layers
of stellar material with wildly varying densities, reaching p ~ 10'%g/ cm’® at its maxi-

mum , to be compared to the density of Earth, p ~ 3g/ cm’. The extreme environment
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induces complex interaction effects, including the intense matter effect and collective
neutrino-neutrino interactions, which simultaneously influence the full range of neutrino
flavor evolution [96].

Detecting the energy spectra and fluxes of these neutrinos provides a rare opportunity
to test our understanding of physics under such extraordinary conditions, far beyond
the reach of current terrestrial experiments [97, 98, 99, 100]. In the era of multi-
messenger astronomy, advanced neutrino detection technologies is essential to achieve
a high-statistics characterization of the supernova neutrino burst, which will enables
deeper insights into such studies of the behaviour of neutrinos.

A future galactic supernova, plausibly occurring within the coming decades, would
offer an unparalleled opportunity to significantly improve measurements such as neu-
trino mass ordering [101], the neutrino halo model [102], and the neutrino magnetic
moment [103]. Unlike SN 1987A, which was detected primarily via inverse 8 decay in
water Cherenkov detectors, the next-generation neutrino experiments such as DUNE
will provide sensitivity to the charged-current interactions of electron neutrinos with
argon nuclei, enabling an independent and complementary view of supernova neutrino
physics. To fully exploit such an event, next-generation neutrino experiments must be
capable of precisely measuring the energy, timing structure, and flavor composition of
the supernova neutrino spectrum, enabling unprecedented insights into both astrophys-
ical and fundamental neutrino properties [104, 105, 106, 107, 108]. In the following
sections, I examine the role of Q-Pix as a candidate technology for the next-generation
DUNE experiment. By leveraging its intrinsic 3D spatial resolution and low-noise capa-
bilities, Q-Pix has the potential to improve event reconstruction efficiency, background
discrimination, and supernova burst triggering, making it a compelling alternative to

traditional wire-based readout systems. The feasibility of Q-Pix is explored to en-
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able high-precision measurements of low-energy events such as supernova neutrinos,
contributing to the broader effort of multi-messenger astrophysics and the real-time
detection of the next nearby supernova, such as SNEWS (SuperNova Early Warning

System).

5.3 Simulation Framework for Supernova Neutrino Studies

A key area of interest for multi-kiloton-scale LArTPC experiments is the exploration
of low-energy (<100 MeV) physics, which can significantly expand the scientific reach
of LArTPC detectors [109, 110]. Measurements of MeV-scale activity from accelerator
neutrino interactions [111], radiogenic backgrounds [112, 113], and Michel electrons [114,
115, 116] have already been conducted by the ArgoNeuT [117], LArTAT [118], Micro-
BooNE [119], and ICARUS[120] experiments. The potential for low-energy physics of
large LArTPCs has been studied for solar neutrinos[121, 122], accelerator neutrinos [123,
109], hidden sector particles [124, 125], Weakly Interacting Massive Particles (WIMPs)
searches [126], 0v88 [127], and supernova neutrinos [106, 109]—the primary focus of
study presented in this chapter.

The following subsections detail the simulation framework used to quantify the en-
hanced physics reach by Q-Pix, compared to a traditional wire-based readout. Sub-
section 5.3.1 provides an overview of the supernova neutrino event generator and super-
nova neutrino model employed in the analysis. Sub-section 5.3.2 describes the charac-
terization of radiogenic backgrounds in the detector that can mimic supernova neutrino

signatures. Finally, sub-section 5.3.3 details the Q-Pix readout simulation.
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5.3.1 Supernova Neutrino Signal Modeling

The simulation of supernova neutrino events in this study is based on the supernova
luminosity, energy, and time distributions provided by the “Garching” electron-capture
supernova model [128]. This type of supernova occurs less frequent, and is triggered
by electron-capture. In this type of process, the star is supported by the electron de-
generacy pressure of the core. When those electrons start to be captured by 2°Ne, the
number of electron reduces decreasing the degeneracy pressure, which then triggers the
core-collapse. This scenario involves a lower core mass compared to iron-core collapse
supernovae, leading to a weaker explosion and a shorter-duration neutrino burst. Be-
cause the Garching model predicts the lowest number of neutrino interactions among
standard supernova models, it was selected as a conservative benchmark for this study.
Rather than performing a dedicated simulation with SNOwGLoBES (SuperNova Ob-
servatories with GLoBES) [129], we adopted event rates and spectra from previous
DUNE studies [106] that utilized this tool. SNOwGLOBES is a widely used software
package for simulating expected neutrino signals from core-collapse supernovae across
various detector technologies, including LArTPCs. It extends the General Long Base-
line Experiment Simulator (GLoBES) framework to provide detailed predictions of event
rates, energy spectra, and time-dependent signals. Following common practice in the
literature [130, 131, 132, 133], a supernova distance of 10 kiloparsecs (kpc) is assumed,
yielding the event rates listed in Table 5.1. The corresponding energy and timing distri-
butions, shown in Figure 5.3, are used as inputs for the subsequent event reconstruction

analysis.
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Figure 5.3: Simulated neutrino emission from a core-collapse supernova at 10 kpc, based on the
Garching electron-capture model. Top: Total neutrino fluxes as a function of time for all flavors.
Middle: Time-integrated energy spectra of », neutrinos separated by emission phase (neutroniza-
tion, accretion, and cooling). Bottom: Time evolution of the », flux, showing the characteristic
temporal structure of each phase. These spectra serve as input for evaluating Q-Pix’s sensitivity to
supernova neutrinos.
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Interaction channel Type Number of events

v, + ©Ar — ¢ + K* CC 220
7.+ PAr — o+ ¥CI* CC 5
vot+e = v, +e” ES 19
Vet =Vt ES 4
vy teT = v teT ES 3
Vyte =y, te ES 2
ve+e v+ ES 3
VeteT = v te ES 2

Table 5.1: Predicted number of events for each interaction channel in 10 kton of liquid argon for
a core-collapse supernova at 10 kpc, based on SNOwWGLoBES simulations. Interaction types are
labeled as CC (charged current) or ES (elastic scattering).

These event rates can also be visualized in terms of the total deposited energy, as
shown in Figure 5.4. The », CC events dominate the overall yield, but the much rarer
elastic scattering (ES) events, shown in blue, are of particular importance due to their

directional sensitivity, as will be discussed later.

Events per 0.5 MeV
O R N W » U1 O N 00O O

o

10 20 30 40 50
Neutrino energy [MeV]

Figure 5.4: Stacked energy spectrum of supernova neutrino interaction with 220 », CC (red) and
19 v,—~ ES events (blue) in 10 kton of liquid argon computed using SNOwGLoBES. Plot taken
from Ref.[87].

Once the predicted event rates from a SN are obtained, the interactions of these
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neutrinos need to be simulated. For the simulation of supernova neutrino—nucleus in-
teractions, this study employs the MARLEY (Model of Argon Reaction Low Energy
Yields) event generator [134, 135], which simulates the initial neutrino-nucleus inter-
actions as well as the subsequent nuclear de-excitation, producing a list of final-state
observable particles. In this analysis, only », CC interactions and »,—~ ES events were

considered:

ve + 0Ar — ¢ 4 *K* (Charged Current)
(5.1)

Ve+e —ve+e (Elastic Scattering)

Electron antineutrino (7e) interactions, as well as NC interactions from all neutrino
flavors—including muon and tau neutrinos (vu, »,) and their antiparticles—were not
included in this study. This choice was made conservatively to focus on the dominant
detection channels: v, CC and »,—¢~ ES interactions. While these neglected channels
contribute non-negligibly to the total signal, especially through NC excitation of “°Ar,
their event rates are significantly lower than those of », CC and ES in the context of a
Garching electron-capture supernova. Their inclusion would only serve to enhance the

total signal, thereby improving sensitivity beyond what is reported here.

5.3.2 Radiogenic Background Modeling

For evaluating supernova burst detection capabilities, it is essential to account for back-
ground events originating from radiogenic sources within both the detector materials
and the bulk liquid argon. Previous DUNE studies [106, 136] applied a minimum en-
ergy threshold of 5 MeV, effectively excluding most radiogenic backgrounds. However, a
detailed analysis of low-energy detection performance necessitates an explicit treatment

of these backgrounds, in order to properly evaluate supernova bursts.
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An initial estimate of relevant isotopes and their activities was obtained from [137]
and is summarized in Table 5.2. Given that a typical supernova neutrino burst unfolds
over approximately 10 seconds (see Figure 5.3), background rates were evaluated over
the same time window. Simulations incorporated approximately 842,000 primary ra-
dioactive decays randomly distributed in time across this interval. To model equilibrium

conditions, all isotopes were assumed to be in secular equilibrium at t=0 s.

Number of decays

Isotope  Rate [Bq/kg] Region Region mass [kg]  Rate [Bq] (per 10 s window)
210pg 0.2 PD [Bq/m?] 2.46856 0.493712 5
80¢Co 0.0455 CPA 90 4.095 41
40K 0.49 APA 258 1,264.2 12,642
BAr 1.010 bulk LAr ~70,000 70,700 707,000
2Ar 0.000092 bulk LAr ~70,000 6.44 64
2K 0.000092 bulk LAr ~70,000 6.44 64
22Rn 0.04 bulk LAr ~70,000 2,800 28,000
ipp 0.01 bulk LAr ~70,000 700 7,000
2By 0.01 bulk LAr ~70,000 700 7,000
85Kr 0.115 bulk LAr ~70,000 8,050 80,500

Table 5.2: Summary of radiogenic background sources considered in this study, based on activity
estimates from [137]. Only the principal isotopes from major decay chains are included, providing a
first-order approximation appropriate for evaluating supernova neutrino detection sensitivity. More
detailed study is needed for solar neutrino studies as detailed in Section 6.4.

Each decay was spatially generated based on the physical origin of the emitting mate-
rial. For isotopes within the liquid argon, decays were distributed uniformly throughout
the active volume. For backgrounds originating from structural components such as the
cathode and anode, event locations were sampled according to the geometry of DUNE
FD, detailed in [29]. When isotopes produced unstable daughters, such as in the de-
cay chain of 2'Bi to 2'°Po, subsequent decays were included with their characteristic
lifetimes to capture time-correlated activity.

The pixel-based readout introduces additional material, including PCBs as potential

sources of radiogenic backgrounds. However, in addition with the feasibility of producing
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low-background PCBs [138, 139, 140], the enhanced discrimination capabilities offered
by the Q-Pix readout, suggest that these backgrounds will be small and can be effectively
mitigated.

Figure 5.5 shows the energy and timing spectra of both the signal and background

events simulated in this analysis.
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Figure 5.5: Left: stacked histogram of the simulated deposited energy of the signal event, », CC
(magnified by x10%) in a typical supernova simulation over 10 seconds and of the simulated ra-

diogenic background events. Right: stacked histogram of the timing profile of events hits from
simulated supernova signal and radiogenic background events. Figures taken from Ref.[87].

5.3.3 Q-Pix Response Simulation

The Q-Pix simulation framework consists of two primary C++-based packages, simu-
lating single DUNE APA drift volumes (one volume consists of a 2.3x6 m? charge
collection/readout plane with a 3.6 m drift length). The first is a Geant4-based pack-
age [141, 142, 143] that simulates particle interactions and energy depositions within a
liquid argon volume. Its output consists of trajectory segments, referred to as “hits”,
each recording spatial coordinates, timing, and deposited energy. The second is a Q-Pix-

specific package that processes these hits by converting them into ionization electrons,
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which are then propagated to a simulated pixelated anode plane to simulate the response
of the Q-Pix electronics with the Rest Scheme as described in Section 4.4.1. This stage
includes modeling of relevant detector effects such as recombination (via the modified
box model), electron lifetime attenuation, and drift-time-induced diffusion. Once elec-
trons reach the anode, the pixel response is simulated by calculating RTDs: each pixel
integrates incoming charge and resets when a threshold is exceeded. The final output
is a set of RTDs and pixel addresses, corresponding to the digitized output that a real
Q-Pix system would produce.

This process is done by converting Geant4 hits into ionization electrons using an
assumed average energy required to create an ion pair in LAr, which is 23.6 eV per
electron. The simulation then applies recombination effects, where electrons emitted
by ionization get thermalized by interactions with the surrounding LAr and recombine
with nearby ions. The “modified box” model [144, 55] is used to remove recombined
electrons from further consideration. The remaining ionization electrons are uniformly
distributed in time between the start and end of the Geant4 hit. Next, the drift time
of each electron was computed in order to determine the attenuation of arriving signal
due to electron’s lifetime and position smearing arouse from longitudinal and transverse
diffusion. This process was performed for every ionization electron associated with each
Geant4 hit in each event. The electrons are then sorted by drift time, and their final
positions are obained. They are then grouped based on their positions on pixel collection
plane, in terms of the 4 x 4mm? pixels. The resulting output is an array of hit pixels,
each containing an array of time-sorted electrons.

Q-Pix resets are produced by integrating the charge on each pixel within a 10 ns
time step. This time step was assumed to be exact for simplicity, which is small enough

compared to microseconds-level events. At each time step, equivalent noise charge is
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added to the signal to simulate the behavior of the Q-Pix front-end electronics in Re-
set Sceheme, mimicking the expected performance of the ASIC. The leakage current
present in the front-end electronics is considered a sub-leading noise component. Since
no prototype ASIC had been produced at the time of this study, the leakage was as-
sumed to be 100 aA, a value chosen based on the measured leakage current of the LArPix
ASIC [145], which shares similar technological and geometric considerations with Q-Pix.
Additionally, this simulation assumes that no charge is lost or perturbed during a re-
set. This assumption is supported by the feasibility of implementing charge-conserving
techniques in the ASIC design, such as charge-pump front-end architectures as Replen-
ishment scheme discussed discussed in Subsection 4.4.2. Any potential charge loss can
ultimately be calibrated and corrected, making this a reasonable approximation.
When a pixel accumulates a sufficient number of electrons to trigger a reset (i.e.,
6250 electrons, or 1 fC), the time stamp and pixel ID are logged, and the charge is
drained from the pixel. This simulation steps closely mirrors the actual response of
the electronics and replicates the expected data format. The pixel ID and reset times
are then stored in the same ROOT file as the Geant4 information [146]. The various
parameter values used in this study are summarized in Table 5.3. Additionally, the
RTD code can be configured to generate current profiles, which can be exported to be
used in external simulation software. An example of such a current profile, along with
the corresponding reset timestamps, is shown in Figure 5.6, illustrating the response of
an identical event placed at two different drift distances, at 10 ¢cm and 150 cm. The
difference in drift distance has a large effect on the charge collection and electronics
response, as can be infered from the differences in the visualized current profile and the

corresponding number and frequency of resets.
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Parameter Value

W-value for ionization in LAr 23.6 eV/e~

Drift electric field 500 V/cm

Drift velocity 164,800 cm/s
Longitudinal diffusion 6.8223 cm?/s
Transverse diffusion 13.1586 cm?/s

Electron lifetime 0.1s

Reset threshold 1 fC (6250 e, or 147.5 keV in LAr)
Sampling time 10 ns

Table 5.3: Summary of the physical parameters used in this study for Q-Pix simulations.
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Figure 5.6: Examples of the current profiles (black lines) produced with the Q-Pix simulation
package. The corresponding resets can be seen as the vertical lines on the top plots, each repre-
senting a 1 fC accumulation. The left plots and right plots represent the drift distance of 10 cm
and 150 cm, respectively. Plots taken from Ref.[87].

5.4 Performance of Q-Pix Readout for Supernova Neutrino Detection

In this section, the results of this study are discussed. Subsection 5.4.1 presents the
improvements in energy reconstruction offered by Q-Pix, with a particular emphasis on
low-energy events below 5 MeV, which wasn’t explored by previous DUNE studies [106,

136]. This section presents a comprehensive study of Q-Pix’s capabilities for detecting
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supernova neutrinos. It outlines the clustering algorithm developed to isolate burst-
like activity from background, describes how the asynchronous architecture naturally
suppresses data rates, and evaluates the feasibility of using Q-Pix as part of the Super-
Nova Early Warning System (SNEWS). The analysis also examines Q-Pix’s potential to
identify the onset of a supernova burst and to reconstruct the direction of the incoming

neutrinos using its intrinsic three-dimensional tracking.

5.4.1 Low-Energy Energy Reconstruction with Q-Pix

In order to enable direct comparison with other studies, an energy reconstruction pro-
cedure was developed to relate the charge collected via Q-Pix resets to the true neutrino
energy. The reconstructed energy depends sensitively on several factors, including 3D
event topology, drift length, and diffusion effects. To account for these, a correction
matrix was constructed based on a detailed simulation of electron tracks in liquid ar-
gon. This procedure follows the approach outlined in previous supernova studies by
DUNE [106].

