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We discuss a new dark matter framework, Elastically Decoupling Relics (ELDER),
and its phenomenology. We then discuss multi-messenger astrophysical probes of
various dark matter scenarios, utilizing electromagnetic emission and gravitational
signatures from neutron star mergers (and black hole mergers with the gravita-
tional wave signature) to probe super-heavy (PeV —EeV) asymmetric dark matter.
Finally, we discuss how to use intensity frontier experiments to investigate weakly
coupled states, including dark scalars, dark photons, heavy neutral leptons, and

millicharged particles.
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CHAPTER 1
INTRODUCTION

A new era of fundamental physics research has arrived. To begin with, we
are entering the age of multi-messenger astrophysics. For the first time ever,
gravitational-wave (GW) signatures from black hole (BH) mergers, as well as GW
and other signatures from a neutron star (NS) merger, were observed. Further-
more, we have begun to study dark matter (DM) beyond the traditional cold dark
matter (CDM) and the weakly interacting massive particles (WIMP) paradigms.
New tools are currently being developed, including the use of novel condensed-
matter materials as DM detectors or the application of atomic interferometry to
probe new physics. The Large Hadron Collider (LHC) is running at peak energy,
and many small-scale and high-luminosity experiments will soon begin operation.
The research presented in this thesis utilizes these ideas, tools, and observations

to investigate the deepest secrets of the Universe.

In particular, most of the research presented here is focused on DM and hidden
particles. DM remains one of the basic constituents of our universe that we are
not able to understand, yet there are overwhelming evidences of its existence. In
this thesis, I propose new models of DM and hidden particles, and develop search

methods using astrophysical and terrestrial probes.

In this Introduction, first I will briefly summarize my various projects on DM
and hidden particles. I will then review the evidence for DM, introduce the WIMP
paradigm, and give the framework to go beyond the WIMP paradigm that was
proposed in my work on Elastically Decoupling Relics. I will end with an extended

discussion of probing DM using astrophysical measurements and ground-based



experiments.

1.1 Summary of Ph.D. Research

Model: Elastically Decoupling Relics

My collaborators and I proposed a new DM candidate, which has its current-
day abundance mostly determined via the elastic scattering/decoupling between
Standard Model (SM) particles and DM, called Elastically Decoupling Relics (EL-
DER) [1,)2]. ELDER has a distinctive thermal history and new phenomenological
implications in comparison to the usual CDM scenario. ELDER provides solid
predictions for both next-generation DM direct-detection experiments and dark
photon searches. The concept of elastic decoupling before freezing out of the ther-

mal relics can be applied to many existing models as well as future model building.

Astrophysical Signatures of DM-induced Neutron Star Implosions

If DM is asymmetric, a neutron star (NS) could potentially collect enough DM
in its center to form a black hole (BH). The BH could then implode the host NS.
The radial distribution of NS mergers in a galaxy could thus be significantly mod-
ified by such DM-induced implosions. In [3]|, my collaborators and I studied the
optical, radio, and GW (merger) signatures, directly or indirectly caused by the
DM-induced NS implosions. We focused on heavy asymmetric DM (ADM) as an
example, because the capture and collapse processes are better understood in this
mass regime. The NS merger distribution observed via LIGO/Virgo GW detec-
tions and the associated merger kilonovae observed via optical telescopes can be
applied to test such DM models given 5-10 localized detections. Bounds were set

on the ADM model parameter space using the present Dark Energy Survey (DES)



Kilonova Search results and the Milky Way’s r-process element abundance. It is
worth noting that the recent detection of an NS merger event (GW170817+EM
signatures) is the first ever robust data point for our statistical test. We are cur-
rently actively analyzing the data to determine whether we can improve the current
constraint based on this single measurement alone, as well as preparing for future

events to come.

Intensity-Frontier Experiments as Probes of Hidden Sector Particles

Weakly interacting particles, including dark scalars, dark photons, sterile neu-
trinos, and axion-like particles, could explain several experimental anomalies and
are of great theoretical interest. For one, they could be mediators for Standard
Model (SM) particles to interact with the dark sector that may include DM parti-
cles. In [4], Professor Maxim Pospelov and I proposed to recast the Borexino-SOX
experiment to probe light scalars and sub-MeV dark photons. The light scalar is
introduced to explain the anomaly in the charge-proton radius measurement. This

hypothesis can be definitely tested with the BoreXino-SOX experiment.

In [5], my collaborators and T studied the sensitivities of probing heavy neu-
tral leptons with neutrino dipole portals using the neutrino experiments (the short
baseline neutrino (SBN) program) at Fermilab and the proposed Search for Hid-
den Particle (SHiP) experiment at CERN. Furthermore, we proposed that numer-
ous neutrino experiments, including LSBD, the Fermilab SBN program (Micro-
BooNE and Short Baseline Near Detector (SBND)), Deep Underground Neutrino
Experiment (DUNE) and SHiP can be applied to study the millicharged particles
(mCPs) [6]. These experiments can already set leading constraints on low-mass (

~ MeV - 100 MeV) mCP and could greatly advance the sensitivity reach for mCPs



up to b GeV.

Other than the aforementioned topics, I also studied the possible electroweak-
scale explanations of matter-antimatter asymmetry, the origin of the neutrino
masses, and the small-scale structure of the Universe. In particular, I studied elec-
troweak phase transition (EWPT) and Higgs-hierarchy-motivated models. EWPT
is important for the electroweak baryogenesis mechanism, which could explain the
matter — anti-matter asymmetry in our present Universe. In [7], Professor Perel-
stein and I studied the addition of extra states that can successfully generate a
first-order electroweak phase transition, and in turn, modify the Higgs properties
that could be measured by the LHC and future colliders. T also worked on a num-
ber of other different subjects as a graduate student, including condensed matter,

hadronic/nuclear, and theoretical black hole physics [8H10].

1.2 Evidence for Dark Matter

In this section, I will briefly summarize the observational evidence for DM, and
discuss the properties of DM that can be inferred from these observations. Multiple
observations, at a variety of length scales, provide overwhelming evidences for dark

matter. I will go through some of them briefly in this section.

The first evidence we talk about is the galaxy rotation curves. The visible
mass density of a spiral galaxy is mostly distributed near its center. As the stars
of spiral galaxies rotate around the galactic center, their velocities are determined
by the mass enclosed within their orbits. Based on the prediction, the velocities of
galactic satellites should drop rapidly as the visible mass density decreases away

from the center of the galaxy. However, observed satellite velocities do not follow



this pattern, and instead remain roughly constant as the distance from the galactic
center grows. The non-visible matter (dark matter, DM) was thus postulated to
explain the curves (see, e.g. [11]). Based on the virial theorem and measured ve-
locity distribution, one can also determine the mass distribution in stellar systems
such as elliptical galaxies [12]. Tt was found that the mass distributions in elliptical
galaxies generally do not match the expectation from the visible mass distribution,

and DM can be again applied to explain the discrepancies.

The next evidence we discuss is gravitational lensing. There are two kinds
of gravitational lensing effects researchers consider, strong lensing [13] and weak
lensing [14]. Both rely upon the general relativity prediction that light can be
bent by a heavy object, and one can use the distortion or multiplicity of images to
determine the mass of the gravitational source responsible for the "lensing" (light

bending) effect.

Strong lensing, as its name suggests, is based on the actual distortion of galaxy
images into arc shapes observed. The distortion geometry can directly infer the
mass of the object, usually a galaxy clusters that the light is passing though [13].
Furthermore, the strong lensing can create multiple images from the same light
source. Strong lensing can be used to infer the mass distribution of the gravitating
matter and has been used to determine the distribution of DM. Weak gravitational
lensing, on the other hand, describes the situation in which the images of galaxies
are only slightly distorted. In this case, it is not possible to get useful information
out of a single image, but mean mass distribution can be extracted from a statistical

analysis of combined surveys [14].

The cosmic microwave background (CMB) also provides strong but indirect

evidence of dark matter. CMB, as its name suggests, is a background radiation in



the microwave wavelength coming from the early universe. Such radiation comes
from the era of recombination/photon decoupling, roughly 378,000 years after the
postulated beginning of the Universe. After this time, photons were able to travel
through space without interacting with matter. The CMB spectrum thus contains

information from the early universe.

