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Illuminating Light Dark Matter with Fixed-Target
Experiments
Taylor Rose Gray

Department of Physics and Astronomy
Chalmers University of Technology

Abstract

Astronomical and cosmological observations provide overwhelming evidence
for a non-luminous matter component — dark matter (DM) — whose particle
nature remains unknown. Extensive experimental searches for non-gravitational
DM interactions have largely been geared for DM with masses O(GeV-TeV) via
nuclear recoils, yielding no discovery so far. DM in the MeV–GeV mass range,
however, is theoretically motivated, reproducing the observed relic abundance
while remaining invisible to nuclear recoil searches. Such light DM is better
probed via electron recoils or at fixed-target experiments. This thesis advances
the theoretical and statistical toolkit for light DM searches at fixed-target
experiments, spanning model building, statistical inference, global fits, and
signal simulation. We survey the landscape of fixed-target searches for light
DM, with a central focus on Light Dark Matter eXperiment (LDMX). We
also consider the next-generation experiment SHiP, where we simulate DM
signatures to assess its sensitivity to light DM.

Within the standard paradigm of minimal DM models, we present a
likelihood-based statistical framework for LDMX using the full two-dimensional
recoil electron distribution, spanning exclusion, discovery, parameter estimation,
and model comparison in frequentist and Bayesian formulations. This frame-
work establishes the discovery potential of LDMX, and we further quantify the
direct detection exposure needed to independently confirm a potential signal.

Moving beyond this standard paradigm, we perform global fits of scalar
and fermionic light DM, combining cosmological, astrophysical, and laboratory
constraints. We then extend the theoretical landscape of fixed-target searches
to spin-1 DM and higher electromagnetic moment dark photons, yielding rich
signatures with strong complementarity to other probes. Finally, we go beyond
standard nuclear modelling of dark photon production, incorporating elastic
nuclear form factors and spectral functions from many-body ab initio methods
in place of standard analytic treatments.
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ciation to Felix Kahlhöfer, for not only our collaboration but his mentorship
and support throughout my post doc search, my wonderful visit to KIT, and
our many fruitful and pleasant discussions. My warmest thanks go to my
collaborators, Sowmiya Balan, Csaba Balazs, Torsten Bringmann, Christopher
Cappiello, Tomas Gonzalo, Will Handley, Quan Huynh, Aaron Vincent, Avik
Banerjee, Jan Conrad, Alberto Scalesi, and a special thanks to Timon Emken
for a great time during our overlap at Chalmers. I am grateful to my collab-
orators at Lund University for their valuable feedback during our meetings
and for offering essential insights into the experimental side of our work, and
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Preface

It often occurs that we are faced with observations that cannot be explained
by current scientific theories. Throughout history, the quest to understand
the nature of these observations has triggered new theoretical developments
and ultimately new knowledge. Today, we are faced with cosmological and
astrophysical evidence, exclusively gravitational in nature, for the existence
of an elusive and invisible new form of matter, dark matter. This evidence
spans a wide range of scales and epochs, from the anomalous rotation curves
of individual galaxies and the gravitational lensing of galaxy clusters, to
the acoustic peaks of the cosmic microwave background and the large scale
structure of the Universe. These observations call for theoretical advancement to
understand the underlying nature of dark matter. This problem, which follows
from years of scientific advancement in fields such as astronomy, cosmology,
classical mechanics, and quantum mechanics, is one of the greatest of our time.
Let us take a step back in time to the 1500s, prior to the current understanding
of the Universe that we have today, and journey forward from there to the
present, reviewing past examples in which observations have led to new scientific
advancements and introducing useful concepts used throughout this thesis.

It took more than 100 years for Copernicus’ initially controversial helio-
centric model of the solar system to become accepted in the scientific community.
Prior to 1543 when Copernicus’ On the Revolutions of the Heavenly Spheres
[276] was published, the Earth was thought to be the centre of the Universe.
Later, using Tycho Brahe’s measurements, Johannes Kepler formulated the
laws of planetary motion. Galileo used a telescope for the first time to observe
planets and stars, finding the moons of Jupiter thus proving Copernicus’ hypo-
thesis of a non-geocentric solar system. He also made vital contributions to the
understanding of the laws of motion, which were important for Isaac Newton
to formulate the laws of gravitation. In 1687, the phenomenon of gravitational
attraction experienced between astronomical bodies was connected with the
tendency for objects here on Earth to fall to the floor, through Newton’s law of
gravitation [219]. This fundamentally connects the seemingly separate worlds of
astronomical bodies in outer space and our experienced lives on Earth. Newton
also that white light could be decomposed into a spectrum of colours, laying
the grounds for spectroscopy, the foundation of observational astronomy [206].

All while, and long before, this important progress in our understanding
of physics and astronomy was being made, astronomy was being used as a
means of navigation and timekeeping. Navigating the seas became easier using
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accurate measurements of the positions of stars from understanding planetary
motion. Uncovering the laws of nature governing the Universe has not only been
to feed our curiosity, but also for practical applications leading to invaluable
improvements in society.

After the discovery of Uranus in 1781, it was noticed that its orbit around
the solar system’s barycenter was slightly different than predicted by Newtonian
gravity. One viable explanation for these perturbations in the orbit was that
there exists a new planet beyond it. In 1846, Neptune was discovered after
predicting its position using these perturbations from the expected orbit. This
serves as an example of how astronomical objects can be inferred from their
gravitational influence on known and measurable objects. When deviations
from the predicted motion of objects under gravity are discovered, it can be
explained by one of two scenarios: 1. there is an undiscovered object which is
influencing other objects gravitationally or 2. the current theory of gravity is
incomplete.

Newtonian gravity works well for explaining objects falling on Earth or
many planetary orbits, although it was discovered that it fails to describe the
observed precession of Mercury’s perihelion. It was hypothesized at the time
that there could exist another planet between the sun and Mercury, namely
Vulcan, although no new planet was ever observed and instead a new theory
of gravitation was born. Albert Einstein published his theories of special
and general relativity [145, 148] in 1905 and 1915, respectively, where special
relativity postulates that the speed of light is the same in all inertial reference
frames, and general relativity establishes a connection between gravity and
geometry, describing gravity not as a force in the Newtonian sense, but as the
curvature of spacetime. Newtonian gravity can only handle scenarios with small
gravitational fields and where velocities are small compared to the speed of light;
outside of these realms general relativity is needed. For example, it is required
for explaining phenomena such as Mercury’s orbit (where the gravitational
field from the sun is large) and for the accuracy of Global Positioning Systems
(GPSs). There is even yet another proposed extension of the current framework
of gravitation, namely Modified Newtonian Dynamics (MOND) [212], which
attempts to provide an explanation for anomalous stellar and galactic dynamics.
However, it is debated whether or not MOND is substantial. Later we will
discuss the existence of this unknown mass, dark matter, in much more detail.

Following the formulation of special and general relativity, Einstein de-
veloped a static and closed model for the Universe [147] – setting the foundation
for modern cosmology. Einstein introduced an additional term to his field
equations, the cosmological constant, where this term counteracts the inward
pull of gravity in the Universe. In 1929, Edwin Hubble measured the velocities
of galaxies and discovered that they are receding away from us [179], thus the
Universe is expanding. Einstein then assumed that the cosmological constant
term is no longer needed. Even prior to these observations of the expanding
Universe, Georges Lemâıtre worked on an expanding universe solution to Ein-
stein’s equations, independently of Alexander Friedmann. Lemâıtre had the
idea that the Universe began from one point and then expanded radially, being
now known as the Big Bang theory [202, 203]. Later on, in 1998, the accelera-
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Figure 1: Sky map of the CMB photons observed by Planck [15]. Colours
show the temperature of these photons, with red being slightly hotter and
blue slightly colder. The average temperature is 2.7 Kelvin, and the difference
between the blue and the red is on the order of 10−5 Kelvin.

tion of the expansion of the Universe was measured using distant supernovae
independently by two groups, and it was concluded that the expansion of the
Universe is speeding up [233, 238]. With this discovery, Einstein’s cosmological
constant regained validity as it represents this unknown repulsive force now
called dark energy.

If the Universe began from a “single point”, the Universe would have been
very dense and hot in its earliest times. Just 1 second after the Big Bang, its
temperature would still have been around 1010 Kelvin – far too hot for atoms
to even form. In this dense cosmic soup of free electrons and nuclei, photons
could not travel far without interacting, similar to fog. After 380 thousand
years, when the Universe expanded and cooled to ∼ 3000 Kelvin, electrons
combined with hydrogen and helium nuclei and photons could now travel freely,
thus the Universe became transparent. These first photons, from when the
Universe first became transparent, are the Cosmic Microwave Background
(CMB), our earliest probe of the Universe using light measurements. The CMB
was first predicted by George Gamow, Ralph Alpher, and Robert Herman in
1948 [33–35], and was first measured in 1965 unintentionally as excess noise
in a radio receiver [140, 229]. Fig. 1 is a skymap of the CMB temperature
measured by the Planck satellite [15]. The anisotropies of the CMB embed
information on the abundances of baryons and other content (which will be
discussed in the following sections) in the Universe.

The ultraviolet catastrophe was realized at the end of the 19th century, when
experimental results of blackbody radiation (spectra of intensity as a function
of wavelength of emitted light of almost perfect absorbers) did not agree with
theoretical predictions. At the time, theory predicted that the energy emitted
at smaller wavelengths grew to infinity – something clearly unphysical. In 1900,
Max Planck solved this problem by introducing quanta, discrete energy levels
that the atoms in a blackbody can have. These discrete energy levels are integer
multiples of a base energy unit proportional to Planck’s constant, h. At the
time, the deeper consequences of these discretized energies were not yet realized;



xxii CONTENTS

it was viewed merely as a mathematical trick to fit observations. Einstein also
used Planck’s quanta to explain the photoelectric effect, where light incident on
a metal ejects electrons. A wave description of light was not consistent with
the observations of the photoelectric effect, although other phenomena such as
those in thermodynamics required both a wave and a quantized description of
light – two inconsistent frameworks.

In 1913, Niels Bohr studied the Rutherford nuclear model, one of the models
of the atom at the time. In the Rutherford picture, heavy positively charged
nuclei are orbited by much lighter negatively charged electrons, similarly to
a mini solar system. There were a couple of problems with this picture. For
one, the emission and absorption spectra of hydrogen consisting of discrete
lines could not be explained. In addition, this atom could not be stable: an
orbiting electron is constantly accelerating, and by classical electrodynamics
an accelerating charge must radiate electromagnetic energy. As the electron
continuously loses energy to this radiation, it would spiral in towards the
nucleus, causing the atom to collapse.

In order to fix this description of the atom, Bohr proposed a new model.
In this model, the electron orbits the nucleus in discrete orbits – quantized
angular momentum, and when the electron is jumping between these orbits,
light is emitted or absorbed at a specific energy. Here, Planck’s quantum
theory was being applied to the model of the atom. Despite the inevitable
realization that this light of specific energy being absorbed or emitted in
the atom is indeed the same light quanta that Einstein introduced, Bohr
was famously and persistently resistant to accepting them as the same, not
openly embracing the photon concept until 1925. Later, Einstein connected
Bohr’s atomic model to blackbody radiation, using Bohr’s discrete energy
levels to re-derive Planck’s blackbody spectrum from first principles [146].
In doing so, he showed that transitions between atomic energy levels could
only be predicted probabilistically, anticipating the fundamentally statistical
character of quantum mechanics. Einstein himself was uneasy about this
conclusion: in closing the paper, he identified the probabilistic character of
individual transitions as a weakness of the theory, foreshadowing the objections
to quantum indeterminism he would maintain for the rest of his career. However,
beyond these interpretational questions, there were more concrete gaps in Bohr’s
atomic theory: atoms with more than one electron could not be predicted well
within this framework.

In 1925, Werner Heisenberg developed a mathematical formalism for quantum
mechanics [171], based on matrix mechanics. One year later, Erwin Schrödinger
presented his formalism involving matter waves represented as wavefunctions
[247]. Many technologies rely on the developments of quantum mechanics, such
as magnetic resonance imaging used in medicine, lasers, solar cells, atomic
clocks, and quantum computing.

The development of special relativity and quantum mechanics made way
for their combination, quantum field theory, the theoretical framework used in
describing the physics of the smallest known constituents of matter. We rely on
the methods of quantum field theory in this thesis to describe these constituents
of matter and their forces, describing them by fields. The dynamics of these
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fields (and the particles arising as their quantized excitations) are encoded
in a Lagrangian density, L . The current best theory for describing these
fundamental particles and forces is the Standard Model of particle physics.

Analogous to the examples from history discussed above, precision cosmo-
logical and astrophysical measurements over the past decades have provided
mounting evidence for the existence of dark matter in the Universe. What
is now sought is a particle physics theory capable of explaining the origin of
this anomalous observation, that is, a microscopic description underlying this
purely gravitational phenomenon. This thesis explores the hypothesis that this
cosmological component is composed of new, hypothetical particles beyond
the Standard Model, described in terms of a Lagrangian, as an alternative to
the modified gravity approach of MOND discussed above. Concretely, this
amounts to extending the Standard Model Lagrangian, LSM, with new fields
and interaction terms. Specifically, this work hypothesizes viable theoretical
scenarios for the nature of dark matter, describing its fundamental properties
and its interactions with other species, and computes the expected signals and
sensitivity at experiments searching for it.
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Chapter 1

Introduction

Constituting approximately 85% of the matter content of the Universe, Dark
Matter (DM) is one of the most significant open problems in fundamental
physics. Gravitational evidence for DM spans an enormous range of scales, from
galactic rotation curves and cluster dynamics to the precision measurements of
the CMB and large scale structure [15]. Despite this overwhelming evidence,
the particle properties of DM – its mass, interactions, and connection (if any) to
the Standard Model (SM) – are unknown. This thesis focuses on the hypothesis
that DM is a particle in the sub-GeV mass range, and explores its signatures
at fixed-target accelerator-based experiments.

This thesis is organized into five parts. Part I, Background and Motivation,
lays out the broader context for this thesis and the appended papers. Chapter 1
reviews the Standard Model of particle physics, its shortcomings, and the
evidence for the existence of DM. Chapter 2 then surveys DM candidates and
their early Universe production, outlines ongoing DM search strategies, and
motivates the focus of this thesis: sub-GeV DM and the dark photon mediator.
Part II, The Standard Paradigm: Minimal Dark Matter Models at Fixed-Target
Experiments, develops fixed-target searches within a minimal and most widely
studied scenario, a kinetically mixed dark photon mediator coupled to complex
scalar or fermionic DM. While our focus here is on this benchmark case, the
methods and experimental treatment developed in this part apply equally
well to the broader scenarios considered in Part III. Chapter 3 introduces
fixed-target experiments and their light DM signatures, Chapter 4 presents
the upcoming electron fixed-target experiment LDMX in detail, and Chapter 5
develops a likelihood-based statistical framework for LDMX light DM searches
and evaluates the discovery parameter inference potential. Part III, Beyond the
Standard Paradigm: Global Fits, Dark Sector Theories, and Nuclear Modelling,
advances this picture along three complementary frontiers. Chapter 6 combines
cosmological, astrophysical, and laboratory constraints within global fits of
minimal light DM models, providing a status update for light DM. Chapter 7
looks beyond the standard predictive models to richer DM theories, spin-1 DM
scenarios and dark photons with higher-order electromagnetic moments, in
the context of fixed-target searches and complementary probes such as direct
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detection through electron recoils. Chapter 8 implements state-of-the-art ab
initio many-body nuclear theory input for modelling the target nucleus in
these searches. The thesis concludes with Part IV, summarizing this thesis and
outlining future and ongoing directions. Part V collects the appended papers
underlying this thesis.

1.1 The Standard Model

Figure 1.1: Overview of the SM particle content. The three generations of
quarks and leptons are shown alongside the gauge bosons, which mediate the
electromagnetic, weak, and strong interactions, and the Higgs boson, which is
responsible for electroweak symmetry breaking and the generation of particle
masses.

The particles that make up the SM of particle physics, the current best
theory describing the constituents of matter and their interactions, are shown
in Fig. 1.1. These particles, grouped into quarks, leptons, force carrier bosons,
and the Higgs, are involved in electroweak theory describing electromagnetism
and the weak interaction, and Quantum Chromodynamics (QCD) describing
the strong interaction.

The SM has been a highly successful theory, describing a number of phenom-
ena. For instance, the Higgs boson was first predicted in 1964, and then in 2012
it was discovered experimentally by the ATLAS and the CMS collaborations [1,
116]. Other particles such as the top quark [101], and the W and Z bosons [274]
were discovered after being predicted by the SM. As another incredible example
of the SM’s success, the electron magnetic dipole moment measurement agrees
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with SM theory predictions to one part in 1012 [225].

Although the SM works well in predicting many observations, the SM is
not (yet) a complete theory, lacking the ability to explain many phenomena.
These shortcomings have opened up a new field of particle physics, Beyond the
Standard Model (BSM) physics, where these missing pieces are addressed with
new physics. The following is a non-exhaustive list of some of the most studied
phenomena lacking in the SM:

Gravity: As of yet, there is no known way to unify our current best theory of
gravitation, namely general relativity, with the other three forces (electromag-
netic, weak, and strong) explained by the SM, since general relativity breaks
down in the quantum realm. In addition, there has not been a force carrier
particle discovered for gravity, namely a graviton [209]. There are ongoing
efforts to develop a theory of everything, such as string theory [210], which
would include the unification of gravity and the SM.

Dark Energy: As mentioned above, dark energy, or the origin of cosmic
accelerated expansion, is unknown and unexplained by the SM [217]. One
explanation is that dark energy is a cosmological vacuum energy, although this
leads to results for the theoretically calculated energy of this quantum vacuum
far too large [87]. Another possibility is that dark energy comes from new
physics, such as from a light scalar field [159, 237, 273, 277, 285].

Baryon Asymmetry: The mechanism explaining the asymmetry in the
amount of matter to anti-matter, baryogenesis, is an open question [102, 245].
There must exist an asymmetry in the amount of matter compared to anti-
matter, since if they both existed in equal amounts, all matter would have
annihilated away in the early Universe. Interestingly, you and I both exist
as beings made of matter, gravitationally bound to a planet made of matter,
within a galaxy of matter, etc.

Hierarchy Problem: The hierarchy problem refers to the large hierarchy
between the Higgs mass and the Planck mass (the scale of gravity) [234].
Supersymmetry has been one well-studied option to account for this problem.

Neutrino Masses: The SM does not predict that neutrinos have any mass,
which is in conflict with measurements of neutrino oscillations indicating that
they do indeed have mass [21, 22, 160].

Dark Matter: Finally we have DM, the topic of this thesis. DM is the
term used to call the elusive form of matter which interacts minimally via
electromagnetism, that we have evidence of through gravitational implications
in astrophysics and cosmology, as we discuss in the following section. DM
cannot be accounted for by the SM, so there must exist new physics to explain
it. The following sections will focus on the following questions: How do we
know about the existence of DM? What are some ways it could have been
produced in the early Universe? What could be its particle nature? What are
the ways in which we are trying to detect it?
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Figure 1.2: Composite image of the Bullet Cluster (1E 0657−56), a system of
two colliding galaxy clusters. The optical component (white/orange) shows the
galaxy populations of the two subclusters. The X-ray emission (pink/red) traces
the hot gas, which constitutes the bulk of the baryonic mass and has been slowed
and displaced by ram pressure during the collision. The blue contours show
the projected mass distribution reconstructed from weak gravitational lensing,
which instead traces the collisionless DM and remains spatially coincident with
the galaxies rather than the gas. Image from [122].

1.2 The Unknown Mass

It is not trivial to pinpoint the first discussions and scientific work consid-
ering the existence of unobserved (or dark) astronomical objects [81]. For
example, in 1844 Friedrich Bessel realized that there must exist unobserved
stars influencing the motion of stars Sirius and Procyon [282]. Similarly to the
discovery of the planet Neptune, this marks a significant occasion in history
where an astronomical object was anticipated solely based on its gravitational
interactions.

It turns out that the amount of mass observed in galaxies is not consistent
with theoretical predictions. In 1904, Lord Kelvin noticed that the mass in
our galaxy, the Milky Way, estimated from measurements of velocities of stars,
must include dark bodies which we cannot see [264].

Often you will hear this story begin in 1933 with the astronomer Fritz
Zwicky and his comparison between measured versus theoretically predicted
velocities of galaxies within the Coma Cluster [40]. Using the virial theorem,
Zwicky calculated what the velocities of 800 galaxies each ∼ 109 solar masses
within a radius of one million light years should be theoretically and found a
value of approximately 80 km/s. However, he found that the measurements of
velocities using redshifts are approximately 1000 km/s. This discrepancy of
over an order of magnitude called for the existence of some unknown missing
matter, dubbed dark matter.
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The Bullet Cluster (also known as 1E 0657-56), shown in Fig. 1.2, mag-
nificently demonstrates the existence of DM and the necessity for it to be a
new type of matter distinct from ordinary matter. This false colour image
is of the collision of two galaxy clusters, where each cluster has an ordinary
matter component and a DM component. The white and yellow spots are
other galaxies in the distance, taken in the optical by the Magellan and the
Hubble Space telescopes. The red is the X-rays detected by the Chandra tele-
scope, which shows where the baryonic/ordinary matter (hydrogen gas) exists
within the clusters. Finally, the blue is where most of the mass is concentrated
from gravitational lensing1 measurements. As evident in Fig. 1.2, there is a
mismatch between the red and blue regions, namely the expected and the
measured locations of the mass in the clusters. Notice also that the blue region
has moved further from the collision center than the red regions, showing the
slowing of the gas from frictional forces and the blue matter’s lack of friction.
With this, we have evidence that the majority of the mass in these galaxy
clusters demonstrating this particular behaviour is some additional invisible
matter, DM, which interacts very weakly. This is the most famous example,
although there are several other examples of galaxy clusters demonstrating the
existence of DM.

Zooming into individual galaxies, the shapes of the rotation curves of
galaxies also demonstrate the existence of DM [71, 256]. It is expected that
after a sufficient distance from the centre of the galaxy, the radial velocities,
v(r), will decrease with increasing radius, r, with the relationship,

v(r) =

√
GM(r)

r
, (1.1)

where G is the gravitational constant and M(r) = 4π
∫ r

0
ρ(r′)r′2dr′, with ρ(r)

as the mass density profile of ordinary matter. This is in contradiction to
measurements where the radial velocity curves instead flatten out [71, 256].
As an example, we take the rotation curve of spiral galaxy NGC 6503, as
shown in Fig. 1.3. Here it is evident that only considering the ordinary matter
component leads to predictions that do not match the data. There must be
a DM halo component in order to reproduce the flattened rotation curves.
The DM halos that are hypothesized to exist as the major component of
galaxies are predicted to have a spherical shape2 distributed according to
rotation curve observations with a mass density following ρ ∼ r−2. However,
the density profiles of DM in the center regions of galaxies differ whether
considering simulations or observational data [144]. N-body simulations of
galaxy formation lead to central profiles that are cuspy following ρ ∼ 1/r at
small r [218], while the data is instead consistent with a constant density core
where ρ ∼ r0 [216]. This disagreement is called the “core-cusp problem”, which
has had many proposed solutions [135].

1Gravitational lensing is the effect where gravity from a massive object causes light passing
near it to bend. By measuring the distorted shapes of luminous objects under this effect by
performing gravitational lensing surveys, the distribution of mass can be determined.

2It is plausible that the DM halo shapes are not exactly spherical [188].
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Figure 1.3: Rotational velocities of stars in the spiral galaxy NGC 6503 [71].
The points with error bars are measurements using red shifts. The dashed
curve labeled “disk”, the dotted curve labeled “gas”, the dash dotted line
labeled “halo”, and the solid curve going through the data are theoretical
curves considering only ordinary matter, gas, a DM halo, and ordinary matter
with a DM halo added in quadrature, respectively.

During the 1970s, it became more accepted that galaxies are enveloped
inside of these massive DM halos [158, 227]. These halos provide the galaxies
with large gravitational potential wells in which ordinary matter can cool
and form into galaxies [279]. From simulations of structure formation, the
Universe as we know it today cannot exist without a significant DM component.
Without DM present, structure cannot begin to grow until after recombination3

– which is inconsistent with the galaxy we observe today. Density fluctuations of
baryonic matter do not increase with time before matter-radiation decoupling
due to the photon pressure from frequent Compton scattering. Therefore, DM
is necessary to have the galactic structure in which we live.