Single electrons were simulated isotropically at various energies relevant to supernova
neutrino interactions, and at multiple drift distances throughout the detector. From
these data, a conversion matrix was derived to map the number of observed Q-Pix
resets to the true deposited energy, as a function of drift distance. The simulation
was performed with 0.1 MeV steps in electron energy and 50 cm increments in drift
distance, allowing for fine-grained correction across the detection volume, especially
at low energies (<5 MeV). This correction process serves as an effective calibration,
compensating for the charge loss and temporal smearing that occur during drift and
diffusion.

In the reconstruction studies, it was assumed that an external photon detection sys-
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tem could provide drift distance measurements with an uncertainty of £25 cm, enabling
event-by-event application of the correction matrix. The correction was applied solely
to facilitate comparisons with other studies by adjusting for drift-dependent attenuation
and improving energy linearity.

As shown in Figure 5.7, the uncorrected reconstructed energy displays a linear trend
but underestimates the true neutrino energy, particularly at higher energies. The ap-
plication of the correction matrix improves the agreement by aligning the slope with
the true energy scale. A small residual offset remains, which could be further reduced

through more refined calibration strategies.
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Figure 5.7: Left: Reconstructed energy for supernova events as a function of true neutrino en-
ergy without energy correction. Right: Reconstructed energy after applying the correction matrix.
The correction acts as an effective calibration that restores linearity between observed charge and
neutrino energy. Plots adapted from [87].

5.4.2 Event Reconstruction Efficiency

To evaluate the Q-Pix readout’s performance, this study adopts two complementary
efficiency metrics: event reconstruction efficiency and event identification efficiency.

Event reconstruction efficiency is defined as the fraction of supernova neutrino events
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for which the total deposited energy exceeds a specified threshold and produces a re-
constructable signal in the detector. It reflects the intrinsic sensitivity of the system to
low-energy interactions, regardless of background.

In contrast, event identification efficiency (introduced in the next subsection) is de-
fined at the reset level within each event—quantifying the fraction of signal-induced
resets that are correctly grouped into clusters and retained after background rejection.
Together with event identification purity, these metrics evaluate how effectively the re-
construction algorithm distinguishes signal from radiogenic background based on track
topology.

Figure 5.8 shows the event reconstruction efficiency for two minimum energy thresh-
olds (1 MeV and 5 MeV), demonstrating that Q-Pix maintains high efficiency even at

lower neutrino energies compared to the DUNE wire-based readout [106].
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Figure 5.8: Supernova event reconstruction efficiency as a function of true neutrino energy is
shown. Red and black represents for the minimum total deposited energy requirements, 5 MeV
and 1 MeV respectively. For comparison, the efficiencies for DUNE from Ref. [106] are shown in
blue triangles for a minimum of 5 MeV deposited and in orange triangles for a minimum of 1 MeV

deposited. Plots taken from Ref.[87].

This advantage is attributed to Q-Pix’s fine-grained 3D charge readout and low ef-
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fective threshold, which together enhance sensitivity to faint signals.

5.4.3 Event Discrimination and Clustering Performance

In this work, radiogenic backgrounds have been explicitly included to make the su-
pernova burst analysis more realistic. This addition necessitated the development of
an event identification scheme capable of distinguishing background events from true
supernova neutrino interactions. The Q-Pix readout provides both fine 3D spatial reso-
lution and unique time-encoded charge information, which were leveraged to implement
a clustering algorithm that reconstructs 3D tracks from resets. The algorithm was de-
signed to discriminate events based on differences in track topology, using three tunable
parameters: (1) the spatial clustering rule, (2) the RTDs, and (3) the minimum number
of resets required to define a track. These parameters were jointly optimized to max-
imize background rejection without compromising sensitivity to low-energy neutrino
signals.

The spatial clustering algorithm employed a simple nearest-neighbor rule, in which
only adjacent pixels were considered part of the same cluster. This approach ensures
that spatially or temporally separated energy depositions are reconstructed as distinct
tracks. However, because this study prioritized enhancing the discrimination power
between signal and background, this clustering choice came at the cost of some energy
reconstruction efficiency. The main challenge lies in associating spatially displaced en-
ergy depositions within the same event. For instance, de-excitation photons produced in
supernova neutrino interactions can travel significant distances from the primary elec-
tron track. As a result, resets triggered by these photons may form a separate cluster
and be excluded from the energy reconstruction, leading to a systematic underestima-

tion of the event energy.
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To optimize the RTD threshold and the minimum cluster size, a dataset of 10,000
radiogenic background events and 10,000 supernova neutrino interactions was gener-
ated within a single DUNE-like volume. These samples were analyzed independently
to tune the selection for maximal performance. As shown in Figure 5.5 (left), radio-
genic background contributions are most significant below ~5 MeV of deposited energy.
Therefore, the optimization primarily targeted events with total energy <5 MeV, where
the distinction between signal and background is most critical.

The event identification efficiency was defined as

Number of reconstructed signal resets
Event identification efficiency = &

5.2
True number of signal resets (5:2)

within an event. The number of signal resets in a time window was calculated by
summing the resets from all clusters that exceed the given reset threshold. In the

similar manner, the event identification purity was defined as well, as

Number of reconstructed signal resets

Event identification purity = Number of reconstructed signal 4+ background resets
(5.3)
within an event.
The efficiency and purity as a function of reset thresholds is shown in Figure 5.9, where
each colored line represents a different reset threshold used for track reconstruction.
From this result, any time window from 2 us to any significantly longer value could
be used without affecting efficiency or purity. However, anchoring the threshold to the
physical scale of longitudinal diffusion provides a natural and optimal choice.

For the DUNE APA configuration, with a maximum drift distance of 3.6 m and an

electric field of £ = 500 V/cm, the corresponding electron drift velocity is approximately
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Figure 5.9: Top row: event ID efficiency (left) and purity (right) for the full supernova energy
spectrum. The colors represent different reset thresholds. Bottom row: same as above, but only
considering events with less than 5 MeV of energy in order to optimize the background reduction.
Both are plotted as a function of the cluster time window. Plots taken from Ref.[87].

vy = 1.6 mm/us [147]. The longitudinal diffusion coefficient D, can be estimated using
the Einstein relation:

ksT
Dy = %‘u, (5.4)

where 7= 87 K is the temperature of liquid argon and ¢ = v,/E is the electron

mobility. Substituting values gives:

_138x107 J/K x 87 K _ 1.6 mm/us

Dy = ~ 7.2 cm?/s. 5.5
L 1.6 x 109 C 500 V/cm om’/s (5:5)

The corresponding temporal spread in arrival time due to diffusion, for a drift distance
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L =360 cm, is given by:

2DrL

Plugging in the values:

R 3 X 1125 us = 3 us. (5.7)

2 X 7.2 cm?/s x 360 cm
30’[ =3
(1.6 mm/pus)3

This 3 us window defines the characteristic timescale over which resets from the
same interaction are expected to arrive, justifying its use as the RTD threshold. As
discussed previously, the remaining ~10% of resets not captured by this clustering are
predominantly due to de-excitation photons spatially separated from the primary track
(see Figure 5.9). While more advanced clustering algorithms may improve efficiency, the
chosen parameters were found to balance simplicity and background rejection effectively
for the purposes of this analysis.

With the optimal 3 s time window established based on diffusion considerations,
the next step was to define the minimum number of resets required for a cluster to be
considered a valid signal. Using this 3 us time window, the event identification efficiency
and purity as a function of the reset threshold was computed, as shown in Figure 5.10.

For events with <5 MeV of total deposited energy, a purity of >95% was achieved
while maintaining an efficiency of around 80%, by setting the threshold to 13 resets,
which corresponds to approximately 1.85 MeV of deposited energy. This final optimiza-
tion step can be further tuned depending on the specific analysis requirements, allowing
for different trade-offs between purity and efficiency based on the scientific objectives

of the study.
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Figure 5.10: Event ID efficiency (black) and purity (red) as a function of minimum number of
resets per cluster for the 3us time window. Results are shown for the full energy spectrum (solid
line) and for the low-energy events (<5 MeV) (dashed line). Plots taken from Ref.[87].

5.4.4 Data Rates

A unique challenge posed in supernova detection with a kiloton-scale LArTPC is man-
aging data rates while maintaining a low-energy threshold of <10 MeV. One of the most
significant advantages of the Q-Pix readout is its ability to achieve low-energy thresholds
while maintaining very low data rates from the fact that recorded data are in the form
of time-stamps only. Figure 5.11 shows the expected data rate per volume equipped
with Q-Pix, as a function of reset threshold to be used for clustering algorithm, on the
radiogenic background rates outlined in Table 5.2.

This data rate is derived based on the average number of resets observed in one
APA over the 10 seconds time window, with the 10,000 uniquely simulated radiogenic
background events. The number of resets are shown on the left y-axis, while the corre-
sponding data size is shown on the right y-axis. The data rate is calculated assuming

resets are encoded by 64 bits of information. Even with the lowest clustering threshold
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Figure 5.11: The data rates shown here are the average of 10,000 unique 10-second-long APA
drift volumes as a function of the threshold on the number of resets. Data rates for one APA from
radiogenic background events will be a function of the threshold on the number of resets. The

rates are shown in number of resets per APA per 10 seconds (left axis) and the corresponding data
rate (right axis). Plots taken from Ref.[87].

possible for Q-Pix, which is 1 reset and equivalent to 147 keV of deposited energy, the
total data rate for the full 10-kton module is 5.7 MB/s. If 7 resets are used for the clus-
tering threshold, which is equivalent to 1 MeV of deposited energy, the data rate can be
further reduced by two orders of magnitude. Since the rates of radiogenic backgrounds
are much larger than that of supernova neutrino interaction, the estimated data rate
remains largely unchanged even after the supernova burst events are included. This
demonstrates that the Q-Pix readout system can efficiently handle low-energy thresh-
olds while maintaining manageable data rates, making it a highly effective solution for
supernova neutrino detection in large-scale LArTPCs.

To compare this data rate to that of current DUNE design with APA, some details
have to be taken into consideration. First point is the difference in the number of

channels. The envisioned Q-Pix 10-kton module (consisting of 200 APAs with a 4 mm

pixel pitch) would require approximately 172 million readout channels, compared to
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384,000 channles used in the wire readout for the same module. Second, the APA
data rates [148] assumes 100 seconds of readout with a threshold of 10 MeV of true
neutrino energy (roughly corresponds to 5 MeV of deposited energy) for the one year
time window. On the other hand, what has been presented so far for Q-Pix in this
work was calculated for one second window, with much lower energy threshold than
5 MeV. For the purpose of making a comparison, data rate for Q-Pix with the threshold
of 10 MeV true energy (corresponds to 5 MeV deposited energy, equivalent to 34 reset
threshold) for one year time window was calculated. The data rate from the dominant
source of radiogenic background events was estimated to be 16.5 x 107> kB/s/APA. For
the 10kton module with 200 APAs, this is equivalent to 0.032kB/s/10kton, which is
1.03GB/year/10kton. For the similar scenario, DUNE FD data rates is expected to be
less than 2PB/year/10kton, which is six orders of magnitude larger. The comparison
can be seen in Table 5.4.

System Data rate per 10 kton | Data rate per channel
per year (petabytes) | per second (kilobytes)
Q-Pix 10 kton
pixel readout
DUNE 10 kton

projective readout

1.03 x 10~¢ 1.9 x 10710

<2 1.6

Table 5.4: Comparison of data rates between a 10-kton DUNE projective readout as described
in Ref. [148] and a Q-Pix 10-kton module described in this work. In both cases, a 10 MeV energy
threshold is assumed.

Although the detailed comparisons require further simulations, this shows that the Q-
Pix architecture can vastly reduce the data rate for the detection of supernova neutrinos
while maintaining much lower energy threshold compared to the previous technologies.
The capability of Q-Pix technology as a continuous readout will be further explored in
the Subsection 6.5.5.

This low data rate can be suppressed further with a DAQ scheme, where the resets
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can be stored locally in an ASIC chip until they are read out. This approach preserves
sensitivity to low-energy signals while minimizing bandwidth—an essential feature for
long-term supernova monitoring. Beyond precision measurements, however, a supernova
burst also demands a prompt, coordinated alert. In the next section, we explore how
Q-Pix’s self-triggered design could contribute to the global SNEWS, enabling timely

notification of such rare astrophysical events.

5.4.5 SuperNova Early Warning System

The SNEWS is an international collaboration designed to provide early alerts of
core-collapse supernovae in our galaxy and nearby galaxies through the detection of
neutrinos. Unlike photons, which take hours to days to escape the star’s core after a
supernova explosion depending on the density of the star, neutrinos interact weakly
with matter, allowing them to escape much faster. This allows neutrinos to arrive
on earth earlier than photons, enabling it to be used as a tool for providing an early
warning. The SNEWS network links multiple neutrino observatories worldwide, such
as Super-Kamiokande [149], IceCube [150], Kamioka Liquid Scintillator Antineutrino
Detector (KamLAND) [151], Borexino [152], Cubic Kilometer Neutrino Telescope
(KM3NeT) [153], and Helium and Lead Observatory (HALO) [154]. By requiring
coincident neutrino detections across multiple detectors, SNEWS aims to minimize
false alarms and maximize the reliability of alerts sent to the astronomical community.
These alerts enable rapid follow-up observations across the electromagnetic spectrum,
enhancing our understanding of supernova mechanisms and nucleosynthesis processes.
The detection of neutrinos from SN1987A marked the first and, to date, only obser-
vation of neutrinos from an extragalactic supernova. These detections were able to

constrain the supernova models but were limited by the very small number of observed
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neutrino events. A future galactic supernova would yield thousands of neutrino detec-
tions across modern observatories, enabling unprecedented insight into the neutrino
emission spectrum, flavor transformations, and core-collapse physics. For a neutrino
detector to be able to contribute to SNEWS, it must be sensitive to the sudden increase
in MeV-scale neutrino interactions within the detector volume and be able to quickly
determine whether it is supernova burst (SNB) event with high confidence. Moreover,
it needs to have ability to determine the direction of the SNB from the reconstructed
neutrino events. In the following subsections, the triggering mechanism to generate
an alert from a real-time analysis, and directionality determination within the Q-Pix

readout will be discussed.

5.4.6 Supernova Neutrino Burst Triggering

The identification of SNB event with Q-Pix will be initiated by the clustering algorithm
(explained in subsection 5.4.3), which can extract a high purity sample of neutrino inter-
actions. The clustering algorithm used for this process is based on Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) [155] with a Chebyshev metric [156].
This allows efficient processing of up to 500 independent 10-second time windows per
minute, which is more than sufficient for near real-time SNB detection. It is important
to note that the clustering algorithm in this section is applied to mixed samples of both
signal and background events, unlike the approach described in the subsection 5.4.3, for
a realistic optimization. Thus, the RTD was optimized at 6 s, and the number of resets
required for clustering to be 14, which is equivalent to 2.065 MeV energy deposition.
An example of reset time profile in a single 10-kton Q-Pix detector module before and
after the clustering algorithm is shown in Figure 5.12. It shows that algorithm allows

radiogenic background events (in blue) to be largely suppressed, while preserving the
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supernova neutrino interactions (in orange). In this example, the SNB reset clustering

efficiency is % ~ 85% and purity is % ~ 99%, demonstrating the strong potential

of the Q-Pix architecture for real-time supernova detection.
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Figure 5.12: Number of resets in duration of times in a 10-kton Q-Pix detector module before
(top) and after (bottom) clustering for a supernova burst simulated at 10 kpc. Figures taken from
[87].

Next, Q-Pix’s ability to alert for SNBs were quantified. This was done by computing

the burst triggering efficiency, defined as

Number of identified SNBs

Alert Efficiency = '
er Y= Total number of SNBs simulated

(5.8)

This efficiency is heavily dependent on the number of neutrino interactions detected
from one SNB event, as the larger the number of interactions, the easier it is to identify

SNBs. Figure 5.13 shows comparison of the burst triggering efficiency as a function

155



of number of neutrino interactions from a supernova burst, between different detector

technologies for DUNE.
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Figure 5.13: Supernova burst triggering efficiency as a function of the number of », interactions
in a 10-kton Q-Pix-enabled detector module. The blue points indicate the case where the total
number of Q-Pix resets after clustering within a 10-second window is required to be at least 60
(~8.85 MeV). The DUNE SP (single-phase) and DP (dual-phase) efficiencies are shown for com-
parison and are taken from [106]. Figure taken from [87].