CMB follows a flat blackbody distribution to the zeroth order. The small
anisotropies of the CMB radiation can be decomposed into angular power spec-
trum. A cosmological model with DM parameters, called ACDM, provides an
excellent fit to the observed CMB power spectrum. Parameters such as baryonic
and DM densities can be extracted from this fit. State-of-the-art measurement of
the CMB power spectrum reveal that roughly 63% of the matter in the Universe

is in the form of DM.
Two remarks are in order here:

First, the A in ACDM symbolizes the "dark energy", which contributes ap-
proximately 68% of the total energy/mass density of the current Universe. The
density of dark energy is indeed best derived based on CMB fitting. CDM means
Cold Dark Matter, which is a basic assumption of this model. We will discuss the

meaning of "cold DM" and possible deviations from this assumption below.

Secondly, as briefly mentioned, the "missing mass phenomena' from astrophysi-
cal observations such as galaxy rotation curves and velocity dispersion was thought
of as a possible indication of Newtonian Gravity needing modification at the galac-
tic scale. A series theories of modified gravity have been proposed to explain the
effect, collectively called Modified Newtonian dynamics (MOND). MOND has not

been able to explain the cosmological observations, such as CMB power spectrum,



as well as gravitational lensing so far, but is still an active research topic.

DM can also have significant effects on the structure of the universe. There are
different scales of sizes in Cosmology. Galaxies are formed of around 10® (dwarfs)
to 10! (giants) stars, 1 kpc to 100 kpc in diameters. Galaxy clusters are formed
of hundreds to thousands of galaxies in a 2 - 10 Mpc size. Above these, there is
superclusters that have sizes of above 100 Mpc. The evolution of these structures,
from the small seeds of perturbation predicted in the very early universe to the

coalescence in the later stage, is called "structure formation" in Cosmology.

DM provides gravitational potentials for the structures to form. If the universe
consisted of only the normal visible matter, it would remain dominated by the
relativistic or semi-relativistic species for too long, given the temperature evolution.
The relativistic species would wash out the density contrast and prevent structures
from forming. The proper DM abundance, consistent with the ACDM best fit
value, would allow the Universe to enter the non-relativistic matter domination
era (known as "matter domination") early enough for the structure to form. This
requires the DM to be non-relativistic, or "cold", at the time when structure is

forming, thus gives the name cold dark matter (CDM).

Hot (relativistic) or warm (semi-relativistic) DM models are disfavored by
structure formation in a quantitative fashion, but there are models with DM tem-
peratures higher than traditional CDM that are still consistent with the structure
formation history, if the temperature drops fast enough in the later stage. ELDER
DM is a good example, as introduced in section and further detailed in Chapter
2

Finally, the Bullet Cluster (1E 0657-56) provides a relatively recent yet incred-



ibly strong evidence of DM, which cannot be explained by alternative theories like
modified gravity. The Bullet Cluster is considered a merger of two galaxy clusters.
Based on the x-ray image and gravitational lensing, one can see a clear mismatch
in the spatial distortion of the gravitating matter (from lensing) and the visible

matter (from x-ray).

Furthermore, the observation of the Bullet Cluster also gives constraints on
both DM-SM interaction and DM-DM self-interaction. In particular, since the
dark matter particle collisions leads to significant mass loss in the cluster, the
consistency of the subcluster mass-to-light ratio with respect to the value from
the main cluster constrains the DM self interaction to o/m < 1 ecm?/g [15], which

actually puts a strong constraint on strongly self-interacting DM like ELDERs [1,2].

Note that I only discussed several of the most important pieces of evidence for
the existence of DM here. There are various other observations that indicate the

existence of DM that can be found in [16].

Now, let me summarize the valuable information concerning the properties of

DM that these observations revealed:

e (ravitational interaction:

The gravitational interaction, or simply the mass/energy of DM, are crucial
to explaining physics at galactic and cosmological scales. Observations are
consistent with DM gravitational interactions described by standard General

Relativity.
e Constraints on non-gravitational interactions:

There is currently no evidence of any interaction of DM outside of the grav-

itational interaction. Furthermore, the DM-SM interactions and DM-DM



self-interactions are both highly constrained by the aforementioned astro-

physical /cosmological measurements.
e Coldness of dark matter:

DM cannot be too hot (relativistic) that it destroy the formation of the
structure of the Universe. Cold (non-relativistic) DM models (especially the
A CDM model) are in great agreement with the observations on large-scale

structure.

1.3 WIMP Dark Matter and Other Thermal Relics

Our knowledge about DM, as discussed above, is limited to its gravitational inter-
action. However, it is interesting to postulate DM candidates with other feeble but
non-zero interactions with SM, that is consistent with the observations briefly dis-
cussed in section[I.2] One hypothetical category that many of such DM candidates
fall into is "thermal relics", meaning that the DM particle was once thermalized
and in equilibrium with the SM particle bath, in the early universe, when the inter-
action rate exceeds the Hubble expansion rate due to high densities of the DM /SM
species and high temperature. The DM particles abundance than "freezes out",
as the DM interaction rate with the SM particles becomes lower than the Hubble
expansion rate. The DM current-day abundance is thus calculable since the DM

comoving density remains almost constant after the freeze-out.

From here on, we denote DM particle as x for simplicity, assuming only one
species of DM. The simplest models of this form usually have one important in-

teraction in which the DM particle number changes:



e Annihilation: x+y <> SM+SM, where SM stands for known Standard Model

particles.

When the annihilation rate of x + x <> SM+SM drops below the Hubble rate,
the freeze-out happens. The DM-SM interaction strength is determined by three
important factors: the SM particle number density n., the DM number density
ny, and the thermally averaged interaction cross section (ov). The freeze-out
usually happens when the DM particles become non-relativistic, since n, becomes

~mx/T  Thus, assuming the

exponentially suppressed by the Boltzmann factor, e
standard cosmological history of temperature evolution, the mass of the DM m,

and the interaction cross-section (ov) determine the final relic abundance.

The weakly-interacting massive particle (WIMP) paradigm comes as a direct
consequence of studying the thermal relics that rely on the freeze-out of the DM
annihilation to set the current DM abundance. One finds that based on the simple
assumption of freeze-out, the correct abundance of dark matter can be set by
the DM annihilation cross section around (ov) ~ 3 x 107?®cm? s™!. For a DM
particle around TeV mass range, this would point to a DM-SM interaction of
the strength close to the SM weak-interaction strength. This is why WIMP is
"wealy-interacting". It is called a "massive" particle, again, because it freezes out

non-relativistically.

In the past, the WIMP paradigm became widely popular given its natural
connections to solutions of Higgs hierarchy problem, e.g. Supersymmetry [17], and
to the collider experiments, e.g. LHC, probing new physics around the TeV scale.
As the hope of finding TeV Supersymmetry dwindles and the LHC is reaching its
designed capacity, theorists are starting to think about other scenarios that are

equally intriguing but less experimentally constrained.

10



Now that we introduced WIMP, let’s mention another DM-SM interaction that

exists for most of the thermal relics:

e Elastic Scattering: x-+SM < x+SM, where “SM" stands for any of the known

Standard Model particles.

This interaction does not change number density and usually decouples after
the freeze-out, so it can be neglected when determining the DM relic abundance.
However, this interaction is crucial in keeping the DM and SM particles thermal-
ized. The decoupling of this interaction could in principle allow DM to have a
different temperature from the SM particles. In the next section, we will introduce
a new DM paradigm, in which the early decoupling of elastic scattering is actually

crucial in setting the DM relic abundance.

Finally, let us mention another kind of thermal relic that was considered [18],
that is not freezing out through DM annihilation. Instead, the number changing
process that the DM freeze-out with is an n DM particles to 2 DM particles (n > 2)
self-annihilation:

n

e Self-Annihilation: ... X <> xx, with n > 3.

This class of models was originally referred to as "self-interacting dark matter"
or SIDM [18]. The term SIDM was later referred to as a different class of models
relying on DM self-interaction to explain astrophysical anomalies [19], as discussed
in more details in the next section. The modern incarnation of the original self-
annihilating SIDM is called Strongly-Interaction Massive Particle (SIMP) [20].

The word "strong" describes the DM self-interaction, which needs to be strong

11



enough to change its number density. Incidentally, the name SIMP may also not
an optimal choice of naming since it was also originally used to describe DM
strongly interacting with visible SM matter (without considering the DM self-
interaction) [21]. The next section contains a very brief review of these dark

matter candidates.