The final piece of evidence for DM to mention: the CMB anisotropies.
The oscillations of the photon and baryon plasma in the early Universe cause
the angular fluctuations of the CMB temperature. These oscillations are
caused by the competing forces from gravity and photon pressure. In order
to quantify the temperature anisotropies, we compute the power spectrum –
the angular correlation function of the temperature differences expanded in
spherical harmonics, as shown in Fig. 1.4. The angular scales of the CMB are
depicted by the peaks and troughs, which change with the abundance of DM,
ordinary matter, and dark energy showing their individual contributions [177].
The blue curve in Fig. 1.4 is the best fit of the ΛCDM (Cold DM) model, the
current best cosmological model [98]. The cosmological parameters that are
fit include the abundance of baryons and DM in the Universe, ΩB and ΩDM

4,

3Recombination is the cosmological epoch where the Universe is cooled sufficiently for
electrons and protons to form neutral hydrogen atoms.

4Often (and later in this thesis) cosmological abundances are expressed in units of Ωh2,
in which H0 is factored out.
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Figure 1.4: The temperature power spectrum of the CMB [15], where the
temperature fluctuations are plotted versus multipole l. The measurements
made by the Planck satellite are plotted in red along with their error bars, and
the ΛCDM theoretical best fit is plotted in light blue.

where Ωi ≡ ρi/ρc, and the critical density is given by,

ρc ≡
3H2

0

8πG
. (1.2)

The Universe’s energy budget is 69% dark energy, 26% DM, and 5% ordinary
matter [15].

With this undeniable evidence for DM, existing at many scales and times
in the Universe, we arrive at attempting to solve one of the greatest scientific
mysteries of our time.
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Chapter 2

Particle Dark Matter

2.1 Its Nature and Cosmological Origin

What could make up this mysterious matter causing measurable gravitational
effects in astrophysical and cosmological objects? An obvious explanation is
that DM is made up of ordinary matter compact objects that are simply less
luminous. These objects include planets, brown/red/white dwarfs, neutron
stars, and black holes: categorized as Massive Astrophysical Compact Halo
Object (MACHO) [170]. MACHOs have mostly been ruled out as a plausible
DM candidate because of the lack of them found in microlensing surveys [197,
265] and measurements of the baryon density (such as from the CMB [15]),
leaving a small mass window of primordial black holes as technically viable
DM candidates [103, 269].

Another explanation is that it is in fact not matter at all, but instead
evidence for the necessity for a more complete theory of gravity such as MOND
[212–214] as introduced earlier. MOND is able to explain some of the shapes
of rotation curves, however MOND has trouble when it comes to observations
of galaxy clusters and the CMB [19, 123].

In order to explain the total amount of DM and the entirety of its gravita-
tional evidence, the idea that DM is made up of particles (similarly to ordinary
matter) became the leading hypothesis in the field [81]. Only interacting
through the weak and gravitational forces, SM neutrinos were hypothesized
to be DM. One of the problems with neutrinos is that they were hot (relativ-
istic) during structure formation of galaxies [228], which is inconsistent with
simulations of structure formation showing the need for cold (non-relativistic)
DM [278]. Another problem is that there is a lower bound on the mass of
galactic halo leptons called the “Tremaine-Gunn bound” [266], since the density
of fermions cannot exceed that of a degenerate Fermi gas. Since neutrinos
are the only stable and electromagnetically neutral particle in the SM, this
leaves us with the need for a new type of BSM particle for DM. Despite the
lack of information we have on the nature of this mysterious matter, this
new hypothetical particle must fulfill some criteria: stable on cosmological
scales, sufficiently weak interactions with ordinary matter consistent with null

11
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experimental results, has an early universe production mechanism giving rise
to the observed relic abundance (see Section 2.1.1), non-relativistic during
structure formation, and small enough self interactions consistent with cluster
observations.

The Weakly Interacting Massive Particle (WIMP) [50, 235, 244, 249, 260]
has been one of the most popular classes of DM candidates1, arising from
BSM theories such as Supersymmetry or from theories that attempt to solve
the hierarchy problem. Interestingly for this candidate, the observed relic
abundance by Planck [15] is obtained through freeze-out while having a cross
section and mass of the weak scale. This realization (or coincidence) has
been coined the “WIMP miracle”. WIMPs have a mass in the ∼ O(GeV) to
∼ O(100 TeV) range, bounded below by the relic density [199] and above by
unitarity [168]. This lower bound exists if the WIMP interacts through the SM
weak force, where the Lee-Weinberg bound sets a lower bound on the mass due
to avoiding overproduction of the DM density. However, this lower bound can
be circumvented by the addition of a new gauge mediator, allowing for masses
below a GeV.

2.1.1 Thermal Production: Freeze-Out

The cosmological abundance of DM is known from measurements of the CMB
[15]. However, the precise history of how this abundance came to be is not
known. If we consider that DM was once in thermal equilibrium with the SM
bath, the DM history will follow that of the freeze-out mechanism [163, 259].
There are other possible mechanisms that can produce the observed abundance
of DM such as freeze-in [125], where DM was never in thermal equilibrium
with the SM bath, but here we focus on DM produced through freeze-out.

The assumption that DM was once in thermal equilibrium with the SM bath
is not implausible, since most other species were once in thermal equilibrium,
sharing a common temperature T . Figure 2.1 plots the evolution of the DM
density, or yield (described below) as a function of time. In the freeze-out
mechanism, the DM abundance (coloured solid curves), follows the equilibrium
curve (dashed curve) until chemical decoupling – when the Hubble rate exceeds
the production and annihilation rate of DM. Before freeze-out occurs, the
average kinetic energy of the SM bath species will not be sufficient to efficiently
produce DM. This phenomenon, called Boltzmann suppression, causes the
equilibrium yield curve to exponentially fall to zero, from the exponential in
the Maxwell-Boltzmann distribution that decreases rapidly as temperature
decreases. The temperature at which Boltzmann suppression occurs is whichever
happens first: either when the temperature drops below the mass of the DM (if
the DM is more massive than the initial species it is produced from) or when
the abundance of the initial species becomes small due to their own Boltzmann

1The definition of WIMP in the literature is not fully consistent - some consider them to
interact via the SU(2)L gauge bosons in the SM (via the weak force), while others consider
them to interact through new interactions via a new mediator. Here we take them to be of
mass O(GeV ) to ≈ O(100TeV ) and produced through the freeze-out production mechanism,
interacting via SM or BSM forces.
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Figure 2.1: The evolution of the DM yield, or comoving number density, Y
plotted vs x ≡ m/T (a variable representing something similar to time) where
m is a relevant mass scale and T is temperature. Coloured curves are the DM
yield in the freeze-out scenario at various coupling strengths, and the dashed
curve is the equilibrium yield assuming Maxwell-Boltzmann statistics.

suppression (if DM is lighter than the other species). The interaction strength,
or coupling, between the DM and SM (or other dark sector particles), governed
by the DM model, influences how long the yield can follow the equilibrium
curve until decoupling. Larger couplings lead to a smaller final DM yield.

The number density of a species of mass m and γ internal degrees of freedom
in thermal equilibrium, assuming Maxwell Boltzmann statistics, follows [192],

neq(T ) =
γm2TK2

(
m
T

)
2π2

, (2.1)

where Ki(x) is the modified Bessel function of the second kind of order i.
Departures from thermal equilibrium were vital in establishing a relic, such
as a DM relic and of course you, the reader. These departures from thermal
equilibrium, namely the process of decoupling as mentioned already above,
occur when the interaction rate, Γ, of the given species with the other bath
species drops below the Hubble expansion rate, H.

In order to calculate the abundance of DM for a given theoretical framework
for DM, the decoupling must be treated by using the Boltzmann equation to
compute the evolution of the particle’s phase space distribution [163, 192]. You
may refer to [163, 167, 192] for a review of equilibrium thermodynamics and
more details on the Boltzmann equation. The number density n is governed by
the Boltzmann fluid equation,

ṅ+ 3Hn = R(t), (2.2)
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where R is the interaction rate density, the number of interactions per unit
time and volume,

R(t) =
γ

(2π)3

∫
C[f ]

d3p

E
, (2.3)

where C[f ] is the collision operator2 as a function of the distribution function
f containing all particle number changing interactions, E is the energy and
p is the momentum of the particle of interest and H is the Hubble rate. The
Hubble rate describes the expansion rate of the universe,

H ≡ ȧ

a
(2.4)

where a is the scale factor. During the radiation dominated era the Hubble
parameter is given by,

H(T ) =

√
8π3

90

√
g∗eT

2

mPl
, (2.5)

where mPl is the Planck mass and g∗e(T ) is the effective number of degrees of
freedom associated with energy [180] given by,

g∗e =
∑

bosons i

γi

(
Ti
T

)4

+
7

8

∑
fermions j

γj

(
Tj
T

)4

(2.6)

and Ti(j) is the temperature of species i (j), while T is the thermal bath
temperature.

Considering the process i+ j + · · · ↔ k+ l+ · · · , if we are interested in the
particle i,

Ri(t) =
γi

(2π)3

∫
C[f ]

d3pi
Ei

=

∫
dΠidΠj · · · dΠkdΠl · · · (2π)4δ4(pi + pj + · · · − pk − pl − · · · )[

|M̄ |2k+l+···→i+j+···fkfl · · · (1 ± fi)(1 ± fj) · · ·
−|M̄ |i+j+···→k+l+···fifj · · · (1 ± fk)(1 ± fl) · · ·

]
(2.7)

where |M̄ |2 is the squared amplitude averaged over initial and final spins3, dΠi

are the phase space differential elements,

dΠi =
γid

3pi
(2π)32Ei

, (2.8)

for every species index i, and the (1 ± f) factors are the stimulated (+) and
blocking (−) factors for final state bosons and fermions respectively.

2The collision operator is defined as the rate of change of the distribution function of the
species of interest due to collision processes such as scattering and annihilation.

3In cosmology we average over initial and final spins, rather than averaging over initial
and summing over final spins, since we do not know the initial or final states.
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Let us now define two useful parameters. To scale out the universe’s
expansion, we use the comoving number density or yield, Y , defined by,

Y ≡ n

s
, (2.9)

where s is the entropy density. We use x as a parameter representing time in a
convenient way,

x ≡ m

T
, (2.10)

where m is a relevant mass scale, usually set to be of the particle of interest,
mi.

Let us consider the process 34 ↔ 124 where we are interested in calculating
the final yield of particle 3, Y∞. Let us also make a few assumptions that simplify
the problem: (1) charge-parity (time) invariance hence |M̄ |212→34 = |M̄ |234→12,
(2) Maxwell Boltzmann statistics thus emitting the stimulated and blocking
(1±f) factors, and (3) that particle 3 is in thermal equilibrium until it decouples
and moreover is in kinetic equilibrium during chemical decoupling. We write
the Boltzmann equation, Eq. 2.2, in terms of Y and x under these assumptions,

dY3
dx

=

√
π

45

mPlm3g∗
x2

⟨σv⟩34→12

(
(Y eq

3 )
2 − Y 2

3

)
(2.11)

where Y eq is the equilibrium yield given by,

Y eq
i =

neqi
s

=
45γix

2K2(x)

4π4g∗s
, (2.12)

and the thermally averaged cross section is,

⟨σv⟩34→12 =

∫
σ34→12(sm − 4m2

3)
√
smK1

(√
sm
T

)
dsm

8m4
3TK2

(
m3

T

)2 , (2.13)

with the Mandelstam variable sm ≡ (p3 + p4)2 = (p1 + p2)2 and the cross
section of the process σ34→12. Eq. 2.11 is a differential equation with no analytic
solution, therefore we must rely on numerical methods to solve it. However,
in the case of freeze-out, if we can determine the freeze-out temperature TF ,
the final present day yield can be approximated. After freeze-out, Y eq ≪ Y ,
so Y eq in Eq. 2.11 can be safely neglected.

We take the result of [163] (also see [167] for more details) for the yield of
particle three at t = ∞, or the present day yield,

1

Y∞
≈ 1

Yf
+

∫ Tf

0

√
π

45
mPlm3g∗⟨σv⟩34→12dT. (2.14)

The freeze-out temperature can be calculated in two main ways. For the first
method, we can numerically solve for Tf , or xf ≡ m3

Tf
, using [163],

dY eq
3

dx

∣∣∣∣
xf

≈ −
√

π

45

mPlm3g∗(xf )

x2f
⟨σv⟩34→12(Y eq

3 (xf ))2
(
δ2 + 2δ

)
(2.15)

4All other number changing processes such as 1 → 2 and 3 → 2 (where the latter is
relevant for Paper I) must be considered when solving the Bolzmann equation.
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where
dY eq

3

dx

∣∣∣
xf

is the derivative of Y eq
3 (x) with respect to x evaluated at xf ,

and we can take δ = 1.5 [163]. The second method for calculating Tf is to
take the temperature at which the Hubble rate exceeds the annihilation rate of
particle 3. We use the first method throughout this thesis.

These methods of calculating the relic abundance of DM are used through-
out this thesis for determining the parameters consistent with the measured
abundance, the so called relic targets.

2.2 Dark Matter Searches

In this section, we briefly outline the types of efforts that exist to search for
signals from DM particles.

Figure 2.2: The DM search channels at collider, direct detection, and indirect
detection searches.

Indirect Detection

Going from left to right in Fig. 2.2, we have DM annihilations into SM species.
If DM particles annihilate into ordinary matter, a measurable signal of photons,
neutrinos [141], or cosmic rays can be produced and observed [232]. DM
annihilations can also have an impact on the CMB, Big Bang Nucleosynthesis
(BBN), and the 21-cm Hydrogen line [253, 254]. This detection channel plays
less of a prominent role in this thesis compared to the others, however we
consider it in Paper II in combination with other channels.

Direct Detection

Now starting at the bottom and going upwards in Fig. 2.2, we have DM
scattering with SM particles in direct detection searches [23, 66, 112, 249]. DM
particles from the galaxy can scatter off target particles in detector materials
on Earth, with the expected signal rate dependent on the local DM velocity
distribution, typically taken to follow the Standard Halo Model [68]. Depending
on its kinetic energy and the momentum transfer, DM can scatter with electrons,
partons, nucleons, or nuclei, and cause a measurable signal. Traditional searches
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target nuclear recoils from WIMP-scale DM, such as XENONnT [47], LZ [2],
and PandaX [92], but this sensitivity degrades sharply for sub-GeV DM masses
and quickly falls below realistic detector thresholds, motivating the electron
scattering channel [215].

For sub-GeV DM, a central element of this thesis which is introduced
below, the dominant detectable process is instead DM-electron scattering [151].
Because the electron mass is far smaller than the nucleon mass, DM as light
as O(MeV) can transfer enough momentum to ionize an atom or excite an
electron across a semiconductor band gap, producing a detectable signal even
though the corresponding nuclear recoil would be invisible. Experimentally,
this channel has been pursued by SENSEI [13], DAMIC-M [14], PandaX-4T
[284], SuperCDMS [31], and XENONnT [48], among others. Calculating the
DM-electron scattering rate requires the electronic structure of the target
material, described either through atomic or dielectric response methods, and
more generally within an effective framework for DM-electron interactions [110,
111].

Direct detection experiments can extend their sensitivity to light DM via
the Migdal effect, the ionization of atomic electrons from the instantaneous
accelerations of the atom, a mechanism whose existence was confirmed in early
2026 through the direct observation of Migdal-induced electron emission in
neutron–nucleus collisions [283].

Collider

Finally from right to left in Fig. 2.2, we have searches where the collision of SM
particles produces DM or dark sector particles [166]. These SM collisions can be
between two high energy beams (e.g., electrons, protons, heavy ions) or a beam
and a fixed-target. The largest particle accelerator in the world, the Large
Hadron Collider (LHC), among other physics, searches for BSM physics such as
DM [231]. However, since LHC searches are more sensitive to ≳ GeV mass DM,
this thesis focuses on lower energy, higher intensity accelerator experiments
better suited as sub-GeV DM searches. These searches can be grouped into
invisible and visible searches: where the former searches for “invisible” or dark
signatures such as missing energy/momentum or DM scattering, and the latter
searches for the visible decay products of dark sector particles (such as from
the dark photon). In Chapter 3, we discuss in detail a class of accelerator
experiments: fixed-target experiments – a core aspect of this thesis – and
consider these experiments in the context of light DM.

2.3 Below a GeV: Beyond the WIMP

If DM is produced thermally in the early universe, i.e. it was once in thermal
equilibrium with the SM and produced through freeze-out, its mass can be
from ∼ O(MeV) to ∼ O(100 TeV) [199]. The upper mass bound arises because
of unitarity violations, and the lower bound from cosmological observations5.

5Energy injection into the SM during BBN is tightly constrained [119].
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The experimental efforts in search of nuclear recoils from DM-nuclei scattering,
in particular direct detection experiments as described in Section 2.2, are very
important for probing GeV - TeV scale DM such as WIMPs.

The absence of a concrete WIMP signal across direct detection, indirect
detection, and collider searches has shifted significant theoretical and exper-
imental attention toward DM candidates with masses below the GeV scale,
coupled to the SM through light mediators rather than through electroweak
strength interactions at the weak scale [65]. In this case, DM of sub-GeV
mass would evade current nuclear recoil direct detection experiments. Among
the simplest and most widely studied scenarios, is the one where the dark
photon, A′, (introduced in the following section) plays the role of the mediator
between DM and the SM. For DM masses in the MeV–GeV range, thermal
freeze-out through this portal fixes a calculable relation between the mediator
mass mA′ , the mixing parameter ϵ, the dark coupling αD, and the DM mass
mχ that reproduces the observed relic abundance. This relation defines the
thermal target benchmark curves, conventionally expressed in terms of the para-
meter y ≡ αD ϵ

2(mχ/mA′)4 (introduced below), against which the sensitivity
of accelerator-based searches is typically quoted [77]. As mentioned above, such
light masses do not deposit enough energy via nuclear recoils to be detected.

DM-electron scattering however, is a suitable mechanism in which sub-GeV
DM particles can be directly discovered. Complementary to DM-electron
scattering at direct detection experiments, accelerator-based searches give
strong constraints on sub-GeV DM for many theoretical scenarios [65]. The
core subject of this thesis is sub-GeV (or light) DM, and using one of the
leading types of experiments for these candidates, fixed target experiments, as
a way to measure a potential DM signal.

2.4 Dark Photons

If thermal DM has a mass below a GeV, there must exist a new light mediator,
providing the interactions between DM and SM particles. One possibility is a
dark photon mediator, A′, arising from a new U(1)′ symmetry group under
which all SM fields are singlets [54, 152, 175]. The mechanism responsible
for the generation of the mass of this new gauge boson could come from the
Stueckelberg mechanism [261] or from an extended Higgs sector. The presence
of a new U(1)′ symmetry describing a new Abelian6 gauge boson gives rise to
Kinetic Mixing (KM) between the SM photon and the A′, a mixing of their
kinetic terms that, once diagonalized, endows the A′ with an effective coupling
to the SM electromagnetic current suppressed by ϵ. The KM with the SM
hyper-charge [54, 175] is,

LKM = − ϵ

2 cos θW
F ′
µνB

µν , (2.16)

with the field strength tensor Xµν ≡ ∂µXν −∂νXµ for a generic field Xµ. F ′µν

and Bµν are the field strength tensors of the U(1)′ gauge field Ã′
µ and the SM

6An Abelian theory is one where the gauge group generators commute; U(1) is the simplest
example, having only a single generator, unlike non-Abelian groups such as SU(2) or SU(3).
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hyper-charge gauge field Bµ, respectively (both before field redefinitions). θW
is the weak mixing angle, and ϵ is the KM strength.

Diagonalizing the kinetic terms in Eq. 2.16 results in the Lagrangian for
the interaction between SM fermions and the A′7,

LA′ = −1

2
m2

A′A′µA′
µ − 1

4
A′µνA′

µν − ϵeA′µ
∑
f

qf f̄γµf, (2.17)

where A′µ is the physical dark photon vector field after diagonalizing the kinetic
terms and canonically normalizing, A′µν is its field strength tensor, e is the
elementary charge, f is the SM fermion spinor, and qf is their electric charges.
I have specifically left out the interaction terms between the A′ and the DM,
since they are dependent on the nature of the DM particle. Throughout this
thesis, we assume various DM models, thus different interaction Lagrangians
between the A′ and DM. In Part II, we consider minimal DM models where
the DM candidate is a complex scalar or a fermion, described in the following
subsection. We go beyond these minimal models in Chapter 7, exploring vector
DM frameworks with extended scalar sectors and new non-Abelian gauge
symmetries.

2.4.1 Minimal Dark Matter Models

The minimal DM models presented here, and used throughout a large part of
this thesis, are simplified models where DM interacts with SM through the
dark photon mediator [77]. These models are predictive, in the sense that
their early universe dynamics are directly related to laboratory observables.
DM annihilation into SM fermion pairs, through a virtual dark photon, is the
dominant process setting the relic abundance, given mA′ > 2mDM. The DM
annihilation cross section (times velocity), if we take mA′ ≫ mDM, scales as,

σv(χχ→ ff̄) ∝ ϵ2αDm
2
DM

m4
A′

≡ y

m2
DM

, y ≡ ϵ2αD

(
mDM

mA′

)4

, (2.18)

where αD ≡ g2D/4π, gD is defined below, and we have introduced a new
convenient parameter y, in which experimental searches are also sensitive to.
This allows for easy comparison of the thermal targets, the curves in the
(y,mDM) plane consistent with the observed relic abundance measured by
Planck [15], with the experimental sensitivity in the form of exclusion bounds.
In this thesis, we consider complex scalar DM and Dirac fermion DM. Paper II
and Chapter 6 studies and compares both scenarios in the context of global
fits.

Complex Scalar Dark Matter

The Lagrangian associated with complex scalar DM is,

LDM = |∂µχ|2−m2
DM|χ|2+igDA

′µ[χ∗ (∂µχ)−(∂µχ
∗)χ

]
−g2DA′µA′

µ|χ|2, (2.19)

7Assuming mA′ ≪ mZ
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where χ is a complex scalar. We take this model as a default benchmark
scenario throughout the thesis, in particular for Paper II, III, IV, V, and VII.
Notably, for complex scalar DM the non-relativistic DM annihilation cross
section into SM fermions, multiplied by velocity v, is proportional to v2, where
v is velocity, and is therefore p−wave suppressed at late times (small velocities)
[93, 94]. Strong bounds from energy injection during recombination [255] are
thus evaded in this scenario [56].

Dirac Fermion Dark Matter

Next, we consider DM that is a Dirac fermion, with the Lagrangian given by,

LDM = χ̄(i/∂ −mDM)χ+ gDA
′µχ̄γµχ, (2.20)

where χ is a Dirac fermion. We only consider vector-like couplings8. Contrary
to the complex scalar DM case, DM annihilates via s−wave and therefore is
not velocity suppressed, leading to strong bounds from indirect detection [56].

8Axial-vector couplings can only arise in dark Higgs mechanisms [72].
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Chapter 3

Fixed-Target Experiments

3.1 Accelerator-Based Dark Matter Searches

DM with mass below a GeV deposits insufficient energy in nuclear recoils to
exceed current detector thresholds at direct detection experiments, making
accelerator-based searches an essential complementary probe of the sub-GeV
mass range [62, 65, 78, 88, 138]. These experiments test for DM signals produced
from high energy collisions of SM particles. In fixed-target experiments, a
relativistic beam of protons or electrons is incident on a fixed target, a dense
material at rest in the lab frame, causing interactions with target nuclei as
illustrated in Fig. 3.1 [64, 165]. Through these interactions, a relativistic flux of
dark sector particles (the DM itself or the mediator) can be produced and later
detected through their missing energy/momentum, directly in a downstream
detector, or through their visible decays into SM final states.

The current and future experimental constraints on the sub-GeV DM
parameter space are summarized in Fig. 3.2. For an invisibly decaying dark
photon, in the case of elastic scalar DM, sensitivities are plotted in the left
figure. Visibly decaying dark photon limits are presented on the right. To put
these constraints into perspective, the contour which reproduces the observed
relic abundance assuming the freeze-out mechanism1 measured by Planck [15]
is drawn for a benchmark set of parameters. These so-called thermal targets
serve as valuable benchmarks for experiments, giving theoretical context to
the exclusion bounds and projected sensitivity. These thermal target curves
conventionally accompany invisible dark photon searches but not visible ones.
An invisible search assumes the mediator mass, in this case the dark photon,
to be > 2mχ, so that a resonantly produced dark photon decays promptly
and dominantly to χχ̄. The annihilation process, χχ̄→ A′ → ff̄ , setting the
relic abundance, is controlled by the same combination of couplings as the
DM production rate at invisible searches. It is then possible to collapse the
four-dimensional parameter space (mA′ ,mχ, ϵ, αD) onto a single combination,

y ≡ ϵ2αD(mDM/mA′)4, (3.1)

1See Section 2.1.1 for the calculation of the freeze-out relic abundance.