It was determined that with a minimum threshold of 60 resets per cluster within a 10
second time, equivalent to 8.85 MeV deposited energy, the false trigger rate can be sup-
pressed to less than one per month. This presents a large improvement on the supernova
burst detection efficiency with 10kton module, compared to the baseline DUNE single-
phase (SP) and dual-phase (DP)* detectors described in Ref. [106]. Additionally, due to
the increased efficiency achieved by Q-Pix, supernova burst can be detected with fewer

number of neutrino interactions compared to the other technologies. Since further SNBs

*DP LArTPC technology, which extracts and amplifies ionization charge in a gaseous layer
above the liquid argon, was explored in early R&D but is no longer part of DUNE’s detector
design.
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produce less neutrino interactions in the detector, this means that maximum detectable
distance of SNBs can be extended with Q-Pix. For example, in order to achieve close
to 100% burst triggering efficiency, Q-Pix only requires 4 neutrino interactions, while
DUNE SP would have require 30 neutrinos. This number of interaction corresponds to
80 kpc and 30 kpc respectively, demonstrating the Q-Pix’s ability to extend the reach

of DUNE to SNB detection.

5.4.7 Directionality Determination

One powerful tool that is enhanced by the intrinsic 3D information captured in a pixel-
based readout is the ability to determine the 3D spatial topology of the events. When
coupled with the low-energy thresholds available with the Q-Pix readout, there is an
opportunity to attempt to reconstruct the direction from where the neutrinos originate
from.

This subsection demonstrate for the first time how such a pointing analysis can be
done with a LArTPC, equipped with the Q-Pix readout. The ability to determine
the incoming direction of neutrinos, neutrino pointing, plays a crucial role in enabling
multi-messenger astronomy by providing directional information to astronomers. As
mentioned, neutrinos are emitted on short time scale of O(seconds), compared to that of
electromagnetic signal, which emerges over much longer time scale of O(hours to days)
during a core-collapse supernova. This time difference allows neutrino detectors to issue
an early warning through SNEWS, enabling telescopes to observe the supernova at the
earliest stages of its electromagnetic emission. Additionally, neutrino pointing can be
informative when identifying supernovae that may lack a detectable electromagnetic
radiation. Certain core-collapse events, referred to as “failed” supernovae, can produce

a copious amount of neutrinos without generating an observable electromagnetic signa-
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ture [157]. Using directional information from neutrino observations, the area of search
for such events can be narrowed down. By evaluating the neutrinos’ trajectories, oscil-
lations in flavor composition due to interactions with Earth can be observed, providing
additional constraints on neutrino oscillation parameters.

For the analysis presented in this work, the focus is on reconstructing the primary
electron track resulting from »,CC interactions and »,—e~ ES interactions, which dom-
inate the signal channels as shown in Table 5.1. In the energy range of supernova
neutrinos (1-50 MeV), only the ES channel retains strong directional correlation with
the incoming neutrino, while the direction of the primary electron in CC events is largely

uncorrelated, as shown in Figure 5.14.
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Figure 5.14: Histogram of the true neutrino energy as a function of cosine of the difference in
the true neutrino angle (6,,,.) minus the true electron angle (4,,,.) for ». CC events (left) and for

Vtrue

v—e~ ES (right). The z-axis color scale units are events per 0.5 MeV per 0.04. Plots taken from
Ref.[87].

This contrast arises from the underlying interaction mechanisms. While both pro-
cesses are mediated by the weak interaction, CC events occur on nucleons bound within

a heavy argon nucleus. The complex nuclear environment, including Fermi motion,
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nucleon binding energy, and final-state interactions, introduces significant smearing of
the outgoing lepton direction. As a result, electrons from », CC interactions exhibit an
approximately isotropic angular distribution, as seen on the left in Figure 5.14.

In contrast, »,—¢~ ES is a two-body interaction with a loosely bound atomic electron
and is dominated by well-defined kinematics. The outgoing electron is strongly forward-
peaked, preserving the incident neutrino’s direction. Consequently, ES events serve as
the primary handle for performing directional reconstruction of supernova neutrinos.

To reconstruct the electron track for a candidate event, clustering algorithm was
applied with the reset threshold of 13 resets. As it has been explained in subsection 5.4.3,
this criteria ensures less than 1% contamination from radiogenic backgrounds while
maintaining a relatively high signal detection efficiency of approximately 90%. The
collection of 3D reset positions for each event is then analyzed using the Random Sample
Consensus (RANSAC) algorithm [158]. RANSAC is a robust statistical model fitting
method used to identify inliers and outliers within a dataset by fitting a model to
the data. The algorithm operates iteratively: in each iteration, it randomly selects a
minimal subset of data points sufficient to estimate the model parameters. The resulting
model is then tested against the full dataset to determine how many points—within a
predefined tolerance—agree with it (inliers). By repeating this process multiple times,
RANSAC identifies the model with the largest consensus set, inherently reducing the
influence of outliers. In the context of this study, RANSAC is employed to distinguish
resets that align with the trajectory of the primary electron (inliers) from those resulting
from secondary radiative processes, such as de-excitation photons, which deviate from
the main track (outliers). A graphical representation of the RANSAC process is shown
in the left of Figure 5.15. Once the inliers were identified, a RANSAC-based linear

fit was applied to determine the axis of the electron track, which will be the basis for
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direction reconstruction. Based on this line, the furthest pair of inlier reset points was
identified to define the track endpoints. While this linear fit provides the directional
axis, an inherent ambiguity remains as to which end corresponds to the starting reset
point (SRP) and which to the ending reset point (ERP)—a distinction illustrated in
the right image of Figure 5.15. Resolving this ambiguity is essential for accurately

reconstructing the incoming neutrino direction, a key component in neutrino pointing

analyses.

z[cm]

20 5,

Figure 5.15: Left: Hits produced by the outgoing electron in an example supernova neutrino
event. The black line is the linear RANSAC fit. The darker blue points and lighter blue points
represent the inlier and outlier reset points identified by the RANSAC algorithm respectively. The
two red dots (A) and (B) are the farthest reset points apart from each other among the inlier reset
points. Right: 2D cartoon representation of inlier reset points. The two red dots are the left-most
and right-most point among the inlier reset points. The black line represents the linear RANSAC
fit performed to find the trajectory and the cyan points and green lines illustrate inlier reset points
to identify the direction of travel of the electron. Images taken from Ref.[87].

This ambiguity can be resolved using a topological approach based on the energy
loss and scattering behavior of the primary electron as it propagates through the liquid
argon. As the primary electron travels through argon, it will keep depositing energy in

its journey, losing energy. Since electrons with less energy tends to get scattered with
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larger angle, the spacial spread of reset points toward the end of its trajectory gets wider.
The right image of Figure 5.15 shows the 2D projection of the method to distinguish
the SRP and ERP by quantifying the spacial spread of resets. The process begins by
drawing a central line between the two farthest inlier reset points. Then additional lines
are drawn from the assumed SRP and ERP to each inlier reset point, and the cosine
of the angles between each of those lines and the central line was calculated. Since the
beginning of the track should have localized resets, the angles will be smaller, and the
its cosine value will be larger. Therefore, by choosing the track endpoint that makes
the cumulative sum of cosine values larger, we can determine SRP, ensuring that the
track is correctly oriented in the direction of increasing scattering and energy loss.

Figure 5.16 shows the performance of the directional reconstruction algorithm for ES
events. It plots the cosine of the angle between the true neutrino direction and the
reconstructed direction of the primary electron, as a function of neutrino energy. Since
elastic scattering is forward-peaked, a correctly reconstructed electron direction should
closely align with the incoming neutrino direction—yielding values of cos(6,,,,. — Greco)
near 1. The strong peak near 1 in Figure 5.16 indicates that this method correctly
reconstructs the primary electron direction in more than 70% of events, validating its
effectiveness for neutrino pointing in a Q-Pix-enabled detector.

Figure 5.17 further demonstrates the impact of the track-fitting correction proce-
dure applied to enhance directionality. It compares the distribution of reconstructed
directions before and after the correction is applied. The sharper peak in the cor-
rected distribution confirms the improved alignment with the true electron direction.
Compared to this, the peak in Figure 5.16 appears slightly broader, as it reflects the
difference between the reconstructed electron direction and the true neutrino direction,

rather than the true electron itself.
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Figure 5.16: 2D histogram of the cosine of the difference between the true direction of the neu-
trino and the true direction of the electron track produced in the interaction, as a function of the
true neutrino energy. Plot taken from Ref.[87].

Now that the event-by-event directionality reconstruction method has been estab-
lished, the next step is to apply this algorithm to an entire simulated SNB. The Garch-
ing benchmark model was used for this study again, yielding 220 CC events and 19
ES events, as summarized in Table 5.1. The corresponding energy spectrum of these
events is shown in Figure 5.4. For each neutrino interaction, the directionality of the
outgoing primary electron was reconstructed. While earlier analyses often quantify di-
rectional performance using a single angular deviation (i.e., the angle between true and
reconstructed direction vectors), this scalar representation cannot capture the full 3D
orientation of reconstructed tracks. To more faithfully visualize and analyze the angu-
lar distribution of the reconstructed directions, we instead adopt a spherical coordinate

representation, projecting each direction vector onto a (4, ¢) plane. This allows for a
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Figure 5.17: Histogram of the cosine of the angle between the reconstructed and true directions
of the primary electron track. The left panel shows the distribution before applying the topological
directionality analysis. Peaks at both —1 and +1 indicate that while the track axis is reconstructed
correctly, its direction is ambiguous. The right panel shows the result after applying the direction-
resolving algorithm, which significantly reduces the ambiguity and enhances the forward-direction
reconstruction. A residual peak at —1 remains, indicating cases where the ambiguity was not fully
resolved.

more complete characterization of the pointing performance and reveals features such
as backward misreconstructions or lateral dispersion that would be otherwise hidden in
one-dimensional summaries.

The resulting (6, ¢) distribution is shown in Figure 5.18. To extract the dominant di-
rection of the reconstructed neutrino flux, principal component analysis (PCA) [159] was
applied to the collection of reconstructed direction vectors. PCA is a statistical method
that identifies the directions in which data varies the most and reduces dimensionality
while preserving structure. In this context, PCA determines the principal axis through
the densest region of reconstructed vectors, effectively identifying the most likely in-
coming neutrino direction. As seen in Figure 5.18, CC events (red) exhibit a broadly
isotropic distribution due to their complex nuclear kinematics, whereas ES events (blue)

retain strong directionality aligned with the incoming neutrinos. Consequently, when
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both event types are combined, PCA naturally identifies the ES-dominated region as
the dominant direction of the ensemble, providing a robust estimate of the supernova

origin.
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Figure 5.18: Representation of the direction vector reconstructed for each neutrino interaction in
a simulated supernova burst event shown on a unit sphere (left) and projected onto a é-¢ plane.
Solid blue triangles (A) represent events from »—¢~ ES interactions and hollow red circles (o)
represent events from », CC interactions. Plot taken from Ref.[87].

With the primary axis determined through principal component analysis, by identi-
fying the most prominent point in the distribution of reconstructed directions, we can
specify the inferred direction from which the supernova burst originated from.

To evaluate the precision of this approach, a unique sample of 10,000 SNBs with
randomly distributed origins were simulated, and analyzed. The results show that the
reconstructed direction successfully identifies the SNB position for approximately 80%
of the events, with an angular deviation of (freco — Gtrue) < 25°. The remaining 20% of
cases resulted in “backward” reconstructions, where the direction was reconstructed to
be opposite to the actual supernova origin. With the primary axis determined through
principal component analysis, by identifying the most prominent point in the distribu-

tion of reconstructed directions, we can specify the inferred direction from which the
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supernova burst originated. Despite this ambiguity in a fraction of cases, the restriction
of the search area in the sky provided by this reconstruction method offers a powerful
tool for astronomical observations during supernova burst searches.

Figure 5.19 shows the angular resolution achieved by this directionality reconstruc-
tion method, in terms of the angular differences between the true and reconstructed
directions of SNBs. As can be seen in the right image of Figure 5.18, the projection of
vector to the ¢ and & space spans for 0 < ¢ < 7 and 0 < ¢ < 27z. Since Figure 5.19

shows the difference of two vectors, it spans for —7z < § < 7 and —27 < ¢ < 27.
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Figure 5.19: Angular resolution for the supernova pointing in terms of ¢ and ¢. The ¢ bands
correspond to a 2D Gaussian fit to the peak to reduce the bias from the tails from poorly recon-
structed events. A clear peak at Af = Ap = 0 can be observed. Plot taken from Ref.[87].

A bright and clear peak can be seen at Af = Ap = 0, indicating that the majority of
reconstructed directions align closely with the true supernova neutrino direction. The ¢
projection of the resolution plot follows a Gaussian distribution, while the § projection
has two additional shoulders around ¢ = 7z and § = —=, corresponding to cases where

the reconstructed direction points opposite to the true neutrino source resulting from

the previously discussed directional ambiguity. Additionally, 1o, 20, and 3o contours
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of 2D Gaussian fit were overlaid, to quantitatively characterize the pointing resolution
of the method. The fit results show that the 10 kpc SNB can be reconstructed with
¢ =33° and ¢ = 45° at 1o, and 6 = 99° and ¢ = 135° at 3c.

The DUNE Collaboration recently published a study on the supernova pointing ca-
pabilities of its single-phase wire-based LArTPC far detector module [160]. In that
analysis, they assumed perfect classification between ES and CC events, and simulated
performance with a 40-kiloton fiducial mass. Under these idealized conditions, DUNE
achieved an angular resolution of approximately 3.4° at the 1o level for a supernova
located 10 kpc away. However, in their most conservative scenario—where no distinc-
tion is made between ES and CC events, as is also assumed in the present work—the
reported pointing resolution degraded significantly to 102°. Despite the simplicity of the
initial reconstruction strategy developed for this Q-Pix-based study three years ago, the
results presented here already comparable to the recent DUNE baseline, underscoring
the strength and promise of the Q-Pix architecture for supernova directionality.

Several strategies offer potential for further improvement. For instance, machine
learning algorithms trained on the full 3D charge topology may enhance directionality
by exploiting subtle spatial asymmetries in track development. Additionally, integrating
Q-Pix charge information with scintillation light timing from a photon detection system
could provide an absolute time reference, breaking degeneracies in track orientation and
improving backward rejection. It is also important to emphasize that, in this analysis,
no attempt was made to distinguish ES from CC events. However, CC interactions
could be identified through the presence of associated de-excitation photons.

Future work will focus on isolating and removing these non-pointing CC events, which
is expected to substantially improve angular resolution and further enhance Q-Pix’s

potential for multi-messenger astrophysics. This strategy will be revisited, in the context
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of solar neutrino studies, in the following chapter.

5.5 Summary

The opportunity to observe neutrinos from the next core-collapse supernova presents
a unique laboratory for testing particle physics under some of the most extreme as-
trophysical conditions. It will produce a significant amount of neutrinos of MeV scale,
carrying important information to answer many astrophysical questions. Additionally,
time difference between the emergence of neutrino and electromagnetic photons from a
supernova enables neutrinos to be used as an early warning tool. Such early detection is
pivotal for multi-messenger astronomy, offering a more complete understanding of the
core-collapse process.

By combining fine spatial resolution with sufficient data handling, Q-Pix enhances the
physics potential of large-scale LArTPC while potentially reducing the overall DUNE
data rate by orders of magnitude and preserving full 3D event reconstruction capabili-
ties. This technology addresses key challenges in detecting low-energy neutrinos, such
as those from supernova bursts, and enhances the ability to perform precision measure-
ments critical for both particle physics and astrophysics.

The Q-Pix readout has demonstrated improved low-energy detection and reconstruc-
tion capabilities compared to those achieved with the conventional projective wire-based
readout currently envisioned for the DUNE experiment. Notably, the Q-Pix architec-
ture produces higher efficiency and higher purity in individual supernova neutrino event
identification even after incorporating radiogenic background estimates from both the
bulk liquid argon and detector materials.

One of the key advantages of the pixel-based readout lies in its preservation of full
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3D event information, which facilitates precise angular reconstruction of the incoming
neutrino direction. The analysis presented here shows that within a single 10-kton Q-
Pix-enabled module, an angular resolution of approximately 33° in the & direction and
45° in the ¢ direction can be achieved at the 1o confidence level. Such directional ca-
pabilities are essential for enabling neutrino pointing and contributing to early-warning
systems like SNEWS.