1.3.1 Family of Self-Interacting or Strongly Interacting

Dark Matter

There are generally two different types of dark matter called self-interacting dark
matter (SIDM). The first SIDM model (to the knowledge of the author) was pro-
posed by Carlson, Machacek, and Hall [18] (we can thus call it CMH SIDM).
The DM assumes no interaction with SM particles before freezing out. The self-
interaction is strong, and the dark matter freezes out through the three-to-two
(or n-to-2, with n > 3) self-interaction, as described in the previous section.
This has implications for the dark matter mass (light dark matter is preferred)
and could have significant effects on large-scale structure [22]. Later on, simula-
tions/observation revealed that there could be potential tension between the cold
DM and small-scale structure measurement (see, e.g. [23|). Spergel and Stein-
hardt [19] proposed to use DM self-interaction (which could also be quite strong
in strength in comparison to weak interactions) to resolve this tension. This kind

of dark matter is often referred to as SIDM as well.

The two SIDM both have strong self-interactions, but they are aiming for differ-
ent goals. One is devising a new way to set the DM relic abundance, and the other

is to resolve the CDM small-scale structure problems. The Spergel-Steinhardt

12



SIDM also has strong 2 — 2 self-interaction as mentioned, but it does not require

a number-changing process.

Now let’s move on and discuss "SIMP" (Strongly Interacting Massive Particles),
which could have completely different meanings in different sourceq’] Originally,
the term Strongly Interacting Massive Particles (SIMPs) [25], was used to describe
DM with strong interactions with normal/visible/Standard Model matter. Given
its strong interaction, it is often shielded from the underground DM detectors by its
interaction with dirt and other earth materials, avoiding constraints from direct-
detection experiments. Fast forward to 2014, a new kind of "SIMP" paradigm
was developed [20], closely related to the idea of the original CMH SIDM. The
DM freezes out through the 3 to 2 or 4 to 2 interaction, but is always thermalized
with SM particles during the freeze-out process. This paradigm points to a sub-
GeV DM candidate with strong self-interaction roughly of the nuclear-interaction
strength. This modern SIMP has generated strong interest in model building,
based on the ideas of dark sector (connected to the SM particles by some dark
mediators to thermalize with SM matter) and dark QCD (to describe the required

strong self-interaction).

1.4 Beyond the WIMP /Freeze-out Paradigm:

Elastically Decoupling Relics

As mentioned in the previous section, for most known DM models, the DM relic

abundance is set by processes that change the x particle number. In this section,

Tt is worth noting that in some occasions, the Spergel-Steinhardt type SIDM is also referred

to as SIMP [24], which only adds to the confusion.

13



we present a novel scenario in which the dark matter relic density is determined
almost entirely by the decoupling of the elastic scattering, and we call this scenario

“ELastically DEcoupling Relic", or ELDER.

The ELDER scenario considers the two interactions mentioned above, elastic
scattering between DM and SM and n — 2 number-changing DM self-annihilation.
When DM is relativistic, it stays in thermal and chemical equilibrium with the SM
particle bath. When it becomes non-relativistic, the elastic scattering first decou-
ples, meaning that DM-SM interaction becomes too weak to keep DM and SM
sectors at the same temperature. The DM then enters the self-heating era, which
was first discussed in the original SIDM paper [18]. During this era, the energy
released by self-annihilation keeps the DM particles at an approximately constant
temperature as the universe continues to expand, and the comoving entropy of
the DM sector is conserved. This drastically slows down the decrease of comov-
ing number density as well. Finally, the self-annihilation process also freezes-out,
at which point the comoving number density of x actually freezes. But as will be
shown in Chapter[2] the final relic abundance depends much more on the early elas-
tic decoupling (exponentially) compared to the freeze-out of the number-changing
self-annihilation (logarithmically), and thus we call the DM FELastically DEcou-
pling Relics. We will demonstrate this point by conducting analytic calculations

as well as solving coupled Boltzmann equations numerically.

We found that the current dark matter abundance can be successfully produced
in this scenario, with all theoretical and observational constraints satisfied, for
x masses between a few and a few hundred MeV. The cross-section of elastic
scattering between DM and SM particles (electrons, photons, and/or neutrinos) is

of the order of 1073 —1 fb in the non-relativistic limit, which can be easily achieved,

14



by considering DM-SM interactions mediated by dark photons [2|. The strong
self-interaction required for the ELDER scenario could be achieved by considering

QCD-like theory in the dark sector [26].

One of the most exciting features of the ELDER scenario is that, based on a
specific DM mass, it points to a very precise elastic scattering strength. This means
that ELDER provides a robust target for DM direct detection, which relies on the
elastic scattering of the DM with SM particles. The ELDER predictions define
a well-defined target region in the parameter space for direct-detection and dark
photon experiments (assuming the DM-SM interaction is mediated by a dark pho-
ton). These features are reported in detail in Section . In particular, Figs.
and show the main results of the ELDER phenomenology.

1.5 New Searches for Dark Matter with Neutron Stars,

Black Holes, and Their Mergers

As discussed in section [I.2] astrophysical observations present some of the major
evidences for DM. It is thus very interesting to consider other astrophysical obser-
vations in hopes of unveiling the non-gravitational interactions for DM particles.
Given the high density of neutron star, DM with very feeble interactions with
nucleons can trigger dramatic phenomena for this stellar system. Several astro-
physical searches may be used to unveil DM that implodes neutron stars [27-31],
thereby creating r-process elements 32|, and plausibly fast radio bursts [33|. For-
tuitously, the unprecedented sensitivity of laser interferometer gravitational wave
detectors at LIGO/VIRGO [34], the broad optical purview of DES [35,36|, Black-
GEM |37|, and the Zwicky Transient Factory (ZTF) [38], as well as kilo-channel
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radio reception at the CHIME [39] and HIRAX [40] arrays, are all opening new

windows onto the dynamics of neutron stars and black holes.

Thus, in Chapter [3, we consider distinct signatures of DM-induced NS im-
plosions, which may be found by upcoming gravitational, optical, and radio sur-
veys. In particular, we will discuss how to utilize the distribution of NS mergers
in the galaxies, to probe DM-nucleon interaction cross-sections 4 to 10 orders of
magnitude smaller than the direct detection experiment sensitivity on a few-years

timescale.

We also consider other direct and indirect signatures of implosions, including
"Quiet Kilonovae" and "Black Mergers" (NS-mass black hole mergers). LIGO and
Virgo detectors currently have the sensitivity to probe the light black hole mergers,
which would be an exciting search both in its own right and as a complimentary

piece to the NS merger search to probe the NS implosion scenarios.

1.6 v Hopes for New Physics: Experimental Probes of Hid-

den Particles

Light (sub-GeV) and weakly interacting particles could explain both experimental
anomalies (e.g., using dark photons to explain g-2 anomaly [41]) and account for
theoretical issues (e.g. axion as a solution for the strong CP problem). In addition,
weakly interacting particles may arise as a part of the "dark sector", that are
not necessarily the main components of the DM relic abundance, but could, for
example, facilitate interaction between DM and SM particles. For instance, as

discussed in section [[.4] a dark photon could be included in an ELDER scenario to
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mediate the DM-SM interaction. The experimental program of searches for weakly

coupled states has undergone a strong revival in recent years [42].

Examples of well-motivated weakly interacting particles, including sterile neu-
trinos, QCD axion, axion-like particles, dark photons, and dark scalars, can be
searched for in a variety of particle physics experiments (see, e.g. [43[51]). Since
these particles interact very weakly with SM particles, one way to detect them is to
utilize experiments with high statistics. Even when the particles are produced very
weakly and /or deposit small amounts of energy in the detector, such experiments
have a chance to detect them. There are roughly two kinds of setups considered
high-statistics experiments in particle physics. One would be fixed target/beam
dump-type experiments, usually downstream of a beam-line, that can collect a
large number of protons/electrons on target [52]. A different direction would be
having a detector with high volume, low background, and long exposure time, in
order to catch rare events. Neutrino experiments are perfect for the purposes of
detecting hidden particles, which is not surprising since neutrinos are themselves

very weakly interacting particles in the Standard Model.

Going along this direction, one of the most promising avenues for exploring
very light and very weakly coupled states is by performing experiments in either
deep underground laboratories, where the external backgrounds are very low, or
large detectors built for the purpose of studying solar neutrinos. With the solar
neutrino program currently measuring the last components of the neutrino flux, the
usage of these large detectors shifts onto new applications. Thus, the KAMLAND
and SNO+ detectors are (or will be) used to study double beta decays of Xe and
Te isotopes [53,/54]. The Borexino detector will see the expansion of its program

to include the sterile neutrino searches when new powerful external beta-decay
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sources are placed nearby [55].

There are also interesting proposals based on a possible usage of accelerators
underground. Currently, relatively modest accelerators in terms of the energy
and current intensity are used in the underground laboratories for measuring the
nuclear-astrophysics-relevant reactions [56| or for calibration purposes [57]. These
efforts can be significantly expanded. Powerful accelerators next to large neutrino
detectors could open a new way of exploring the nature of light weakly coupled

sectors [58-62].