23
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Figure 3.1: Illustration of a fixed target experiment, where an electron (or
proton) beam impinges on a fixed target, producing a shower of particles,
possibly including dark photons. There are three main types of searches with
this set up, missing energy, visible signatures, and proton beam dumps.

by fixing the mass ratio mA′/mχ. Plotting y against mχ then makes the thermal
target well defined. A visible search, by contrast, probes the regime mA′ < 2mχ

(or simply does not assume the presence of DM in the model at all), so that A′

can only decay to SM fermions. The natural observable is the two-dimensional
plane (mA′ , ϵ), which by construction contains no information about mχ or αD.
For this reason, visible search exclusion plots are conventionally left without a
relic target.

Collider experiments provide additional sensitivity to the sub-GeV and
broader dark sector parameter space. At e+e− colliders, DM can be searched
for via mono-photon signatures, in which a monochromatic single photon is
produced along with missing energy and momentum, via the process e+e− →
γA′ → γχχ̄. The production of dark photons would result in a peak in
the missing mass spectrum, m2

X = s − 2E∗
γ

√
s, where s is the centre of

mass energy squared and E∗
γ is the energy of the photon. BaBar [201] and

Belle II [36, 154] have performed such searches. These colliders also set leading
constraints on visible dark photon decays [36, 154, 200], and KLOE [39] provides
complementary constraints through radiative ϕ→ ηA′ decays, where ϕ meson
decays to an η meson and a dark photon. At hadron colliders, mono-jet and
mono-photon plus missing transverse energy searches at the LHC are sensitive
to DM production in association with hard QCD radiation, however, it is less
competitive than fixed-target or e+e− experiments in the sub-GeV mediator
mass range. The dedicated long-lived particle experiment ForwArd Search
ExpeRiment (FASER) [7] exploits the highly boosted forward flux of light
mesons in pp collisions to search for dark photons decaying visibly to e+e− pairs,
setting new constraints at mA′ ∼ 10–100 MeV; an upgrade, FASER2, is planned
for the High-Luminosity LHC era with significantly extended reach. Taken
together, collider searches are most complementary to fixed-target experiments
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Figure 3.2: Current landscape of current and future accelerator experiment con-
straints on sub-GeV DM, in particular the elastic scalar DM with a dark photon
mediator [193] for an invisibly decaying dark (left) and a visibly decay dark

photon (right) [64]. Sensitivity estimates on the parameter y ≡ ϵ2αD

(
mχ

mA′

)4
,

where αD = 0.5 and 3mDM = mA′ , are plotted as a function of the DM mass
along with the relic target in black, on the left figure. The right panel plots
existing constraints in grey and future experimental reach in colour on the
KM strength ϵ – dark photon mass plane, with no relic target shown since this
projection does not fix the dark sector parameters (mχ, αD) that the thermal
target depends on.

at higher mediator masses for invisible searches, where the reach of beam
experiments is kinematically limited, while visible decay searches at colliders
constrain overlapping but distinct regions of the dark photon parameter space
to those probed by the fixed-target experiments.

Fixed-target experiments can be broadly divided into two categories accord-
ing to the nature of the beam: proton beam dump experiments and electron
beam experiments. In proton beam experiments, the high centre-of-mass energy
available in proton–nucleus collisions drives DM production primarily through
the decays of secondary mesons and via proton bremsstrahlung. However,
the same hadronic collisions produce an irreducible flux of neutrinos, which
constitute the dominant background for DM scattering searches. Furthermore,
the large amount of hadronic activity and secondary particle production makes
it impractical and rather messy to fully reconstruct the initial state on an event-
by-event basis, precluding missing energy or momentum searches. Instead,
proton beam dump experiments rely on detecting DM after it has traversed a
shielding region that absorbs SM backgrounds, through its scattering signatures
in a downstream detector. In electron beam experiments, by contrast, the
comparatively clean initial state, a single electron on a nucleus, allows precise
accounting of the visible final-state energy and momentum on an event-by-event
basis. The absence of hadronic activity also means the neutrino background
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is essentially absent. Together, these features enable missing energy (where
the recoil electron energy is measured and the DM escapes unseen) or missing
momentum (where the full recoil electron 4-momentum is reconstructed) as
the primary search strategy, providing sensitivity to DM production without
requiring a downstream scattering signal. The two approaches are therefore
complementary: proton experiments benefit from higher production rates, while
electron experiments achieve superior signal-to-background and are particularly
powerful at lower mediator masses.

The experiments considered in this thesis are presented below, starting with
proton beam experiments and followed by electron beams.

3.2 Proton Beams

Proton beam dump experiments offer a complementary approach to electron
fixed-target experiments for light DM searches [63, 69, 99, 138]. In these exper-
iments, a high-intensity proton beam impinges on a thick target, producing
DM predominantly through the decays of secondary mesons and via proton
bremsstrahlung. The resulting DM flux is then detected through scattering
signatures in a downstream near detector. Compared to electron beam experi-
ments, proton collisions grant access to a richer set of production channels, at
the cost of a larger and less controllable neutrino background. Interestingly,
these experiments serve a dual purpose: probing neutrino physics in addition
to dark sectors [137]. Here I provide a brief non-exhaustive list of relevant
proton beam experiments.

MiniBooNE This beam dump experiment searches for electron and nuclear
recoils from DM produced in interactions between an 8.9 GeV proton beam
and a steel target [16, 17]. A DM flux can be produced from meson decay, dark
bremsstrahlung, and less dominantly through direct parton-level processes. This
DM flux can be detected from nuclear and electron recoils in the downstream
detector made of mineral oil. No statistically significant signal excess was
observed.

LSND The second beam dump experiment we consider uses an 800 MeV proton
beam incident on a water or high atomic number metal target, producing DM
mainly through meson decays (the energy is not sufficient for sizeable production
through bremsstrahlung) [51, 53, 137]. Downstream, a detector filled with
mineral oil is sensitive to DM-electron scattering signals; DM-nucleon scattering,
by contrast, is not detectable, as the resulting nuclear recoil energy at this beam
energy falls below LSND’s detection threshold. Liquid Scintillator Neutrino
Detector (LSND) reported 242 scattering events which include elastic scattering
by neutrinos and potentially DM, with an expected SM background of 229 ±
28.

COHERENT Located in “Neutrino Alley” at the Spallation Neutron Source
at Oak Ridge National Laboratory, COHERENT [30] uses an approximately
1 GeV proton beam which impinges on a mercury target producing an intense
flux of neutrinos from pion and muon decays. COHERENT operates multiple
detector subsystems, including a CsI scintillating crystal array and a liquid argon
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detector, and has made the first two measurements of coherent elastic neutrino–
nucleus scattering (CEνNS) on CsI [30] and argon [28]. A flux of light DM
via π0 decays and dark bremsstrahlung is produced, which COHERENT can
search for through nuclear recoil signatures in its detectors [29]. COHERENT’s
sensitivity to DM is complementary to higher-energy proton beam experiments
such as DUNE.

SHiP Search for Hidden Particles (SHiP) is a beam dump experiment approved
in 2024 for operation at the CERN Super Proton Synchrotron (SPS) Beam
Dump Facility, collecting 4 × 1019 protons on target per year at 400 GeV for a
projected total of 6 × 1020 protons over its lifetime [20, 32]. The experiment
consists of two complementary detector systems: the Scattering and Neutrino
Detector (SND), which searches for light DM through recoil signatures off
electrons and nucleons; and the Decay Spectrometer, which targets visible
decays of feebly interacting long-lived particles. For invisible DM searches,
light DM particles are produced in the tungsten target via several mechan-
isms: dominantly meson decays (π0, η, ω) and proton bremsstrahlung and
subsequently scatter in the SND. In Section 3.4.3 we explore the possibility
of DM produced at SHiP from the decay of secondary vector mesons from
exclusive photoproduction [251].

DUNE The Deep Underground Neutrino Experiment (DUNE) is a long-
baseline neutrino oscillation experiment at Fermilab using a 120 GeV proton
beam impinging on a graphite target, with a projected total exposure of
1.1 × 1021 protons on target per year for seven years [5, 173]. For light DM
searches, the relevant detector is the Near Detector complex, a liquid argon
time projection chamber. Light DM particles are produced predominantly via
π0 and η meson decays in the target and proton bremsstrahlung. DM is then
detected via elastic scattering off electrons or nucleons in the LAr target [97,
132] DUNE can operate in three complementary modes. The standard on-axis

Figure 3.3: Three different operation modes of DUNE: standard on-axis (left),
PRISM off-axis (middle), and beam dump (right) [184]. The presence of the
beam dump is present in all modes, however the beam dump mode does not
have the target in front.

configuration provides high statistics, however more background and systematic
uncertainties. The DUNE-PRISM off-axis configuration [132], on the other
hand, in which the detector is displaced transversely up to 30 m from the beam
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Figure 3.4: Dark photon production channels at proton beam dump experiments
[138]. Number of elastic nucleon scattering events as a function of dark photon
mass.

axis [130], exploits the different angular spectra of the neutrino background
and the light DM signal to improve the signal-to-background ratio. Finally,
a dedicated beam dump mode in which the hadronic target is removed, with
a substantially reduced neutrino flux and a lower background for a light DM
search. The background for the on and off-axis modes are taken from [82] and
the beam dump mode is assumed to have a factor of 10−3 reduction relative
to the standard on-axis mode [97]. DUNE is also sensitive to visibly decaying
dark photons, as studied in [80].

NOνA The long-baseline neutrino oscillation experiment, NuMI Off-Axis νe
Appearance (NOνA) [8, 11], at Fermilab, uses the same 120 GeV proton beam
on a graphite target as DUNE delivered via the NuMI beamline. The NOνA
near detector is a liquid scintillator tracking calorimeter located downstream of
the NuMI target and 100 m underground at Fermilab, positioned off-axis. Using
a total exposure of 2.55 × 1021 POT, a search for light DM has been performed
using this detector [8], with light DM produced dominantly via π0 and η meson
decays and proton bremsstrahlung and detected through DM-electron elastic
scattering. Background from neutrino-electron scattering is further reduced by
kinematic cuts which we adopt from [99].

T2K [49, 138], MicroBooNE [6], and SBND [10, 143] are also worth briefly
mentioning: all three search for invisible light DM signatures via DM-electron
and DM-nucleon scattering in their respective near detectors, analogous to the
searches discussed above.

Proton beam dump experiments provide a powerful setting to search for
DM produced in proton-nucleus collisions. Dark photons can be produced
in several ways; the main production channels are meson decay, dark proton
bremsstrahlung, and direct parton level processes. Figure 3.4 summarizes the
rate of each process as a function of the dark photon mass. Dark bremsstrahlung
dominates in the higher mass region mA′ ≳ 500 MeV, while π0 decay dominates
at lower masses. Direct parton level processes also give rise to dark photon
production but are only relevant at masses above ∼ GeV. In Section 3.4.1 the
meson decay channel is described, and dark bremsstrahlung in Section 3.4.2.

The projected sensitivities, reported as 90% Confidence Level (C.L.) bounds,
for complex scalar DM mediated by an invisibly decaying dark photon, for
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the next-generation high energy proton beam dump experiments SHiP and
DUNE and current experiment NOνA are compared in Fig. 3.52 The results

Figure 3.5: The projected sensitivity of next-generation high energy proton
beam dump experiments SHiP [32] (blue) and DUNE [173] (orange for on-axis
mode, green for beam dump mode, and red for PRISM mode with up to
24m off-axis), and of the current experiment NOνA (purple) (we follow [136]
and report on 2.97 × 1020 POT), reported as 90% C.L. bounds [198]. The
DM detection channel included is electron scattering, and the DM production
channels considered are proton bremsstrahlung and meson decay. Sensitivities
are reported for a benchmark set of parameters, mA′ = 2.5mDM and αD = 0.1.

are reported in the (mχ, y) plane. The curves are evaluated for a fixed coupling
αD = 0.1 and mass ratio mA′ = 2.5mχ. The mass ratio mA′/mχ = 2.5 has
been chosen since it is not yet in tension with the null result of current direct
detection experiments [194]. All five curves share a common qualitative shape:
y grows steadily with mχ up to the ρ resonance, reflecting the suppression
of the dark photon production cross section as the mediator mass increases.
Due to the mixing of the dark photon with the ρ and ω vector mesons, the
production cross section is resonantly enhanced when the dark photon mass
coincides with the ρ/ω-meson mass, producing the sharp dip seen in all five
sensitivity curves.

For each DUNE mode, we adopt a benchmark exposure of 7 years for
illustrative purposes, allowing for a comparison of the modes’ physics reach
rather than a projection tied to any specific approved run plan. The on-axis and
PRISM configurations correspond to operation in DUNE’s standard neutrino-

2See [132] for a dedicated likelihood analysis of DUNE’s off-axis search for DM. There,
the flux systematic uncertainty is modelled as a nuisance parameter correlated across all
off-axis positions and marginalized jointly with the data, allowing partial self-calibration of
this uncertainty. This differs from the independent channel combination we employ, and
largely explains why they find a stronger PRISM enhancement than reported here; treating
the correlation explicitly would be expected to increase our combined sensitivity further.
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beam mode and are expected to accumulate exposure concurrently with the
long-baseline oscillation program. The DUNE Dump configuration, by contrast,
requires diverting the proton beam away from the neutrino production target
and directly onto the beam dump, a configuration first proposed in Ref. [97] as
a means of suppressing the neutrino-induced background that otherwise limits
new-physics searches at near detectors. Because this mode necessarily competes
with DUNE’s primary neutrino oscillation program for beam time, it has not
been adopted as part of the collaboration’s approved running plan, and any
future dump-mode exposure would likely be limited to a much shorter dedicated
run rather than the full multi-year exposure assumed here. We nonetheless
include it in Fig. 3.5 to illustrate the best-case sensitivity such a configuration
could offer, while emphasizing that its physical realization remains uncertain
and would need to be weighed against its cost to the neutrino program.

We note that only DM elastic scattering with electrons have been included
since its background is most well-studied. Including elastic and inelastic
scattering with nuclei and deep inelastic scattering would further extend the
sensitivity of these experiments. We leave a dedicated study of the expected
background of these channels to future work.

3.2.1 Simulation Tools for Proton Beam Dumps

In this thesis, we employ a modified version of BdNMC3[138], a Monte Carlo
simulation software for modelling production, propagation, and scattering in
beam dump experiments to compute the sensitivity of proton beam experiments.
We have adapted BdNMC to incorporate additional DM models. BdNMC
first simulates the production of dark photons from bremsstrahlung and meson
decays, considering both on and off-shell contributions. Next it models the
scattering of the produced DM inside the detector with nucleons and elec-
trons, taking into account the detector material and geometry. In this thesis,
additional DM models, such as Dirac fermion DM and various vector DM
models described in Chapter 7, were added to the software since only complex
scalar DM is implemented natively. This involves computing and adding the
relativistic DM-electron and DM-nucleon cross section (as described in Paper
I and II) and branching ratios for the DM models of interest to the software.
The kinematic distribution of pseudoscalar mesons produced at proton beam
dumps are modelled by the Sanford-Wang distribution from [18] for lower
beam energy experiments, and by the so-called BMPT distribution [96] for
higher energies relevant for experiments like SHiP. The BMPT distribution is a
parametrization of data from proton beam experiments with beryllium targets,
scaled by the mass number of the target nucleus to approximate other types of
targets. Proton bremsstrahlung is implemented based on [91, 164], described
in Section 3.4.2.

3Note that within the proton bremsstrahlung channel of BdNMC, the splitting function
contains a spurious factor of 4 in the denominator and substitutes z for 1 in one of the cross
terms. Secondly, the dark photon yield integration is evaluated over [pT,min, pT,max] rather
than [p2T,min, p

2
T,max] [262]. Once corrected, our results differ from those of the published

SHiP sensitivity study [20].
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We also make use of another software on the market, MadDump [100].
MadDump generates DM production processes directly within the Mad-
Graph5 aMC@NLO [38] (which from now on we denote as MadGraph)
framework, allowing arbitrary dark sector models defined via FeynRules-
generated UFO files to be simulated without requiring dedicated implementation
of new production cross sections, as is necessary in BdNMC. This makes Mad-
Dump very flexible for implementation of different dark sector models. It
however, requires meson distributions as user input which can be generated by
Monte Carlo event generators such as Pythia [86]. Proton bremsstrahlung is
implemented similarly within MadDump.

We compare both simulation tools BdNMC and MadDump for the simu-
lation of DM signatures at SHiP [262]. The results for the comparison of the

(a) Kinematic distributions of pions pro-
duced at SHiP from Pythia simulations
(blue) and BMPT (orange).

(b) Kinematic distributions of η mesons
produced at SHiP from Pythia simula-
tions (blue) and BMPT (orange).

(c) The number of predicted signal events
at SHiP from π0 decay (blue) and η de-
cay (orange) using BdNMC (solid) and
Pythia followed by MadDump (dashed).

Figure 3.6: Comparison of the modelling of pseudoscalar meson production
at SHiP between BMPT [96] and Pythia [86], and their propagation into
BdNMC [138] and MadDump [100], respectively [262].

meson decay channel are summarized in Fig. 3.6. The transverse momentum
distributions px and py agree well between the two approaches for π0 mesons,
however with the Pythia-generated spectrum slightly broader; this difference
becomes more visible for η mesons. The energy and pz (along the beam direc-
tion) distributions show more pronounced discrepancies: for both meson species,
Pythia consistently produces softer spectra than the BMPT parametrization.
These kinematic differences propagate into the predicted signal yields, shown
on the right side of Fig. 3.6. BdNMC systematically predicts a higher number
of signal events across both decay channels.
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3.3 Electron Beams

In the following, we briefly review a selection of electron beam experiments
relevant to sub-GeV DM searches; this list is not intended to be complete. We
leave details of the missing momentum experiment LDMX, a central topic of
this thesis, to its dedicated Chapter 4.

NA64 The fixed-target missing energy experiment NA64 [45] is at the CERN
SPS using a 100 GeV electron beam incident on an active target. Interactions
between the beam electrons and target nuclei can produce a dark photon via
dark bremsstrahlung, which subsequently decays either invisibly to DM or
visibly to SM final states, depending on the dark photon mass and the DM
model parameters. For invisible decays, NA64 operates as a missing energy
experiment: the recoil electron carries away less energy than the beam, with
the deficit measured in the downstream calorimeters and attributed to the
undetected dark photon and its decay products. For visible decays, NA64
instead searches for the dark photon decaying promptly to e+e− or µ+µ− pairs
reconstructed in the calorimeters and tracking system [59].

E137 An electron beam-dump experiment was conducted at SLAC in 1980–
1982, in which a 20 GeV electron beam was dumped onto a set of aluminium
plates [61]. Dark photons produced via dark bremsstrahlung in the dump
could decay invisibly to DM, which would then travel through shielding and
a decay region before reaching an electromagnetic shower calorimeter, where
DM-electron elastic scattering produces a shower. No candidate events were
observed in either of two experimental runs. While the original experiment
is no longer operating, constraints were derived from a reanalysis of archival
data [61].

Lohengrin Proposed as a missing momentum experiment at the Electron
Stretcher Accelerator in Bonn, Lohengrin [70] plans to use a high-intensity
electron beam incident on a thin target, producing dark photons via dark
bremsstrahlung. Unlike NA64’s missing energy approach, Lohengrin aims
to reconstruct the full momentum of the recoiling electron using a tracking
spectrometer, providing additional background rejection.

Also worth mentioning is BDX (Beam Dump eXperiment)[12], a proposed
electron beam dump experiment at Jefferson Lab, which would search for
invisible light DM via electron and nuclear recoils downstream, providing a
modern, higher-intensity complement to the historical E137 search.

Electron beam experiments are not capable of producing large fluxes of
mesons like for proton beams, however they allow for precise determination
of the kinematics of the initial and final state beam electrons thus utilizing
missing energy or momentum signatures of DM. Light DM is mainly produced
through dark bremsstrahlung, as described below in Section 3.4.2. At higher
dark photon masses, secondary vector mesons decaying invisibly extend the
sensitivity of these experiments notably [251].
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π0/η

A′

γ

Figure 3.7: Feynman diagram of pion decay to a dark photon and ordinary
photon. The diagram is analogous for η and other scalar meson decays.

3.4 Invisible Searches

3.4.1 Meson Decay

At proton beam fixed-target experiments, a large flux of pions and η particles
are produced [62, 137]. The following chain of interactions occurs: pp →
Xπ0;π0 → γA′, where the pseudoscalar meson can also be an η meson, X
denotes an unspecified/unmeasured set of particles and A′ can either be on-
shell of off-shell. The flux of π0 (and η if the beam energy is high enough)
mesons produced from proton beam target interactions is determined from
simulations, and will have a certain distribution in energy [138]. These mesons
could then decay to dark photons, which then decay to DM. In the case where
2mDM < mA′ < mπ0 , the dark photon decays on shell4 with the branching
ratio [137],

BR(π0 → γχχ̄) = Br(π0 → γγ)2ϵ2
(

1 − m2
A′

m2
π0

)3

BR(A′ → χχ̄), (3.2)

where DM and its antiparticle are denoted by χ and χ̄. The total number of
dark photons produced is then given by [138],

NA′ = BR(π0 → γχχ̄) × POT ×Nπ0per POT, (3.3)

where POT is the number of protons on target, and Nπ0per POT is the number
of pions produced per proton on target, which we approximate here to 1 [137].

3.4.2 Dark Bremsstrahlung

An accelerating (negatively or positively) charge particle produces photons, a
phenomenon called bremsstrahlung (braking radiation). Bremsstrahlung occurs,
for example, when high energy charged particles experience the electric field of
an atom/nucleus/nucleon [83]. Analogous to ordinary photons produced via

4We will restrict ourselves to the on-shell case in this thesis, but in the off-shell case the
branching ratio involves a phase space integral that must be solved numerically, since the
narrow width approximation no longer holds [187].
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e(p) e(p′)

A′(kA′)

N(Pi) N(Pf )

γ(q) +

e(p) e(p′)

A′(kA′)

N(Pi) N(Pf )

γ(q)

Figure 3.8: Dark photon bremsstrahlung feynman diagrams, where a dark
photon is produced through a high energy electron, e, incident on a nuclear
target, N . The analogous process with an incident proton is also represented
by these diagrams.

bremsstrahlung, dark photons can be produced through dark bremsstrahlung.
The dark photon, A′, bremsstrahlung process that we are interested in is,

e−(p) +N(Pi) → e−(p′) +N(Pf ) +A′(kA′), (3.4)

where N is the nucleus in the target, with either electrons or protons depending
on the type of beam. The Feynman diagrams for this process are drawn in fig.
3.8.

3.4.2.1 Electron Bremsstrahlung

The process considered here, e−N → e−NA′, describes a dark photon radiated
from the incoming or outgoing electron as it scatters elastically (or quasi-
elastically) off a nucleus N . Since the full 2 → 3 phase-space integral is
computationally demanding, the cross section is commonly evaluated instead
using the Weizsäcker-Williams (WW) approximation [155, 189, 205, 275, 281],
explained in Appendix A. In this approach, the nucleus is treated as a source
of a flux of quasi-real photons, factorizing the full process into this photon flux
multiplied by the cross section of the 2 → 2 subprocess e−γ → e−A′, evaluated
at the minimal momentum transfer tmin. The validity of this factorization rests
on the radiated photon being mostly collinear with the beam and on neglecting
recoil effects on the nucleus.

This is, however, an approximation, and not strictly justified across all of
phase space. In Paper IV, we compare the WW cross section directly against
the full tree-level calculation of e−N → e−NA′ and find that the assumption
of a non-recoiling nucleus is not generally a good one: the two calculations
show substantial differences once one moves away from the kinematic region
for which the WW approximation was originally derived. This has also been
investigated more thoroughly in [270]. For this reason, rather than relying
on the WW approximation, the signal predictions in this thesis are instead
obtained from the numerically exact tree-level matrix element, evaluated via
Monte Carlo phase space integration in MadGraph [38], without invoking the
WW factorization. The software is used with Universal Feynman Output (UFO)
[133] files as input, which include the new vertices associated with the dark
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photon and DM, along with an approximation of the nucleus and its interaction
with an ordinary photon. In this thesis, we consider a dark photon with vector
couplings to electrons/positrons. The nucleus is crudely approximated as a
heavy elementary particle with an electric charge corresponding to Ze, and
vector coupling to the photon. To approximately account for nuclear structure,
we dress the photon-nucleus vertex with the following form factor [88, 189]5,

G(t) =

(
a2t

1 + a2t

)2(
1

1 + t/d

)2

Z2 +

(
a′2t

1 + a′2t

)2
(

1 + t
4m2

p
(µ2

p − 1)(
1 + t

0.71 GeV2

)4
)
Z,

(3.5)
where t ≡ −q2, q is the momentum transfer, a = 111Z−1/3/me where Z
is the atomic number of the nucleus, d = 0.164 GeV2A−2/3 where A is the
atomic mass of the nucleus, a′ = 773Z−2/3/me, mp is the proton mass, and
µp = 2.79. The first term is the elastic component, while the second is the
inelastic component. In Chapter 8 and Paper VIII, we discuss the use of form
factors computed from state-of-the-art first principles many-body methods,
going beyond this simple analytic parametrization and thus quantifying the
impact of nuclear structure.