The physics reach offered by the Q-Pix readout, particularly in the realm of low-
energy neutrino physics, highlights the compelling case for further development and

deployment of this technology in kiloton-scale LArTPCs.
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The Sun, with all those planets revolving around
it and dependent on it, can still ripen a bunch of
grapes as if it had nothing else in the universe to

do.

Galileo Galilei

Solar studies with Q-Pix

In the previous chapter, we examined supernova neutrinos—produced in the violent
crescendo of stellar death, where massive stars collapse and explode in a cataclysmic
finale. These neutrinos arrive like a thunderous chord, sudden and fleeting, announcing
the end of a symphonic movement written in gravitational fury.

Yet not all neutrinos enter the cosmic stage with such grandeur. Some emerge as

subtle, sustained tones—more akin to the gentle hum of a pianissimo passage than
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the crashing cadence of a finale. Solar neutrinos, born in the quiet heartbeat of the
Sun’s core, arrive not in bursts but as a continuous stream. They are the undertone
beneath the cosmos’ orchestration: ever-present, softly voiced, yet rich with information,
preserving the rhythm of our nearest star’s inner workings—measured, understated, and
indispensable to the harmony of the whole. However, extracting their signal requires
rigorous background suppression and innovative readout technologies that can amplify
the faintest trace without distorting the melody.

In this final chapter, we explore the prospects for observing solar neutrinos in a
LArTPC instrumented with Q-Pix. By combining its high spatial resolution with a
scalable, triggerless readout, Q-Pix design allows us to hear what was once inaudible:
the delicate timbre of low-energy events emerging from the persistent background. This
effort is not only an inquiry into the nuclear musical score playing within the Sun’s core,
but also a movement toward expanding the repertoire of neutrino physics—refining
oscillation models, probing neutrino-matter interactions, and extending the dynamic

range of precision measurements in LArTPCs.

6.1 Fusion Processes and Solar Neutrinos

In the core of the sun where temperatures reach approximately 15 million Kelvin and
pressures are immense, nuclear fusion occurs. These reactions not only produce the
energy that powers the Sun but also generate electron neutrinos, which, due to their ex-
tremely weak interactions with matter, escape unimpeded and provide real-time insight
into the nuclear processes at the heart of the Sun. These solar neutrinos have become
vital tools for investigating fundamental properties of neutrinos, including flavour oscil-

lations, the mass ordering, and possible other interactions beyond the Standard Model.
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The dominant fusion mechanism in the Sun is the proton—proton (pp) chain, respon-
sible for roughly 99% of solar energy production [161]. This sequence begins with the

fusion of two protons into deuterium (*H), releasing a positron and an electron neutrino:

ptp— H+et +. (6.1)
The deuterium can then fuse with another proton to create helium-3 (He):

*H+p — *He +7. (6.2)

From here, several branches are possible: in the pp-I chain, two He nuclei combine to

form helium-4 (*He) and release two protons:

3He + *He — “He + 2p. (6.3)

In the pp-II and pp-III chains, He reacts with *He to form beryllium-7 (7Be):

He + *He — "Be + v, (6.4)

which can further undergo electron capture to emit monoenergetic neutrinos

"Be+e¢ — "Li+ v, (6.5)

or form boron-8 (*B)

"Be+p — B+, (6.6)
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which decays to produce high-energy neutrinos (B8 neutrinos)

5B — 3Be* 4 ¢ + v, (6.7)

followed by ®Be* — 2%He [162]. Additional reactions, such as the pep

pte +p—H+w, (6.8)

and hep

SHe+p — *He + ¢t + v, (6.9)

processes, occur less frequently. Among them, hep neutrinos are the most energetic solar
neutrinos, with endpoint energies near 18 MeV [163]—though they have not yet been
observed. Each of these neutrino components has a unique energy spectrum, enabling
precision studies of solar fusion and neutrino oscillations, including the matter-induced
MSW effect in the Sun’s dense interior [164, 165]. These processes’ energy spectra are
shown in Figure 6.1 along with the illustration of processes in Figures 6.2.

Alongside the pp-chain, the Sun also hosts the carbon—nitrogen—oxygen (CNO)
cycle—a catalytic fusion process that plays a dominant role in more massive stars but
contributes less than 1% of the Sun’s energy [167]. In this cycle, hydrogen is fused into
helium using carbon, nitrogen, and oxygen as catalysts. The cycle progresses through
a series of reactions and beta decays, ultimately regenerating the initial carbon nucleus
while releasing two positrons and two electron neutrinos in each cycle. The neutrinos
are emitted during the beta decays of nitrogen-13, oxygen-15, and fluorine-17 (**N, 150,
I7F), each producing characteristic energy spectra [168]. Although the CNO neutrino

flux is lower than that of the pp-chain, it is especially valuable because its rate is
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Figure 6.1: Energy spectra of solar neutrinos produced from various fusion reactions within the
Sun. Taken from [166].

directly sensitive to the abundance of heavy elements within the solar core, commonly
referred to as solar metallicity. Unlike surface spectroscopy or helioseismology, which
rely on indirect measurements, CNO neutrino detection offers a direct probe of the
Sun’s internal composition [169].

Solar neutrino observations have historically played a pivotal role in particle physics,
most notably in the discovery of neutrino oscillations by experiments such as SNO [170],
Super-Kamiokande [171], and Borexino [172]. These results provided compelling evi-
dence that neutrinos have mass and change flavor as they traverse through space and
matter. Precise measurements of solar neutrino fluxes are used to test the predic-
tions of the Standard Solar Model (SSM), which describes the Sun’s energy generation,
structure, and evolution [173]. One key parameter in the SSM is solar metallicity, the
proportion of the Sun’s mass made up of elements heavier than hydrogen and helium.
Metallicity affects the opacity of the solar interior, which in turn alters the radiative

energy transport, temperature gradient, and the depth of the convective zone. Be-
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Figure 6.2: Visualization of the proton—proton (pp) chain, the dominant energy production mech-
anism in the Sun. The yellow box highlights the hep branch, in which *He 4+ p — *He 4+ e +

ve generates the most energetic solar neutrinos known, despite its extremely low branching ratio
(~2x1075). The blue box indicates the B8 production, where ®B decays into ®Be, emitting an
energetic v,—a key target in solar neutrino experiments due to its higher energy and distinctive
signature.

cause nuclear fusion rates are temperature-dependent particularly in the CNO cycle,
metallicity also influences the spectrum and flux of solar neutrinos [161].

Helioseismic measurements from experiments such as Global Oscillation Network
Group (GONG) [174] and the Michelson Doppler Imager instrument [175]on the The So-
lar and Heliospheric Observatory (SOHO) spacecraft [176] have historically agreed well
with high-metallicity (high-Z) models, accurately predicting sound-speed profiles, con-

vective zone depths, and surface helium abundance [177, 178]. Similarly, solar neutrino
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measurements—like the ®B flux observed by SNO—matched high-Z model predictions
once neutrino oscillations were included [166]. However, recent advances in 3D spectro-
scopic modeling, which account for non-local thermodynamic equilibrium effects, have
led to a downward revision of the Sun’s surface metallicity, creating significant discrep-
ancies with helioseismological observations [179, 180]. This tension is referred to as the
solar metallicity problem. Beyond stellar modeling, the Sun’s metallicity also influences
broader astrophysical studies, including the evolution of stars and the chemical history
of our galaxy [181].

Solar neutrinos also probe outstanding questions in neutrino physics. One such is-
sue is the tension between the solar-determined and reactor-determined values of the
mass-squared difference Am?;, with KamLAND reporting a best-fit value about 1.5¢
higher than that inferred from solar experiments [182, 183]. In addition, solar neutri-
nos offer sensitivity to NSIs that might arise from physics beyond the Standard Model.
Consequently, precision measurements of solar neutrinos are essential not only for solar
modeling but also for testing fundamental principles in particle physics.

Despite their importance, detecting solar neutrinos is challenging. Although the
solar neutrino flux is approximately as large as 6 x 101°cm=2s7!, the low energies of these
neutrinos result in small interaction rates [166]. Their energies typically range from a few
hundred keV up to about 18 MeV, with the B8 and hep processes providing the highest-
energy neutrinos [184]. This is significantly lower than neutrinos from accelerators
or supernovae, making their detection difficult. Successfully observing solar neutrinos
requires detectors with very low-energy thresholds, fine tracking resolution, and the
ability to reject background radiation in the 1-20 MeV range.

In this chapter, we assess the sensitivity of a 10-kiloton LArTPC, equipped with Q-

Pix readout, to solar neutrinos. We consider deployment in an underground site such as
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SURF and evaluate two detector configurations: a baseline design similar to DUNE’s far
detector modules introduced in Section 2.2.2, and a low-background scenario inspired

by the Sanford Underground Low background Module (SLoMo) proposal [185].

6.2 Experimental Consideration

This section outlines the experimental assumptions and simulation setup used to evalu-
ate solar neutrino sensitivity in two distinct detector configurations: a baseline scenario,
representing a conventional liquid argon detector filled with atmospheric argon (stan-
dard LAr used for experiments) and equipped with enhanced photon detection, and
a low-background scenario, optimized for rare-event searches using underground argon
(UAr) and improved shielding. Sourced from deep geological reservoirs shielded from
cosmic rays, UAr contains three to four orders of magnitude less 3Ar than atmospheric
argon [186]. With a half-life of 269 years, 3Ar undergoes beta decay with an endpoint
energy of approximately 565 keV, making it a major source of internal background in
detectors using atmospheric argon. Its suppression in UAr significantly enhances sensi-
tivity to low-energy events such as solar neutrinos. The following subsections describe
the shared detector geometry, the defining features of each scenario, and the assumed

cavern environment.

6.2.0.1 Detector setup

Both configurations use a 17.5 kiloton LArTPC with a 10 kiloton fiducial volume mea-
suring 12.0 x 14.0 x 58.2 m>. The active volume is divided into four drift regions of 3.5 m
length each, oriented along the z-axis as can be seen in Figure 6.3. A uniform electric

field of 500 V/cm is applied, and ionization electrons are readout by modular anode
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planes composed of contiguous 4 x 4 mm? Q-Pix pixels arranged in 6 x 2.3 m? panels.
The mechanical support structure is envisioned to minimize inactive material, but is
not simulated in this work. Event propagation use a Geant4-based framework, and re-
construction is performed using the same clustering and reset-based energy algorithms

developed for supernova neutrino studies in Section 5.4.3.

Double
Q-Pix anode Q-Pix anode Q-Pix anode

=3 =3 H =3 =3
E E i E E

12m

35m 35m i  35m

Cathode Cathode

Figure 6.3: Schematic cross section of the detector model used in this study. The z axis runs
parallel to the readout planes, each facing an individual drift volume. Figure taken from our forth-
coming study [187].

The baseline scenario uses atmospheric argon as the active medium. The full anode
plane is assumed to be sensitive to photons, providing a 37% effective photon coverage.
A photon detection efficiency of 15% is adopted, corresponding to the performance of
commercial photodetectors operating at 128 nm. Although ambitious, this configuration
serves as a benchmark to evaluate the potential impact of enhanced scintillation light
detection systems. It also motivates continued research into integrated charge-light
readout technologies [188, 189].

The low-background scenario follows design principles proposed by the SLoMo col-

laboration [185]. It retains the same geometry and readout scheme as the baseline
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but is filled with UAr. Additional background suppression is achieved through neutron
shielding, implemented using a water shield or borated cryostat. Fast neutrons are
moderated via hydrogen scattering and captured by '°B, which has a high thermal neu-
tron capture cross section. These reactions release only short-range particles, reducing
the probability of background contamination. Furthermore, radon-induced backgrounds
are suppressed by three orders of magnitude using specialized argon purification and

recirculation systems.

6.2.0.2 Cavern

Both detector configurations are assumed to be installed in a deep underground cavern
at SURF. The dimensions match those of the DUNE experiment: 144.5 m (length)
x 19.8 m (width) x 28.0 m (height) [29]. While cosmic-ray fluxes are significantly
reduced at this depth, radiation from the surrounding rock and construction materials
still contributes to the background.

To mitigate this, the cavern walls are lined with specially selected low-radioactivity
concrete or shotcrete. The elemental compositions of the native rock and these engi-
neered materials are shown in Table 6.1. These compositions inform the simulations
of external gamma and neutron backgrounds from uranium, thorium, and potassium

decay chains.

6.3 Solar Neutrino Prediction

This analysis focuses on the detection of B8 neutrinos and hep neutrinos through both
CC and ES interactions. These two neutrino sources are particularly relevant in the

context of this study: B8 neutrinos provide the dominant solar neutrino flux above
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Atomic percentage [%)]

Concrete/

Element | Rock Shotcrete
O 58.74 56.538
Fe 1.50 0.132
Mn 0.03 0.001
Ca 0.11 21.061
K 1.55 0.283
Si 19.85 4.173
Al 4.94 0.514
Mg 3.58 0.382
Na 0.69 0.120
N - 0.067
C - 12.005
H 9.00 4.724

Table 6.1: Atomic composition of cavern rock and assumed low-radioactivity concrete and
shotcrete used to line the detector cavern walls. Data taken from [190].

2 MeV, while hep neutrinos represent the highest energy component predicted by the

SSM, with endpoint energies extending to approximately 18 MeV. To date, hep neutrinos

have not been experimentally observed; existing measurements have only set upper

limits on their flux [191, 192]. Detecting these rare, high-energy neutrinos would be an

important discovery and would provide a stringent test of the SSM.

The predicted signal rates for each interaction channel are summarized in Table 6.2,

with the corresponding input spectra shown in Figure 6.4.

Interaction Channel

Events / (10 kton X year)

e + PAr — ¢~ + *K* (°B CQ)
ve+e = v.+e (°BES)

v + “Ar — ¢ + “K* (hep CC)
v.+e — v, + ¢ (hep ES)

14380
9160
86
23

Table 6.2: Expected number of », interactions from B8 and hep solar neutrinos in a 10-kiloton-
year exposure, separated by interaction channel. Both CC and ES interactions are included.

These estimates are based on the solar neutrino fluxes from the BS05(OP) Stan-

dard Solar Model [166] shown in Figure 6.1, combined with neutrino-argon interaction
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Figure 6.4: Energy spectra of B8 and hep neutrino interactions in a 10-kiloton LArTPC per year.
The plot on the left shows distributions as a function of true neutrino energy; the plot on the right
shows corresponding spectra reconstructed using reset-equivalent energy, as measured by the Q-Pix
readout.

cross sections from Ref. [106], which are derived using the MARLEY simulation frame-

work [193] shown in Figure 6.5.
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Figure 6.5: Neutrino interaction cross sections on *°Ar. Figure taken from [106].

6.4 Background Prediction

Solar neutrinos primarily interact via CC or ES interactions producing single recoiling

electrons in the sub-MeV to low-MeV energy range. These signals are rare and subtle,
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and are often indistinguishable from backgrounds that also produce lone electrons, such
as beta decays and Compton-scattered electrons from external gamma rays. As shown
in Figure 6.4, the relevant energy window extends up to about 20 MeV, covering signals
from both B8 and hep neutrinos. Within this window, a wide variety of background
processes must be carefully considered in order to assess the sensitivity.

Previous experiments, such as SNO [194] and Borexino [195, 182], have shown that
precise solar neutrino measurements are possible, but only if all relevant backgrounds
are well understood and tightly controlled. In the context of a 10-kiloton LArTPC
like DUNE’s far module, the background conditions differ significantly from those tar-
geting low energy as prime research goals. The radiopurity, geometric structure, and
reconstruction techniques of a LArTPC create both opportunities and challenges for
background mitigation.

Unlike supernova bursts, which produce a transient signal lasting only around ten
seconds, solar neutrino detection relies on continuous readout over long time periods
—months or even years. This extended integration time makes it essential to account
for radioactive decays that occur on timescales far longer than what is relevant for
burst detection. As a result, even long-lived isotopes that are negligible in the context
of supernova neutrino detection can become significant background sources for solar
neutrino measurements, particularly as their decay products accumulate over time. This
accumulation poses a serious challenge to solar neutrino detection, where the signal is
both rare and low in energy. The backgrounds relevant to solar neutrino detection are
divided into two main categories based on their point of origin, relative to detector:
internal and external, as detailed in the following subsections.

A comprehensive overview of all background isotopes, including half-lives, decay

modes, energies, daughter products, branching ratios, and expected rates, is presented
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in Table 6.5 at the end of this section for reference.