In Chapter [4 we concentrate on the Borexino-SOX project that uses a radioac-
tive 141 Ce—1*Pr source in close proximity to the detector. It has been pointed out
that the same configuration will be sensitive to the emission of light scalar (or vec-
tor) particles in the transitions between the nuclear levels in the final point of the
[-decay chain [60]. We revisit the question of sensitivity of Borexino-SOX to light
particles, and update several aspects of [60]. We greatly improve the sensitivity
reaches by taking into account the decays of light particles inside the Borexino de-
tector. Only scalar scattering on electrons was taken into account in the previous

studies.

In Chapter [5, we present a comprehensive study of experimental constraints
and future sensitivity reaches on heavy neutral leptons (HNL), with neutrino-HNL-
photon dipole interactions. Such HNL has been proposed to explain the LSND and
MiniBooNE anomalies [63H65], and is a five-dimensional operator/portal for the
SM particles to interact with the hidden sectors. We take into account data from
LEP, LHC, MiniBooNE, and LSND, and consider the constraints from Supernova
1987A and Big Bang Nucleosynthesis (BBN). We also derive projected sensitivities

from the proposed Search for Hidden Particles (SHiP) experiment and the ongoing

18



Short-Baseline Neutrino (SBN) experiments at Fermilab. Dipole mediated Pri-
makoff neutrino upscattering and Dalitz-like meson decays are the primary pro-
duction channels in our study. The detection signature is from the decay of HNLs
into a photon and a neutrino. Thus understanding the single photon background

in each experiment is crucial for this analysis.

1.6.1 Charge Quantization and Millicharged Particles

Fundamentally, charges under U(1) gauge group, unlike charges under compact
non-abelian groups, do not have to be quantized (i.e., they do not need to be a
multiple of a fundamental unit). However, it has long seen thought that electron
(or positron) charge represents the minimal charge under U(1)ey. This inspired
the famous Dirac string/monopole argument to explain the empirically observed

charge quantization, in terms of the electron charge e.

The hypothesis of charge being quantized in units of electron charge was shat-
tered by the evidence for the existence of quarks, which carry a minimal charge
of e/3. However, a broader sense of charge being quantized in a fundamental
unit (currently believed to be at most e/3), still motivates models, such as Grand

Unification Theories, that provide an explanation.

A long-standing program of experimental searches for millicharged particles |66|
has aimed to test this hypothesis. The goal could be viewed as twofold: 1) testing
the narrow sense of charge quantization, in terms of the minimal quark charge e/3.
2) if smaller charges are possible, finding the particle that possess the minimal
charge. Philosophically, one can never completely disprove the concept of "charge

quantization" in general, because whatever small electric charges we might find

19



can be viewed as the new quanta for electric charge. But one can certainly make
the concept unattractive by finding smaller and smaller charges, or a charge with a
random real number in unit (e.g., 0.17 e, if the experimental sensitivity permits).
Outside of the charge quantization, millicharged particles have also attracted some
attention in other contexts in modern particle physics, e.g., as a candidate for dark

matter (see, e.g., [45L47,67]).

In [6], my collaborators and I pointed out a new direction for probing mil-
licharged particles, in the neutrino experiments. The millicharged particle can be
produced in meson decays, and leave a detection signatures in neutrino detectors
through its elastic scattering with the electrons. This will be discussed in Chapter

(
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CHAPTER 2
ELASTICALLY DECOUPLING RELICS

2.1 Introduction

In this chapter, we study the Elastically Decoupling Relic (ELDER) dark matter.
ELDER is a thermal relic whose present density is determined primarily by the
cross-section of its elastic scattering off Standard Model (SM) particles. Assuming
that this scattering is mediated by a kinetically mixed dark photon, we argue that
the ELDER scenario makes robust predictions for electron-recoil direct-detection
experiments, as well as for dark photon searches. These predictions are indepen-
dent of the details of interactions within the dark sector. Together with the closely
related Strongly-Interacting Massive Particle (SIMP) scenario, the ELDER pre-
dictions provide a physically motivated, well-defined target region, which will be
almost entirely accessible to the next generation of searches for sub-GeV dark mat-
ter and dark photons. We provide useful analytic approximations for various quan-
tities of interest in the ELDER scenario, and discuss two simple renormalizable
toy models which incorporate the required strong number-changing interactions
among the ELDERs, as well as explicitly implement the coupling to electrons via

the dark photon portal.

Cosmological observations at a variety of length scales, from individual galaxies
to the Hubble scale, indicate that most of the matter in the universe is in the form
of dark matter (DM). DM cannot consist of any of the known elementary par-
ticles, and its existence provides solid experimental evidence for physics beyond
the Standard Model (SM). The microscopic nature of dark matter is one of the

major mysteries in fundamental physics. For many years, both theoretical work
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and experimental searches for dark matter focused on a short list of possible can-
didates independently motivated by particle physics—primarily QCD axions and
weakly-interacting massive particles (WIMPs) realized within supersymmetry or
other extensions of the SM at the weak scale. Despite decades of experimental
effort, no evidence for these candidates has been found. While neither WIMP nor
axion dark matter is ruled out and the experimental searches are ongoing, there

has been renewed interest in exploring alternative particle dark matter candidates.

A promising new direction is to consider models in which dark matter par-
ticles have strong number-changing self-interactions [1},(18}20,68-82]. If the DM
is a thermal relic, its current density in such models can be determined either
by the cross section of the number-changing self-interaction processes (“Strongly-
Interacting Massive Particle", or SIMP, scenario [83]) or by the cross section of
elastic scattering between the DM and SM (“Elastically Decoupling Relic", or EL-
DER, scenario [1]). In both cases, the observed DM density is naturally obtained
if the mass of the DM particles is parametrically close to the QCD confinement
scale, mpy ~ 10 — 100 MeV. This leads to an attractive particle physics frame-
work: a “dark sector" of fields not charged under the SM gauge groups, containing
a non-Abelian “dark QCD" gauge group that confines at a scale similar to Aqcp.
The proximity of the SM and “dark" confinement scales may be due to a discrete
symmetry relating the dark QCD gauge coupling to the SM g3 at a high energy
scale [84/-88|. The dark matter may then consist of mesons that emerge from dark
QCD upon confinement [20]. If the dark sector also contains an Abelian gauge
field, kinetic mixing between this field and the SM electromagnetic field naturally
provides the requisite interaction between the dark matter particle and the SM,

via the dark photon portal [69,[72].
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The goal of this chapter is to study the above possibilities in more detail, in
particular, the ELDER scenario proposed in Ref. [1]. In Ref. 1], we demonstrated
the viability of this scenario in a general framework, without reference to a specific
model of either the dark sector or the portal connecting it to the SM. Instead,
we used a simple parametrization of the DM number-changing self-scattering and
DM-SM elastic scattering cross sections. Moreover, the analysis of Ref. [1] was
primarily based on numerical solution of Boltzmann equations. Here, we expand

that analysis in several directions:

2.2 ELDER Dark Matter

Consider a particle y with mass m)ﬂ The x particles can undergo the following

processes:

I Elastic scattering: xy+SM < x+SM, where “SM" stands for any of the Stan-
dard Model particles. (In practice, the important SM states are those with
mass below m,; for ELDERS, this will typically include electrons, photons,

and neutrinos.)
II Annihilations to SM: x + x +> SM + SM.
IIT “3 — 2" Self-Annihilations: xxx <> xX-

IV “2 — 2" Elastic Self-Scattering: xx <> xx-

!This may be a single state, or a set of mass-degenerate states y;. In the latter case, ap-
propriate averaging over the particle “flavor" is implicit in the discussion of this section, and the

“flavor indices" are suppressed for clarity.
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We assume that in the early universe at temperatures above m,, all four reac-
tions are “active", i.e. occur in the plasma at rates I' > H. This means that the
ELDERs have a thermal energy distribution (thanks to reaction 4), zero chemical
potential (reaction 3), and temperature equal to that of the SM plasma (reactions
1 and 2), which we denote by 7. The ELDER number density follows the equilib-
rium trajectory, n®4(7"). As the temperature drops below m,, the ELDERSs become
non-relativistic, and the equilibrium density drops exponentially, n°%(T") oc e™™/T,
The rates of the reactions 2, 3, and 4, drop off exponentially, while the reaction 1

slows more gradually.