The treatment described above — coherent, elastic scattering of the electron
off the nucleus as a whole, dressed with the form factor of Eq. 3.5 — corres-
ponds to the leading-order Bethe-Heitler process. Beyond this, higher-order
contributions in α and the KM parameter, considering a dark photon that
couples not only to the beam electron but also to the nuclear target, have
recently been computed for LDMX and LOHENGRIN-type experiments [250].
This introduces additional diagram topologies beyond the simple Bethe-Heitler
picture: virtual Compton scattering in which the dark photon is radiated
directly from the nucleus rather than from the electron line, and higher-order
loop diagrams. Since the dark photon couples to quarks and therefore, by
extension, to nuclei, this nucleus-side emission channel is in principle present
whenever a nuclear target is used, and is not captured by the electron-line-only
treatment adopted in this thesis. A natural extension of the many-body nuclear
structure methods discussed in Chapter 8 and Paper VIII would be to compute
the nuclear matrix elements entering this virtual Compton scattering dark
photon emission directly, rather than relying on the simple analytic form factor
of Eq. 3.5. We leave this as a direction for future work.

3.4.2.2 Proton Bremsstrahlung

Proton bremsstrahlung, pN → pNA′ , is an important process to consider at
proton beam dump experiments, becoming relevant for dark photon masses
above ∼ 500 MeV above the mass of the mesons, as evident by Fig. 3.4.

The initial proton and emitted dark photon have four-momentum p =
(Ep, 0, 0, |p⃗|) and kA′ = (EA′ , pT cosϕ, pT sinϕ, z|p⃗|), respectively, where ϕ is
the azimuthal angle of the dark photon momentum about the beam axis, pT
is the momentum of the A′ perpendicular to the beam axis, z is the fraction

5The inelastic form factor given in Eq. A19 of [88] has a typo: the expression should not
be squared.
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of the beam momentum carried away by the dark photon. The differential
dark photon production rate for proton bremsstrahlung relies on the WW
approximation [155, 275, 281] and can be written as [91, 138, 164],

d2NA′

dzd2pT
=
σpA(s′)

σpA(s)
wba(z, p2T )F 2

1,N (q2), (3.6)

where s′ = 2mp(Ep − EA′), s = 2mpEp, mp is the proton mass, σpA(s) =
fAσpp(s) is the hadronic scattering cross section in which σpp can be taken
from data [226] (where FA is assumed to cancel in the ratio), F 2

1,N is the
time-like form factor incorporating mixing with vector mesons from [153], and
wba(z, p2T ) is the p→ A′p splitting function [91],

wba(z, p2T ) =
ϵ2α

2πH

[
1 + (1 − z)2

z
− 2z(1 − z)

(
2m2

p +m2
A′

H
− z2

2m4
p

H2

)

+ 2z(1 − z)
(
1 + (1 − z)2

) m2
pm

2
A′

H2
+ 2z(1 − z)2

m4
A′

H2

]
,

(3.7)

where H = p2T + (1 − z)m2
A′ + z2m2

p.
The formalism outlined above describes a dark photon produced off of

the initial state proton. This is in contrast to the electron bremsstrahlung
process, where the dark photon is radiated from a lepton line. Since the electron
interacts only electromagnetically and does not fragment, it remains a single
well defined particle throughout the collision regardless of whether the target
nucleus is probed coherently, quasi-elastically off an individual nucleon, or
deep-inelastically off a parton; consequently, the initial state radiation and final
state radiation diagrams attached to the electron line are both well defined and
can be summed coherently in every such regime. The proton bremsstrahlung
case is qualitatively different because the radiating particle, the proton, is not a
fundamental particle. At beam dump energies this scattering is overwhelmingly
inelastic, and the radiating proton typically does not survive the collision
as a single identifiable particle, fragmenting instead into a complex multi-
particle hadronic final state. As a result, the standard formalism for proton
bremsstrahlung restricts the calculation to initial state radiation: emission
from the incoming beam proton, whose momentum and on-shell condition are
unambiguous prior to the collision. A well defined final state radiation diagram,
by contrast, only exists in the elastic or quasi-elastic limit, where the radiating
proton survives intact. It is left as an interesting avenue of future research to
understand the potential increase in sensitivity from final state radiation.

3.4.3 Secondary Vector Meson Production

Beyond the dark photons produced through the channels discussed above,
a large flux of ordinary photons are also expected to be produced through
beam-target collisions. Photons are produced from bremsstrahlung and in large
by the decay of mesons via π → γγ (the latter only occurs for proton beams).
These photons, if carrying sufficient energy, can re-scatter in the target (or
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detector) and produce vector mesons through exclusive photoproduction [67,
263]. Since vector mesons mix with the dark photon, an additional source
of dark photons are therefore generated. The process is depicted in Fig. 3.9,
where DM is produced and can be detected directly in a downstream detector
or by missing energy/momentum.

Figure 3.9: Feynman diagram for the vector meson decay to DM process
through its mixing with the dark photon.

It has been shown in [251] that including this channel significantly increases
the sensitivity in the ∼ 0.1 − 1 GeV dark photon mass range for electron
beam experiments such as NA64 and LDMX. One would expect that the larger
number of photons produced at proton beam experiments from the large pion
flux and their subsequent decays, would render this process even more relevant
at proton beams and even increase the sensitivity to DM at experiments like
SHiP.

We investigate the secondary invisible vector meson decay process at the
upcoming experiment SHiP by computing the expected signal rate of this
process and the detection of these DM events. As a benchmark, we take the
older ECN4 configuration of SHiP [20] which has a thick molybdenum target
and a lead detector. We consider specifically the secondary production of ρ, ω,
and ϕ mesons.

This invisible vector meson production event rate is computed in the follow-
ing steps: first the photon flux and its corresponding kinematic distributions
are generated using Pythia, second the number of vector mesons produced
through exclusive photoproduction are computed analytically, and thirdly the
vector meson decay rate to DM is calculated.

The dominant process for photon production in proton-nucleus collisions,
in this energy regime, is the decay of neutral mesons. The momentum along
the beam-axis and the energy of these events are plotted in Fig. 3.10. The
momentum components perpendicular to the beam-axis are not shown here but
follow a Gaussian distribution centred at zero. These proton-nucleus collision
events are simulated using Pythia including only soft inelastic QCD processes.
Additional sources of photons including direct production involving quarks and
gluons, or bremsstrahlung also occur, however are expected to be sub-leading
compared to meson decay.

These simulated events are next propagated into the analytic calculation
of vector meson production, where these high energy photons scatter with a
nucleus and produce a vector meson. We base the formalism of these calculations
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Figure 3.10: Kinematic distribution of photons produced at SHiP through neut-
ral meson decays (π0 and η), simulated using Pythia [198]. The longitudinal
momentum component, pz, is plotted on the left, and the energy on the right.

from [67]. Exclusive photoproduction of a vector meson V off a nuclear target
proceeds via two distinct channels. In the coherent channel, the nucleus remains
in its ground state and recoils as a whole, while in the incoherent channel the
meson is produced off individual nucleons and the nucleus breaks up. Both
processes can be described by a Glauber optical model [67, 251], in which the
photon fluctuates into the vector meson state before the nucleus, which then
propagates through the nuclear medium suffering multiple elastic scatters. The
coherent differential cross section for vector meson photoproduction is,

dσc
dt

=
dσ0
dt

∣∣∣∣
θ=0

∣∣∣∣∫ d2b dz ei(qT ·b+q∥z) n(b, z)

exp

(
−σV

2
(1 − iαV )

∫ ∞

z

dz′ n(b, z′)

)∣∣∣∣2 ,
(3.8)

where (dσ0/dt)|θ=0 is the forward differential cross section for photoproduction
of V off a single nucleon, n(b, z) is the nucleon number density, qT and q∥
are the transverse, longitudinal momentum transfers (bolded quantities are
3-momenta, unbolded are magnitudes), b is the transverse coordinate vector and
z is the coordinate along the beam axis, σV is the total V -nucleon scattering
cross section, and αV is the ratio of the real to imaginary parts of the forward
V -nucleon scattering amplitude. The exponential factor accounts for the
absorption of the meson as it exits the nucleus, while the phase ei(qT ·b+q∥z)

encodes the difference in phases arising from production at different longitudinal
positions z within the nucleus. The incoherent differential cross section receives
an additional shadowing correction accounting for destructive interference
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between photoproduction at different points in the nuclear volume,

dσi
dt

=
dσ0
dt

∫
d2b dz n(b, z) exp

(
−σV

∫ ∞

z

dz′ n(b, z′)

)
×
∣∣∣∣1 −

∫ z

−∞
dz′′ n(b, z′′)

σV
2

(1 − iαV ) eiq∥(z
′′−z) (3.9)

exp

(
−σV

2
(1 − iαV )

∫ z

z′′
dz′′′ n(b, z′′′)

)∣∣∣∣2 . (3.10)

The nuclear density n(r) is modelled by a Woods-Saxon distribution. The
single-nucleon forward cross section (dσ0/dt)|θ=0 is fixed to data, and the
full differential cross section at non-zero momentum transfer is obtained by
multiplying by an exponential form factor e−B|t|, with slope parameter B
measured experimentally for each meson species.

Finally, the vector meson mixes with the dark photon and then decays into
DM through the diagram depicted in Fig. 3.9. The partial decay width of a
vector meson V into a dark matter pair mediated by a dark photon A′ is given
by,

Γ(V → A′∗ → χχ̄) =


αD(ϵe)2f2

V

12

(m2
V −4m2

χ)
3/2

(m2
A′−m2

V )2+m2
A′Γ

2
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αD(ϵe)2f2
V

3

(m2
V +2m2

χ)
√

m2
V −4m2

χ

(m2
A′−m2

V )2+m2
A′Γ

2
A′

Dirac Fermion DM

,

(3.11)
where αD ≡ g2D/4π is the dark fine-structure constant, e is the elementary
electromagnetic charge, and ϵ denotes the KM parameter. mV and mχ represent
the masses of the vector meson and the dark matter candidate, respectively,
while mA′ and ΓA′ are the mass and total decay width of the dark photon
mediator. The hadronic physics governing the meson vertex is parameterized
by the vector current form factor fV ; here, we adopt the numerical values from
Table III of Ref. [251], which are ultimately derived from the light-cone sum
rules framework established in Ref. [84]. A review of both the complex scalar
and Dirac fermion dark matter models is presented in Chapter 7. This process
can be easily extended to other DM models. In Paper VI, we compute this
vector meson decay process into vector DM, where the decay rate is written in
the appendix (see Chapter 7 for more on spin-1 DM).

The total number of DM particles produced are,

NDM = NV BR(V → χχ̄), (3.12)

with the number of vector mesons produced [251],

NV = NγpV , (3.13)

from Nγ high energy photons and the probability of exclusive photoproduction
pV given by [251],

pV ≈
∫ L

0

exp

(
−
∫ x

0

7ρ(x′)

9X0(x′)dx′

)
ρ(x)σV

0

mp
fnucV (x)dx, (3.14)
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Figure 3.11: The number of complex scalar DM signal events (left) and the
projected sensitivity at 90% C.L. (right) as a function of DM mass from invisible
vector meson decay at SHiP [198]. The vector meson channels considered are ρ
(blue), ω (orange), and ϕ (green), with dark photon bremsstrahlung (red) for
reference. The DM detection channel included is electron scattering.

where ρ(x) is the material density, L is the total length, X0 is the radiation
length, and σV

0 is the exclusive photoproduction cross section with a nucleon.
The cross section of photoproduction on the whole nucleus, given by Eq. 3.8
and Eq. 3.10, is σγN→V N = fVnucAσ

V
0 , with fnuc = finc + fcoh, the sum of

incoherent and coherent components.

Figure 3.11 shows the projected number of DM signal events (left) and the
90% C.L. sensitivity in the parameter y = ϵ2αD(mχ/mA′)4 (right) at SHiP as
a function of the DM mass mχ, for the invisible vector meson decay channels
ρ0, ω, and ϕ, alongside the dark photon bremsstrahlung channel for reference
(in red). We take complex scalar DM, and the benchmark parameters are fixed
to αD = 0.1 and mA′ = 2.5mχ, with ϵ = 10−3. The three meson channels
exhibit a broadly similar shape, falling with increasing mχ as the available
phase space for the decay V → A′ → χ̄χ closes, with sharp resonant peaks
appearing near the respective meson masses, mχ ∼ mV /2.5, where the dark
photon goes on-shell. Beyond these peaks the signal drops sharply, as the
kinematic condition mV > 2mχ can no longer be satisfied. The ρ0 channel
(blue) yields the largest event rate among the meson channels, owing to its
relatively large photoproduction cross section and branching fraction, while the
ϕ (green) and ω (orange) channels are weaker. Bremsstrahlung (red) dominates
over the meson channels across most of the mass range. It is perhaps surprising
that dark photon bremsstrahlung so strongly dominates the secondary vector
meson channels at a proton beam dump such as SHiP. The origin of this large
hierarchy is not fully understood and warrants further investigation.
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3.4.4 e+ e− Annihilation

A complementary production mechanism to the others discussed above arises
from the annihilation of secondary positrons, generated within the electro-
magnetic component of the shower, with electrons bound in the target atoms.
As the beam showers in the target, e+e− pairs from photon conversion popu-
late a spectrum of secondary positrons which can annihilate either resonantly,
e+e− → A′, or non-resonantly, e+e− → γA′, at any positron energy above
threshold. This channel is relevant for electron beam dumps [211], proton beam
dumps [113] via π0 → γγ decays, and has been exploited by NA64 [43–45] via
resonant e+e− → A′ → χχ̄.

The strong enhancement of the production rate in the 200–300 MeV mass
window at NA64 follows directly from the resonant behaviour of the e+e− → A′

vertex. Unlike dark bremsstrahlung or the non-resonant e+e− → γA′ process,
where the dark photon is produced off an internal off-shell propagator, resonant
annihilation proceeds through an s-channel pole: the A′ is produced on-shell
whenever the centre of mass energy of the e+e− system matches its mass,√
s = mA′ . For a positron of laboratory energy Ee+ annihilating on an atomic

electron approximately at rest, the resonance condition fixes a single positron
energy, Eres

e+ ≈ m2
A′/2me at which the cross section exhibits a sharp Breit–

Wigner peak whose width is set by the total decay width of the dark photon.

3.5 Visible Searches

If the dark photon is lighter than 2mχ (or below threshold for any other dark
sector final state), the only kinematically accessible decay is to SM particles
via KM [25, 41, 64, 77, 152, 181]. Even when the invisible channel A′ → χχ̄
is open, the visible channel can still dominate the total width in the regime
ϵ ≳ gD. Below 2mµ the only open visible channel is A′ → e+e−; above
2mµ the dimuon channel opens, and above 2mπ hadronic final states become
accessible. Depending on whether the proper decay length is short or long
compared to the detector geometry, a visibly decaying A′ then appears either
as a localized (possibly displaced) energy deposition inside the detector, or as
missing energy/momentum if it escapes the detector volume before decaying.
Here I briefly review the experimental signatures of the visible regime, first at
lepton/hadron colliders and then at fixed-target experiments.

At lepton colliders, the dominant production mechanism for sub-GeV dark
photons is e+e− → γA′, with A′ → ℓ+ℓ− reconstructed as a narrow peak in
the dilepton invariant mass spectrum (BaBar, Belle II) [36, 200]; at hadron col-
liders, prompt or displaced di-muon resonance searches provide complementary
sensitivity at higher mA′ . Since collider luminosities are typically far below
those achievable in fixed-target setups, and the relevant phase space favours
larger mA′ , these searches are subdominant to fixed-target experiments in the
sub-GeV mass range that is the focus of this thesis.

Fixed-target searches for visibly decaying dark photons fall into two broad
classes, distinguished by target thickness and the resulting decay topology [65,
193]. Thin-target experiments pass a beam through a target thin enough that
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the A′ is produced via dark bremsstrahlung but the beam itself is not absorbed;
decay products are reconstructed promptly, or with a small displacement.
Thick-target, or beam-dump, experiments absorb the primary beam entirely
in a dense dump, suppressing SM backgrounds by many orders of magnitude,
and a far detector downstream searches for displaced visible decays or missing
energy from the long-lived A′ that escape the dump before decaying.

For a beam dump type search, dark photons are produced through dark
bremsstrahlung off the target nuclei, and the number of A′ that decay visibly
within the active volume of a downstream detector is [77],

Nvis = NA′
(
e−zmin/γcτ − e−zmax/γcτ

)
, (3.15)

where NA′ is the number of dark photons produced, zmin and zmax are the
distances from the production point to the beginning and end of the decay
volume, respectively, γ is the boost of the A′, and cτ is its proper decay length.

In Paper VI, we explore a light DM scenario that features a light Z ′ mediator
such that it dominantly decays visibly. We consider constraints from NA64
[59], electron beam dump experiments E774, E141, Orsay, KEK, E137 [42],
proton beam dumps CHARM and NuCal [90, 267], and LDMX [25].

Beyond the freeze-out paradigm, we demonstrated that freeze-in [79, 161]
is being tested by visible fixed-target experiments [125].



Chapter 4

Light Dark Matter
eXperiment

This chapter focuses on Light Dark Matter eXperiment (LDMX), the experiment
underpinning a large part of the work presented in this thesis [25, 26]. The
concept for LDMX was first proposed by Izaguirre et al. in 2014 [182] as a
tracker-based fixed-target search targeting the invisible decay regime of the
dark photon discussed in Section 2.4, with projected sensitivity extending well
below the leading existing constraints from NA64 [45] and BaBar [201], while
remaining deployable parasitically on existing electron beam infrastructure, such
as the beam lines available at SLAC. Among the missing momentum and missing
energy strategies introduced in Chapter 3, NA64 represents the most mature
implementation, using a thick, active electromagnetic calorimeter as both target
and energy sink to identify candidate events through an energy deficit relative
to the incident beam energy [45]. The missing momentum approach on which
LDMX is based, instead uses a thin target together with high precision tracking
upstream and downstream of it, reconstructing the momentum of the recoiling
electron directly rather than solely inferring an energy deficit calorimetrically.
By measuring both the momentum and scattering angle of the recoiling beam
electron, the experiment retains kinematic information such as the transverse
momentum from the production process, that an energy only measurement
does not have. Because each beam electron typically undergoes at most one
hard interaction in the thin target, this strategy allows the kinematics of the
production vertex to be reconstructed almost exactly. This, combined with
a system of electromagnetic and hadronic calorimeter vetoes surrounding the
target region, gives LDMX strong rejection against SM backgrounds that can
otherwise mimic a new physics missing momentum signature.

LDMX is designed to operate parasitically using an 8 GeV electron beam
at SLAC, with an initial pilot run of 4× 1014 Electrons On Target (EOT), and
a subsequent run of 1016 EOT. Together with NA64, BaBar’s mono-photon
search, and the other fixed-target experiments considered in Chapter 3, LDMX
forms part of a broader experimental landscape probing the dark photon and

43
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other light DM mediator scenarios across complementary regimes of coupling
and mass. The theoretical motivation for LDMX spans both minimal DM
theory frameworks and a broader class of hidden sector physics accessible
through the same missing momentum signature. At its core, LDMX is designed
to test thermal freeze-out as the origin of sub-GeV DM: for scalar, pseudo-Dirac,
and Majorana DM candidates (see Chapter 7 for vector DM) coupled to the
SM through a kinetically mixed dark photon (discussed in Section 2.4.1), the
requirement that the dark and visible sectors reach thermal equilibrium in the
early Universe fixes a calculable relic target coupling strength as a function of
the DM mass [77]. These thermal targets fall in a mass and coupling range
that is largely inaccessible to nuclear recoil direct detection experiments, which
lose sensitivity below roughly a GeV because the kinematics of scattering off a
much heavier target nucleus become unfavourable for light DM. Accelerator
production does not suffer from this, and the missing momentum technique
employed by LDMX is sensitive to couplings at and below the thermal targets
across the sub-GeV mass range. The same experimental signature extends
naturally to a wider landscape of light new physics beyond minimal DM models:
millicharged particles, axion-like particles [24] and other scalar states, and
additional light gauge bosons [58] can all be produced in the same electron-
nuclear fixed-target collisions and identified either through missing momentum
if they escape the detector, or through prompt or displaced visible decays
if they do not [77]. LDMX is therefore sensitive not to a single benchmark
scenario but to a broad and theoretically well motivated class of sub-GeV dark
sector phenomena.

The remainder of this chapter is organized as follows. Section Section 4.1
gives an overview of the LDMX experimental setup relevant to Papers I-VIII.
Section 4.2 details the new physics signatures searched for at LDMX and the
corresponding modelling of these signal production with the resulting recoil
electron kinematics. Section 4.3 discusses the dominant SM background sources
and their modelling.

4.1 Experimental Setup

LDMX is proposed to operate at SLAC in End Station A, using an 8 GeV
electron beam delivered via the Linac to End Station A beamline, which diverts
bunches from the LCLS-II drive beam that are unused by the photon science
program. The beam is structured into trains at a 1 MHz repetition rate, each
containing up to 20 bunches spaced by 26.9 ns, with an average occupancy of
1–2 electrons per bunch; a sparse, high-rate structure specifically chosen such
that individual beam electrons can be properly tagged and reconstructed. The
full anticipated dataset corresponds to 1016 EOT, with an initial pilot run of
4 × 1014 EOT serving as a commissioning and proof of concept phase [25].

The setup of the experiment is depicted in Fig. 4.1. Beam electrons are
incident on a thin tungsten target, ∼ 10% radiation length thick, chosen so
that the large majority of electrons undergo at most one hard interaction in the
target. Immediately upstream of the target, a Trigger Scintillator (TS) counts
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Figure 4.1: The experimental setup design of LDMX with the electron beam,
trigger scintillator, tagger and recoil trackers, thin target where the dark
photons are produced, followed by the ECal and HCal [24, 25].

the number of incoming electrons in each bunch, providing the normalization
per bunch needed to set an appropriate missing energy threshold downstream.
The beam can have contamination, hence it is important to measure the beam
electrons both before and after the interaction with the target. The target
sits between two silicon tracking systems: a Silicon Tagging Tracker (STT)
upstream, which measures the incoming beam electron’s momentum, and a
Silicon Recoil Tracker (SRT) downstream, which measures the momenta of
outgoing charged particles, in particular the recoiling beam electron. Both
trackers are housed within a single refurbished dipole magnet of 1.5 T, with the
STT positioned in the high, uniform central field needed for precise beam-energy
tagging, and the SRT positioned in the magnet’s fringe field.