6.4.1 Internal Backgrounds

We begin by examining internal backgrounds—radioactive processes originating within
the active volume including intrinsic radioactivity in the liquid argon and contaminants
within detector components. These sources, intrinsic to the argon medium or introduced
via detector components and materials, represent some of the most challenging and
persistent backgrounds for low-energy solar neutrino studies. Table 6.3 shows the brief

summary of these relevant processes.

Source Process Mechanism Impact on Analysis

Type
Intrinsic Ar B decay Beta particles emitted Produce electrons that mimic
Isotopes from intrinsic cosmogenic solar signals
(39Ar, 42Ar, 85Kr) isotopes
Intrinsic Rn a and B de- Sequential radioactive de- B decays produce high-energy
Isotopes cays cay in LAr from radon electrons that mimic solar sig-
(?2?Rn, 220Rp, daughters nals
219Rn)

« from Rn chains

a capture on
Ar

a particles excite 36:38:40Ay

nuclei, emitting 1-18 MeV
y cascades

y-induced electrons (Comp-
ton/pair production) mimic so-
lar signals; significant above
5 MeV

« from Rn chains (40Ar(a,n)) « induces neutron emission Neutron and y energies are low;
reactions with coincident y rays interaction rates subdominant

excluded in this study
Detector material a/B/y  from Emissions from support Not included in this study
radioactivity U/Th chains, structures, electronics, etc. due to minimal Q-Pix mate-
60C, 40K rial; contributions expected to

be negligible

Table 6.3: Summary of internal background sources, processes, and their impact on solar neutrino
signal identification in a liquid argon detector.

6.4.1.1 Argon radioactivity: *°Ar, **Ar, and ¥Kr

Commercially available argon is primarily derived from the Earth’s atmosphere through

cryogenic fractional distillation of liquefied air, a process used in large-scale industrial
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air separation units. In this method, atmospheric air is compressed, cooled, and lique-
fied, and its components are separated based on their boiling points. Argon, which boils
at 87.4 K, is isolated taking advantage of the difference in boiling points of nitrogen
(77.4 K) and oxygen (90.2 K). It is then purified and stored either as a compressed gas
or cryogenic liquid. The isotopic composition of atmospheric argon is dominated by
the stable isotope *°Ar, which makes up 99.6% of the total, with smaller contributions
from stable isotopes 30Ar (0.34%) and 38Ar (0.06%) [196]. The isotope *°Ar is the one
exploited in LArTPC experiments due to its favorable physical and nuclear properties.
While these isotopes are not problematic for high-energy physics applications, atmo-
spheric argon also contains several radioactive isotopes, notably 37Ar, 3°Ar, and *?Ar,
with estimated abundances of approximately 3 x 107, 8 x 10713, and 1 x 10~ atoms per
atom of argon, respectively. These isotopes are particularly concerning for low-energy
studies such as solar neutrino detection.

These radioactive isotopes originate through cosmic-ray interactions in the atmo-
sphere and during neutron activation processes. 3’Ar is produced through several pro-
cesses, including the 40A1f(n,2n)39Ar reaction induced by fast neutrons, as well as spal-
lation from cosmic rays and secondary reactions involving neutron capture and beta
decay. 3?Ar undergoes beta decay with a half-life of 269 years and a Qp = 565 keV.
37TAr, on the other hand, is primarily produced via spallation reactions on argon [197].
It has a relatively short half-life of 35 days and decays via electron capture, producing
a low-energy signal of Q=0.813 MeV. Finally, 42Ar, a rare isotope with a half-life of
32.9 years, is produced mainly through « capture of “°Ar or two-step neutron capture
of ¥Ar [198]. Tt decays to *?K producing energy of Qp=0.599 MeV. Although 3TAr
undergoes electron capture, both 3?Ar and “?Ar decay via beta emission, producing

electrons that propagate within the detector, which can closely mimic the electron sig-
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nals expected from solar neutrino interactions. In contrast, 37Ar is not considered in
this study, as its short half-life of 35 days ensures that its activity will have decayed well
before data taking begins. Moreover, once atmospheric argon is extracted, purified, and
stored underground—shielded from further cosmic-ray exposure—mno additional 3"Ar is
produced, preventing any replenishment of this isotope.

Activities of 3?Ar and #?Ar in liquid argon have been measured by several experiments,
including WARP [199], GERDA [200], DEAP-600 [201], and DBA [202], which reported
values of approximately 1 Bq/kg and 50-100 zBq/kg, respectively. In this study, we
assume activities of 1 Bq/kg for 3%Ar and 100 zBq/kg for *?Ar. In addition to these
intrinsic argon isotopes, another background source of concern is 8°Kr. It is a radioactive
noble gas introduced into the environment primarily through nuclear fuel reprocessing
and atmospheric fallout from weapons testing, or due to neutron capture reactions of
cosmic ray neutrons with ®Kr in the atmosphere [203]. Despite the fact that krypton is
chemically distinct from argon, trace amounts can be present in commercial argon due
to its similar physical properties and the difficulty of separating noble gases. °Kr has
a half-life of 10.7 years and beta-decays with Q = 0.687 MeV. Depending on the argon
purity, it can vary up to factor of three. The activity level of 0.1 Bq/kg was assumed
in this study [182, 199].

The daughter isotopes resulting from the decay of 3?Ar and 8°Kr are stable. However,
42Ar decays into an unstable isotope, *’K, which subsequently undergoes beta decay
with half-life of 12 hours, with the energy of Qz=3.525 MeV. Approximately 82% of
these decays proceed directly to the ground state of *2Ca, and the remaining 18%
transition to an excited state 4>Ca*, emitting an additional 1.524 MeV gamma ray.

In principle, if the 2K ion remains positively charged (*?KT), the background from

this decay chain could be reduced, as the positively charged ions might drift toward
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the cathode and out of the fiducial volume before it decays. However, there are no
measurements made for the ion survival probability of “?K* in liquid argon. At these
energies, a substantial amount of any potential reduction in background due to ion drift
is expected to be negligible. Thus, the conservative assumption was made such that the
daughter nucleus activities is the same as those of their parent isotopes.

As detailed in the SLoMo proposal [185] and mentioned in section 6.2.0.1, the UAr
can significantly reduce internal radioactive backgrounds. The activities of 3°Ar and
85Kr in UAr have been measured by the DarkSide collaboration to be approximately
0.73 mBq/kg and 2 mBq/kg, respectively [204, 205], reporting reductions by roughly
three orders of magnitude. Although direct measurements of *?Ar activity in UAr have
not yet been performed, a three-order-of-magnitude suppression relative to atmospheric

argon was assumed, to be consistent with assumptions made in previous studies [185,

206].

6.4.1.2 Radon decay chains: "'"Rn. ***Rn, ?*’Rn

Radon isotopes are generated from the decay of uranium and thorium in detector com-
ponents and surrounding materials such as cavern rock, concrete, and shotcrete, and
can diffuse into the detector’s active volume. Radon isotopes and their decay daughters
were classified as internal backgrounds in this study, as their decays primarily occur
within the detector. Following Ref. [207], activity of 1 mBq/kg was assumed for >?*Rn,
which originates from the 23%U decay chain. Because the measured abundance of 2*Th
is typically 1.5 to 5 times higher than that of ***U in surrounding materials [208, 209,
210, 211], and considering that 220Rn is a decay product of 2*2Th, and given that 2?°Rn
is a decay product of 23*Th, we conservatively assume a 22’Rn activity of 5 mBq/kg.

Finally, for 2YRn which arises from the 23°U decay chain, an activity of 7 mBq/kg was
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estimated based on the relative isotopic abundance of uranium [212].

FEach radon isotope generates a radioactive decay chain such as alpha and beta decays
with varying energies. The specific decay chains considered in this study are visualized
in Figure 6.6 and Figure 6.7, and detailed in Table 6.5. The expected number of events
for each decay within these chains is calculated assuming secular equilibrium, where
the decay rate of each daughter isotope is determined by multiplying the parent’s decay
rate by the branching ratio and accounting for its probability to decay within a one-year
time window. For long-lived isotopes such as 2!°Pb, accumulation over extended periods
could increase their activity. However, as will be demonstrated later, the sensitivity
results presented here do not significantly depend on these particular decays or their

subsequent radioactive daughter isotopes.

o B~
(99.99977%)
B
(0.00023%)

Figure 6.6: Decay chains of **°Rn (top) and **’Rn (bottom), originating from the **U and **?Th
series, respectively. Each chain illustrates sequential alpha and beta decays leading to stable lead
isotopes (2°’Pb and 2°®Pb). Branching ratios are labeled where relevant, highlighting both domi-
nant and subdominant pathways.

As previously mentioned, beta-emitting isotopes and solar neutrino interactions both
generate one primary electron that propagates within the detector. Although most
beta emitters yield electrons with energies below approximately 2-3 MeV, two thal-

lium isotopes, 2°8T1 and 21°T1, exhibit significantly higher energies Qp of 5.0 MeV and

5.4 MeV, respectively. The beta electron emitted from 2°®T1 decays can carry energies
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Figure 6.7: Decay chain of 22Rn, part of the 28U series. This chain proceeds through a series
of alpha and beta decays with occasional branching, ultimately terminating at stable °°Pb. Minor
branches and rare decay modes are shown alongside their branching fractions.
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up to 2.38 MeV, with the remaining decay energy emitted as gamma rays, whereas 21T
decays produce electrons with energies extending up to 4.40 MeV. This presents an irre-
ducible background for detecting solar neutrino events below 4.40 MeV, as we estimate
approximately 107 21°T1 decays occurring within the active detector volume, two orders
of magnitude higher than the total expected number of solar neutrino events.

Regarding alpha decays, the ionization tracks produced by alpha particles do not pose
a significant problem, as they are morphologically distinct from those of solar neutrino-
induced electrons. However, alpha particles can also be captured by argon isotopes
(36Ar, 38Ar, and %Ar) via “giant resonance” processes, in which the incoming alpha
particle excites the nucleus to a high-energy collective state involving the coherent mo-
tion of protons against neutrons. These resonantly excited nuclei subsequently de-excite
by emitting gamma rays with energies ranging from approximately 1 to 17 MeV [213].
These gamma rays represent a significant background for solar neutrino detection, as
they can produce electrons within the active volume through Compton scattering or
pair production, thereby mimicking solar neutrino signatures.

Currently, alpha-capture cross sections in argon have only been measured with lim-
ited precision, exhibiting approximately 30% uncertainty and with limited parameter
space [213]. These cross sections were measured at 90° for alpha energies between 6 and
15 MeV. The average cross section was then calculated by integrating over the full solid
angle, assuming isotropic emission.

Given the potential impact of this background on solar neutrino studies, the rate has
been estimated based on these past measurements on alpha capture’s cross section [213].
The estimated alpha-capture rate is approximately 10° events per 10 kiloton per year.
This rate is independently verified through simulations using Q-Pix Geant4 (QPixG4),

which modeled isotropic alpha emission within the detector volume using the energies
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and branching fractions listed in Table 6.5, and yielded consistent results. The resulting

gamma-ray energy spectrum from alpha-capture events is shown in Figure 6.8.
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Figure 6.8: Simulated energy spectrum of gamma rays produced from alpha-capture reactions in
argon. The error bars reflect uncertainties in the measured cross sections. Taken from our forth-
coming study [187].

The spectrum spans a wide energy range, with a substantial number of events occur-
ring between 5 and 10 MeV, and a non-negligible tail extending beyond 12 MeV. This
overlap directly affects the energy window for B8 solar neutrinos and partially overlaps
with that of hep neutrinos. While the high-energy tail is less populated, it remains
especially problematic due to the low expected event rate of hep neutrinos. Moreover,
the underlying cross sections used in the simulation carry large uncertainties, and much
of the existing data is sparse or incomplete. This introduces considerable uncertainty
into the background model. As a result, improving the precision of alpha-capture mea-
surements in argon is crucial for reducing model uncertainties and enabling robust solar
neutrino sensitivity estimates.

Alpha particles can also interact with argon nuclei through the alpha-induced neu-

tron emission, where “’Ar interacts with an « particle, emit a neutron and gamma rays,
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resulting on the formation of **Ca [214]. Based on the simulation, this process rate can
be estimated to be pproximately 10”7 such reactions per year. The resulting gamma ener-
gies span from 0.3 to 6.2 MeV, consistent with previously reported measurements [215],
and the neutron energies extend up to 3.6 MeV. Since these energies are below those
of external neutron and gamma rays discussed in the following sections, and their reac-
tion rates are significantly lower, their contributions are not considered in this analysis.
Additionally, beta-delayed neutron emission from the radon daughter 2'°T1 may occur.
In this process, 21°T1 undergoes beta decay, transforming into 2'°Pb. Normally, this
transition would result in the emission of a beta particle and a neutrino.

However, in some cases, the beta decay populates excited states in the daughter
nucleus (21°Pb*) that lie above the neutron separation energy. When this happens,
the nucleus is energetically unstable and can release a neutron in addition to the beta
particle. For 2'9TI, the emitted neutron in such decays can carry an energy of up to
5.189 MeV, corresponding to the energy difference between the excited state and the
neutron emission threshold. The occurrence of this process depends on the branch-
ing ratio to those high-lying excited states, which is typically small. Thus, while this
mechanism contributes neutrons that fall within the energy range of relevance to solar
neutrino backgrounds, the expected rate of this decay is extremely low compared to
the dominant external neutron backgrounds and is therefore also excluded from our
analysis.

Table 6.5 summarizes all considered radioactive decays originating from radon iso-
topes, along with their respective activities and half-lives. As previously discussed for
42K+ certain daughter nuclei produced by radioactive decays may remain positively
charged and potentially be removed if their half-lives exceed the drift time. Experimen-

tal results from Enriched Xenon Observatory 200 (EXO-200) [216] indicate ion survival
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probabilities in liquid xenon of approximately 50% for 2'*Po* (produced via alpha de-
cay) and 75% for 2!Bi* (produced via beta decay). However, measurements in liquid
argon by DarkSide [217] report a significantly lower survival probability of roughly 37%
for 2'8Po*. Although this effect might contribute to a reduction in background rates,
we adopt the conservative assumption that each daughter nucleus has the same activity
as its parent, considering that potential reductions are negligible relative to the over-
all background-to-signal ratio. For instance, it requires four sequential decays such as
20Rn — 2P0 — 212ph — 212Bj — 20877 to produce 2°8T1. Even with a hypothetical
50% ion survival probability and complete ion collection prior to decay, the resulting
208 activity would decrease from approximately 102 to ~ 10'° decays per year, still
five orders of magnitude greater than the expected number of solar neutrino events.

In the low-background scenario, the implementation of a dedicated radon purification
system, along with rigorous detector fabrication and installation protocols is assumed.
This can reduce radon-related backgrounds by three orders of magnitude [185], which
have already been achieved by dark matter experiments, including DarkSide [218] and
DEAP-600 [219]. Thus, in the low-background scenario, a three-order-of-magnitude

reduction in all radon-induced radioactive decays were conservatively assumed.

6.4.1.3 Radioactivity from detector components

Radiocontaminants present within detector components were considered as potential
sources of internal background. Detector materials typically contain considerable
amounts of radioactive isotopes such as 238U, 23U, 232Th, %9Co, and “°K, which can
generate background events. However, since the Q-Pix readout system is expected to
require significantly less material and simpler mechanical support structures compared

to conventional APAs or CRPs, radioactive decays from detector components were not
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considered in this study. Additionally, while isotopes such as 238U, 23°U, and #*?Th give
rise to the radon decay chains discussed previously, %°Co and #°K only emit low-energy
beta particles with energies below 1.5 MeV. Thus, these decays contributions are not

included either.

6.4.2 Time Integration and Decay Chain Modeling

To quantify these contributions, especially for long-lived isotopes and their daughter
particles, time-dependent modeling is essential. The time evolution of each decay chain

is modeled using the standard exponential decay law:

Ndecayed(t) = Ny (1 - f_lt> s (610)

where Ngecayed (2) is the number of decayed nuclei at time t, Ny is the initial number, and
A= 1;:—/22 is the decay constant, with 7;/, being the half-life. Since the rates are calculated
for a 1-year exposure of a 10-kiloton detector module, # =1 year was used. This allows
the estimation not just of the primary isotope’s decay, but also of the expected number
of daughter nuclei that form and decay over the same period. In cases where the half-
lives are much shorter than one year, secular equilibrium is assumed between parent

and daughter activities, after adjusting for branching ratios and decay probabilities.