All the reactions eventually decouple, I' < H, but the order of decoupling is
crucially important in determining the relic abundance. It is natural for 3 — 2
self-annihilation to decouple before 2 — 2 self-scattering: the interaction strengths
entering the two rates are generically of the same order (both involve interactions
internal to the dark sector), but I's 5 o ni while I'y_,5 oc m,. On the other hand,
the rate of annihilations to SM, I',,, is controlled by the coupling between the
SM and the dark sector, which can naturally be small. (For example, in the dark
photon portal model considered below, this will be controlled by kinetic mixing
between the SM and dark-sector U(1) gauge groups.) In this chapter, we will
consider the regime where annihilations to SM decouple first, while the 3 — 2

process is still active. This is the case in both the SIMP and ELDER scenarios.

The rate of elastic scattering 'y is proportional to the SM density, which is
not exponentially suppressed at 7' < m,. However, the scattering cross section is
suppressed by the small coupling between the SM and x. Generically, this cross
section is of the same order as that of annihilations to SM, and therefore decoupling

of elastic scattering occurs after annihilations to SM are decoupled. Depending on
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the relative strength of the SM-y coupling and y self-couplings, the decoupling of
the elastic scattering may occur either after or before the decoupling of the 3 — 2
self-annihilation. The former case corresponds to the SIMP scenario 83|, while

the latter is the ELDER scenario [1].

2.2.1 The Thermal History of ELDERsSs

After annihilations and elastic scattering with the SM decouple, but while the
3 — 2 and 2 — 2 self-interactions are still active, the ELDERs are still in thermal
equilibrium at zero chemical potential, but their temperature 7" no longer has to
be the same as the SM plasma temperature 7. As shown in Appendix B, the two

temperatures are related by

o1 T2 T\""172(T -T
oT my T My mi o my
where
Cnging§p+n Mp,
a= : (2.2)

32m 1.66gifdzmx
Here v is the SM particle that couples to yx, with corresponding number of
degrees-of-freedom g, and g,, respectively; Ng’ 4 1s a numerical constant given
in Eq. (A.17). We assume that the effective number of relativistic degrees of free-
dom g, 4 remains constant throughout the decoupling process. (The case of varying
gx can be handled numerically.) The “elastic scattering strength” ¢, is defined as

the dimensionless coefficient of the leading term in the low-energy expansion of the

matrix element-squared of the elastic scattering process v <> x:

E n
M, E%Ci)+”” (2.3)

s=mZ+2my Ey my
where |M]|? is averaged over initial and final-state degrees of freedom, including

spin, color, and electric charge. (See Appendix A for details.) If x couples to more
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than one SM particle, a summation over the relevant SM species is implied in the
definition of a. The formalism presented here is applicable to SM particles that
are relativistic at the time of x decoupling, mgy < Ty ~ m,/10. SM particles
with mgy > Ty are irrelevant to the decoupling process, while the case mgy ~ Ty

can be studied numerically.

An approximate analytic solution to the temperature evolution equation can

be found (see Appendix B):

1
;o a " _ [(n+3 3Ei(—t)
= r t)]———>= 2.4
v e((n+4> (n+4’) n+4 )’ (2.4)

. _ /o ! _ azx— "4
where z = m, /T, 2’ = m,/T’, and t = “T—

. At small z, 2’ =~ x, corresponding
to SM and ELDER sectors in thermal equilibrium. At large z, the asymptotic

form of the solution is

1 1
n+ n-+3 E a nH
/31 ¢ r — 3log |ex (25
v 30g($)+(n+4> (n+4) SOgle " (n+4) ] (2:5)

Identifying the “decoupling temperature" at which the ELDER and the SM ther-

mally decouple,

Td mx( “ (26)
r (%)
Eq. (2.5) can be rewritten as «’ ~ x4 + 3log(x/z4), 0
T,
T a (2.7)

- 1+ SZ—i log %
This is precisely the behavior expected in the “cannibalization" regime [18|, where
ELDER temperature decreases only slowly (logarithmically with the scale factor)
as the universe expands. The physical reason is that the kinetic energy released
by 3 — 2 self-annihilations partially compensates for the energy lost when particle
momenta are redshifted due to the expansion. This regime persists until the 3 — 2

process decouples, after which the ELDER density is frozen out. Note that the
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Figure 2.1: Evolution of the ratio of ELDER temperature 7" to the SM plasma
temperature 7. Here m, =10 MeV, ¢co = 1.3 x 107" o =5, g, = 2, and gy = 4.

dark matter particles remain non-relativistic throughout the cannibalization pe-
riod, so that from the point of view of Cosmic Microwave Background (CMB) and
structure formation, ELDER is a Cold Dark Matter (CDM) candidate, consistent

with observations.

The evolution of ELDER temperature throughout the kinetic decoupling and
freeze-out process is illustrated in Fig. 2.1 The ELDER-to-SM temperature ra-
tio starts growing after kinetic decoupling due to cannibalization, reaching the
maximum value of 7"/T ~ 10 at the time of freeze-out. It drops rapidly after
freeze-out since ELDERs are non-relativistic and 7" oc R~2, while T' oc R~!, where
R is the size of the universe. The analytic function provides an excellent ap-
proximation to the numerical solution of the Boltzmann equations up until 3 — 2

freezeout.

We note that Eq. (2.7) can also be derived by assuming instantaneous kinetic

decoupling between the dark sector and the SM at temperature T, and using the
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conservation of comoving entropy in the dark sector after decoupling. This ap-
proach was taken, for example, in Ref. [I]. The alternative derivation presented
here does not make the assumption of instantaneous decoupling, relying instead on
the approximate solution for the evolution of 7" accurate throughout the decou-
pling process. Apart from being better justified physically, the distinct advantage
of the new derivation is that it automatically provides the expression for 7, in

terms of the underlying model parameters, Eq. (2.6).

In the instantaneous freeze-out approximation, the asymptotic value of the

yield Y, = n,/so, where sq is the entropy density today, is given by

_ gx(Zﬂ-x})ig/ze_z}
! (2#2/45)9*37%]73 ’

Yo=Y, (2.8)

where z; and 2; are the temperatures of the SM and the ELDERs, respectively,
at the time of freeze-out. The effective multiplicity at freeze-out, g, , is strongly
dominated by the SM degrees of freedom that are relativistic at that tempera-
ture, and the ELDER contribution to entropy is negligible; for typical ELDER

parameters, g., f = 10.75. The ELDER relic density is given by

3/2 g
My m g zy/ e
O 23 x 10° () Vi 4 x 10° (o)
10 MeV 10 MeV/ g.s. ¢ (1 n x_g,d log 2_2>

3/27
(2.9)

where x4 is the decoupling temperature defined in Eq. (2.6)).

The 3 — 2 self-annihilations freeze-out when ni (03_90%) ~ H. Let us

parametrize
) ol
= —. 2.10
<U3—>QU > mi ( )

The freeze-out and decoupling temperatures can then be estimated by solving the
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equations

9 Tqg 3 My 9 3 1. ey
x’ﬂ—z log s =~ 31'0_?_11% <10 MeV) —i—Zlog a+§(logxd+loggx—zl log ﬁ)

(2.11)

and

2q—3logxg ~12.9 — glog s 4 log g, — log QI_sOf + log (10?&;\/) —log (QOX};Q) :

(2.12)
Numerically, z4 ~ 17 and 2, ~ 25 for a typical ELDER model. The decou-
pling temperature is directly related to the strength of elastic scattering between
ELDERs and SM particles, see Egs. (2.2), (2.6). Once z, is found by solving
Eq. , it is straightforward to compute the corresponding elastic scattering

strength:

1/2
_ _ g*dfn m
L~ (1.4 x 10718 2% ( X ) n+d 2.13
¢ ( )gngp 10 MeV T ( )

where g, 4 is the effective number of relativistic degrees of freedom at T, and
&= (n+4) [F(Z—ﬁ)]*”*‘*/]\f;ﬂn is a numerical constant. (For future reference, &y ~
0.08 and & ~ 0.004.) Once a mechanism that mediates ELDER-SM scattering
is specified, this formula can be used to make detailed, robust phenomenological
predictions, as discussed in the next Section. Remarkably, such predictions are

almost completely independent of the details of self-interactions of ELDERs, or

their interactions with other dark sector states.