Following the SRT, the Electromagnetic Calorimeter (ECal) is a high
granularity, high density sampling calorimeter based on the design of the CMS
High Granularity Calorimeter developed for the CMS Phase 2 upgrade. The
ECal is made of tungsten absorber planes interleaved with silicon planes, with
both full containment of electromagnetic showers and the spatial resolution
needed to resolve individual shower products. The ECal measures the energy of
the recoil electron and radiated photons. Surrounding and following the ECal
is the Hadronic Calorimeter (HCal), a steel scintillator sampling calorimeter
adapted from the Cosmic Ray Veto design developed for Mu2e. The HCal
identifies neutral hadron backgrounds such as neutrons and kaons in addition to
muons. Although the missing momentum analysis relies on the HCal primarily
as a veto, the same calorimeter system also allows LDMX to operate as a fully
instrumented beam dump sensitive to visibly decaying long-lived particles [25],
a complementary search strategy that we explore in Paper VI.
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4.2 Signal Modelling

The high energy electron beam impinging on the tungsten nuclear target cre-
ates an environment to probe rare new physics processes that could occur
in these beam-nucleus collisions. Any new particle in the MeV-GeV mass
range that couples to electrons (or to quarks/nuclei if virtual Compton scat-
tering is accounted for [250]) can be probed at LDMX through the missing
momentum technique it employs. Dark photons can be produced through dark
bremsstrahlung, described in Section 3.4.2.1, and in the case of dominantly
invisible decays where BRA′→DM DM ≫ BRA′→SM SM, inducing a measurable
transverse momentum kick and missing energy to the recoil electron combined
with an invisible final state. The energy, Ee−f

, and transverse momentum,

Figure 4.2: Normalized energy (left) and transverse momentum (right) distri-
butions of the recoil electron from dark bremsstrahlung at LDMX at varying
dark photon masses, simulated using MadGraph for an 8 GeV beam.

|pT |e−f , distributions of the recoil electron are plotted in Fig. 4.2. These dis-

tributions are computed using MadGraph with the methods described in
Section 3.4.2.1, where the tungsten nucleus is implemented as an elementary
particle dressed with the analytic form factor of Eq. 3.5 within the UFO frame-
work. The larger the dark photon mass, the more missing energy is carried
away, and the lower the recoil electron energy. The transverse momentum
distributions have the opposite effect, with larger dark photon masses leading
to higher pT . These distributions can be combined into a two-dimensional dis-
tribution, shown in Fig. 4.3, which is used within a two-dimensional likelihood
framework discussed in Chapter 5. The total number of dark photon events
used to properly normalize these distributions, is,

NA′(ϵ,mA′) = σA′(ϵ,mA′)

(
TX0NeN0

A

)
, (4.1)

where σA′ is the cross section of dark photon production through bremsstrahlung
in units of cm2, T is the number of radiation lengths of the target material,
X0 is the radiation length of the target in g/cm2, A is the atomic mass of
the target nucleus in g/mol, Ne is the number of EOT, and N0 is Avogadro’s



4.3. BACKGROUND MODELLING 47

number [182]. For a given set of model parameters, (ϵ,mA′), NA′ is computed
and used to normalize the kinematic distributions.

The kinematic observables used to characterize the dark photon signal, the
recoil electron’s energy Ee−f

and the magnitude of its transverse momentum

|pT |e−f , are predicted directly from the matrix elements describing dark photon

production. In practice, however, neither quantity is measured exactly: each
reconstructed value carries an associated uncertainty set by the intrinsic resolu-
tion of the detector, so that an electron with a given true energy or momentum is
not always reconstructed with that same value. The net effect on the predicted
distributions is twofold: sharp features present at truth level are smoothed out,
and events migrate between bins of the observable in a way that depends on
the local detector resolution. Any comparison between predicted and observed
event yields must therefore account for this migration explicitly, by smear-
ing the truth-level prediction with the appropriate detector response function
before it is compared to data or used in the statistical analysis described in
Chapter 5. For LDMX, the relevant resolutions have been characterized in [25].
The |pT |e−f resolution, σpT

, is obtained from the combined performance of the

STT and SRT. The ECal energy resolution, σE , is characterized analogously,
by injecting electrons and photons of known energy into a simulation of the
calorimeter and fitting the resulting distribution of reconstructed versus true
energy.

The simulated dark photon signal sample is restricted to the kinematic
region in which the recoiling electron is measurable. Three cuts are applied to
the recoil electron at event generator level: (1) a lower energy cut corresponding
to the minimum momentum at which a recoil track can be reliably reconstructed
Ee−f

> 50 MeV, (2) an angular cut |θe−f | < 40◦, covering the angular acceptance

of the recoil tracker and ECal, and (3) Ee−f
< 3.16 GeV due to the experimental

trigger threshold and ensuring the recoil electron has undergone substantial
energy loss consistent with dark sector particle production.

4.3 Background Modelling

Backgrounds from neutrino production lie far below the sensitivity floor at the
EOT levels relevant to LDMX, therefore there are no irreducible backgrounds
and all surviving backgrounds are instrumental, arising from a failure to detect
the visible particles that accompany SM processes [25]. The dominant surviving
class consists of hard bremsstrahlung photons that fail to deposit their energy
as an ordinary electromagnetic shower in the ECal, for example through photo-
nuclear interactions [25, 26].

For the statistical framework developed in Paper VII, this background is
modelled in the two observables entering the likelihood, the recoil electron
energy Ee−f

and transverse momentum |pT |e−f , by combining results from

two existing LDMX simulation studies. The |pT |e−f shape is taken from the

distribution of ECal photo-nuclear events passing the missing-energy trigger,
shown in Fig. 6 of [27]. The corresponding Ee−f

shape is taken from the inclusive
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Figure 4.3: The two-dimensional signal (yellow/red) and background (blue)
distributions in the recoil electron |pT |e−f vs Ee−f

plane for LDMX. We take

the dark photon model parameters to be mA′ = 1 GeV and ϵ = 10−3, and the
total background normalization to be 100, for illustration.

single-electron background distribution plotted alongside the signal energy
spectra in Fig. 10 of [26]. The two one-dimensional distributions are combined
via an outer product into a two-dimensional (|pT |e−f , Ee−f

) background template,

under the simplifying assumption that the two variables are uncorrelated for
background events. This approximation is sufficient to illustrate how the overall
background level affects projected sensitivity, but a dedicated two-dimensional
characterization, including a full estimate of the absolute normalization at
1016 EOT, would be needed for a complete analysis. The background is
plotted in blue in Fig. 4.3, along with the signal distributions. The signal
overwhelmingly dominates in the higher pT regime, and similarly for lower
energies (more missing energy).



Chapter 5

Statistical Framework for
LDMX

Statistical inference is central to particle physics; where a model’s parameters
must be inferred, or a new physics hypothesis confirmed or excluded, from
a finite sample of data, often hidden within background (see [128, 129, 204,
252] for statistics reviews). The field has historically relied predominantly on
frequentist statistics, in part because its hypothesis testing conventions allow a
discovery or exclusion claim to be made without specifying a prior probability
distribution over the parameter of interest [126]. The resulting significance
scale, expressed in terms of p-values and the 5σ discovery threshold [208],
has become an established field-wide convention. Nuisance parameters are,
however, still constrained using a probability distribution function of the same
form as a Bayesian prior. Bayesian statistics, while less commonly used for
discovery and exclusion claims in particle physics, is nonetheless an established
complementary approach, particularly suited to parameter inference and model
comparison. The two frameworks differ fundamentally in how probability itself
is interpreted, and this distinction underlies the two parallel analyses presented
in this chapter. In the context of comparing statistical methodologies, the
dichotomy is famously summarized by Louis Lyons [208]:

“Bayesians address the question everyone is interested in by using
assumptions no-one believes, while Frequentists use impeccable logic to
deal with an issue of no interest to anyone.”

— Louis Lyons

In the frequentist interpretation, probability is understood as a frequency of
an event (the number of occurrences over the number of trials) in the limit of
infinite trials: model parameters are treated as fixed, unknown quantities, and
statements of uncertainty are made about the behaviour of an estimator or
test statistic under hypothetical repetition of the experiment. The Bayesian
interpretation instead treats probability as a degree of belief, allowing the
model parameters themselves to be assigned a probability distribution. A prior
distribution, encoding what is known about the parameters before the data are

49
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considered, is updated by the likelihood via Bayes’ theorem into a posterior
distribution, from which credible regions are derived directly. The likelihood
function remains common ground between the two paradigms regardless, and
presenting it directly allows the reader to construct either a frequentist or
Bayesian analysis; a practice this chapter and Paper VII follow by developing
a single likelihood as the shared starting point for both analyses presented
below. We adopt the frequentist framework where the established conven-
tions for formal discovery and exclusion claims apply most naturally, and the
Bayesian framework is used for posterior-based parameter inference and model
comparison.

Counting experiments in particle physics are governed by Poisson statistics:
for a rare process observed over a fixed exposure, the number of events d
recorded follows,

fP (d, ν) =
νd

d!
e−ν , (5.1)

where ν is the expected number of events under a given model. This single bin
description is adequate whenever signal and background differ only in their
overall rate, so that the total event count alone carries the discriminating
information.

If, instead, the signal and background follow a distribution over some observ-
able(s) whose shape depends on the model parameters, this shape information
can be exploited within the statistical analysis. In this case, the data are sorted
into bins of the observable, and a Poisson count is associated with each bin
individually, fP (di|νi) = νdi

i e
−νi/di!, with νi = Si +Bi the predicted number

of signal plus background events of bin i1. At LDMX, the KM strength ϵ and
mediator mass mA′ leave their mark not only on the total number of events, but
on the shape of the recoil electron kinematic distribution. Therefore, collapsing
the data to a single count would discard exactly the information needed to
distinguish one hypothesis from another with a similar yield. As described
in Chapter 4, the observables used at LDMX are the transverse momentum,

pT ≡
√
p2x + p2y, where the beam axis is pointing along ẑ, and the energy, Ee−f

,

of the recoil electron. The distributions of these kinematic quantities vary
with mA′ and ϵ. The signal plus background expectation, ν, is thus binned
into finite Ee−f

and |pT |e−f bins. The product of Poisson factors over bins is

used to build the full likelihood, which treats the bin counts as statistically
independent. We can then write the likelihood as,

L(d⃗|ϵ,mA′) =
∏
i

(Si(ϵ,mA′) +Bi)
di

di!
e−(Si(ϵ,mA′ )+Bi). (5.2)

Uncertainties on the signal and background predictions can be incorporated
into the likelihood through nuisance parameters, which are subsequently profiled
or marginalized depending on the statistical framework adopted. Including
these uncertainties in the likelihood causes the inferred parameter regions to

1An unbinned analysis of LDMX is left as a potential future research direction.
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broaden accordingly. One method is to marginalize over the uncertainty [57,
124], where a nuisance parameter ξ is introduced as a multiplicative factor,

L(d⃗|ϵ,mA′) =
∏
i

∫
[Si(ϵ,mA′)ξS +BiξB ]di

di!

e−(Si(ϵ,mA′ )ξS+BiξB)P (ξS |σξS )P (ξB |σξB )dξSdξB ,

(5.3)

where P (ξ|σξ) is the probability distribution of ξ with standard deviation
σξ (which for example can be a log-normal distribution). This method is
semi-Bayesian since the nuisance parameter is being marginalized over [124].
Another method is to introduce nuisance parameters that characterize the
uncertainties and instead profile over them. Let us now consider that we have
the uncertainty associated with both the signal, S, and background, B, of a
given bin, therefore we introduce two nuisance parameters: θS and θB. The
likelihood of a given bin is now [204],

L(d⃗|ϵ,mA′ , θS , θB) =
[S(ϵ,mA′)θS +BθB ]d

d!

e−(S(ϵ,mA′ )θS+BθB)P(θB |σ2
B)P(θS |σ2

S),

(5.4)

where we take P(θ|σ2) to be log-normal distributions defined by,

P(θ|σ2) =
1√

2πσθ
exp

[
− 1

2

(
ln θ

σ

)2 ]
, (5.5)

where the signal (background) estimates are recovered when θS (θB) is one,
and are allowed to shift according to the probability distribution. In the case of
the Bayesian analysis, the probability distribution functions over the nuisance
parameters are instead the priors of θB and θS , therefore they are not included
at the likelihood level, but appear within the posterior.

In Paper VII, where this statistical analysis is performed for LDMX using
MadGraph computed cross sections, σS is fixed to 0.1 since the statistical
uncertainty of the cross section as reported by MadGraph is ∼ 10%. For
the frequentist analysis, we fix σB to 0.1, and for the Bayesian analysis we
introduce a hyperprior on σB allowing this degree of uncertainty itself to be
informed by the data rather than fixed a priori.

Since we have two observables at our disposal, we combine both the |pT |e−f
and Ee−f

information into a single joint likelihood, where the bins are now

defined as a two-dimensional grid. We can write the full likelihood as a function
of the parameters,

L(d⃗|ϵ,mA′ , θS , θB) =

NE∏
i

NpT∏
j

[
Sij(ϵ,mA′)θS +BijθB

]dij

dij !
e−
[
Sij(ϵ,mA′ )θS+BijθB

]
× P(θB |σ2

B)P(θS |σ2
S),

(5.6)
where NE and NpT

are the number of Ee−f
and |pT |e−f bins, respectively.
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5.1 Frequentist Analysis

When searching for new physics, whether for making an exclusion or discovery,
we can define a statistical test which determines if there is enough evidence in
the data to reject a given hypothesis H0 in favour of an alternative H1 [127–
129]. The identity of H0 depends on which question is being asked. For a
discovery claim, H0 is the background-only (SM) hypothesis, tested against the
alternative H1 that a new physics signal is also present; rejecting H0 constitutes
a discovery. For an exclusion limit, the hypothesis under test is instead H1,
the signal-plus-background hypothesis at a specific value of the parameters of
interest (in this case mA′ and ϵ), tested against the alternative that the data
prefers less signal than this; rejecting H1 in this case excludes that specific
value of (mA′ , ϵ).

The choice of test statistic is not unique, but the Neyman–Pearson lemma
establishes that, for two simple hypotheses, the likelihood ratio L(H1)/L(H0)
is the most powerful choice, since it maximizes the probability of correctly
rejecting H0 when H1 is true [220]. Since we also generally have nuisance
parameters, as introduced above, the natural generalization of the likelihood
ratio is the profile likelihood ratio. The profile likelihood ratio is defined as
[128],

λ(ψ) =
L(ψ,

ˆ̂
θ)

L(ψ̂, θ̂)
, (5.7)

where ψ ≡ (ψ1, ψ2, . . . ) is the set of parameters of interest, θ ≡ (θ1, θ2, . . . ) is

the set of nuisance parameters,
ˆ̂
θ is the maximum-likelihood value of θ at the

specific ψ value at which λ(ψ) is being evaluated (the conditional maximum-
likelihood estimator), while the denominator is the likelihood evaluated at the

unconditional (global) maximum-likelihood estimates of ψ and θ, namely ψ̂

and θ̂.
A test statistic is then constructed from the profile likelihood ratio,

tψ ≡ −2 log λ(ψ), (5.8)

a sign chosen so that tψ ≥ 0, with larger values corresponding to data in-
creasingly incompatible with the tested hypothesis (signal S evaluated at ψ,
S(ψ)), and we take the log for better control of the likelihood which often
varies over many orders of magnitude. The asymptotic distribution of tψ can
be approximated analytically in certain cases, as discussed below [128].

Having observed some value tobsψ of the test statistic, the compatibility of
the data with the hypothesis S(ψ) is then quantified by the p−value, defined as
the probability, under the assumption that ψ is the true value of the parameters
of interest, of obtaining a value of the test statistic at least as extreme as the
one actually observed,

pψ =

∫ ∞

tobs
ψ

f(tψ |ψ) dtψ, (5.9)

where f(tψ |ψ) is the probability density function of the test statistic under the
hypothesis ψ. A small p−value indicates that the observed data are unlikely
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to have arisen under ψ, and it is on this basis that ψ is either excluded or,
when ψ corresponds to the background-only hypothesis, rejected in favour of a
discovery claim.

In an analysis of already existing data, tobsψ is simply the value of the test
statistic computed from the observed data set. The present analysis, however,
is a projection of the sensitivity expected from LDMX Phase II rather than an
analysis of data that has actually been collected, so no such observation exists.
In its place, we follow standard practice and substitute a value representative
of the expected outcome of the experiment, taken to be the median of the test
statistic’s distribution [85], with this median estimated from an ensemble of
toy pseudo-experiments generated under H. The identity of H differs between
the exclusion and discovery cases: for exclusion H is the background only
hypothesis, and for discovery the signal-plus-background hypothesis. The
resulting p-value should accordingly be understood as the median expected
outcome of the projected experiment, rather than the result of any single
realization of it.

To compute the p−value, we must run pseudo-experiments to generate
the distributions of the test statistic f(tψ|ψ), which can be cumbersome
computationally. It is therefore useful to have an analytic approximation for
the test statistic distribution. It was demonstrated by Wilks and Wald that
f(tψ|ψ) approximately follows a chi-squared distribution with the difference in
the number of free parameters between the alternative and the null hypotheses
as the degrees of freedom [271, 280]. This result only holds in the large
sample limit, when the number of events in each bin is sufficient. In the
LDMX scenario, this is unfortunately not always the case. Especially for
smaller values of ϵ or background normalization (NBG = 1), there are bins
that can have very few expected events. We therefore forgo these asymptotic
approximations and instead compute the test statistic distributions from full
pseudo-experiments. While computationally more demanding, this comes
at the benefit of a more statistically robust result, free from the systematic
inaccuracies that the asymptotic approximation would otherwise introduce in
this low-count regime.

5.1.1 Exclusion

We now specialize the above formalism for the setting of LDMX. For determining
whether a given set of model parameters (mA′ , ϵ) is excluded at a given C.L.,
we define the exclusion test statistic based off of Eq. 5.8. We consider a signal
hypothesis excluded at a C.L. of 1 − α if the exclusion p−value is ≤ α, and
we take the convention of α = 0.1 corresponding to a 90% C.L.. Expressed in
terms of the model parameters of our scenario the exclusion test statistic is
[128],

qϵ =

−2 log
L
(
d⃗(ϵ′) | ϵ, ˆ̂θS ,

ˆ̂
θB ; mA′

)
L
(
d⃗(ϵ′) | ϵ̂, θ̂S , θ̂B ; mA′

) ϵ̂ ≤ ϵ

0 ϵ̂ > ϵ,

(5.10)
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Figure 5.1: Projected 90% C.L. exclusion bounds on the kinetic mixing para-
meter ϵ as a function of the dark photon mass mA′ , obtained from the frequentist
likelihood framework developed in this chapter and Paper VII. The region
above a given curve is excluded at 90% C.L., while the region below remains
experimentally viable. The magenta and blue curves assume a background
of NBG = 1 and NBG = 100 events, respectively. Dotted curves additionally
impose a cut on the recoil electron energy, Ee−f

< 3.16 GeV, while solid curves

retain the full electron energy range. The black dashed and dash-dotted lines
show the complex scalar DM thermal relic targets for R ≡ mA′/mDM = 2.5
and 2.2, respectively.

where ϵ′ is the value of ϵ under which the pseudo-data d⃗ are generated, and
the definitions of the hat and double hat parameters are given under Eq. 5.7.
We enforce the one-sided nature of the test by setting qϵ to zero if the data
prefers a signal strength larger than the tested parameter value, since this
should not be evidence against the tested hypothesis, and we leave mA′ fixed
at the value which we want to evaluate. We construct the distribution of qϵ
under the signal-plus-background hypothesis at the desired (mA′ , ϵ), f(qϵ|ϵ).
Since we are making a projected exclusion bound, we also construct f(qϵ|0),
the test statistic distribution under background-only, and take its median value
as the expected qobsϵ . Both of these distributions are generated by performing
full pseudo-experiments, via random sampling from a Poisson distribution. We
compute the exclusion p−value,

pϵ =

∫ ∞

med[f(qϵ|0)]
f(qϵ|ϵ) dqϵ. (5.11)

The contours for which pϵ = 0.1, corresponding to 90% C.L., in the ϵ vs
mA′ plane, are drawn in Fig. 5.1. The projected exclusion contours are plotted
for the two background scenarios, NBG = 1 in magenta and NBG = 100 in blue,
and for the scenario with (dotted) and without (solid) the Ee−f

< 3.16 GeV

energy cut. These exclusion contours are overlaid on top of the complex scalar
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relic target curves: the KM required to reproduce the observed relic abundance,
Ωh2 ∼ 0.12, via freeze-out (see Section 2.4.1 for more about complex scalar
DM and Section 2.1.1 for the freeze-out mechanism). These results indicate
that LDMX is projected to exclude a large part of the R = 2.2 relic target.

5.1.2 Discovery

We evaluate the discovery potential of LDMX by testing a set of four benchmark
parameter values which sit on the relic target. The benchmarks are given in
Table 5.1. We use the test statistic for discovery, q0, to determine whether or
not each benchmark is discoverable at LDMX [128],

q0 =

−2 log
L
(
d⃗(ϵ′) | ϵ=0,

ˆ̂
θS ,

ˆ̂
θB ; mA′

)
L
(
d⃗(ϵ′) | ϵ̂, θ̂S , θ̂B ; mA′

) ϵ̂ ≥ 0

0 ϵ̂ < 0,

(5.12)

where the notation is the same as for Eq. 5.10. q0 is constructed such that it is
set to zero whenever ϵ̂ < 0. Physically, ϵ̂ < 0 corresponds to a fit that prefers
fewer events than the background-only prediction – a deficit, rather than an
excess, of events. Since a deficit of events cannot itself constitute evidence for
a new physics signal (which can only ever add events on top of the background,
never subtract from it), the test statistic is set to zero in this case, ensuring
that downward fluctuations of the background are not mistakenly interpreted
as evidence in favour of discovery.

The discovery p−value is given by,

p0 =

∫ ∞

med[f(q0|ϵ)]
f(q0|0) dq0. (5.13)

The p-value is conventionally translated into an equivalent significance Z,
defined via the upper-tail probability of a standard Gaussian,

Z = Φ−1(1 − p0), (5.14)

where Φ is the standard normal cumulative distribution function. This trans-
formation is purely a convention for expressing the p-value on a more intuitive
scale, in units of standard deviations, and carries no implication that f(q0|0) is
itself Gaussian distributed. A discovery is conventionally claimed once Z ≥ 5,
corresponding to p ≲ 2.9 × 10−7, a threshold adopted across particle physics
[208].

Analogously to the exclusion case, the distributions of the discovery test
statistic, under the background-only and signal-plus-background hypothesis,
are constructed from full pseudo-experiments from random Poisson draws.
Figure 5.2 plots the discovery test statistic distribution under background-only,
f(q0|0), and under signal-plus-background, f(q0|ϵ), for benchmarks 1 and 2.
These two benchmarks are shown together to contrast a high yield, more readily
discoverable case (benchmark 1) against a low yield, more challenging case
(benchmark 2). As discussed earlier, in the large sample limit there is an
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Figure 5.2: Distributions of the discovery test statistic q0 for benchmark
points 1 and 2, evaluated for background scenarios NBG = 1 (left column) and
NBG = 100 (right column). The pink histogram shows the distribution of q0
under the background-only hypothesis, f(q0|0), while the blue histogram shows
the corresponding distribution under the signal-plus-background hypothesis,
f(q0|ϵ), both obtained from full pseudo-experiments. Overlaid in magenta is
the asymptotic half-χ2 approximation to f(q0|0) [128]. The vertical dashed blue
line marks the median of f(q0|ϵ), from which the median expected discovery
significance Z (or its asymptotic counterpart Zas, substituted when Z ≫ 5) is
obtained. See Paper VII for all four benchmarks.
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asymptotic approximation of the test statistic. f(q0|0) can be approximated
by a chi-squared and a delta function, each weighted by one half [128]. The
computational effort required to accurately generate the distributions and
thus compute p0 increases with the discovery significance Z. We therefore
report the asymptotic approximation of the significance, Zas for benchmarks
with Zas ≫ 5. The asymptotic approximation is drawn as a magenta curve
in Fig. 5.2. The agreement, or lack thereof, between the pseudo-experiment
derived pink histogram and the magenta asymptotic approximation illustrates
directly where this approximation breaks down, motivating the use of full
pseudo-experiments throughout this chapter and Paper VII.

Table 5.1: Expected discovery sensitivity of LDMX Phase II at four benchmark
points lying along the thermal relic targets of Figure 5.1, with mass ratio
R ≡ mA′/mDM = 2.5 (benchmarks 1 and 3) and R = 2.2 (benchmarks 2 and
4). For each benchmark, mA′ and ϵ give the assumed dark photon mass and
KM, and S the corresponding expected signal yield; the expected background
count B is instead fixed externally to one of two scenarios, B = 1 or B = 100,
indicated by the subscript on each Z column rather than shown as a separate
column. The median expected discovery significance Z is computed from the
discovery test statistic q0 using full pseudo-experiments, except where Z ≫ 5,
in which case the asymptotic approximation is used instead. A benchmark
point is classified as discoverable if Z ≥ 5. The superscript “cut” labels
columns computed with an additional requirement on the recoil electron energy,
Ee−f

< 3.16 GeV.

mA′ [GeV] R ≡ mA′
mDM

ϵ S ZB=1 ZB=100 Z
cut
B=1 Z

cut
B=100

BM 1 0.01 2.5 4.8 ×10−6 310 ≫ 5 ≫ 5 ≫ 5 ≫ 5

BM 2 0.01 2.2 5.2 ×10−7 4 4.4 1.3 4.3 1.3

BM 3 0.1 2.5 6.3 ×10−5 250 ≫ 5 ≫ 5 ≫ 5 ≫ 5

BM 4 0.1 2.2 6.0 ×10−6 2 4.2 2.2 3.9 1.7

The degree of separation between the two distributions, under background-
only and signal-plus-background, reflects how distinguishable a true signal at
this benchmark would be from a background-only fluctuation. Benchmarks
with distributions more separated correspond to larger discovery significances,
such as benchmarks 1 and 3, as reported in Table 5.1. This is not surprising,
since benchmarks 1 and 3 predict many more signal events than benchmarks 2
and 4 do. We find that LDMX is capable of discovering benchmarks 1 and 3
at > 5σ, with and without the energy cut.