6.4.3 External backgrounds

External backgrounds originate from the surrounding cavern environment—such as
rock, concrete, shotcrete, and the cryostat—and enter the fiducial volume primarily
as neutrons and gamma rays. A summary of external background sources is provided

in Table 6.4, listing the relevant processes, mechanisms, and their impact on solar neu-
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trino signal identification. Alpha and beta particles from these external materials do

not contribute to this study, as their ranges are too short to penetrate into the detector.

Source

Process Type

Mechanism

Impact on Analysis

Neutrons
(E>1.46 MeV)

Inelastic scattering on
40 Ar

Excitation of 4°Ar followed by
y cascades (1.46-11.77 MeV)

y produces electrons via Comp-
ton scattering or pair produc-

tion, mimicking solar signals

Neutrons thermalize and are
captured by 4CAr or S36Ar,
emitting y (6.1 MeV, 8.8 MeV)

Neutrons
(E<1.46 MeV)

Elastic scattering and
capture

y again leads to electrons that
mimic solar signals

Produce signal-like electrons
directly; highly challenging to
distinguish from solar signals

y interaction (Comp-
ton/pair production)

External y from rock/concrete
penetrates cryostat and inter-
acts in LAr

y from cavern

Table 6.4: Summary of external background processes relevant to solar neutrino detection in
liquid argon detectors. All mechanisms produce secondary electrons that can mimic solar neutrino
signatures.

6.4.3.1 Neutrons

Neutrons are produced mainly through fission process and alpha-induced nuclear reac-
tions. These neutrons are primarily produced through alpha-induced nuclear reactions
and spontaneous fission, driven by isotopes in the ?*Th and 23*U decay chains hap-
pening in the cavern. The neutron rate and associated energy spectrum were estimated
based on the material compositions listed in Table 6.1. For neutrons produced via («, )
reactions, the neutron energy spectra are generated using the NeuCBOT software
package [220], which simulates alpha interactions with elements found in the cavern
materials based on their measured elemental abundances. The resulting spectrum in-
cludes both the energy distribution and the total yield of neutrons generated through
this mechanism. Additionally, a significant component of the neutron background arises
from spontaneous fission of 23%U. This contribution is modeled using a Watt fission spec-

trum, an empirical representation of the energy distribution of fission neutrons. The
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Watt spectrum takes the form:

N(E) x ¢ ¥/ sinh (@) (6.11)

where E is the energy of neutron, and 2 and & are parameters that characterize the
shape of the spectrum and are specific to the fissioning isotope [221]. In this study,
neutron yield per fission was taken be 2, as was done in [208]. These combined inputs
provide a realistic prediction of the total neutron background relevant for solar neutrino
analyses. The combined neutron energy spectrum is presented in Figure 6.9, and was
used in this study. These neutrons are then propagated within the detector volume

using the QPixG4 simulation framework.
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Figure 6.9: Energy spectrum of neutrons simulated from radioactive processes in cavern wall
materials. Taken from our forthcoming study [187].

In argon, neutrons with energies above 1.46 MeV can undergo inelastic scattering [222,
223], exciting the 40Ar. This will result in the de-excitation of gamma rays — gamma-ray
cascades with energies in the range of 1.46 to 11.77 MeV [222]. Using the experimentally

measured neutron-argon inelastic cross sections [223], the neutron flux estimated from
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radiological assays of rock and shotcrete samples reported by DUNE [207], and our own
QPixG4 simulations,the neutron inelastic scattering frequency was approximated to be
0.3 Hz per 10 kiloton. Below 1.46 MeV, neutrons will no longer have enough energy to
excite *’Ar and trigger innelastic scattering. Instead, they will mainly undergo elastic
scattering, until it loses energy through multiple elastic scatterings until its kinetic
energy is comparable to the thermal energy of the liquid argon (thermalization). As the
energy level is far below MeV range, their contributions are considered negligible.
Once thermalized, neutrons can become candidates to be captured by argon nuclei.
In this process, gamma cascades with maximum energies of 6.1 MeV and 8.8 MeV
from captures on *°Ar and 36Ar, respectively are expected [224, 225]. Neutron capture
on impurities, such as N, can yield gamma-rays with even higher energies [226], but
given the anticipated purity levels of liquid argon [57], these contributions are considered
negligible. To estimate the neutron capture rate, 3 Hz per 10 kiloton reported in a study
of potential for solar neutrino detection in DUNE [190] were used, and the gamma
cascades from neutron capture was simulated with QPixG4. Finally, the output was re-
weighted to match experimental measurements from neutron resonance study [227]. For
the low-background scenario, a 50-cm water shield combined with a borated cryostat
were considered, and reduced neutron backgrounds by four orders of magnitude, as
detailed in Ref. [185]. Thus, neutron-induced backgrounds in low-background case was
calculated by reducing the simulated neutron rate shown in Figure 6.9 by a factor of

10%.

6.4.3.2 Gammas

Gamma rays interacting in liquid argon often produce single electrons through processes

like Compton scattering or pair production. These interactions produce indistinguish-
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able signals from solar neutrino events and are therefore particularly challenging to re-
ject. Therefore, accurately estimating gamma-ray rates from external sources, referred
as “external gammas” here, is crucial for solar neutrino detection studies. Gamma rays
emitted by radioactive decays in cavern walls typically reach energies up to approxi-
mately 3 MeV. Additionally, neutrons produced through fission and («,n) reactions may
be captured by nuclei in surrounding materials such as cavern rock, concrete, shotcrete,
and cryostat walls, generating higher-energy gamma rays, reaching energies up to about
11.5 MeV [228]. Furthermore, alpha particles from radioactive decay chains and fission
processes can also interact or induce alpha-capture reactions in materials like magne-
sium and silicon, leading to gamma-ray emissions with energy exceeding 17 MeV [229].
Unlike neutrons, gamma rays penetrate the cryostat walls with minimal attenuation
and can propagate tens to hundreds of centimeters into the liquid argon.

Given the significance of external gamma backgrounds, a detailed review of mea-
sured gamma-ray spectra from existing underground experiments was conducted, in-
dependently from simulations, which carry uncertainties. While the local geological
composition affects the gamma flux, the substantial consistency observed among differ-
ent underground laboratories provides confidence in the spectrum adopted here.

The gamma-ray spectrum from the DUNE experiment [207, 230] was adopted as
baseline in this study, which estimates total external gamma flux of approximately
21 MHz reaching to the surface of liquid argon. This value is consistent, within an order
of magnitude, with measurements performed at various underground facilities, including
Gran Sasso [231], SNOLAB [232], YangYang [233], Jinping [234], and Kamiokande [235].
The fraction of gamma rays above 5 MeV in the DUNE-based spectrum (shown in
Figure 6.10) is approximately 9.6 x 1078 of the total flux. This fraction also varies

significantly across other reported spectra, ranging from 10~ to 107>. Such variation
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in high-energy gamma estimates is particularly relevant, since if gamma rates above
5 MeV is higher than anticipated, this could severely impact the detection of both B8
and hep solar neutrinos. Therefore, dedicated measurements of external gamma-ray
spectra, particularly at energies above 5 MeV, will be crucial for precise solar neutrino
sensitivity estimates.

Finally, it is important to highlight that existing gamma-ray measurements rarely
provide information of spectrum beyond approximately 11 MeV. Since materials like
magnesium and silicon inside the cavern can produce gamma rays with energies above
17 MeV, the higher energy range of gamma-ray spectrum was obtained by extrapolating
the spectrum given in Refs. [207, 230]. This extrapolated spectrum is presented along
with the spectrum from the DUNE experiment in Figure 6.10, and was used as the final

gamma-ray spectrum.
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Figure 6.10: External gamma-ray spectrum at the LAr surface estimated by DUNE [207, 230].

The spectrum shows a steep decline above 4 MeV. The dashed tail indicates the extrapolated high-
energy component. Taken from our forthcoming study [187].

Since external gammas were not addressed in the SLoMo proposal [185], no reduction

is considered for the low-background scenario of study as well, and the predicted rates
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discussed in this section were used.
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Isotope Half-life (s) Decay Q (MeV) Daughter Isotope BR (%) Rate (Bq/kg) Expected events Low-bkg events
Argon and Krypton

39Ar 8.5 x 10” 8 0.565 39K 100 1.1 ~ 10" ~ 101
A2Ar 1.0 x 10° 8 0.599 42K 100 10X 107% ~ 101 ~ 107
42K 4.5 % 10* 8 3.525 12Ca 100 1.0 x 1074 ~ 101 ~ 107
85Kr 3.9 x 10 B 0.687 85Rb 100 1.0 x 107! ~ 108 ~ 100
219Rn decay chain

219Rn 4.0 « 6.946 215pg 100 7.0 x 107¢ ~ 10° ~ 106
215pg 1.8 x 1073 a 7.526 211pp 99.99977 7.0 x 1076 ~10° ~ 106
215po 1.8 x1073 2 0.721 2157 0.00023 1.6 x 1071 ~ 10° ~ 10°
21pp, 0.6 8 1.367 21B; 100 7.0 x 107¢ ~10° ~10¢
215A¢ 1.0 x 104 « 8.178 211B; 100 1.6 x 1071 ~ 10 ~10°
211Bj 3.6 x 1072 a 6.750 207 99.72 7.0 X 107¢ ~10° ~10¢
21Bj 3.6 x1072 8 0.574 21po 0.28 2.0 x 1078 ~ 10¢ ~ 10%
207T] 7.9 x 1072 8 1.418 207pp 100 7.0 x107¢ ~ 10° ~ 10°
211po 0.5 « 7.594 207ph 100 2.0 x 1078 ~10¢ ~10%
220Rn decay chain

220Rn 55.6 a 6.404 216pg 100 5.0 x 1073 ~ 1012 ~ 10°
216pg 0.1 « 6.906 212py 100 5.0 x 1073 ~ 101 ~10°
212pp, 3.8 x 10* 8 0.569 212B4 100 5.0 x 1073 ~ 1012 ~10%
212B; 3.6 x 103 a 2.251 208] 64 32x1073 ~ 102 ~10°
212B4 3.6 x 10° a 6.207 212pg 36 1.8 x 1073 ~ 10" ~ 108
20811 1.8 x 10 B 4.999 208pp, 100 3.2x 1073 ~ 102 ~10°
212pg 3.0 x 1077 a 8.954 208pp, 100 1.8 x 1073 ~ 10" ~ 108
222Rn decay chain

222Rn 3.3 x 10° a 5.590 218pg 100 1.0 x 1073 ~ 10" ~ 108
218pg 1.9 x 10* a 6.114 214pp, 99.98 1.0 x 1073 ~ 10" ~ 108
218pg 1.9 x 10 8 0.259 218 0.02 2.0 x 1077 ~ 107 ~ 10*
214pp, 1.6 x 10° 8 1.018 2B 100 1.0 x 1073 ~ 101 ~ 108
218A¢ 1.3 a 6.874 214B4 99.9 2.0 x 1077 ~ 107 ~ 104
21874 1.3 2 2.881 218Rn 0.1 2.0 x 10710 ~ 10* ~ 10!
218Rn 2.1 x 10° a 7.262 2l4pg 100 2.0 x 10710 ~10% ~ 10!
214Bi 1.2 x 10° I3 3.269 214pg 99.97 1.0 x 1073 ~ 101 ~ 108
214B; 1.2 x 10° a 5.621 210 0.021 211077 ~ 107 ~ 10
214 1.2 x 10° 2/ 3.270 210pp 0.003 3.0 x 1078 ~ 10° ~ 103
214po 1.6x 1074 a 7.883 210py 100 1.0 x 1073 ~ 101 ~ 108
2107y 78.0 8 5.483 210py 99.991 21 %1077 ~ 107 ~ 10*
2107y 78.0 B/n 0.294 209pp 0.009 1.9 x 1071 ~ 10 ~ 10°
209p, 1.2 x 10* 8 0.644 209B4 100 1.9 x 1071 ~ 10 ~10°
20984 6.3 x 10% a 3.137 205 100 0.0 ~ 10° ~ 10°
210pp, 7.0 x 108 I3 0.063 210; 99.999998 3.1 x 1073 ~ 10° ~ 10¢
210pp, 7.0 x 108 a 3.792 206 g 0.000002 5.8 x 1071 ~10% ~ 107!
206Hg 4.9 x 10% 8 1.308 2067 100 5.8 x 10713 ~ 10% ~ 107!
210B4 4.3 % 10° a 5.036 206 0.0001 3.1 %1071 ~ 10 ~10°
210B4 4.3 x10° B 1.162 210po 99.9999 31%x107° ~ 107 ~10°
206 2.5 x 107 8 1.532 206pp 100 5.8 x 10713 ~ 10* ~ 107!
210pg 1.2 x 107 a 5.407 206pp, 100 2.6 x107° ~10° ~ 10°
Other

a-capture — — — — — — ~ 10¢ ~10°
Neutron inelastic ~ 107 ~ 103
Neutron capture ~ 107 ~10*
Cavern Gammas — — — — — — ~10'3 ~10'3

Table 6.5: Summary of backgrounds contributing to solar neutrino detection for a 10 kt-yr expo-
sure. Backgrounds are grouped by origin. Expected event counts are computed assuming secular

equilibrium.
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6.5 Results

This section presents simulation results for solar neutrino signals and associated back-
grounds, based on the assumptions detailed in Sections 6.3 and 6.4. Multiple background
reduction strategies are explored to assess the feasibility of solar neutrino detection in a
liquid argon detector. In addition, the expected data rates for the Q-Pix data acquisition
system are evaluated, demonstrating its capacity for continuous, low-threshold readout

—a critical requirement for capturing low-energy, time-distributed solar neutrino events.
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Figure 6.11: Simulated deposited energy spectra of solar neutrinos (B8 and hep) and back-
grounds for a 10 kt-yr exposure. The baseline scenario and low-background scenario are shown

in left and right, respectively. Stacked histograms show dominant internal and external back-
ground contributions, while lines indicate the total solar neutrino spectrum. The sensitivity curves
below each plot show statistical significance (#¢) as a function of energy, calculated under a
background-only hypothesis. Plots follow the format our forthcoming study [187], but the data
shown are newly generated under different background assumptions provided by DUNE experi-

ment.

The left top histogram of Figure 6.11 shows the energy spectra deposited by B8 and
hep solar neutrino interactions, along with all backgrounds considered in the baseline
scenario (described in Section 6.4). Below it, the sensitivity of the combined neutrino

channels as a function of deposited energy is shown. The sensitivity (#¢) is computed
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as #a = O '(1-p), where @' is the inverse cumulative distribution function (quantile
function) of the standard normal distribution, and p is the p-value associated with
the background-only hypothesis. The p-value represents the probability of observing a
signal-like fluctuation, or a more extreme result, assuming that no true signal is present.

The results indicate that the detection of solar neutrinos below approximately 8 MeV
is essentially infeasible due to the overwhelming background rates from radioactive
decays, exceeding the expected solar neutrino signal by up to 11 orders of magnitude
in the 2-6 MeV range. Above 8 MeV, the dominant backgrounds arise from gamma-ray
interactions, particularly those originating from external sources and from alpha-capture
reactions within the detector. Within the energy window of 8-12 MeV, solar neutrino
detection may be possible, but it will critically depend on precise constraints of these
backgrounds by experiments.

The right histpgram of Figure 6.11 presents the same deposited energy spectra,
but for the low-background scenario. While this scenario has significantly lower rates
across most of the backgrounds, cavern gamma-rays are irreducible as discussed in Sec-
tion 6.4.3.2, and gamma rays from alpha-capture reactions remain a significant and
uncertain background component. This shows the necessity for dedicated in-situ mea-
surements of these background sources.

In the following subsections, the strategies for further reducing these backgrounds
were investigated through software-level techniques, such as event reconstruction strate-
gies (Section 6.5.1), fiducialization (Section 6.5.2), directionality studies (Section 6.5.3),

and photon detection capabilities (Section 6.5.4).
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6.5.1 Background rejection with Q-Pix clustering

The first strategy explored was to apply the clustering algorithm introduced in Sec-
tion 5.4.3, leveraging differences in topological signatures and energy depositions among
particle types. Of all the particle types considered, only alpha interactions produce sig-
nificantly different topologies. In contrast, beta decays, gamma-ray interactions (via
Compton scattering or pair production), and neutron interactions (via neutron capture
or inelastic scattering leading to gamma emission) all predominantly result in single-
electron events that topologically mimic solar neutrino interactions.

