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Abstract

Dark matter remains one of the most profound mysteries in modern physics. Despite extensive
astrophysical and cosmological evidence supporting its existence, its fundamental nature continues
to elude us, driving the need for more sensitive experiments. Among these, direct detection ex-
periments seeking to detect Weakly Interacting Massive Particles (WIMPs) through nuclear recoils
have made significant progress, ruling out large regions of parameter space. As detectors increase
sensitivity to probe lower masses and smaller cross sections, the once negligible neutrino back-
ground, known as the neutrino fog, becomes increasingly significant. For conventional detection
methods, this background will eventually overshadow potential WIMP signals, limiting their ability
to continue searching for WIMP dark matter.

This dissertation focuses on directional recoil detection as a means to overcome the neutrino
fog and extend dark matter searches into uncharted parameter space. This technique leverages the
unique directional signature of galactic dark matter, which enables distinguishing the signal from
backgrounds and unambiguously confirming the galactic origin of a positive signal. In this disserta-
tion are four papers addressing different aspects of future directional recoil detection experiments
and an exposition of the next generation detector in the Vahsen lab, the CYGNUS HD40.

This dissertation presents several key contributions across the four papers and the detector
exposition. A new gas mixture is proposed to enhance particle identification, along with a set
of observables that can improve identification performance by up to two orders of magnitude.
A novel deep learning method is developed for probabilistically predicting 3D direction, and an
application of the method to electron recoil simulations demonstrates that it is capable of signif-

icantly enhancing directional performance while estimating directional uncertainty accurately. A



detailed experimental comparison of various X=Yy strip readout configurations is conducted, provid-
ing insights for the design of future detectors and uncovering previously overlooked effects. A new
method is developed for predicting the angular resolution of electrons in gas. The method is easy
to compute if the electron energy and basic detector properties are known, making it a valuable
tool for predicting detector performance and optimizing detector design. Finally, this dissertation
introduces the CYGNUS HD40 detector, a step that could pave the way for scalable directional

detectors in the future.
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Chapter 1
Introduction

1.1 Overview of dissertation content

This dissertation is a culmination of di erent projects towards a future directional recoil detection
experiment. In this chapter, we introduce directional recoil detection and motivate it primarily in
the context of dark matter detection. In Chapter 2, we investigate how directional detectors could
identify and reject electron backgrounds using di erences in the 3D shapes of nuclear and electron
recoils. In Chapter 3, we develop a deep learning method for analyzing highly-segmented 3D data
and probabilistically predicting 3D direction so that the directional uncertainty can be taken into
account. In Chapter 4, we perform an experimental comparison of di erent x/y strip readout
con gurations to determine an ideal speci cation for directional recoil detectors. In Chapter 5, we
develop a method for predicting the best achievable angular resolution of electrons in gas using
information about the electron's energy along with basic gas and detector properties. Finally, in
Chapter 6 we discuss the design and construction of a new 40L directional detector, CYGNUS
HDA40.

1.2 Dark matter

Despite nearly a century of compelling astrophysical and cosmological evidence, the fundamental
composition and nature of dark matter remain one of the most profound mysteries in physics. The

Standard Model (SM) of particle physics, while exceptionally successful in many domains, fails to

account for dark matter, driving physicists to explore new physics and develop more sophisticated

detection methods. This section provides a brief overview of the evidence for dark matter and its

leading candidates.

1.2.1 Evidence for dark matter

The reason why the astrophysical and cosmological evidence for dark matter is so compelling is
that it spans all times and scales of the Universe. The smallest scale is galactic, and the evidence
lies within the measured orbital speed of spiral galaxies. From classical mechanics, the rotational
velocity of an object in a circular orbit around a galaxy is given by

r
v(r) = M (r); (1.1)

r




Figure 1.1: The rotation curves as measured for several spiral galaxies, taken from Ref. [2].

where G is the gravitational constant and M (r) is the mass contained withinr. The observed
Doppler shifts of spectral features, such as the 21 cm Hydrogen line, can be used to measw(e)
in galaxies [1, 2], including our own [3]. Our observations consistently show that the rotation
curves of galaxies, illustrated in Figure 1.1, do not follow ther =2 proportionality suggested by
Equation 1.1. Instead, the rotation curves are at at large r. This behavior can be explained if
the majority of the galaxy's mass is contained in a di use dark matter halo that extends beyond
visible matter and dominates at larger.

An abundance of evidence for dark matter also emerges at the scale of galaxy clusters. Since
clusters are the largest gravitationally bound systems in the Universe, their composition is expected
to be representative of the Universe. As early as the 1930s, the Virial theorem was used to estimate
the mass content of galaxy clusters, nding it to be dominated by non-visible matter [4]. Although
early measurements were not sensitive to the X-ray-emitting intracluster medium (ICM); more
recent observations [5] show that the mass composition of clusters is approximately 1% contained in
stars, 14% in ICM, and 85% in dark matter. Since the emission spectrum of ICM shifts depending on
the depth of the gravitational well, it gives us a resource for estimating ICM mass and mapping the
total mass distribution. Surveys of these X-ray emissions [6, 7] indicate a cluster mass composition
that is consistent with the results using the Virial Theorem. The theory of General Relativity gives
us yet another tool for estimating the masses of galaxy clusters via their lensing e ect on light rays
from distant objects [8, 9]. This method is robust since it does not require the galaxy clusters to
be stable, and it provides further evidence that 85% of the mass composition is dark matter.

Mergers of galaxy clusters provide particularly compelling evidence for dark matter. An in-
famous example is the \Bullet cluster”, which is a merger of two smaller clusters. The evidence
for dark matter is clear when comparing the distribution of mass throughout the merger using
observations from gravitational lensing versus X-rays [10], illustrated in Figure 1.2. The X-ray
observations allow us to map the mass distribution of ordinary (baryonic) matter, which interacts
strongly during the merger, causing the distribution to be localized at the center. On the other
hand, the lensing observation is sensitive to the total mass, which is dominated by dark matter.
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