5.1.3 Maximum Likelihood Parameter Estimation

Once (if) a discovery is achieved, parameter estimation can be performed on the
data. We explore the performance of maximum likelihood parameter estimation
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Figure 5.3: The profile likelihood ratio in the (ϵ,mA′) plane for benchmark 1,
evaluated under two background scenarios: NBG = 1 (left) and NBG = 100
(right). At each point in this plane, the nuisance parameters θS , θB are profiled
out, so that the colour scale shows ∆(−2 logL) as a function of ϵ and mA′ alone.
The red point marks the true parameter values (ϵ,mA′) = (4.8×10−6, 0.01 GeV).
The yellow star is the median maximum-likelihood estimate across these pseudo-
experiments, while the black and blue contours denote the 1σ and 2σ confidence
regions, respectively, defined under the asymptotic χ2 approximation with k = 2
degrees of freedom. See Paper VII for the other three benchmarks.

of all four benchmarks, using the profile likelihood ratio,

∆(−2 logL) = −2 log
L(d⃗(ϵ′,m′

A′) |mA′ , ϵ,
ˆ̂
θS ,

ˆ̂
θB)

L(d⃗(ϵ′,m′
A′) | m̂A′ , ϵ̂, θ̂S , θ̂B)

, (5.15)

where ϵ′ and m′
A′ are the parameter values used in generating the pseudo-data,

taken to be the parameters of the benchmark. The pseudo-data are generated
randomly, and we scan over ϵ and mA′ and compute the profile likelihood. The
resulting scan is plotted in Fig. 5.3 for benchmark 1 under two background
scenarios. To represent a typical, rather than a single anomalous, outcome of
the experiment, this profile likelihood ratio is averaged over 25 independent
pseudo-data sets generated at the benchmark’s true parameter values, marked
by the red point. The 1σ and 2σ confidence regions are defined as the set of
parameter points satisfying ∆(−2 logL) < 2.30 and 6.18, respectively. These
thresholds follow from Wilks’ theorem [271, 280], under which ∆(−2 logL)
is asymptotically distributed as a χ2 random variable with k = 2 degrees of
freedom, one for each of the two parameters of interest, ϵ and mA′ . The values
2.30 and 6.18 are the thresholds enclosing the same cumulative probability,
under this χ2

2 distribution, as a 1σ (68.3%) and 2σ (95.5%) interval would enclose
for a single Gaussian-distributed parameter. This asymptotic construction is
itself only approximate at the low expected bin counts relevant to LDMX. We
use the median maximum-likelihood point as the expected recovered parameter
values.

Benchmark 3 also recovers the true parameters for both background scen-
arios. As expected, benchmarks 2 and 4 perform markedly worse, since the
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small expected signal yield leaves the resulting confidence regions dominated by
Poissonian fluctuations, varying substantially in size and shape across different
pseudo-data realizations and precluding a reliable parameter estimate.

5.2 Bayesian Analysis

Bayes theorem relates the probability of the model parameters given the data
d⃗, P (ψ,θ|d⃗), to the likelihood of the data given the parameters, L(d⃗|ψ,θ), and
the prior probabilities of the parameters, π(ψ,θ),

P (ψ,θ|d⃗) =
L(d⃗|ψ,θ)π(ψ,θ)

P (d⃗)
. (5.16)

We use the likelihood defined in Eq. 5.6, and we take log-normal priors for
mA′ and ϵ over the range mA′ ∈

[
10−3, 1

]
GeV and ϵ ∈

[
10−20, 1.0

]
. For

the nuisance parameters, we adopt log-normal priors for θS and θB, and we
introduce a hierarchical half-normal hyperprior on σB .

Sampling from the posterior is carried out using nested sampling, imple-
mented via the package dynesty [258]. We use the dynamic variant of nested
sampling, in which the number of live points is adaptively allocated during the
run rather than fixed in advance, concentrating computational effort on the
regions of parameter space that have more posterior volume. The results of
the Bayesian scan are summarized in Fig. 5.4 for benchmark 1, where corner
plots of the posterior distributions are plotted for all five sampled parameters.
One representative pseudo-data set is plotted for each background scenario.

Across all four benchmark points, the recovered posteriors divide naturally
into two qualitatively distinct regimes, governed by how large the expected
signal yield is relative to Poisson fluctuations in the background. At benchmarks
1 and 3, where the signal yield is large, the posteriors on both mA′ and ϵ are
well-localized and approximately Gaussian, with credible intervals of order
10% and posterior medians consistent with the injected values to within 1σ
in both background scenarios. The two-dimensional posteriors additionally
reveal a positive correlation between mA′ and ϵ, since a larger mediator mass
suppresses the expected signal rate in a way that a correspondingly larger
KM can compensate for. At benchmarks 2 and 4, by contrast, the expected
signal contribution is comparable to or smaller than the Poisson fluctuations
expected in the background alone, so that the likelihood becomes effectively
independent of ϵ over much of the prior range; the resulting posteriors on mA′

and ϵ are correspondingly uninformative, spanning the full prior range with
wide credible intervals. Taken together, these results indicate that the Bayesian
framework recovers precise and reliable parameter estimates along the R = 2.5
relic target, while along the R = 2.2 target, the small expected signal yield
leaves the posterior dominated by the prior.

The Bayesian framework presented here also allows us to test the ability
of LDMX in discriminating between different signal hypotheses, given they
result in different recoil electron kinematics. In Section 7.2.1 and Paper VII,
we perform a model comparison analysis on various dark photon models [108].
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Figure 5.4: Corner plots with the marginalized one- and two-dimensional
posterior distributions for benchmark 1 (mA′ , ϵ) = (0.01 GeV, 4.8 × 10−6),
recovered via dynamic nested sampling, under background scenarios NBG = 1
(left) and NBG = 100 (right), each from a single representative pseudo-dataset
[76]. Here gf represents ϵ. The diagonal panels show the one-dimensional
marginal posterior for each of the five sampled parameters individually, obtained
by integrating the full five-dimensional posterior over the remaining four; the off-
diagonal panels show the corresponding two-dimensional marginal posteriors for
each pair of parameters. The five sampled parameters are the two parameters of
interest, the dark photon mass mA′ and KM ϵ, together with the three nuisance
parameters θS , θB, and σB, governing the signal normalization, background
normalization, and background uncertainty width, respectively. In the diagonal
panels, dashed vertical lines mark the posterior median and the bounds of the
68% credible interval. In the off-diagonal panels, solid contours enclose the
68% and 95% credible regions. Red points and lines mark the true injected
parameter values used to generate the pseudo-dataset. See Paper VII for the
other three benchmarks.
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The Bayes factor is computed and serves as a quantitative measure of the
relative support the data provide for one model over another,

K12 =
Z1

Z2
=

∫
L(d⃗ | ν⃗M1

)π(ν⃗M1
) dν⃗M1∫

L(d⃗ | ν⃗M2)π(ν⃗M2) dν⃗M2

, (5.17)

where Z is the Bayesian evidence and ν⃗M is the set of model parameters for
model M.

5.3 Validating a Potential Signal

A signal observed at LDMX, in the form of an excess in the electron recoil
energy and transverse momentum distributions over the expected background,
would on its own only establish that an invisible particle carrying a significant
fraction of the beam energy has been produced. It would not, by itself, establish
that this particle plays the required role of the mediator for the DM in the
cosmological history of the universe. Confirming the DM origin of such a
signal therefore requires independent corroboration from outside LDMX itself.
This section develops a strategy for obtaining that corroboration by combining
a hypothetical LDMX signal with data from a next-generation DM direct
detection experiment [109]. The goal is to answer the following question:
what direct detection exposure is required to assert the compatibility of the
hypothetical LDMX signal with a DM origin?

The strategy proceeds in four steps. First, a signal is recorded at LDMX,
observed (or, as in this analysis, simulated) as an excess in the electron recoil
energy and transverse momentum distributions. Second, a direct detection
experiment searching for electron recoils is operated with a given exposure,
generating its own independent dataset that is sensitive to the same underlying
DM parameters. Third, a posterior probability distribution function for the
DM mass and coupling is extracted from the direct detection data, and used
to predict what the LDMX electron recoil energy and transverse momentum
distributions should look like if the two signals share a common origin. Fourth,
this prediction is compared against the distributions actually observed at LDMX
using a chi-square test. The minimum direct detection exposure required to
confirm a common origin, were one to exist, rather than erroneously concluding
that the two signals are unrelated, is then extracted. Figure 5.5 outlines the
methodology of Paper III.

The direct detection side of this comparison uses DarkELF [191], which
calculates the rate of DM induced electronic transitions in a target material,
here taken to be silicon. Each transition produces a discrete number of electron-
hole pairs, Q. For a given DM mass and DM-electron cross section, related to ϵ
once the mediator mass is fixed2 via R = mA′/mDM = 3 and αD is fixed to 0.5,
DarkELF predicts the expected number of events in each Q bin. A simulated
direct detection dataset for a given experimental exposure is then obtained by

2R = 3 was chosen before the latest results from DAMIC-M [14] and PandaX-4T [284]
were released, which exclude this mass ratio.
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Figure 5.5: Schematic of the methodology for validation of a potential LDMX
signal with direct detection data [207]. DarkELF computes the direct detection
signal, MultiNest samples the posterior [156], and MadGraph simulates the
LDMX signal [38].

randomly sampling, from a Poisson distribution with this expected mean, the
number of events actually observed in each Q bin. Given this simulated dataset,
a posterior probability for (mDM, σe) is obtained via Bayesian inference. The
posterior pdf is then used to predict what the LDMX electron recoil energy
and transverse momentum distributions should look like.

The predicted distributions, NEe

DD,i and NpT

DD,i, are compared against the

distributions actually recorded at LDMX, NEe

LDMX,i and NpT

LDMX,i, using the
test statistic,

χ2
TS =

nb∑
i=1

(
NEe

LDMX,i −NEe

DD,i

)2
NEe

LDMX,i +NEe

DD,i

+

nb∑
i=1

(
NPT

LDMX,i −NPT

DD,i

)2
NPT

LDMX,i +NPT

DD,i

, (5.18)

where nb is the number of pT and E bins.
The quantity of interest is the threshold exposure, defined as the exposure

at which the observed value of χ2
TS equals the critical value χ2

∗ corresponding
to a 95% confidence level rejection of the null hypothesis. Below the threshold
exposure, the direct detection experiment has not yet accumulated enough
exposure to distinguish a genuine common origin from statistical independence:
the chi-square test would reject the DM origin of the LDMX signal even in a
scenario where the two datasets do, in fact, share a common origin. Above the
threshold exposure, this confusion no longer occurs, and the test is capable of
correctly identifying the two datasets as compatible. It is worth being precise
about what “compatible” means in this context: failing to reject the null
hypothesis establishes that the two distributions could share a common DM
origin, not that they definitely do.

Figure 5.6 shows χ2
TS as a function of the direct detection exposure, for a

benchmark DM mass of mχ = 25 MeV lying on the thermal relic target, with
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Figure 5.6: Chi-square test statistic from Eq. 5.18, as a function of the direct
detection exposure, for a complex scalar DM particle mass ofmχ = 25 MeV. The
horizontal blue line, χ2

∗, the critical value corresponding to a 95% C.L. rejection
of the common DM origin of the LDMX and direct detection distributions. The
vertical green line marks the threshold exposure, read off from the intersection
of this fitted curve with χ2

∗. To the right of this line the chi-square test would
infer the compatibility of the two distributions, while to the left, the test would
erroneously reject this common origin due to the direct detection exposure
being insufficient, irrespective of whether the LDMX signal is in fact of DM
origin.

both the electron recoil energy and transverse momentum information included.
At small exposure, χ2

TS lies well above the critical value χ2
∗ (blue 95% C.L.

horizontal line), reflecting the fact that a direct detection experiment with
little exposure has not yet collected enough events to meaningfully constrain
(mDM, ϵ), so that the predicted LDMX distributions remain far from the true
signal purely as a consequence of statistical noise. As the exposure increases,
the direct detection posterior narrows around the true parameter values, the
predicted LDMX distributions converge towards the true signal, and χ2

TS falls
correspondingly. The threshold exposure, at which χ2

TS crosses χ2
∗, is read off

from the intersection of a fit to the mean χ2
TS (from ten realizations of the

direct detection data) curve with the critical value, and for this benchmark is
found to be ≃ 1.9 kg-year. This value is the largest of the threshold exposures
found across the DM mass range considered, which spans 0.0013 kg-year at
mχ = 4 MeV to 1.9 kg-year at mχ = 25 MeV. Even at the upper end of this
range, the required exposure remains within reach of near future direct detection
experiments: by comparison, the current exposure achieved by DAMIC-M is
approximately 0.00356 kg-year[14].
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Chapter 6

Global Fits for Light Dark
Matter

The conventional way of determining excluded regions of the model parameter
space for new physics scenarios, typically in the coupling-mass plane, is to draw
separate exclusion limits at a given C.L. for each dataset, creating a union
of exclusion contours. The rate at which a parameter value on the exclusion
contour is falsely excluded for one experiment is given by 1 − C.L., where
C.L. is taken commonly in particle physics to be 90% or 0.9. However, when
combining multiple experiments, this “patching” of exclusion limits results in a
false reporting of the C.L.. The actual false parameter exclusion rate, or error,
is 1−C.L.N , where N is the number of experiments [3]. For a C.L. = 0.9 and 3
experimental constraints, the error is then 1 − 0.93 ≈ 0.27, a larger error than
the 0.1 that one could naively expect.

In addition to the desire for a more statistically robust method of hand-
ling multiple experimental constraints, the large parameter space that comes
with many DM models can be non-trivial to navigate. In particular, making
statements about the regions of parameter space still unexcluded by current
data is a multidimensional problem. The approach explored in this thesis is
to instead perform so called global fits of the model parameter space, where
the likelihoods of many constraints are combined in a statistically consistent
framework. This chapter is based on the work of paper II [56].

6.1 Combining Likelihoods

When performing global fits, we consider the total likelihood, or probability of
the data given the model and nuisance parameters, which is simply the product
of every relevant likelihood,

Ltotal = LDD × Lcollider × LID × Lcosmology × · · · (6.1)

such as the likelihood from direct detection, collider, indirect detection, and
cosmology, which we take to be independent of each other. Depending on the

67
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statistical nature of the experiment or observation, the likelihood will take
a certain form. For example, the likelihood for a counting experiment such
as direct detection and accelerator experiments takes the form of a Poisson
distribution, which for d observed events is given by,

L(d) = e−(s+b) (s+ b)d

d!
, (6.2)

where s is the number of signal events predicted from theory and b is the
number of expected events from known background processes.

6.1.1 GAMBIT

GAMBIT v2.5.0 is a publicly available software package which performs global
fits on DM models, with the goal of being flexible and extendable to other
particle physics models and likelihood analyses [52]. Within GAMBIT there
exists a growing number of likelihoods categorized into modules that can all
be analyzed at once in the context of a particular DM model. Within these
modules there are different analyses involving backends to simulation and
calculation software with varying levels of complexity. Of particular interest
to the accelerator-based probes in Paper II, the ColliderBit module calculates
high energy collider physics observables [57].

6.2 Light Dark Matter Analysis

With the many existing and future probes of sub-GeV DM, each dominating
in their own region of parameter space in a complementary way, global fits are
able to provide us with a status update on this class of DM candidates. We
determine the viable regions of parameter space that are not already ruled out
by experiments and observations, and compare them to projections of future
experiments. In particular, we consider two theoretical scenarios: a complex
scalar and a Dirac fermion DM candidate, each interacting with the SM fermions
through a dark photon A′ mediator as described in Section 2.4.1. We consider
the case where DM has a mass from 1 MeV to 1 GeV and mA′ > 2mDM,
therefore dark decays of the A′ are allowed and dark bremsstrahlung occurs
on-shell.

DM annihilations to SM species would inject energy into the photon-baryon
plasma in the early Universe, leading to potential deviations in CMB measure-
ments. Limits on this exotic energy injection are placed on the DM annihilation
cross section. In addition, DM annihilating in our galaxy could produce second-
ary signals: the resulting electron-positron pairs would up-scatter low energy
photons via inverse Compton scattering, producing X-rays detectable by tele-
scopes [121]1. CMB constraints remain, nevertheless, the dominant indirect
detection constraints on sub-GeV DM, placing particularly stringent limits
on certain sub-GeV DM models. In particular, Dirac fermion DM, where the

1It was found recently in [55] that these X-ray constraints from [121] are much weaker
due to a mischaracterization of the instrument’s solid angle.



6.2. LIGHT DARK MATTER ANALYSIS 69

non-relativistic thermally averaged cross section, ⟨σv⟩χχ̄→ff̄
2, for DM anni-

hilation to SM, is independent of the velocity. This leaves a large part of the
parameter space excluded, including parts where the relic density constraint
is satisfied. However, ⟨σv⟩χχ̄→ff̄ ∼ v2 for complex scalar DM, leading to
significantly weaker constraints from CMB and X-ray measurements.

We explore three ways in which these tight constraints on Dirac fermion
DM can be relaxed. The first way is through resonant enhancement of the
annihilation cross section during freeze-out, which occurs if 2mDM ∼ mA′ .
If DM freezes-out at the time/temperature at which there is a resonance in
⟨σv⟩χχ̄→ff̄ , more DM annihilations will occur before freezing-out, leading to
an overall smaller abundance – therefore smaller couplings are required to
reproduce the observed abundance. We define the resonance parameter,

ϵR ≡ m2
A′ − 4m2

DM

4m2
DM

, (6.3)

to parameterize the closeness to resonance. The next way is through an
asymmetry between the number of DM particles and anti-DM particles by
letting,

ηDM ≡ nχ − nχ̄
s

, (6.4)

be different from 0, where s is the entropy density and nχ is the DM number
density. This leads to a suppression of the expected indirect detection signals
since only the symmetric component can annihilate. The last way we consider
to relax the strong constraints is if the DM particle only constitutes a portion
of the total DM relic abundance, namely sub-component DM. The relative
abundance is,

fDM ≡ ΩDMh
2

ΩDM,obsh2
< 1. (6.5)

For both DM models, we combine constraints from cosmology, astrophysics,
accelerators, and direct detection experiments in both frequentist and Bayesian
analyses. In Fig. 6.1, the profile likelihood from the frequentist analysis is
plotted as a function of the KM strength parameter κ3 and the dark photon
mass, mA′ , with the 1σ (68% confidence level) and 2σ (95 % confidence level)
contours shaded in blue, and the best fit point represented by a star. Small
dark photon masses are not preferred due to the cosmological observations.
In particular, observations of light element abundances constrain the amount
by which BBN can be altered by BSM physics. When the A′ is too light,
it decouples from the thermal bath too late, contributing too long to the
energy density and hence the number of effective degrees of freedom. Large

2The thermally averaged annihilation cross section in the non-relativistic limit can be
expanded in powers of v2 in a partial-wave expansion ⟨σv⟩ ≈ a + bv2 + · · · , where a is
the s-wave term, b the p−wave, etc. The spin of the incoming and outgoing particles can
forbid certain terms due to conservation of angular momentum. For scalar DM, s−wave
annihilations through an s-channel A′ are forbidden, leading to p-wave or v2 dependent
annihilations.

3We use κ (called ϵ everywhere else in this thesis) in this chapter to facilitate easy
comparison with Paper II.
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Figure 6.1: Profile likelihood ratio of Dirac fermion DM as a function of
KM parameter κ and the A′ mass, with 1σ and 2σ confidence regions drawn
in black and shaded in blue for Ωh2 ≈ 0.12, and in grey for Ωh2 < 0.12
(subcomponent DM). Here we allow for an asymmetry in the DM to anti-DM
abundance. The star indicates the best-fit. The expected exclusion bound
from the future experiments LDMX and Belle-II are drawn in dashed red and
purple, respectively. Taken from Paper II [56].

couplings are excluded by fixed target experiments, most dominantly NA64.
The positively sloped shape of the 1σ contour comes from the number of
expected events at fixed-target experiments falling off as an inverse power of
mA′ , with flattening at ∼ 1GeV attributed to limits from the BaBar experiment.
Below a certain κ, DM would be overproduced in the universe, inconsistent
with Planck measurements of the relic abundance – explaining the excluded
region for small κ. The prior range on mDM extends only to 1 GeV, and since
mA′ = 2mDM

√
ϵR + 1, the right side of the confidence regions is at mA′ ∼ 2

GeV depending on the value of ϵR taken to maximize the profile likelihood.
Projections of the future experiments LDMX, described in Chapter 4, and Belle-
II are drawn as dashed curves, demonstrating the large sensitivity potential.
LDMX is expected to probe 64% of the posterior volume.

Bayesian analyses are also given in Paper II, where the main difference is
that finely tuned parameters are penalized and instead posterior mean and
median values strongly depend on the volume of the posterior support.



Chapter 7

Light Dark Matter Theories

The realm of currently possible theoretical explanations of DM is overwhelming
and arguably infinite. As discussed in Chapter 2, the existing literature explores
a wide range of models describing DM’s particle nature. Within the literature
for sub-GeV DM with a dark photon mediator, the standard paradigm (and the
focus of Part II) has centered on spin-0 and spin-1/2 DM candidates coupled
to a dark photon through kinetic mixing.

DM could equally well be a new spin-1 boson, X, which interacts with SM
particles through a dark photon mediator, or more generally, through multiple
mediators [107, 112, 139]. Likewise, the dark photon itself need not couple to
SM fermions solely via kinetic mixing: higher dimensional operators can endow
it with electromagnetic-type moments analogous to magnetic dipole, electric
dipole, anapole, and charge radius interactions familiar from within the SM,
giving rise to qualitatively distinct phenomenology at fixed-target experiments.

This chapter moves beyond the standard paradigm explored in Part II
to examine these two extensions. We explore the phenomenology of light
vector DM in Section 7.1, and the signatures of dark photon higher-order
electromagnetic moments at fixed-target experiments in Section 7.2.

7.1 Vector Dark Matter

Spin-1 (vector) DM constitutes a theoretically motivated and increasingly
explored class of sub-GeV DM candidates [4, 118, 120, 169, 178, 221–223,
236]. Such states arise naturally in models with an extended dark gauge sector.
Vector DM candidates have been examined across a range of phenomenological
contexts, including their direct detection signatures [105, 106, 196], potential
gravitational wave signals from an associated dark sector phase transition [73,
75], and production via freeze-in rather than thermal freeze-out [195]. At
fixed-target experiments, previous work has largely focused on the on-shell
production of vector DM, where the mediator is heavier than the DM and decays
invisibly into a DM pair. Extending this framework to the complementary, less
explored regime with an inverted mass hierarchy between the DM and mediator

71
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opens up qualitatively new phenomenology, including suppressed off-shell DM
production alongside enhanced visible mediator decay channels.

We first study a set of simplified spin-1 DM models [107], where simplified
models extend the SM with only a DM candidate and a mediator with interac-
tions parametrized by a set of operators consistent with the model building
assumptions (those that can be generated by either Abelian or non-Abelian
dark sectors), without specifying a Ultraviolet (UV) completion [104, 105,
139]. A key advantage of this simplified model framework is that it enables
direct comparison with the simplified spin-0 and spin-1/2 benchmark models
presented in Section 2.4.1. The relic abundance in all cases is set by pair
annihilation into SM particles via the dark photon mediator, the resulting
thermal targets occupy the same parameter space, and the fixed-target search
sensitivity can be straightforwardly compared across DM spins. These simpli-
fied models are, in some regions of parameter space, subject to strong unitarity
violations at high energies, motivating the construction of UV-complete vector
DM models that embed the DM candidate within an extended dark gauge and
scalar sector, together with an explicit mass generation mechanism, rather than
introducing DM and its mediator as isolated new degrees of freedom. We study
the phenomenology of these models, determining the experimental sensitivity
and regions of parameter space consistent with the observed relic density [15].
This chapter is based on the work presented in [58, 107], where we refer to
Papers I and VI for the details.

7.1.1 Simplified Models

Simplified models are theories which minimally extend the SM, introducing
only the new degrees of freedom needed to describe the physics accessible to
experimental searches [37]. Unlike effective field theories, simplified models
include a particle mediator between the visible and dark sectors. However, they
still neglect UV-completeness and the mass giving mechanism that a complete
theory would include.