Gamma and neutron interactions can occasionally produce additional isolated energy
depositions, which could potentially be exploited to identify and veto these backgrounds.
In the case of gamma rays, such deposition may arise from secondary Compton scat-
terings, where the gamma deposits energy at multiple spatially separated points. Addi-
tionally, for gamma energies above 1.022 MeV, pair production may occur, resulting in
the creation of an electron—positron pair. While both particles can produce visible ion-
ization tracks, the positron eventually annihilates, emitting two 511 keV gamma rays.
These annihilation gammas can travel some distance before undergoing secondary inter-
actions, leading to further isolated energy depositions. For neutrons, inelastic scattering
or capture processes can lead to the emission of high-energy gamma rays, which in turn
may create additional energy depositions away from the primary event.

In all cases, these processes can result in multi-site topologies, distinct from the
signal expected from solar neutrino interactions: a single, isolated electron track with
no additional spatially correlated energy deposits. In this study, the effectiveness of
applying different clustering thresholds was investigated as a preliminary strategy to

reject some backgrounds. Given the overwhelming background event rates, detailed
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topological identification and rejection strategies are deferred to future work and not
addressed in this study.

Alpha particles, which stop and deposit their energy rapidly and locally within liquid
argon, yield distinctively short clusters compared to electron-induced events. This anal-
ysis indicates that alpha interactions are clustered with a maximum of approximately
4 resets, equivalent to the number of resets produced by an electron of about 1 MeV in
our detector configuration.

This reset-based clustering threshold can be used to exclude regions of the energy
spectrum where solar neutrino signals are entirely obscured by backgrounds, particularly
below approximately 3 MeV, as can be seein in Figure 6.11. Therefore, a reset threshold
cut of 12 is adopted for the remainder of this study, corresponding to a deposited energy

of approximately 3 MeV, effectively removing all events below this threshold.

6.5.2 Fiducialization

External radiation constitutes the dominant background. This subsection investigates
the effectiveness of fiducialization in mitigating cavern gamma rays and neutron-induced
gamma backgrounds. Figure 6.12 shows the survival probability of external gamma-rays
as a function of their initial energy and distance from the cryostat walls. As anticipated,
gamma-induced events are exponentially suppressed with increasing fiducialization dis-
tance, whereas the solar neutrino signal, being uniformly distributed within the detector,
experiences only a linear reduction. To quantify the practical benefits of this effect, a
specific fiducialization strategy was implemented.

To illustrate the potential of fiducialization alone, a straightforward yet stringent
strategy was considered in this subsection. Using four meters of argon as passive shield-

ing on all sides. This reduces the active detector volume to the innermost two TPC
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Figure 6.12: Survival probability of external gamma rays as a function of their initial energy and
the thickness of liquid argon used as passive shielding. The 107!, 107>, 107, 10~ contours are
shown in red. Plot adopted from our forthcoming study [187].

sections (see Figure 6.3), retaining a region approximately 6 m high and 54 m long,
corresponding to roughly 20% of the total active argon mass (approximately 2.3 kilo-
tonnes). This aggressive fiducialization scenario retains approximately O(10%) solar
neutrino events per year, compared to approximately (’)(106) gamma-ray events and
O(1) neutron inelastic scattering event per year.

As shown in Figure 6.13, this stringent fiducialization substantially enhances the
visibility of the solar neutrino signal across a broader energy range, including the hep
neutrino component, which becomes potentially observable.

Unambiguous identification of the hep neutrino component will require precise char-
acterization of alpha-capture gamma rays from argon, as well as precise understanding
of external gamma-rays at energies above 11 MeV. Furthermore, achieving adequate
energy resolution will be critical for identifying hep neutrino events within the ~15-
18 MeV region. This simplified fiducialization analysis serves as general guidance for fu-

ture solar neutrino studies, while detailed optimization involving combined background
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rejection techniques will still be essential in dedicated analyses and is beyond the scope

of this work.
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Figure 6.13: Deposited energy spectra for signal and background sources in the low-background
scenario, assuming 4 m of liquid argon as passive shielding. The bottom panel shows the signal
sensitivity as a function of deposited energy. Plot taken from our forthcoming study [187].

6.5.3 Background rejection with directionality

A key distinguishing feature of solar neutrino events is their known source direction, the
Sun, which sets them apart from most background processes. While CC interactions
do not preserve directional information of the incoming neutrino, ES events do, as has
been described in Section 5.4.7.

In the previous subsection, it was demonstrated that Q-Pix has ability to reconstruct
the directions of electrons produced by low-energy ES neutrino interactions, hence re-
construct the direction of incoming neutrinos [87]. In this study, the potential of using

directionality was investigated as an additional tool for discriminating solar neutrino
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signals from backgrounds.

We assume a Q-Pix clustering threshold set at 12 resets, corresponding to a minimum
deposited energy threshold of approximately 3 MeV. Electron directions from ES events
are reconstructed following the procedure established in the previous chapter 5.

Unlike the case of supernova neutrino detection, where the transient burst nature and
tight time coincidence of events dramatically suppress the background, solar neutrino
signals are embedded in a steady background over long exposures. As such, a more
rigorous statistical approach is needed to separate signal from noise. To address this
challenge, we employ a likelihood-based hypothesis testing framework that combines
directional and energy information to assess whether the observed angular distribution
is consistent with a solar signal atop background, or background alone. The null hy-
pothesis (Hy) assumes that the observed data come solely from background, while the
alternative hypothesis (H;) allows for contributions from both signal and background.

For each energy bin of interest, simulated pseudo-experiments are generated by draw-
ing events from representative distributions of both signal and background as a function
of cos 8, where € is defined as the angle between the reconstructed electron direction and
the known direction of the incoming neutrino. The absolute value | cos d| is used, since
the position of the Sun is known at all times, eliminating the forward—backward ambi-
guity present in supernova neutrino analyses. This allows directional sensitivity to be
characterized more simply and robustly.

The background distribution is modeled as isotropic in |cos 4|, reflecting the uni-
form directional behavior expected from gamma rays and neutron-induced backgrounds,
which lack any correlation with the solar direction. The total number of background
events is evenly divided across a fixed number of angular bins, and the number of

events in each bin is drawn from a Poisson distribution with the expected bin mean.
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This captures the natural statistical fluctuations inherent in event rates—an especially
important consideration in the low-statistics regime of solar neutrino detection—and
ensures that the simulated background samples reflect realistic detector behavior and
uncertainty.

Signal events, in contrast, exhibit a distinct peak due to the kinematics of elastic
scattering. The simulated angular distribution of signal events is first binned and con-
verted into a cumulative distribution function (CDF). Uniformly distributed random
numbers are then sampled and mapped onto this CDF, allowing for the generation of
events in proportion to the underlying signal probability density. Each sampled event is
assigned the midpoint of the corresponding angular bin, yielding a dataset that statisti-
cally reproduces the expected signal distribution while naturally incorporating Poisson
fluctuations in both the total rate and angular structure. An example illustrating the
original signal distribution and the combined signal-plus-background angular distribu-

tion is shown in Figure 6.14.
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Figure 6.14: Left: Example CDF of pseudo-experiment for the events with reconstructed energy

between 6 and 12 MeV in 10kT for a period of 5 years. Right: The angular distributions of signal,
background, and total events are shown in red, blue, and black, respectively. Here, 4 denotes the

angle between the Sun's direction and that of the reconstructed primary electron. The simulation
assumes a low-background scenario and a 4 m fiducial volume cut.
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To test each hypothesis, a binned Poisson likelihood function is constructed. Un-
der the signal+background hypothesis (H;), the expected number of events in bin 7 is

modeled as a weighted sum of signal and background contributions:

L(s,b) = H Mef(ﬁﬁb&)? (6.12)

; n;!

where 7; is the observed number of events in bin 7, and S; and B; are the normalized
signal and background distributions in that bin. The parameters s and & scale the total
expected signal and background rates and are adjusted to maximize the likelihood. For
the background-only hypothesis (Hy), the signal contribution is fixed to zero (s = 0)
and the background normalization & is re-optimized.

The test statistic used to quantify the support for the presence of a signal is the

log-likelihood ratio:

2= -2In (ﬁ’“> , (6.13)
Ly,

where £y, and Ly, are the maximum likelihood values under the background-only
and signal+background hypotheses, respectively. This procedure is repeated across
many pseudo-experiments for both hypotheses, yielding distributions of the test statis-
tic that characterize each scenario. Figure 6.15 shows an example of these distributions:
the blue histogram represents test statistics computed under the background-only hy-
pothesis Hy, while the orange histogram corresponds to pseudo-experiments generated
under the signal+background hypothesis H;. The degree of separation between these
two distributions directly reflects the statistical sensitivity of the analysis to detecting

a directional neutrino signal.
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Figure 6.15: Distributions of the log-likelihood ratio test statistic for background-only (blue) and
signal+background (red) hypotheses. The separation between the two distributions quantifies the
statistical power of the analysis to distinguish the presence of a directional solar neutrino signal
from isotropic backgrounds. The degree of overlap directly impacts the computed p-value and
resulting significance.

The sensitivity is quantified by calculating the p-value, defined as the fraction of
background-only pseudo-experiments yielding a test statistic greater than the median
value observed under the signal+background hypothesis. This p-value is then translated
into a significance using the inverse cumulative distribution function of the standard nor-
mal distribution. The final result characterizes how effectively directional information
can distinguish solar neutrino signals from isotropic backgrounds, taking into account
statistical fluctuations and limitations imposed by detector performance.

While directionality was previously shown to be a powerful tool for identifying neutri-
nos from supernova events, the results of this study indicate that its effectiveness in the
context of solar neutrinos is significantly reduced due to the overwhelming background
rates. As shown in Figure 6.16, the signal median significance remains below 2¢ across

all energies in both the baseline and low-background scenarios when fiducialization is
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not applied, underscoring the challenge of isolating directional information under such
high background conditions.

Combining directional reconstruction with a stringent 4 m fiducial volume cut in the
low-background scenario, a notable improvement is observed, with sensitivities reaching
above 5o in the 6-12 MeV range. This demonstrates that fiducialization is essential
to suppress external gamma and neutron backgrounds sufficiently for directionality to
become a viable tool in solar neutrino detection. Without fiducialization, or under

the baseline background assumptions, the directional discrimination power is effectively

lost.
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Figure 6.16: Median significance of directional sensitivity to solar neutrinos as a function of en-
ergy, with and without fiducialization. The left shows the median significance over a five-year ex-
posure for the non-fiducialized case, where external backgrounds dominate and limit sensitivity to
below 2o across all energies. The right shows the same analysis with a 4 m fiducial volume cut
applied, where sensitivity exceeds 5¢ in the 6-12 MeV range under the low-background scenario.

6.5.4 Background rejection with light detection

Light detection in LArTPC can significantly enhance event reconstruction by providing
complementary information such as precise #y, improved spatial localization, and addi-

tional energy constraints. This section examines specific scenarios in which a robust
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photon detection system offers distinct advantages over charge-only measurements.

The results presented are based on a Geant4-based toy simulation incorporating the
full detector geometry, with explicit modeling of photon production and propagation.
Individual photosensors were not simulated, but this study assumes an idealized pho-
ton detection system providing full (100%) light sensitivity across the pixel readout
planes, to be consistent with a proposed dual charge-light readout scheme using Q-Pix
technology by UTA [189].

This setup corresponds to an overall detector photon coverage of approximately 37%.
A conservative photon detection efficiency of 15% is adopted, consistent with current
performance benchmarks of commercially available photosensors designed for vacuum-
ultraviolet wavelengths [188], and a timing resolution better than 10 ns is assumed.
These generalized assumptions enable the evaluation of background rejection perfor-
mance that could be achieved with an advanced photon detection system, without re-
liance on specific hardware implementations.

Two particular techniques are explored in this subsection: pulse-shape discrimination
to distinguish solar neutrino signals from gamma-ray backgrounds arising from alpha-
capture events and identification of delayed photon emissions associated with the de-

excitation of 40K*

e ).

nuclei produced in charged-current interactions (v, + “°Ar — “0K* +

6.5.4.1 Pulse-Shape Discrimination Analysis

Pulse-shape discrimination (PSD) techniques exploit the fact that gamma rays gener-
ated by alpha-capture reactions in liquid argon produce scintillation light profiles that
differ from those of electron recoils, due to the distinct ionization history preceding

gamma emission. Specifically, when an alpha particle is emitted—such as from a radon
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decay chain—it traverses a short path in the detector due to its high mass and charge,
depositing energy densely along its track. In some cases, the alpha particle is captured
by an argon nucleus before fully stopping, exciting the nucleus and resulting in the
emission of one or more gamma rays.

Although the final detectable particle is a gamma ray, the dense ionization trail of
the preceding alpha fundamentally alters the local excitation environment. This results
in a time profile of scintillation light that is faster and more prompt-heavy than that
of electrons or standard gamma interactions. The recombination dynamics of the ion-
electron pairs and the excitation of argon atoms into molecular states are affected by
the high ionization density.

Alpha particles tend to produce a larger proportion of fast-decaying singlet states
compared to triplet states, in contrast to lower-ionizing particles like electrons. As
a result, the scintillation light signal from an alpha-capture event exhibits a faster
time profile and a higher ratio of prompt to delayed light. This behavior was first
characterized in detail in the work which measured time profiles of scintillation light
in liquid argon [236]. It demonstrated clear differences between alpha- and electron-
induced signals due to differing singlet/triplet production ratios, as can be seen in
Figure 6.17.

This altered time structure enables the use of PSD techniques to statistically differ-
entiate gamma rays produced by alpha-capture from those originating in solar neutrino
interactions, which typically result in electron recoils with more uniform, low-density
ionization profiles. PSD, therefore, offers a powerful tool to suppress one of the most
poorly constrained and potentially irreducible backgrounds in low-energy solar neutrino
studies, especially in the context of large LArTPC.

To distinguish between electron recoils from solar neutrino interactions and gamma

212



T T r v
F Lig Ar <{ { . Liq Ar
3 48t | ‘
: W . alpha particles
2 [ i
o L “ « alpha particles { x electrons J‘
=2 i x electrons - i
5 B = |
2 ' 1 g |
T S ] o
» ’ ®ox ; 10 -
c I & ot
N -x‘.w”"m\ < x x T 3
2 I B G S T | :
a - b ‘x“x“ T o
N . x x x o
AN L- J <
0= BN 2 .,
e 2 10
r nNe. f S
‘ Pyt g
. | } i — \
r 1
10
Il 1 1 1 L
0 100 200 300 400 500

Time (ns) Time ( upsec )

Figure 6.17: Time evolution of scintillation light intensity in liquid argon for alpha particles (solid
circles) and electrons (crosses). The left panel shows the photon signal on a nanosecond timescale,
highlighting the larger prompt light component produced by alpha particles. The right panel ex-
tends the time window to several microseconds, revealing the differing contributions from singlet
(fast) and triplet (slow) excimer states. Alpha-induced events exhibit a significantly faster decay
due to enhanced singlet-state production, providing the basis for pulse-shape discrimination be-
tween alpha- and electron-induced signals in liquid argon detectors. Taken from [236].

rays produced by alpha-capture processes, a PSD analysis was performed using sim-
ulated photon arrival time distributions. For each event, the time profile of detected
scintillation photons was recorded, taking into account the characteristic differences in
light emission between highly ionizing alpha-induced processes and minimally ionizing
electron tracks. Two time integration windows were defined: a fast window spanning
the first 50 nanoseconds, and a total window encompassing the full event duration (typ-
ically several microseconds). The PSD parameter was then calculated as the ratio of

light collected in the fast window to the total light:

PSD parameter = Lot (6.14)
Qtotal

This procedure was applied to large samples of both electron and alpha-capture
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gamma events. The resulting distributions, normalized to unit area, reveal a clear
separation between the two populations. Electron-induced events exhibit a lower PSD
value due to the higher fraction of delayed scintillation light, while alpha-capture events
generate a relatively larger prompt component, because of the preceding dense ioniza-
tion.

This distinction enables statistical discrimination between signal and background, as
demonstrated in Figure 6.18, and provides a valuable handle for suppressing one of the
most problematic backgrounds in solar neutrino analyses. Our results indicate that by
applying a PSD cut of <0.4, it is possible to retain 99% of electron-induced signal events
while rejecting approximately 99% of alpha-capture gamma events with preceding alpha

ionization.
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Figure 6.18: Distribution of the ratio of fast and slow scintillation light (PSD parameter) for elec-
trons (orange) and alpha-capture gammas (blue). Plot taken from our forthcoming study [187].