2.2.2 ELDER Mass Estimates

A model-independent upper bound on the ELDER dark matter particle mass can

be obtained as follows. Self-consistency of the ELDER scenario requires x; > x4,
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o]
(2.14)

Here we see that ELDER dark matter is pushed to the strongly interacting regime
(o 2 1). The thermally averaged 3 — 2 rate can be bounded above by unitarity, in
similar spirit to the bound derived on the thermally averaged WIMP annihilation

rate [89). The optical theorem states that

2 Imeorward = Z/dHX(27T)464(pz - pX)‘MxanFa (215)
X

where Morwara 1S the matrix element for forward scattering yx — xx, and dllx is
the Lorentz invariant phase space. Picking the term with X = yxx from the sum

yields the inequality

/dHX(QW)454(pi — pg)|Ms]? < 2 Tm Migryard- (2.16)

Using this in the definition of the thermally averaged rate in Eq. (A.7), in the

non-relativistic limit, the rate is bounded above by

V1bm 4., o s
<03_>21)2> < Wes /T/9 2dse 7 Im (Morwara($))- (2.17)

In the absence of light degrees of freedom, non-relativistic elastic scattering of
scalar y particles is typically dominated by the s wave. Partial-wave unitarity

require | Miorwara] < 8m/s/p ~ 487/+/5, which in turn implies (taking into

2Close to this bound, the kinetic decoupling and freeze-out occur close in time, and the
formulas derived in this Section, which assumed a clear separation between the two events, are
not strictly applicable. The bound on « for “pure ELDER" regime, in which the separation is
clear, is stronger by a about a factor of 2. For smaller a, a “mixed SIMP-ELDER" regime occurs,
which does not lend itself to simple analytic estimates. Numerical analysis of this regime indicates

a smooth connection between “pure SIMPs" and “pure ELDERs", see for example Fig.
3At /s = 3m, the y particles are moderately relativistic, 52 ~ 0.5, and corrections to s-wave

scattering amplitude may be non-negligible. This will affect the unitarity bound at the level of
order-one factors. Thus, this bound as well as the mass bound in Eq. (2.19) should be viewed as

order-of-magnitude estimates.
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account the typical freeze-out temperature x’f ~ 20) an upper bound
a S T3 (2.18)
where « is defined in Eq. (2.10). Combining this bound with Eq. yields
my, S 1 GeV. (2.19)

This partial-wave unitarity bound is independent of the details of the dark sector.
In specific models of dark sector self-interactions, other considerations, such as
perturbativity of couplings, may impose stronger bounds. For example, in simple
scalar models discussed in Section [2.4] the upper bound on the ELDER mass from

perturbativity is about 200 MeV.

There is also a lower bound on m,. As the ELDER becomes non-relativistic,
energy and entropy are transferred from the dark sector to the SM, reheating
the SM degrees of freedom. This process continues until the decoupling of elastic
scattering between ELDERs and the SM at temperature T;. If the energy and
entropy transfer is active during or after Big-Bang Nucleosynthesis (BBN), it will
generally result in modification of BBN predictions for light-element abundances,
and /or the effective number of neutrinos Ngg inferred from the Cosmic Microwave
Background (CMB) measurements; see e.g. Ref. [90]. This is certainly the case if
the interactions between the ELDER and the SM are mediated via the dark photon
portal, which, as argued in Section [2.3] is the most plausible renormalizable portal
compatible with this scenario. The dark photon portal couples the ELDERSs very
weakly to neutrinos. If entropy transfer continues below the temperature of neu-
trino decoupling from the electron/photon plasma, non-standard N.g is produced.
It is in principle possible that this bound could be avoided in a model in which

electrons, photons and neutrinos are reheated equally. However in this thesis we
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will adopt [90]
my 2 5 MeV (2.20)

as a rough lower bound on the ELDER mass.

2.2.3 ELDERs, SIMPs and WIMPs, Oh My!

If in a given model ¢, < ¢,, defined in and (2.13)), the particle x cannot
account for the observed dark matter. On the other hand, if ¢, > ¢,, the correct
relic density can still be achieved through the SIMP mechanism. In this case, dark
matter and SM remain in kinetic equilibrium until the 3 — 2 interactions decouple

and the x density freezes out: x4 > xy. The relic density is given by

3/2 T2
QB2 ~ 0.02 ( M ) ~3/2 (—f> 2.1
=002 () @ 20/ (2:21)

where the freeze-out temperature x¢ is found as a solution to

1 1 m 3
T+ 3 logzy =20.7 — §1og (10 NfeV) -+ 3 log o + log g, (2.22)

After freeze-out, elastic scattering with SM no longer affects n,; thus in the SIMP
regime, the relic density is determined by the self-interaction strength «, and is

independent of ¢,. The SIMP value of «,

m O, h?
asIMpP == 0.34 (10 l\/?eV) ( Oxl > y (223)

is close to the lower bound on « required for the ELDER scenario, Eq. (2.14), and
scales the same way with m,. This gives a clear intuitive picture of the relation
between the two regimes: for a given dark matter particle mass, the ELDER value

of ¢, gives the lower bound on ¢, for SIMPs, while agnp is the lower bound of «

for ELDERs.
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Figure 2.2: Regions of parameters corresponding to the observed relic density. For
each mass, the vertical section of the line of the left /top corresponds to the elasti-
cally decoupling relic (ELDER) scenario proposed in this thesis; the horizontal line
to the SIMP scenario; and the vertical section on the right/bottom to the WIMP
scenario. This figure, reproduced from Ref. [1], is based on a numerical solution of
the Boltzmann equations for a model with g, = 2, ¢ = photon, n = 0, ¢y = 8me®.
The same behavior is observed in other models, see for example Fig. below.

If ¢, is increased even further, eventually a point is reached where annihilations
to SM decouple after the 3 — 2 interactions. At this point, the relic density is
determined by the cross section of annihilations to SM, and is once again inde-
pendent of a. Since this is the mechanism that sets the relic abundance of the
conventional WIMPs, we refer to it as the “WIMP regime", even though the dark
matter particle mass is still well below the weak scale, and a small coupling to SM
is required to obtain the correct relic density. (For theoretically motivated realiza-
tions of such a scenario, see [91].) Figure illustrates the three regimes. This
figure, reproduced from Ref. [1], is based on a numerical solution of the Boltzmann
equations for a model with g, = 2, ¢ = photon, n = 0, ¢g = 8re?, which was
performed in that thesis. The same behavior is observed in other models, see for

example Fig. 2.6] below.
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2.3 Dark Photon Portal and Phenomenology

It is well known that there are only three renormalizable interactions that can cou-
ple SM to dark sector states: “dark photon", “Higgs", and “right-handed neutrino"
portals [52]. Of these, only the dark photon portal is compatible with the ELDER,
scenario in its simplest form. In the case of the Higgs portal, the interaction has
the form S?H?, where S is a dark-sector field and H is the SM Higgs. In the case
of ELDER, the decoupling temperature is at the MeV scale, and the relevant SM
degrees of freedom are electrons, photons, and neutrinos. The couplings to these
particles at MeV temperatures mediated by the Higgs are too weak to produce the
elastic scattering of the strength required in the ELDER scenario. In the case of
the neutrino portal, the interaction is of the form HLN, where N is a dark-sector
fermion. The ELDER dark matter particle must possess 3 — 2 interactions, and
thus must be a boson. If the dark matter is a fermion, then cannibalization may
occur via 4 — 2 annihilations. However, this leads to strongly self-interacting sub-
MeV DM, which is excluded by BBN and structure formation [83]. Hence, we will
focus on the dark photon portal as the most plausible mechanism for ELDER-SM

coupling.

2.3.1 Dark Photon Portal

Specifically, we consider a complex scalar field x, neutral under SM gauge symme-

tries but charged under an abelian U(1)p gauge group in the dark sector:

L= \Dule = "X, X" +igp A, (X 0uXx — XOuX") + - .. (2.24)
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where gp is the U(1)p coupling constant, and A’ is the corresponding gauge field.

The A’ kinetically mixes with the SM photon{]

1 e
Lyim =~-——L—B"Fp.., 2.25
k 2 cos Oy D ( )

where B and Fp are the field strength tensors of the U(1)y and U(1)p, and Oy
is the Weinberg angle. Diagonalizing the kinetic terms yields the SM photon A,
under which y is uncharged, and the “dark photon" V', which couples to the SM
electromagnetic current with strength e e, and to the “dark" U(1)p current with
strength gp. We further assume that U(1)p is broken, giving the dark photon
mass my. (For specific models that realize this setup, including ELDER self-
interactions, see Section ) If dark photons have a significant abundance in the
early universe at the time of ELDER decoupling and freeze-out, the physics of these
processes becomes considerably more complicated: for example, co-annihilation
processes may play an important role in transferring energy between the SM and
the dark sector. To avoid these complications, we focus our attention on the “pure
ELDER" case, when the dark photon is significantly heavier than the dark matter

particle. For concreteness, we assume my > 2m,.