We extend the SM with one complex vector field Xµ and one real vector
field A′µ: the first is the DM candidate and the second is the mediator [104],
remaining agnostic about the underlying gauge structure. Since neither field is
charged under the SM gauge group, a possible way to generate mediator-SM
couplings is through kinetic mixing between A′µ and the SM hypercharge field
[152]. The simplicity of this extension allows for direct comparison between
scalar and fermionic DM models which have already been investigated in the
literature [77]. Writing down the most general, Lorentz invariant, and of
dimension 4, Lagrangian describing the interactions between Xµ and A′µ gives,

L ⊃−
[
ib5X

†
ν∂µX

νA′µ + b6X
†
µ∂

µXνA
′ν + h.c.

]
−
[
b7ϵµνρσ

(
X†µ∂νXρ

)
A′σ + h.c.

]
− h3A

′
µf̄γ

µf, (7.1)

where bi are the dark sector couplings, h3 is the SM-mediator coupling, and
f is the SM fermion field which includes electrons, muons, taus, and quarks,
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and does not include neutrinos. The dark sector couplings, without loss of
generality, are such that b5 can be taken to be real, while b6 and b7 are complex.
The first and second lines of Eq. 7.1 can arise in models where Xµ is part of
a non-abelian and abelian field theory, respectively. The third line describes
the interaction between the A′ and the SM fermions arising from the KM,
as described in Section 2.4. We consider the cases where only one of the bi
couplings is non-zero, and ϵ is always a non-zero free parameter of the model.
To facilitate easy comparison between other DM models considered in previous
literature, we label the dark coupling as gD, where gD is one of b5, ℜ[b6], ℑ[b6],

ℜ[b7], or ℑ[b7], and αD ≡ g2
D

4π . αD = 0.5 throughout this chapter and Paper I.

Violations of Perturbative Unitarity

By imposing conservation of probability in quantum mechanics, the S matrix
must be unitary, S†S = 1. From this, it follows that a bound arises on the
partial wave amplitudes, MJ

if , which are scattering amplitudes with fixed total
angular momentum J . For example, we consider the process i1i2 → f1f2,
where the following bounds come from the unitarity condition [115],

0 ≤ ℑ(MJ
ii) ≤ 1

|ℜ(MJ
ii)| ≤

1

2
,

(7.2)

where MJ
if is the diagonalized matrix of matrix elements of all possible two

particle states, and MJ
ii are the eigenvalues [186, 248]. For a given theory, if

this unitarity bound is violated in any process at tree level (leading order in
perturbation theory), this signifies the necessity of either including higher-order
terms (perturbativity has broken down) or that the theory requires additional
fields – each of which could restore unitarity. The former case arises for
incomplete theories such as effective field theories and simplified models at high
scattering energies, couplings, or for particular masses. Due to our simplified
spin-1 DM models having momentum dependence introduced from the vertices
and from the longitudinal component of the polarization vectors, our simplified
models violate unitarity at certain scattering energies. We consider violations
of unitarity from DM self scattering [114] and DM-e− scattering.

Figs. 4 and 5 of Paper I [107] show the resulting calculated unitarity
“bound”, or region of theoretical validity of the simplified model. This bound is
strong at relevant energies, and even stronger at higher energies, highlighting
the UV incompleteness of the theory.

7.1.2 Non-Abelian SIMPs

With motivation to avoid unwanted unitarity violations as described in the
previous section, we consider a second, more complete model for spin-1 DM
where the SM is extended by a local SU(2)X × U(1)Z′ symmetry group, with
gauge couplings gX and gZ′ , under which the SM species are not charged
[118]. In this model, DM is a Strongly Interacting Massive Particle (SIMP),
characterized by 3 → 2 annihilations of the DM in the early universe setting



74 CHAPTER 7. LIGHT DARK MATTER THEORIES

the relic density [117]. It was found in the work [174] that SIMPs can achieve
the correct relic density with masses ∼ 0.1 GeV.

This model includes an extended Higgs sector with a scalar singlet, S,
and a scalar HX which can take several representations under SU(2)X . The
representation I of SU(2)X in which HX transforms can be e.g. a doublet
(I = 1/2), a triplet (I = 1), and a quadruplet (I = 3/2). The gauge bosons
associated with the new SU(2)X symmetry are Xµ,i (i = 1, 2, 3), or equivalently
Xµ ≡ (Xµ,1 + iXµ,2)/

√
2 and X†

µ ≡ (Xµ,1 − iXµ,2)/
√

2, and the gauge boson
of U(1)Z′ is Z ′

µ. The Vacuum Expectation Values (vevs), vS and vX , of the
dark scalars, S and HX respectively, spontaneously break the SU(2)X ×U(1)Z′

symmetry, giving the dark gauge bosons mass and combining Xµ,1 and Xµ,2

to give the complex gauge boson Xµ, the DM candidate, and generating two

linear combinations of Z ′
µ and Xµ,3 which we denote by Z̃ ′

µ and X̃µ,3.

A gauge KM is introduced, leading to interactions between Z̃ ′, X̃3, and SM
fermions. Due to vX , X̃µ,3 has a different mass from Xµ, therefore there are

two mediators between the dark and visible sectors, the Z̃ ′ (analogous to the
dark photon) and the X̃3.

By construction this model is not subject to the unitarity violations de-
scribed in the previous section. The interaction Lagrangian is given by,

L ⊃− igX cos θ′X

[
(∂µXν − ∂νXµ)X†

µX̃3,ν −
(
∂µXν† − ∂νXµ†)XµX̃3,ν

+XµX
†
ν

(
∂µX̃ν

3 − ∂νX̃µ
3

)]
− igX sin θ′X

[
(∂µXν − ∂νXµ)X†

µZ̃
′
ν −

(
∂µXν† − ∂νXµ†)XµZ̃

′
ν

+XµX
†
ν

(
∂µZ̃ ′ν − ∂νZ̃ ′µ

)]
− eε cos(θ′X) Z̃ ′

µ f̄γ
µf + eε sin(θ′X) X̃3µ f̄γ

µf,

where tan(2θ′X) = 2 cos θX sin θX
cos θ2

X−α sin θ2
X

with α ≡ 1 + q2Sv
2
S/(I

2v2X) and the U(1)Z′

charge of S qS , and where sin θX = gZ′√
g2
X+g2

Z′
. We take θ′X ≪ 1, therefore

Z ′s are dominantly produced in dark bremsstrahlung events at fixed target

experiments. Similarly to the simplified spin-1 DM models, we set
g2
X

4π = 0.5
such that the dark sector coupling is much larger than the SM coupling ϵe.

Relic Density

With sufficient couplings between the SM fermions and the dark sector, DM
would have once been in thermal equilibrium with the SM bath – leading to
the freeze-out mechanism for DM production. The dominant DM annihilation
processes are X+X−X+ → X+X̃3 and the so called secluded annihilation
X+X− → X̃3X̃3, where the former is dominant if 1 < mX̃3

/mX < 2, and the
latter if mX̃3

/mX < 1. This is in contrast to s-channel DM annihilation to SM

fermions through X̃3, which is suppressed since gX ≫ ϵe. This leaves the relic
density contours, or so called thermal targets independent of ϵ, only varying
with the dark coupling and the masses.
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However, we must be careful to check whether DM and the X̃3 remain
in kinetic equilibrium with the SM during freeze-out; otherwise structure
formation constraints are not satisfied. DM is easily able to stay in kinetic
equilibrium through elastic scattering between DM and X̃3, given that X̃3

remains in kinetic equilibrium, since gX is large. X̃3, through its decays to SM
species, is able to stay in equilibrium with the SM. We impose that,

nX̃3,eq
(Tf )ΓX̃3

> H(Tf )nX,eq(Tf ) , (7.3)

where H(Tf ) is the Hubble rate at the freeze-out temperature Tf , and the
equilibrium number density of a species i as a function of temperature T is
given by,

ni,eq(T ) =
γim

2
iT

2π2
K2(mi/T ), (7.4)

where γi is the number of internal degrees of freedom and K2 is the modified
Bessel function of the second kind. In Eq. 7.3, ΓX̃3

is the total decay rate of

X̃3, for which the expression is given in [118].

We consider the particular choice of parameters where mX̃3
/mX ≈ 2, such

that the 3 → 2 process is dominant. There is a resonance in the 3 → 2 cross
section when mX̃3

/mX ≈ 2, therefore the relic density drops to zero as the ratio
approaches 2 from the left. Since the cross section decreases with increasing
DM mass, larger DM masses give larger relic densities. However, as long as the
DM mass is sufficient, very close to the resonance the relic density will be in
agreement with Planck measurements [15]. The relic density is also independent
of ϵ since the annihilation process only contains dark sector particles. Therefore,
there is an entire region in ϵ vs mX parameter space consistent with the correct
relic density, and for lighter masses the DM could be a sub-component.

Thermal Targets

We compare the thermal targets of scalar, psuedo-Dirac, majorana, and vector
DM (simplified ℜ[b5] and SIMP) in Fig. 7.1. These thermal targets are plotted as

a function of y = ϵ2αD

(
mX

mA′

)4
andmX , with approximate current experimental

limits1 in blue and relevant future projections as dashed curves. As described in
detail in Paper I, we find that certain simplified spin-1 DM models are the first
models to be probed by upcoming results from NA64 and the future experiment
LDMX. Furthermore, the spin-1 SIMP models, having a large viable parameter
space, will be probed by LDMX. We have thus shown that the theoretical
landscape of future accelerator experiments such as LDMX is rich with viable
DM scenarios, including vector DM.

1Some of these limits are DM model dependent, for example when they involve DM
scattering in a detector. For simplicity, we take these limits for complex scalar DM as an
approximate benchmark of the current experimental status in this plot. See Paper I for
model specific bounds.
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Figure 7.1: Thermal targets (black lines representing the parameters which

reproduce the observed relic density [15]) as a function of y = ϵ2αD

(
mX

mA′

)4
and mX , for various DM models.

7.1.3 Magnetic Dipole Portal

The phenomenology discussed so far assumes mmed > 2mDM, so that invis-
ible mediator decay is kinematically open and dominates over visible decays
whenever gD ≫ ϵ. We now consider the inverted hierarchy, mmed < 2mDM,
where this channel closes entirely. The phenomenological consequences of this
reversed mass hierarchy are (1) the mediator decays exclusively to visible SM
final states (on-shell) at accelerator-based experiments, and (2) invisible final
states can only be produced off-shell at missing energy/momentum experiments
such as LDMX [25] and NA64 [45]. We realize this complementary phenomen-
ological scenario with a light vector DM model featuring a new non-Abelian
SU(2)D symmetry and scalar sector.

We augment the SM gauge group by a new non-Abelian dark gauge sym-
metry, SU(2)D, under which a scalar doublet ΦD and a scalar triplet ΣD

are charged, in addition to the dark gauge triplet Xa
µ. The field content and

quantum numbers are summarized in Paper VI. In contrast to earlier non-
Abelian constructions that combine an SU(2) × U(1) dark gauge structure
[118, 236], only a single dark SU(2)D is introduced here. An Abelian U(1)D
emerges as a residual subgroup once the SU(2)D symmetry is spontaneously
broken.

SU(2)D breaks spontaneously when the scalar triplet and doublet acquire
vevs,

⟨ΣD⟩ =
vΣ
2

(
1 0

0 −1

)
, ⟨ΦD⟩ =

1√
2

(
0

vΦ

)
, (7.5)
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giving the dark gauge boson masses

m2
X± =

g2Dv
2
D

4
, m2

X0 =
g2Dv

2
D

4
sin2 β , (7.6)

with vD ≡
√
v2Φ + 2v2Σ and tanβ ≡ vΦ/(

√
2vΣ).

The asymmetry between the two mass terms in Eq. 7.6 is the structural
origin of the inverted hierarchy. The triplet vev contributes to mX± alone,
however the doublet vev contributes to both mX± and mX0 . X±

µ carry charge
under a global U(1)D symmetry generated by τ3, which is left unbroken by
⟨ΣD⟩ but spontaneously broken by ⟨ΦD⟩, leaving behind a residual discrete
Z2. The X±

µ are the lightest states charged under this Z2 and are therefore
stable on cosmological timescales. These are identified as the DM candidates,
denoted mDM ≡ mX± . Taking sinβ < 1 then yields mX0 < mDM: the neutral
dark gauge boson, which will mix into the physical mediator below, is naturally
lighter than the DM itself.

The physical scalar spectrum consists of a dark-charged scalar and two
neutral scalars, with mass matrices and mixing angles (β for the charged
sector, θt for the neutral sector) given in the Appendix of Paper VI [58]. The
Higgs-portal couplings between ΦD,ΣD and the SM Higgs are neglected, since
they are tightly constrained. We take cosβ = sin θt = 0.7, and the dark scalars
are taken nearly degenerate with the DM, mΣ±

D
= mΣ0

D
= mΦ0

D
= 1.2mDM,

heavy enough to kinematically forbid DM decay to Σ±
D, while light enough to

remain relevant for the dark Higgs-strahlung signatures.
The dark and visible sectors communicate through a dimension 5 operator2,

Lint = − sin ζ

2vΣ
Tr [ΣDXµν ]Bµν , (7.7)

where Xµν ≡ σaXa
µν , Bµν is the hypercharge field strength, and ζ parametrizes

the portal strength. This operator generates KM between the X0
µ and the

neutral SM gauge bosons,

Lmix = − sin ζ

2
X0

µνB
µν . (7.8)

Beyond the kinetic mixing, the portal simultaneously generates interactions
between the charged DM and the SM photon and Z boson, of the magnetic
dipole form. The resulting interaction Lagrangian is,

Lmag = iCV XX∂
[µV ν]

(
X−

µ X
+
ν −X+

µ X
−
ν

)
, (7.9)

where,

CV XX = gD sin ζ


cos θw , Vµ = Aµ ,

(sin θw cos ρ+ tan ζ sin ρ) , Vµ = Zµ ,

− (sin θw sin ρ+ tan ζ cos ρ) , Vµ = Z ′
µ ,

(7.10)

2One can also consider the dimension 6 operator with the scalar doublet investigated in
[157], where a similar and complementary vector DM scenario is studied.
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Figure 7.2: Overview of current and future experimental constraints on the light
vector DM model in the sin ζ vs mDM parameter space. The relic density targets,
which denote parameter combinations yielding the observed DM abundance [15],
are shown as thick solid lines. The subplots illustrate the model’s dependence
on the dark gauge coupling, gD, ranging from 10−4 (left) to 10−2 (right).
Exclusion regions are indicated as follows: grey areas represent bounds from
beam dump (CHARM, E774, E141, Orsay, KEK, E137, NuCal) and collider
experiments (LHCb, KLOE, BaBar, NA48/2, FASER); pink regions denote
CMB constraints [254]; and green and orange lines represent direct detection
limits from DAMIC-M [14] and PandaX-4T [284], respectively. Future 90%
C.L. projections are highlighted in red for LDMX Phase II [25] (distinguishing
between invisible vector meson decays, dashed; and Z ′ → e+e− decays outside,
dash-dot; or inside, dotted, the detector) and in blue for current NA64 statistics
[46, 60].

where ρ is defined in the appendix of Paper VI and we label the new mass
eigenstate Z ′, which behaves analogously to a dark photon at fixed-target ex-
periments. Below, we consider the relevant constraints on the model parameter
space.

Direct Detection Constraints

In light of recent null results from direct detection collaborations DAMIC-
M [14] and PandaX-4T [284], we report the corresponding constraints on this
light vector DM scenario. These experiments search for DM-electron scattering
signatures in the detector material [110, 215]. DM-electron scattering proceeds
via a t-channel diagram through an ordinary photon. We note that scattering
through the Z ′ and Z-boson is sub-leading since the momentum transfer
squared is ≪ m2

Z′ ,m2
Z . The resulting constraints in the (sin ζ,mDM) plane are

plotted in Fig. 7.2 in orange (PandaX-4T) and green (DAMIC-M), alongside
the collider and cosmological constraints.



7.2. DARK HIGHER ELECTROMAGNETIC MOMENTS 79

Fixed-Target Searches

In the conventional dark photon scenario of Chapter 3, mA′ > 2mDM allows the
mediator to be produced on-shell and subsequently decay to a DM pair, so that
the event rate factorizes and depends only on the mediator’s properties. Here,
by contrast, mZ′ < mDM forbids this on-shell channel entirely: DM production
must instead proceed through an off-shell Z ′ (or photon via the magnetic
dipole interaction), suppressing the rate relative to the on-shell case and tying
it directly to the DM mass and couplings rather than to the mediator alone.
The mediator itself, unable to decay invisibly, is left with only one kinematically
available channel: visible decay to SM fermion pairs Z ′ → f+f−. We consider
four complementary signatures arising from this picture: (1) dark off-shell
bremsstrahlung and (2) dark Higgs-strahlung [9] (an example process is drawn
in Fig. 7.3), both giving missing energy/momentum from X± or dark scalar
pair production, (3) invisible vector meson decay, described in Section 3.4.3, in
which bremsstrahlung photons convert to ρ, ω, ϕ (and, at NA64 energies, J/ψ)
mesons that subsequently decay to X+X− through Z ′–meson mixing, (4) and
visible Z ′ decays, searched for either as displaced energy depositions inside the
detector or as missing energy/momentum if the Z ′ escapes before decaying
(discussed in Section 3.5). We find that the off-shell suppression inherent to

e− e−

N N

Σ+
D

Σ−
D

Z ′

γ

e− e−

N N

X+

X−Z ′

γ

Figure 7.3: Feynman diagrams of off-shell invisible processes at fixed-target
searches for the light vector DM scenario considered in Paper VI [58]: dark
Higgs-strahlung (left) and dark bremsstrahlung (right).

this hierarchy leads to visible searches and direct detection ultimately setting
the strongest constraints overall, rather than invisible searches.

7.2 Dark Higher Electromagnetic Moments

The kinetic mixing term discussed in Section 2.4 is only one of the ways in which
a dark photon can communicate with the SM. higher-order electromagnetic
moment interactions can arise as well, each with a distinct momentum depend-
ence and hence a distinct experimental signature [108]. Before introducing
these interactions in their relativistic, field theory form, it is useful to recall
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their classical origin as terms in the electromagnetic multipole expansion.
The electromagnetic (or vector) potential of an arbitrary charge (or current)

distribution is written as a multipole expansion of arbitrarily high order [183].
For a charge distribution ρ, the potential as a function of position x is given
by,

Φ(x) =
1

4πϵ0

∫
ρ(x′)

|x− x′|
d3x′, (7.11)

where ϵ0 is the permittivity of the vacuum. An analogous expression can
be written down for the vector potential due to a current distribution. The
potential is expanded in terms of spherical harmonics, where each success-
ive multipole order (monopole, dipole, quadrupole, and so on) captures an
additional level of angular structure in the underlying charge (or current)
distribution. Progressively higher-orders are therefore required to resolve in-
creasingly complex, non-uniform distributions, such as those that deviate from
spherical symmetry or exhibit fine-grained spatial structure. The coefficients
of the multipole expansion of the potential Φ are called the moments. Con-
sidering an electrostatic potential of a charge distribution, the coefficient of
the first term (the first moment) is called the monopole moment (equivalent
to the total charge), the second moment is called the dipole moment, and so
on [224]. In classical electrodynamics, magnetic monopoles do not exist, thus
when considering the magnetic multipole expansion of the vector potential
for a current distribution we begin with the Magnetic dipole (M) moment
followed by additional higher-order terms. Beyond the dipole, still higher-order
moments exist, such as the quadrupole. However, not every moment appearing
in the relativistic treatment discussed below has a counterpart in this classical
picture: the anapole moment, in particular, has no classical electrostatic or
magnetostatic analogue, arising instead from parity violation rather than from
a static charge or current distribution.

The relativistic, quantum field theory analogue of this multipole expansion
is the parametrization of the fermion-vector vertex in terms of electromagnetic
form factors; a complete set of Lorentz invariant operators, whose coefficients
generalize the classical electromagnetic moments to the relativistic regime [224].
These effective interactions are generated by vacuum polarization-like loop
diagrams, which are inversely proportional to the cutoff scale of order of the
loop field masses [95]. These operators are written down independently of their
underlying UV origin. Taking the non-relativistic limit of the Hamiltonian
operator for the fermion field nevertheless reveals their connection to the
static electromagnetic properties of the fermion, expressed in terms of physical
quantities related to the vector field such as the electric field E, magnetic field
B, and electromagnetic current J (at least for the ordinary photon).

This formalism is well established for the ordinary photon, however an
analogous structure arises for a dark photon A′, the gauge boson of a new
U(1)D gauge group, coupled to the SM fermions f . The KM term introduced
in Section 2.4, ϵ

2FµνF
′µν , must be generated by a vacuum polarization-like

diagram with portal matter fields carrying both SM and dark U(1)D charges in
the loop (where the SM fermions are taken to be singlets under the new U(1)D
group) [152, 240]. There may also be new scalars which provide the mass gener-
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ating mechanism of the DM and dark photon, or additional new dark symmetry
groups and their corresponding gauge bosons. Crucially, the same portal matter
loops responsible for KM can, depending on the specific loop topology and
the quantum numbers of the portal matter content, simultaneously generate
these higher-order moment interactions. In certain regions of parameter space
these higher-order moments are even expected to dominate over the standard
KM term [239]. Since portal matter is expected to lie at or above the TeV
scale to evade collider bounds, measurements of these higher-order moment
interactions at low-energy fixed-target experiments such as LDMX offer a rare
indirect probe of this otherwise inaccessible new physics scale [241].

In this Paper IV, we consider five dark electromagnetic moment interactions3:
the ordinary electromagnetic like KM, M, Electric dipole (E), Charge radius
(C), and Anapole moment (A), given by the following interaction Lagrangian,

LA′f = − eϵQf f̄γ
µfA′

µ − µf∂ν
(
f̄σµνf

)
A′

µ − idf∂ν
(
f̄σµνγ5f

)
A′

µ

− bf
[
∂ν∂ν

(
f̄γµf

)
− ∂µ∂ν

(
f̄γνf

)]
A′

µ

+ af
[
∂ν∂ν

(
f̄γµγ5f

)
− ∂µ∂ν

(
f̄γνγ5f

)]
A′

µ,

(7.12)

where the first term is the standard KM, followed by M, E, C, and A. The
key feature of these models is the varying momentum dependence from the
derivatives in the Lorentz structures. This causes the recoil electron kinematic
distributions at missing momentum experiments to vary between interaction
models, when considering each term separately. The dipole models (M, E) are
distinct from the others because they are dimension-5 operators containing a
derivative vertex. This introduces an additional momentum dependence that
alters the recoil spectra compared to the other interactions. In the relativistic
limit, the pairs (M, E) and (C, A) are degenerate since they only differ by
a γ5. The KM model shares an identical recoil shape with C and A due to
equivalent energy scaling. The double derivatives of the C/A operators evaluate
to q2 at the vertex, which the on-shell condition trivializes into a constant
normalization, m2

A′ .
We compute the relic density for each interaction model separately as a

function of the model parameters, drawing the relic target contours. We then
simulate dark photon production at LDMX using MadGraph for each model,
computing the overall sensitivity and the recoil distributions. We find that
LDMX is sensitive to each model for certain model parameters. These expected
recoil distributions are then exploited within the likelihood framework presented
in Chapter 5.

7.2.1 Bayesian Model Comparison

In Paper VII, we quantify the ability of LDMX to distinguish between the
dark electromagnetic moment dark photon models. The model discrimination

3The magnetic and electric dipole terms involve the tensor bilinear f̄σµνf , which connects
opposite chirality components and is therefore not SU(2)L × U(1)Y invariant on its own.
Gauge invariance requires a compensating scalar insertion carrying the same electroweak
quantum numbers as the SM Higgs doublet, after which µf , df ∝ v/Λ2, where v is the vev
of the scalar and Λ is the cutoff scale.
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Figure 7.4: Model discrimination performance using the full two-dimensional
recoil electron distribution [76]. The matrix displays the Bayes factor, K,
evaluated using the joint distribution of the final state electron transverse
momentum and energy. Rows denote the true generative model used to simulate
the pseudo-data, while columns indicate the hypothesis model being evaluated.
Each cell reports the median logK ratio, calculated across an ensemble of ten
pseudo-data realizations, with the corresponding ensemble standard deviation
reported below it. Large positive values (logK ≫ 1) indicate decisive evidence
against the hypothesis model in favour of the generative model, whereas values
near zero represent indistinguishable model kinematics. All pseudo-data are
generated using the benchmark 3 parameters, mA′ = 0.1 GeV, R = 2.5.

capability of the LDMX likelihood-based framework is quantified in Fig. 7.4,
which displays the median Bayes factor matrix evaluated using the full two-
dimensional (|pT |e−f , Ee−f

) recoil electron distribution for LDMX. The framework

exposes the expected degeneracies within the pairs (M, E) and (C, A), which
remain mutually indistinguishable (logK ≈ 0) due to identical recoil spectral
shapes and event yields arising from chiral symmetries in the relativistic limit.
Despite a twenty-fold difference in expected signal events at the relic target
from KM to C/A, the KM model is nearly indistinguishable from the C/A
models because the unconstrained coupling parameter absorbs the normalization
discrepancy during evidence evaluation. This analysis demonstrates that
models with fundamentally different recoil electron kinematic shapes can be
distinguished at LDMX, for parameter values on the relic target.