It is important to note limitations uncovered in the Geant4 simulation of alpha par-
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ticle transport within the 1.1-8.9 MeV range. Specifically, Geant4 simulations report
zero ionization for more than 60% of alpha-capture events. This behavior is likely un-
physical, as alpha particles in this energy range are expected to deposit substantial ion-
ization in liquid argon. Given this discrepancy, dedicated experimental measurements
of alpha-capture processes in liquid argon are crucial for accurately characterizing this

background and determining the practical effectiveness of PSD techniques.

6.5.4.2 Delayed-Light Coincidence Tagging of Solar Neutrino CC Events

CC interactions of solar neutrinos on argon,

ve + Ar — ¢~ + K, (6.15)

can be further isolated from background by detecting a delayed scintillation pulse emit-
ted during the de-excitation of the “°K* nucleus [237]. For a fraction of such CC
interactions, as shown in Figure 6.19, the resulting “°K* nucleus decays by emitting a
1.64 MeV gamma ray with a half-life of 336 ns [222]. This half-life is too short to produce
a distinct charge signal, but it is long enough to yield a temporally separable delayed
light signal that can be detected independently of the prompt electron scintillation.

The left panel of Figure 6.19 shows the fraction of CC events that produce delayed
gammas as a function of incoming solar neutrino energy. The right panel shows the
expected number of detected photons from these delayed 1.64 MeV gammas as a function
of emission position relative to the photon detection plane. It shows the number of
photons detected by the assumed photon detection system placed at the anode plane,
for isotropically emitted 1.64 MeV gamma-rays within the detector.

Even when the delayed emission occurs at the maximum drift distance of 3.5 meters,
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Figure 6.19: The left plot shows the fraction of CC events generating a delayed gamma as a
function of the energy of the incoming solar neutrino. The right shows the expected number of
detected photons from the delayed gammas as a function of distance from the collection panel.
Plot adopted from our forthcoming study [187].

photons can be typically detected with the order of thousands, demonstrating the feasi-
bility of detecting these delayed scintillation signals. For identifying signal coincidences,
we define a conservative time window of 1500 ns, encompassing more than 99% of the
delayed gamma-ray emissions. To estimate the likelihood of accidental background coin-
cidences within a delayed-light time window, each background source listed in Table 6.5
is modeled as a Poisson process. For a fixed coincidence window of 1500 ns—chosen to
encompass more than 99% of the delayed 1.64 MeV gamma-ray emissions from “°K*
de-excitations—the expected number of events from background source 7 is denoted by

Bkg i The probability that no such background event occurs in the coincidence window

is then given by the Poisson probability of observing zero events:
P(/‘bkg 5 0) = ¢ Frkei, (6.16)

Assuming that background sources are independent, the total probability of observing
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zero coincidences across all sources is the product of individual probabilities:

P(0) = Hp(lubkg,i’ 0) = exp <— Z/‘bkg,z’) : (6.17)

This expression gives the overall likelihood that no background process produces a
coincident signal in the defined window. A lower value of P(0) corresponds to a higher
risk of accidental coincidence, which could obscure the delayed gamma-ray signature
associated with genuine CC solar neutrino interactions.

In this calculation, it is assumed that the background processes are temporally un-
correlated and spatially independent, and that contributions from different detector
drift volumes can be neglected. These assumptions are reasonable given the detector
design and low per-volume rates of relevant background processes, especially in the
low-background scenario with fiducialization. This analysis provides a conservative yet
informative estimate of the expected false positive rate for background coincidences in
the presence of delayed gamma signatures.

For the baseline scenario, using the full 10-kton active mass, the probability of ob-
serving at least one random coincidence is approximately 99%. In contrast, in the
low-background scenario, this probability drops significantly to 33%. Introducing a
stringent fiducialization strategy (4 meters of passive argon shielding) further reduces
the random coincidence probability to approximately 87% and 0.1% for the baseline
and low-background scenarios, respectively.

The clustering threshold was set to 12 resets, corresponding to an energy cut of ap-
proximately 3 MeV, before applying the delayed photon coincidence criterion. Table 6.6
summarizes the expected number of CC events from B8 and hep neutrinos, as well as

the estimated number of background coincidences under the various detector scenarios.
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Here, “background coincidences” are defined as background events that accompanied
electron events of above ~3 MeV that are followed by a delayed scintillation flash from
another background event. Figure 6.20 demonstrates the combined effects of fiducial-
ization and delayed-light detection on the significance of the solar neutrino signals (hep
and B8). When both methods are employed in the low-background scenario, the solar
neutrino signal becomes discernible over a wide range of reconstructed energies, despite

the comparatively low absolute number of solar neutrino events per year.

Background scenario B8 CC Events hep CC Events Background coincidences
Baseline 3797 13 1.71 x 10°
Low background 3797 13 1.19 x 107
Baseline with 4 m fiducialization 893 3 3.42 x 10
Low background with 4 m fiducialization 893 3 796

Table 6.6: Expected B8 and hep CC events and background coincidences per year under different
background scenarios using the light coincidence technique in the considered active volume per
year.

6.5.5 Expected data rates

Unlike supernova neutrino bursts, which occur over a brief and well-defined time win-
dow of approximately 10 seconds, solar neutrino detection requires continuous data
acquisition over long periods—spanning several years, in order to accumulate sufficient
statistics. This fundamental difference imposes significantly stricter demands on data
handling and storage infrastructure.

For supernovae, the shortness of the signal duration enables data reduction strate-
gies based on short-term buffering or triggering, dramatically limiting the volume of
recorded data. In contrast, solar neutrino analyses must retain a wide energy spectrum
of low-rate, untriggered events in real time, including both signal and background. This

requires a data acquisition system capable of continuous, high-fidelity recording without
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Figure 6.20: Estimated detection significance for solar neutrino CC events under different sce-
narios. Solid lines indicate results from delayed-light tagging alone, while hatched lines show the
improvement when combined with 4 m fiducialization. Yellow curves represent the baseline back-
ground scenario; blue curves represent the low-background scenario. Plot adopted from our forth-
coming study [187].

overwhelming computing or storage resources. The Q-Pix architecture, with its intrin-
sically sparse and scalable data structure, offers a compelling solution to this challenge.

Figure 6.21 presents the estimated data rates with Q-Pix for solar neutrino events and
dominant background sources under both the baseline and low-background scenarios.
A pre-selection threshold of at least 12 resets per event (corresponding to a deposited
energy of approximately 3 MeV) was applied. In Q-Pix, each reset stores 8 bytes, and
the data rate is computed by counting the number of resets per event. Under these
assumptions, the total data volume needed to record all events depositing more than
3 MeV is approximately 1 TB per year per 10-kton detector module, an amount well
within the capabilities of current storage systems.

If extending readout to lower energy thresholds is desired, Q-Pix can also continuously
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record all events with at least one reset (approximately 0.15 MeV threshold), resulting
in a total annual data volume of about 1 PB, which still remains feasible with current
data storage technologies.

In contrast, conventional APA-based or CRP-based LArTPC modules produce sig-
nificantly larger data volumes. Given the combined signal and background rate for
events depositing more than 3 MeV is roughly 300 Hz, nearly every drift window would
include at least one potentially relevant event. Continuous readout at this rate would
produce roughly 10° PB of data per year. For example, reading out an entire 10-kton
DUNE module yields approximately 6.5 GB per event for a wire-based detector operat-
ing with a 5.4 ms waveform acquisition window [148], and about 8.0 GB per event for a
CRP-based detector using a 4.25 ms window [238]. Even employing advanced triggering
techniques—such as selective readout of individual APAs or CRPs—can at most reduce
the data volume by two orders of magnitude, which still remains several orders higher
than the corresponding Q-Pix output. This highlights the unique advantage of Q-Pix’s

asynchronous, sparse readout structure for long-term, low-energy solar neutrino studies.

6.6 Summary

This study presents a comprehensive assessment of the feasibility of detecting solar
neutrinos in a LArTPC equipped with Q-Pix pixelated readout technology. A de-
tailed simulation-based evaluation of background sources, both internal and external,
was carried out, assuming a detector located in an underground environment. Inter-
nal backgrounds, including intrinsic argon radioisotopes, radon decay chains, and their
daughters, pose major challenges for low-energy solar neutrino detection. In the sub-

5 MeV energy regime, beta and gamma decays dominate the background landscape,
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with event rates that surpass the solar neutrino signal by 8 to 11 orders of magnitude.

These conclusions hold even under optimistic mitigation assumptions, such as ion
drift or recombination effects, and remain valid when excluding minor contributions
from radiocontaminants in support structures. Even in a low-background scenario in-
corporating underground argon and radon mitigation strategies, internal background
levels remain too high to enable meaningful solar neutrino measurements at low ener-
gies.

At higher energies (above 5 MeV), two primary background sources emerge: gamma
rays produced via alpha-capture on argon nuclei, and high-energy external gammas
originating from cavern walls. The former arises from radon chain and remains one of
the most poorly constrained backgrounds due to limited measurements of alpha-capture
cross sections in argon. While PSD offers partial suppression of this background, the
associated modeling uncertainty remains a major sensitivity limitation. External gamma
rays, on the other hand, can penetrate several meters into the detector volume and
are effectively suppressed only through aggressive fiducialization. Both backgrounds
introduce significant systematic uncertainty and represent critical targets for future
experimental study.

The findings of this work highlight the urgent need for dedicated measurements of
alpha-capture cross sections and in-situ surveys of cavern gamma-ray fluxes to robustly
quantify solar neutrino sensitivity in LArTPCs. Several background rejection techniques
were explored to address these challenges. These include fiducialization, pulse-shape
discrimination, tagging of delayed scintillation light from “°K* de-excitation following
CC interactions, and directional reconstruction of electron recoils from ES events. When
implemented in combination, particularly under a low-background configuration with 4-

meter passive shielding, these techniques significantly improve the signal-to-background
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ratio in the 6-12 MeV range- opening the door to precision measurements of B8 solar
neutrinos and potentially enables the first observation of hep neutrinos in liquid argon.

Directional sensitivity, in particular, was shown to provide added statistical power,
especially when paired with fiducialization. Nonetheless, the overall feasibility of solar
neutrino studies remains tightly coupled to the ability to constrain backgrounds with
high precision and to achieve excellent reconstruction fidelity.

Finally, this study highlights the formidable challenges posed by solar neutrino detec-
tion in large-scale LArTPCs like DUNE. Unlike supernova bursts, which require data
acquisition over a 10 second window, solar neutrino detection demands uninterrupted
collection of low-energy events over many months or years. Traditional triggered read-
out systems, such as those based on wire planes or wire planes alike, are not well-suited
to this task due to the vast data volumes generated by unfiltered background activity.
This work shows that a radical shift in readout strategy, such as with Q-PIX, is needed
in order to understand solar neutrino measurement in DUNE.

In this context, the Q-Pix architecture—based on sparse, asynchronous, and reset-
driven readout—enables continuous recording with dramatically reduced data volume.
With an energy threshold of approximately 3 MeV (12 resets), the annual data load
is on the order of 1 TB, and even at the lowest thresholds (1 reset), remains below
1 PB/year. These rates are orders of magnitude lower than conventional readouts,
even when optimized with selective triggering. While this design alone does not resolve
all the background and reconstruction challenges, it provides a necessary technological
foundation. With such innovations, precision solar neutrino measurements in DUNE-

scale detectors will soon become reachable.
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Whereof we can speak,

thereof we must seek—and speak.

Inspired by Ludwig Wittgenstein

Conclusion

Neutrinos, once dubbed “the invisible particles”, have persistently challenged our ability
to observe and understand them. Yet, it is precisely this elusiveness that has driven the
continuous evolution of curiosity and detection technologies—pushing the boundaries
of experimental physics. This dissertation has been a journey through that evolution,
demonstrating how advancing detector capabilities transforms not only what we can

see, but what we can know about the universe allowing us to hear the faintest notes in
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the cosmic symphony.

At the heart of this work lies a singular vision: to bring neutrino interactions into
sharper focus—to achieve high-definition neutrino physics with LArTPCs. From foun-
dational questions about neutrino mass and oscillation to the practical challenges of
building and operating detectors at scale, this thesis has engaged with both the physics
that composes the melody and the instrumentation required to hear it.

The story began with an exploration of the theoretical and experimental landscape of
neutrino physics, setting the stage for why precision detection is indispensable. DUNE
emerged as the embodiment of this ambition—a flagship experiment designed to play in
the grand register of discovery, orchestrated across 1300 kilometers and performed by
an ensemble of massive LArTPC buried deep underground. However, as the symphony
grew in scale and complexity, so too did the need for harmony among its components.

The development of the Digital Wire Analyzer exemplified how automation and preci-
sion engineering could safeguard the integrity of wire-based LArTPCs. By transforming
quality assurance from a labor-intensive process into an efficient, scalable system, the
DWA ensured that each “string” of the detector played its part faithfully.

Production development and workflow management are not typically considered cen-
tral to a physics PhD. However, this work provided invaluable experience in systems en-
gineering, cross-institutional collaboration, and real-world project management—skills
essential to long-term engagement in experimental particle physics. It has been deeply
rewarding to see my effort evolve from a small prototype into a formally adopted DUNE
technology, now entering mass production. Guiding the DWA project through every
phase of its lifecycle remains one of the most meaningful accomplishments of my PhD.

Yet, even as wire-based systems were perfected, their inherent limitations became

clear. This realization prompted a shift from refining existing technologies to reimag-
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ining them altogether. Where traditional readouts operated like classical notation,
recording every line in sequence, Q-Pix introduced a more agile form: an asynchronous,
self-triggering architecture that listens in silence and speaks only when the physics
calls for it. Through hardware prototyping and simulation studies, this thesis also
demonstrated how Q-Pix could revolutionize low-energy neutrino detection, offering
true three-dimensional imaging, self-triggering capabilities, and enhanced background
rejection allowing us to discern the quietest passages with unprecedented clarity.

The application of Q-Pix to supernova and solar neutrino studies served as a proof-
of-concept for this paradigm shift. By capturing faint, low-energy signals with unprece-
dented clarity, Q-Pix-enabled detectors show promise not only in advancing astrophys-
ical observations but also in broadening the scientific reach of LArTPCs into domains
previously constrained by current technological limits.

As experiments strive to detect ever rarer events and probe deeper into the fabric
of the Standard Model and beyond, the demand for precise, scalable, and intelligent
detectors will only continue to grow. Q-Pix represents distinct yet converging visions
of how pixelated readouts can redefine the capabilities of LArTPCs—whether through
continuous listening for cosmic whispers or handling high interaction rates with efficiency
and precision.

In conclusion, this dissertation has charted a course from the challenges of wire-based
LArTPCs to the horizon of pixelated detection. It reflects a broader narrative within
experimental physics: that progress is driven not just by asking new questions, but by
developing the tools capable of answering them.

When I began this journey, I was captivated by how experimental physics extends
the boundaries of human perception—transforming the invisible into the observable. In

my Statement of Purpose submitted for my PhD application to Harvard, I reflected on
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Ludwig Wittgenstein’s view, expressed in his Tractatus Logico-Philosophicus, that “the
world is the totality of facts,” and his famous caution: “Whereof one cannot speak,
thereof one must be silent.” Wittgenstein suggested that language is inherently limited
to what can be empirically verified; beyond this, meaningful discourse is no longer
possible.

These developments, however, are not an endpoint but part of a broader landscape
of innovation. As I transition to Lawrence Berkeley National Laboratory (LBNL), my
research will focus on advancing LArPix—a parallel low-power, pixelated readout tech-
nology similar in spirit to Q-Pix. I will continue to contribute to ongoing research
and development, with an emphasis on improving performance, scalability, and integra-
tion with future large-scale LArTPCs. The future of neutrino physics hinges on such
complementary innovations.

Science operates precisely within this realm of the speakable—seeking, verifying, and
articulating facts about the world. Through experimental inquiry, we do not cross
into the unspeakable; rather, we expand the domain of what can be spoken about by
uncovering new facts. We transform previously unknown aspects of reality into part of
the describable, empirical world. With each advancement in detection technology, we
push outward the frontier of facts, deepening humanity’s ability to meaningfully engage
with the universe.

Now, at the conclusion of my PhD journey, that conviction remains stronger than
ever. The pursuit of high-definition neutrino physics is not merely about refining in-
struments—it is about expanding the domain of truths we can uncover and articulate.

To paraphrase my earlier reflection: Whereof we can speak, thereof we must seek—
and speak. With innovations like Q-Pix, we continue to give voice to the faint whispers

of the universe’s most elusive messengers. The once-invisible world of neutrinos is
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coming ever more vividly into view—and with it, so too does our understanding of

nature deepen.
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