Elastic scattering of ELDER on electrons is mediated by the ¢-channel dark
photon exchange. In the language of Section the dark photon portal model

corresponds to 1 = e*, g, =4, n = 2, and the elastic scattering strength is given

4In the fundamental theory, the mixing involves the SM hypercharge gauge field. Since the
physics considered here takes place well below the weak scale, we ignore the mixing with the Z

boson.
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Here we defined the dimensionless combination

4
m

y=€eap (—X) : (2.27)

where ap = ¢%/(47). This is the same combination of parameters that controls

dark matter annihilations to the SM, as has been previously noticed in studies of

the conventional scenario where such annihilations determine the relic density [92].

In the ELDER scenario, the value of y that corresponds to the observed relic density

can be inferred from Eq. (2.13):

1/2 m T4\ 6
~58x 1071 <ﬁ> <—X) (—) 9.28
YELDER % 10 10 Mev/ \17/ ° (2.28)

where z, is the solution to Eq. (2.12]). This is a robust prediction of the ELDER
scenario with the dark photon portal, independent of the details of ELDER self-

interaction dynamics.

As discussed above, if the dark matter coupling to the SM is increased above
the ELDER value, correct relic density can still be achieved by SIMP or WIMP
mechanisms. In the dark photon portal model, the WIMP regime corresponds to

the well-known “thermal target" value for y [92]:

—1
YWIMP TRV AN ( my )2 (iﬂf,a)2
~14x1 2 2.9
& x 10 < 0.1 10 Mev/) \20/ " (2:29)

where £ = 1 — 4m2/my,, and xy, is the temperature at which annihilations to

SM freeze out. Any value of y between ygrpgr and the thermal target is com-
patible with the SIMP mechanism, which can yield the correct relic density for

appropriately chosen 3 — 2 self-scattering cross sections.

Near the upper boundary of the ELDER mass region, m, ~ 1 GeV, scattering off charged
pions and muons is relevant during decoupling, and the formulas in this Section are modified by

O(1) factors to include their contributions.
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Before proceeding, let us briefly comment on the astrophysical constraints on
this model. Dark matter pair annihilation into electrons is constrained by the CMB
measurements [93-95], as well as indirect-detection searches. However, in the case
of scalar dark matter in the relevant mass range, the s-wave annihilation cross
section is suppressed by a factor of (m./m,)* < 1072, while the p-wave contribution
is velocity-suppressed. As a result, ELDER dark matter is easily consistent with
these constraints. Also, the reaction ete™ — yx (with or without an on-shell dark
photon) can provide an additional mechanism of cooling in supernovae, which is
constrained by the observation of neutrinos from SN1987A (see e.g. [96,97]). We
checked that in the ELDER region, the elastic scattering of y on electrons is always
sufficiently strong to prevent the dark matter particles from leaving the supernova
core. The produced x’s become trapped in the core, and do not contribute to the

cooling rate.

2.3.2 Direct Detection

Direct detection of sub-GeV dark matter has been an area of active recent investi-
gations. Heavy nuclear recoils do not carry sufficient energy to be detected in this
mass range, and direct detection is easier for dark matter scattering on electrons.
Remarkably, in the ELDER scenario with a dark photon portal, it is precisely the
same process that determines the DM relic density. The observed dark matter
density completely determines the direct detection cross section, with essentially
no free parameters other than the ELDER mass m,. The direct detection cross
section is given by
pp _ 16mam?

O'e = m—;l( y. (230)
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Figure 2.3: Direct detection cross section, PP, predicted in the ELDER, WIMP
and SIMP scenarios with a dark photon portal. For comparison, also shown
are the current bounds from XENON experiment [98,(99] and projected sensi-
tivities for 3 events in 1 kg-year exposure of proposed experiments: semiconduc-
tors [100-103|, superconductors (10 meV threshold) [261/104], superfluids [105,106],
scintillators [100,/107] and graphene [108].

Setting y = ygrpgr in this formula defines a very sharp “ELDER target" for the di-
rect detection experiments. This complements the “thermal target" [5292], which
in our language corresponds to ¥ = ywmp, While the region ygrprr < ¥ < ywimp
corresponds to SIMP dark matter. Moreover, as discussed above, observational

constraints and unitarity considerations restrict m, to a range between roughly

5 MeV and 1 GeV. These considerations define the direct detection target region,
shown in Fig. 2.3

The predicted cross sections are well below the current XENON bounds [98}99].

However, novel experimental approaches that are currently being investigated have
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Figure 2.4: The dark photon target region predicted in the ELDER, WIMP and
SIMP scenarios. For comparison, the current bounds and projected sensitivities of
searches for dark photon decaying to dark matter particles [52| are also shown.

the potential to dramatically increase the sensitivity to DM-electron scattering in
this mass range. Target materials under study include semiconductors [100-H103],
noble liquids [98,/100|, superconductors [26,104], superfluids [105,[106], scintilla-
tors [L00,/107] and graphene [108]. Projected sensitivities of these experiments will

allow them to test a significant part of the SIMP and ELDER target region, see
Fig. 2.3

2.3.3 Dark Photon Searches

Searches for a dark photon in the MeV-GeV range have also been an area of much

activity recently. Existing experimental data has been used to place bounds on the
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dark photon, and several dedicated experiments are now running or in preparation.
The ELDER, SIMP and WIMP scenarios with dark photon portal provide a well-

defined dark photon target region for such experiments, shown in Fig.

In the ELDER scenario, the dark photon mass my must be large enough so
that the process yx* <> V'V is not relevant throughout the x kinetic decoupling
and freeze-out process. For the discussion of this section, we assume my > 2m,,.
In this case, the decay V' — xx* is likely to be the dominant dark photon decay
channel, since its amplitude is proportional to the dark sector gauge coupling gp,
which is naturally of order one, while the amplitudes of competing decays such as
V' — ete™ are controlled by the small kinetic mixing parameter €,. As a result, the
experiments relevant for constraining our scenario are those searching for invisible
dark photon decays. There are two basic experimental approaches. First, one can
search for missing mass or energy in collider events due to an invisible particle
V. The strongest current constraints from this approach come from re-analysis
of BaBar data [109], as well as, at low masses, the dedicated NA-64 experiment
at CERN [110]. These searches do not yet constrain the ELDER scenario. In
the future, the missing-energy LDMX experiment proposed at SLAC [92,/111] will
have sufficient sensitivity to test a significant part of the ELDER parameter space.
Second, one can search for a dark matter particle that is produced in dark photon
decay and propagates through shielding material to a downstream detector. (This
would in effect amount to “direct detection" of a dark matter particle produced in
an accelerator.) This approach was recently pioneered by the MiniBooNE exper-
iment [112], and dedicated experiments such as BDX [113] and SHiP [114] have
been proposed. Such future experiments may be sensitive to ELDER and SIMP
dark matter. A snapshot of the current and expected sensitivities of a variety of

dark photon searches, collected in Ref. [52|, and overlaid with the ELDER and
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SIMP regimes, is shown in Fig.

We remind the reader that while the theoretical predictions of the dark photon
target region are naturally defined in terms of the y variable, and are largely
insensitive to variations of model parameters that leave y unchanged, the same
is not true of experimental sensitivities, which depend on model parameters in
different ways. For example, sensitivity of a missing-mass experiment such as
BaBar is completely independent of gp, as long as it’s large enough so that the
invisible branching ratio of V' is close to 100%. Thus, additional assumptions have
to be made in displaying experimental sensitivities in terms of y, as in Fig. see

Ref. [52] for further discussion.

2.4 Models of ELDERSs

We argued above that strong self-interactions in the dark sector are required in
the ELDER scenario, with 3 — 2 cross-section of order one in its natural units. At
some level, this is welcome: Such strong self-interactions are indeed expected if the
ELDER is a bound state of confining dynamics in the dark sector, a paradigm that
can potentially provide a natural explanation of proximity of the ELDER mass to
the QCD confinement scale. On the other hand, it does create obvious challenges
for model-building. Moreover, strong number-changing self-interactions tend to
be accompanied by a large ELDER elastic scattering cross section, which can run
afoul of observational constraints on dark matter self-scattering in galactic clusters
such as the Bullet cluster. Fortunately, many phenomenological predictions of the
ELDER scenario are independent of the details of dark sector self-interactions.

This allowed us to completely sidestep these questions in the discussion of Sec-
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tion We will now discuss two simple, renormalizable dark-sector models that
explicitly realize the ELDER scenario. While not deeply rooted in strong gauge
dynamics, they can be thought of as toy models representing interactions among
the lightest mesons produced by such dynamics. They provide a useful illustra-
tion of the issues involved in dark-sector model building, and an “existence proof"

demonstration that consistent models can be found.