Chapter 8

Ab Initio Modelling of the
Target Nucleus

So far, the computation of the cross section for DM production via electron-
nucleus scattering has relied on a rather simple, and quite outdated treatment of
the nucleus. The elastic form factor in Eq. 3.5 accounts for the atomic electron
screening relevant for small momentum transfer and the elastic scattering with
the nucleus through a simple parametrization from [189, 268]. Similarly, the
inelastic form factor in Eq. 3.5 includes the inelastic atomic form factor and
the elastic proton form factor, assuming the protons are free.

The nucleus, however, is not an elementary particle. It has an internal
structure arising from inter-nucleon interactions. This structure is imprinted
on the electromagnetic, strong, and weak currents that a probe couples to (e.g.,
electron-nucleus scattering). Consequently, a simple analytic parametrization of
the nuclear form factor, lacking any microscopic description of nucleon-nucleon
correlations, is not sufficient to reliably model the nuclear response relevant
for fixed-target light DM searches. Going beyond these phenomenological
models, state-of-the-art ab initio1 methods rooted in chiral effective field
theory interactions aim at a microscopic description of few- and many-body
nuclear systems [149, 172]. Among the many-body methods on the market, the
deformed Dyson Self-Consistent Green’s function (dDSCGF) method provides
a wealth of information about ground and excited states of target nuclei
of interest for fixed-target experiments [246, 257]. Moreover, this method
allows for the inclusion of long-range correlations that are captured through
rotational symmetry breaking, effectively deforming the system – allowing for
the description of a wide range of nuclei across the nuclear chart.

In Paper VIII, we present the first application of a deformed many-body ab
initio method to light DM searches at fixed-target experiments. We compute
the cross section for dark photon bremsstrahlung, drawn in Fig. 3.8, in both
the elastic and quasi elastic regimes using the dDSCGF many-body method,

1Ab initio methods describe nuclei with a systematically improvable approach, starting
from the interactions between nucleons [149]. Nowadays, ab initio computations largely use
interactions based on chiral effective field theory [150].
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quantifying the impact of going beyond standard analytic treatments. The
process for dark photon production is,

e−(p) +N(PA) → e−(p′) +N(PX) +A′(pA′), (8.1)

where N is the target nucleus. The final state nucleus can be in its ground state
for elastic scattering, or excited into the continuum of (A− 1) + n knockout
states for quasi elastic scattering, with PX denoting the four-momentum of the
full hadronic final state X. The differential cross section is proportional to,

dσ ∝ LµνW
µν , (8.2)

where the leptonic tensor Lµν includes the initial and final state beam electrons
and the A′, while the nuclear tensor Wµν includes the initial and final state
nucleus. The general form of the nuclear tensor is [242, 243],

Wµν = W1

(
− gµν +

qµqν

q2
)

+
W2

m2
n

(
Pµ
A − PAq

q2
qµ
)(
P ν
A − PAq

q2
qν
)
, (8.3)

where mn is the mass of the nucleon, q ≡ (ω, q⃗) is the momentum transfer to
the nucleus via the virtual photon as drawn in Fig. 3.8, and W1 and W2 are the
nuclear structure functions defined below. We define the quantity Q, which is
a scalar that characterizes the momentum transfer scale, satisfying Q2 ≡ −q2.
The nuclear tensor from Eq. 8.2 factorizes from the amplitude squared of the
process depicted in Fig. 3.8, allowing for implementation in the Monte Carlo
event generator MadGraph.

8.1 Elastic Regime

In the elastic scattering regime, the nuclear structure can be described with a
nuclear form factor [162, 272]. From the prescription of Eq. 8.3, the nuclear
form factor relates to the structure functions W1 and W2, where W1 is usually
taken to be zero [268]. The elastic nuclear form factor2 is a function of the
momentum transfer Q and is the Fourier transform of the nuclear charge
distribution, ρch,

F (Q) =

∫
dr⃗ρch(r⃗)e−iq⃗·r⃗, (8.4)

with ρch computed using the dDSCGF many-body method in Paper VIII.
Figure 8.1 compares two treatments of the elastic nuclear form factor

for 52Cr. The squared form factor (to which the differential cross section
is proportional) is plotted as a function of momentum transfer q, for both

2Strictly, F depends on the direction of q⃗ whenever ρch(r⃗ ) is not spherically symmetric.
For a spherical density the angular integral in Eq. (8.4) reduces to the familiar scalar form
F (Q). For the deformed nuclei considered here, we take ρch(r) to be the angle-averaged
charge density. Additionally, Eq. (8.4) is evaluated with ρch(r⃗ ) static, implicitly defining
F in the frame where the energy transfer vanishes and |q⃗ |2 coincides with the Lorentz
invariant q2 = −Q2 = ω2 − |q⃗ |2. Since F depends only on this invariant, we evaluate it at
Q2 reconstructed from the generated event kinematics, which correctly accounts for nuclear
recoil.
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Figure 8.1: The squared nuclear form factor for 52Cr as a function of the
momentum transfer, where q here refers to the scalar quantity Q. The analytic
form factor from Eq. 3.5 is shown in purple, which is a simple parametrization
from [88, 268]. Meanwhile, the form factor computed from the ab initio
dDSCGF method at second order in the many-body expansion is plotted in
green. The N3LOTexas chiral interaction is used.

the form factor from Eq. 3.5 (in purple) and from the dDSCGF method (in
green). The “Bjorken et al.” curve is the simple analytic parametrization
of the nuclear charge distribution used in Refs. [88, 268], in which the form
factor is modelled as a smooth, monotonically falling function of q built from a
phenomenological charge density and does not incorporate any detailed nuclear
structure input beyond the overall charge radius. The dDSCGF(2) curve is the
corresponding form factor obtained from the ab initio many-body approach.
At small momentum transfer the two curves agree well, as expected. In this
regime, the form factor is controlled almost entirely by the total charge. As Q
increases, the charge radius3 sets the momentum transfer at which the form
factor begins to fall off. Here, the two treatments begin to diverge, since the
scattering becomes sensitive to the detailed spatial structure of the nuclear
charge distribution. The dDSCGF form factor exhibits pronounced diffraction
minima that is absent in the analytic treatment. This comparison is directly
relevant to the nuclear structure input used in the dark photon bremsstrahlung
cross sections.

F (Q)2 enters as an overall weight on the differential cross section. The
nucleus-photon vertex is dressed with the form factor, giving the Feynman rule
for a scalar nucleus [205],

Γel
µ = ieF (Q) (Pi + Pf )µ , (8.5)

3Charge radii have been shown to be well modelled by chiral effective field theory
interactions in many-body nuclear systems [134, 176]. The simple parametrization of the
charge radius within Eq. 3.5, however, is not reliable across the nuclear chart, as the nuclear
size scale is fixed through the single global relation d ∝ A−2/3, independent of nuclear
structure.
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which is directly implemented in MadGraph.
The choice of modelling for F (Q) directly impacts the dark photon pro-

duction cross section, and consequently the predicted signal and background
yields at fixed-target experiments. In the Q ≳ 0.1 GeV region, the elastic
form factor obtained from the simplified parametrization begins to disagree
appreciably with the one derived from the ab initio many-body method. This
momentum transfer regime is relevant for mA′ > 0.1 GeV. Consequently, in
this mass range, an ab initio treatment of the nuclear form factor can have a
non-negligible impact on the predicted signal yield relative to the simplified
parametrization conventionally adopted in the fixed-target DM literature.

8.2 Quasi Elastic Regime

At higher momentum transfers, the beam particle scatters quasi-elastically
off the individual nucleons within the nucleus, rather than coherently off the
nucleus as a whole. This transition is naturally understood through the space
resolution of the probe: the electron resolves spatial structures on scales ∼ 1/|q⃗|,
so once |q⃗| becomes comparable to the inverse inter-nucleon spacing, the electron
ceases to see the nucleus as a smooth, extended charge distribution and instead
couples to individual, quasi-free nucleons. In this regime, the nuclear form
factor description that governs elastic scattering breaks down, and the cross
section must instead be built from the incoherent sum of scattering processes off
the constituent protons and neutrons. The quasi elastic regime is characterized
by a broad peak in the energy transfer, ω, spectrum, smeared out by the
Fermi motion of the nucleons within the nucleus. Accurately modelling this
quasi elastic response is essential for predicting dark photon bremsstrahlung
production at fixed-target experiments such as LDMX, since a sizable fraction
of the relevant momentum transfer phase space lies in this regime.

We make use of the impulse approximation, where the quasi elastic scattering
process reduces to a sum of scatterings with the individual bound nucleons
within the nucleus [74, 243]. We then write the nuclear structure functions,
introduced in Eq. 8.3, in terms of the spectral function [242],

P (k⃗, E) =
∑
f

∣∣[ ⟨nf | ⊗ ⟨ΨA−1
f |

]
|ΨA

0 ⟩
∣∣2 δ(E − EA

0 + EA−1
f

)
, (8.6)

giving the probability of removing a nucleon with excitation energy E and
3-momentum k⃗ from the initial state nucleus with A nucleons, |ΨA

0 ⟩, resulting
in the final state nucleon, nf , and nucleus with A− 1 nucleons, |ΨA−1

f ⟩. A key
strength of the dDSCGF method is its direct access to the spectral function,
obtained from the imaginary part of the one-body Green’s function. The
nuclear structure functions W1 and W2 are expressed in terms of the nucleon
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structure functions wN
i [131, 243],

W1(|q⃗|, ω) =

∫
d3kdE

[
ZPp(k⃗, E)

mn

Ek(
wp

1(|q⃗|, ω̃) + wp
2(|q⃗|, ω̃)

|⃗k × q⃗|2

2m2
n|q⃗|2

)
+ neutron part

] (8.7)

W2(|q⃗|, ω) =

∫
d3kdE

[
ZPp(k⃗, E)

mn

Ek

[
wp

1(|q⃗|, ω̃)
q2

|q⃗|2

(
q2

q̃2
− 1

)

+
wp

2(|q⃗|, ω̃)

m2
n

 q4

|q⃗|4

(
Ek − ω̃(Ekω̃ − k⃗ · q⃗)

q̃2

)2

− q2 |⃗k × q⃗|2

2|q⃗|4

]

+ neutron part

]
,

(8.8)

where k⃗ (Ek) is the initial 3-momentum (energy) of the struck nucleon, the
neutron part is proportional to A−Z, with the total number of nucleons in the
nucleus A, and Z the total number of protons. Notice that q̃ ≡ (ω̃, q⃗) where
ω̃ ≡ ω − E + mn − Ek has been introduced which accounts for the nucleon
being bound, thus a fraction of the transferred energy to the nucleus goes into
the spectator system. The nucleon structure functions for N ∈ {p, n} are,

wN
i = w̃N

i δ

(
ω̃ +

q̃2

2mn

)
, (8.9)

for i ∈ {1, 2}, τ = −q̃2/4m2
n, and,

w̃N
1 = τG2

M,N (q2)

w̃N
2 =

G2
E,N (q2) + τG2

M,N (q2)

1 + τ
,

(8.10)

where GE,N and GM,N are the electric and magnetic nucleon form factors
[230],

GE,p(q2) =

(
1 − q2

m2
V

)−2

GM,p(q2) = µp

(
1 − q2

m2
V

)−2

GE,n(q2) =
µnτ

1 + 5.6τ

(
1 − q2

m2
V

)−2

GM,n(q2) = µn

(
1 − q2

m2
V

)−2

,

(8.11)

where m2
V = 0.71 GeV2 and the proton and neutron magnetic moments are

µp ≈ 2.793 and µn ≈ −1.913.
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Figure 8.2: The nuclear structure functions W1 (pink) and W2 (green), given
in Eq. 8.8, plotted as a function of the energy transfer ω for 34Si at |q⃗| = 0.5
GeV. The structure functions are calculated with the spectral function from
the dDSCGF many-body method employing the N3LOTexas [176] (solid) and
the ∆N2LOGO(394) [185] (dashed) chiral interactions.

For illustration, we plot the nuclear structure functions for 34Si in Fig. 8.2,
showing both W1 (in pink) and W2 (in green) versus the transfer energy ω.
The absolute value of the 3-momentum transfer, |q⃗|, is set to 0.5 GeV for this
example.

Similarly to the vertex in Eq. 8.5 for elastic scattering, the vertex for quasi
elastic scattering can be represented by,

ΓQE
µ = G1(|q⃗|, ω)γµ +

G2(|q⃗|, ω)

2mn
(pf + pi)µ , (8.12)

where pf and pi are the final and initial state nucleons, and,

G1(|q⃗|, ω)2 =
W1(|q⃗|, ω)

2mnω
, G2(|q⃗|, ω)2 =

2mnW1(|q⃗|, ω)/ω −W2(|q⃗|, ω)

1 + ω/2mn
.

(8.13)
We find that the ab initio quasi elastic treatment, based on the spectral

function formalism, results in a significantly enhanced DM production yield
relative to the free proton approximation of Eq. 3.5 for dark photons with
mA′ ≳ 0.1 GeV. For lighter dark photons, our calculations are suppressed due
to the effect of Pauli-blocking.
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Chapter 9

Summary and Future
Directions

Incontrovertible astrophysical and cosmological data confirm the existence
of DM, and deciphering its fundamental particle nature remains a defining
imperative of modern physics. A compelling target in this search is the light
DM regime, as sub-GeV candidates can naturally yield the correct thermal relic
abundance via the freeze-out mechanism. To realize a thermal relic at sub-GeV
scales, a new mediator is required, with simplified DM models containing
dark photon mediators serving as the standard paradigm across much of the
literature.

This thesis has focused on light DM signatures at intensity-frontier fixed-
target experiments – a powerful search strategy for probing light dark sectors
that evade both energy-frontier colliders and traditional nuclear recoil direct
detection searches. We have placed particular emphasis on the upcoming
experiment LDMX, for which we presented a likelihood-based framework to
evaluate discovery prospects, parameter estimation capabilities, model selection
power, and projected exclusion limits. Our approach relies on a binned analysis;
unbinned likelihood methods, which retain the full event-level information
in energy and transverse momentum, offer a promising avenue for future
refinement of this framework. We further provided the methodology to test
the compatibility of a hypothetical light DM signature at LDMX with a direct
detection signal, with the direct detection exposure required to validate it.
Ultimately, in the event of an observed excess at a fixed-target search, these
frameworks will serve as a useful baseline strategy for interpreting potential
excesses and matching tentative experimental signals with underlying dark
sector theories, a key step toward constructing a coherent, multi-messenger
DM picture.

Beyond electron beam experiments, proton beam dump facilities such as
SHiP offer a complementary probe of light DM, and several extensions of our
analysis in this setting are left for future work. On the detector side, a dedicated
full Monte Carlo re-evaluation of the neutrino-induced background using the
updated SHiP design would sharpen the projected sensitivities presented here.
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On the signal side, our analysis is restricted to the DM-electron scattering
channel, owing to the comparatively poor understanding of the background
rate for other channels at proton beam dumps; extending this treatment to
nuclear recoils would open sensitivity to larger DM masses. Finally, the proton
bremsstrahlung production mechanism used throughout follows the improved
WW treatment, in which the dark photon is radiated only in the initial state
prior to the proton-nucleus interaction. A calculation including final-state
radiation off the outgoing proton and its interference with the initial-state
contribution remains an avenue for future work.

This thesis has extended beyond the standard paradigm of minimal DM
models, exploring vector DM scenarios and richer dark photon interactions
through higher-order electromagnetic moments, broadening the theoretical
landscape accessible to fixed-target searches and complementary probes such
as direct detection via electron recoils. Whereas simplified models offer prag-
matic benchmarks, UV-complete scenarios provide theoretical completeness
by embedding dark sectors with extended symmetry groups, fields, and mass-
generating mechanisms. Introducing new gauge symmetries often necessitates
extended scalar sectors and dark Higgs mechanisms to generate dark sector
masses, inherently yielding richer field content and non-trivial couplings. These
extended theories alter physical observables relative to minimal models, intro-
ducing additional processes that modify experimental signatures. This thesis
has demonstrated the rich resulting phenomenology from UV-complete vector
DM scenarios, from dark Higgs-strahlung and invisible vector meson decay
at fixed-target experiments, to direct detection via electron scattering. A
particularly fruitful next step is to ground effective higher-order dark photon
interactions within UV-complete portal matter frameworks, and to consider the
corresponding experimental and theoretical consequences. Considering these
non-minimal scenarios will be vital for fully leveraging the discovery potential
of intensity-frontier facilities.

Orthogonal to the development of theoretical scenarios for light DM, this
thesis explored the complementarity of diverse DM searches. We presented a
status update of light DM, performing global fits of laboratory, astrophysical,
and cosmological constraints. With a plethora of next-generation experiments
on the horizon, global fits will be vital for transforming disparate data sets
into a unified dark sector map. Incorporating full likelihood implementations,
such as our framework for LDMX, together with multi-messenger signals like
gravitational waves alongside traditional probes, will provide a powerful means
for pinpointing the fundamental nature of DM.

The topic of DM requires interdisciplinary input from a wide array of fields.
To further refine signal predictions at fixed-target facilities, we used state-of-
the-art ab initio nuclear physics methods to model the target nucleus. Our
results were in agreement with a simple parametrization for light mediators,
but provided a significant enhancement for heavier mediators – demonstrating
the impact of such a nuclear theory informed framework for making DM signal
predictions across diverse experimental settings. Future extensions of this work
will focus on nuclei used in experiments, such as tungsten in LDMX and lead
in NA64, to provide improved sensitivities. In addition, extending ab initio
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modelling to proton bremsstrahlung would offer a major theoretical upgrade:
whereas current frameworks rely on a simple scaling of the nucleon-level cross
section, a nuclear microscopic treatment would be more suited to capture
nuclear effects.

This is an exceptionally exciting time for light DM searches, as a new
generation of fixed-target, direct detection, and collider experiments comes
online to probe the sub-GeV frontier. Realizing this potential will hinge on the
rigour of both signal and background modelling, together with the ability to
corroborate a candidate signal across independent, complementary probes.
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Appendix A

Weizsäcker-Williams
Approximation

The Weizsäcker-Williams (WW) approximation, also known as the equivalent
photon approximation, [275, 281] exploits the fact that, the Coulomb field of a
fast moving nucleus can be treated as a flux of quasi-real, transverse photons.
In the case of fixed-target experiments, in the frame of the relativistic beam
electron, the nucleus is in fact fast. This allows the full 2 → 3 process,

e−(p) +N(PA) → e−(p′) +N(PX) +A′(pA′), (A.1)

to be factorized into a semiclassical flux of equivalent photons folded with the
much simpler 2 → 2 sub-process,

e−(p) + γ(q) → e−(p′) +A′(pA′), (A.2)

simplifying the phase space [88, 190]. This appendix reviews the derivation of
the approximation following [190, 205].

We will write the squared amplitude in terms of LµνW
µν , where Lµν is the

gauge invariant lepton tensor and Wµν is the nuclear tensor [142].

LµνW
µν =Lµν

[
W1

(
−gµν +

qµqν

q2

)
+
W2

M2

(
Pµ
A − qµ(q · PA)

q2

)(
P ν
A − qν(q · PA)

q2

)]
,

(A.3)

with the nucleus mass M (not the nucleon mass from the quasi-elasticc regime
of Section 8.2), and the momentum transfer q. Due to gauge invariance,
Lµνq

µ = 0, therefore,

LµνW
µν = Lµν

[
−W1g

µν +
W2

M2
Pµ
AP

ν
A

]
(A.4)

Considering the W2 term, we can write it as follows [189],

LµνP
µ
AP

ν
A

M2
=
Lµν

M2

[
Pµ
A +

qµM

qz − q0

] [
P ν
A +

qνM

qz − q0

]
. (A.5)
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Expanding this out gives [189],

LµνP
µ
AP

ν
A

M2
=
(
L00 +Lzz−2L0z

) (qz)2

(qz − q0)2
+
(
Lxx(qx)2 +Lyy(qy)2

) 1

(qz − q0)2
.

(A.6)
The longitudinal component, L00 + Lzz − 2L0z, is negligible compared to
the transverse component since the energy of the incident electron is much
greater than mA′ and me, therefore we can neglect it. Since qx = q⊥ cosϕ and
qy = q⊥ sinϕ, with the azimuthal angle ϕ, we now have,

LµνP
µ
AP

ν
A

M2
≈ q2⊥

(qz − q0)2
(cos2 ϕLxx + sin2 ϕLyy). (A.7)

We define the squared momentum transfer,

t = −q2 = −ω2 + |q⃗|2, (A.8)

with the energy transfer ω. We make the assumption that near tmin, q0 ≈ 0,
so we can write tmin as [89],

tmin ≈
(

U

2E(1 − x)

)2

(A.9)

where,

U = E2θ2x+
mA′(1 − x)

x
+m2

ex, (A.10)

x ≡ Ek

E , E is the initial electron energy, Ek is the dark photon energy, and θ
being the angle of the dark photon from the beam axis.

Near the minimum momentum transfer |p⃗− k⃗| is parallel to |p⃗′|, and since

q⃗ = (p⃗− k⃗) − p⃗′, q⃗ is also parallel to p⃗− k⃗ and p⃗′. We will define p⃗′ to point in
the z direction, therefore near minimum momentum transfer q⃗ also points in
the z direction. Hence q⊥ ≈ 0 which leads to,

tmin ≈ q2z − q20 , (A.11)

and
t− tmin = q2x + q2y = q2⊥ cos2 ϕ+ q2⊥ sin2 ϕ = q2⊥. (A.12)

We define,
tmin = t′min + 2q0

√
t′min (A.13)

where

t′min =
(p · k −m2

A′/2)2

(E − Ek)2
= (qz − q0)2. (A.14)

Substituting eqs. A.12 and A.14 into eq. A.7,

LµνP
µ
AP

ν
A

M2
≈ t− tmin

t′min

(
cos2 ϕLxx + sin2 ϕLyy

)
(A.15)

Due to the photon propagator having a 1/q4 = 1/t2 dependence we can evaluate
Lxx and Lyy at t = tmin, since small momentum transfers dominate this cross
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section. Near t = tmin, t′min ≈ tmin. Lxx and Lyy are independent of ϕ when
t ≈ tmin since qmin only has a z component (as explained above eq. A.11), and
ϕ comes from the x and y components of q. This allows for easy integration,∫ 2π

0

LµνP
µ
AP

ν
A

M2
dϕ ≈ π

t− tmin

tmin
(Lxx + Lyy)|t=tmin

. (A.16)

We can write Lxx + Lyy as −Lµνg
µν , since L00 and Lzz are safely neglected,∫ 2π

0

LµνP
µ
AP

ν
A

M2
dϕ ≈ π

t− tmin

tmin
(−Lµνg

µν)|t=tmin
. (A.17)

Now we combine the W1 and W2 terms,∫ 2π

0

LµνW
µνdϕ ≈

[
2πW1 +

t− tmin

tmin
πW2

]
(−Lµνg

µν)|t=tmin
. (A.18)

W1 is often neglected in the literature [268]. This allows us to write the cross
section of the 2 → 3 process in terms of the 2 → 2 process [205, 268],

1

8M2

∫
dϕ

2π
A23 ≈ t− tmin

2tmin
A22

t=tmin
, (A.19)

where e is the elementary electric charge, A23 = ¯|M23|2 t2

e4ϵ2F (q)2 , A22 =
¯|M22|2

e2ϵ2 ,

and F (q)2 =
W el

2 (q)
2M is the elastic nuclear form factor introduced in Chapter 8.

The differential cross section in the lab frame of the 2 → 3 process is then [88],

dσ(p+ Pi → p′ + k + Pf )

dEkd cos θA′
=
dσ(p+ q → p′ + k)

d(p · k)

∣∣∣∣
t=tmin

αχ

π

ExβA′

1 − x
, (A.20)

with,

χ ≡
∫ tmax

tmin

(t− tmin)

t2
W2dt, (A.21)

βA′ ≡

√
1 −

m2
A′

E2
k

, (A.22)

α = e2

4π , and tmax ≈ m2
A′ .
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