2.4.1 * Model

Here we consider a simple model in which the dark matter is a complex scalar
charged under an unbroken Z3 symmetry [68,83,|115]. Consider a dark sector
consisting of a U(1)p gauge field with gauge coupling gp, and two scalar fields
charged under it, ® and y, with Q(®) = +3 and Q(x) = +1. The y particle will

play the role of dark matter. The scalar potential is

g * *
V=V(@®) +V(x) + 31 (CD 2+ Py 3) + )\¢X]<I>]2|X]2, (2.31)

where V() = mi|* + Ay[¢]*. We will assume m3 < 0, so that this field gets
a vacuum expectation value (vev) (®) = w/v/2. We further assume that m3
is positive. For simplicity, we consider the situation m, < |me|, with sufficient
separation to ensure that the radial degree of freedom of ® is sufficiently heavy to
not play a role in the calculation of y relic abundance. The effective Lagrangian

for such calculation is then given by

R "
Ve = V00 + gy (X +X7) (2.32)

where we defined a dimensionless 3-point coupling

quw

V2m,

R (2.33)
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The only effect of the last term in the potential is to renormalize the y
mass. The vev of ® leaves a global Z3 subgroup of the U(1)p unbroken, and the
charge of x under this discrete symmetry guarantees its stability, as required for a
dark matter candidate. The U(1)p gauge boson gets a mass my = v/3gpw. The
symmetry of the theory allows for kinetic mixing between the U(1)p gauge boson
and the SM hypercharge gauge boson, as in Eq. . As long as there are states,
at any mass scale, that are charged under both gauge groups, such kinetic mixing
will be generated, with values of €, ~ 107* — 10~2 being generic if no cancellations
occur at the one-loop level [44]. Thus, this construction provides a stable scalar
dark matter candidate with natural coupling to the electron via a dark photon

portal.

The matrix elements for non-relativistic 3y — 2y annihilations are given by

13 R3 1 R?

o x'Y) = —i—— = xx) =+i=-—. 2.34
MOxxx™ = x"x") 224mX,M(xxx xx") +Z2mx (2.34)

Here we set A, = 0 for simplicity. This point is unexceptional (there is no en-
hanced symmetry associated with vanishing of \,) and is sufficient to illustrate
the important physical features of the model. This yields the thermally averaged

cross section
5 265 RS RS
<av2> = \/_ U~ 107t
23047 768 m;f’( m;f’(

(2.35)

In the SIMP scenario, the coupling R can be inferred from the relic density as

follows:

/2
N my Y2 QR
Hstup ~ 2.6 (10 MeV) ( 0.1 ' (2.36)

The required coupling is quite large, consistent with the idea that SIMP/ELDER
dark matter particle can be a bound state of dark-sector confining gauge group:
in this scenario, the potential (2.31)) can be thought of as a toy model representing

the interactions among the two lightest mesons. The range of validity of the
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perturbative x® model can be estimated as R < 4m. In the SIMP scenario, this

gives an upper bound on the dark matter particle mass:
my S 230 MeV. (2.37)

As discussed in Section [2.2] the “pure ELDER" scenario requires larger 3 — 2
cross section than SIMP for the same m,, and therefore the upper bound on m,,

is somewhat lower for ELDERSs.

The dark matter elastic self-scattering cross section is constrained by obser-
vations of galactic clusters, such as the Bullet cluster [15,[116,|117], and halo
shapes [118-120]:

0239

< 0.47 cm?/g, (2.38)

My
where G550 = (o(xx — xx) + o(xx* = xx*))/2. The x* model in the STMP

scenario predicts

asip &>_1. 30 c_n12 239
my (10 MeV ( g )’ (2.39)

while in the ELDER scenario the cross-section is even larger (bounded from below
by Eq. ) Thus, the simplest single-field x® model cannot provide sufficiently
strong self-interactions required in these scenarios, while being consistent with
observational constraints. We will now show that adding another dark-sector scalar

field can resolve this problem.

2.4.2 Choi-Lee Model

This model was originally introduced by Choi and Lee (CL) [73| in the context
of the SIMP scenario. The dark sector contains a U(1)p gauge symmetry, with

gauge coupling gp, and three complex scalar fields charged under this symmetry:
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¢, S, and x, with charges ¢4 = +5, g¢ = +3, and ¢, = +1. The most general

renormalizable scalar potential consistent with these charge assignments is

Va = mi|®P + Xg|®|* +m2|S] + As|S|* +mi|x]* + Adx[*
FAos|PP|SIP + Ao | @ [X* + Asy SPPIX]* +

1 1 1 ‘
+E>\1@T52XT + EAQ@TSXQ + 6)\35TX3 + h.c. (240)

We assume that mé < 0, while the other two scalar fields have positive mass-
squared. The vev (®) = w//2 breaks the gauge symmetry, giving the U(1)p
gauge boson a mass my = v/5gpw. The ® vev preserves a discrete Z; subgroup of
the U(1)p, under which S and y are both charged. The lighter of these particles,
which we will assume to be the Yy, is therefore stable, and can play the role of
dark matter. The scalar interactions after spontaneous symmetry breaking are

described by

m m 1
V. “XRS%T 4+ “X RS + = X357\ + h.c.
d \/5 10X \/5 20X 6 30 X
]S+ Alx ]t + Asy S X (2.41)

where we have omitted interactions with the Higgs component of ® which play no

role in the phenomenology considered here, and defined dimensionless couplings

UDA;

V2m,

As in the x? model, the dark gauge boson V kinetically mixes with the SM photon,

R;

i=1,2. (2.42)

providing a dark photon coupling between the dark sector and the SM.

The 2y <> 3x scattering process is induced by the couplings in the first line
of Eq. (2.41). For simplicity, we set A3 = 0; this point is unexceptional (there
is no enhanced symmetry associated with vanishing of A3) and is sufficient to

illustrate the features of interest to us. The key observation is that for mg ~ 3m,,
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Figure 2.5: The cross section (03 ,5v?) (left) and the dimensionless ratio of number-
changing and elastic self-scattering rates (right), as a function of mg/m,.

the 2y <> 3y scattering is resonantly enhanced, while the 2y <> 2x process is
not. This effect is illustrated by the left panel of Fig. 2.5 where we plot the
thermally-averaged (o3 _.»v?) at temperature close to ELDER kinetic decoupling. A
dimensionless ratio of the number-changing and number-preserving cross sections,
mi(ag,_}gv?)/agfz, can reach O(10%). For comparison, in the y* model studied in
the previous section, this ratio is close to 1. Note that the values of couplings R;
required in the SIMP/ELDER, scenarios are fairly large, so that the S resonance
is rather broad and no significant fine-tuning of mg/m, is required to achieve
significant enhancement of the 3 — 2 rate. This enhancement makes it possible to
successfully implement SIMP and ELDER dark matter in the CL model without

conflict with observational constraints from galaxy clusters and halo shapes.

Because of the resonance at \/s & 3m,,, the quantity (o3_,5v?) has a non-trivial
temperature dependence in the non-relativistic regime, making the parametriza-
tion of Eq. inapplicable. To compute the relic density, we integrate the
Boltzmann equations numerically. The relic density is controlled by the seven
model parameters that enter the Boltzmann equations: particle masses m,, mg,

and my; and dimensionless coupling constants Ry, Rs, gp, and €,. To perform
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Figure 2.6: Left: Regions of CL model parameter space with yx relic density con-
sistent with the current best-fit ACDM value. Right: Constraints from galaxy
cluster observations (the regions below the curves are allowed). In both plots,
mg/m, = 3.1, my/m, = 10, and gp = 1. In the right panel, we fix R; = 10 for
illustration.

numerical analysis in this large parameter space, we made the following choices:

e The ratio of S and y masses was fixed close to the 3 — 2 resonance, mg/m, =

3.1.

As discussed in Section [2.3] the relic density depends on the three parameters
of the dark photon portal only through a single dimensionless combination v,
defined in Eq. (2.27). Therefore it is sufficient to fix two of these parameters,

and vary the third one. We fix my /m, = 10 and gp = 1, and vary e,.

The 3 — 2 matrix element is proportional to a product R;R3, so that the
DM relic density primarily depends on these couplings through the “effective"
3 — 2 coupling,

R = (RiR3)"’. (2.43)

The relic density also depends on the width I'g, which is proportional to

R2. Tn practice, in the numerical analysis we fix Ry (specifically, Ry = 2 for
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m, = 10 MeV and Ry = 4 for m, = 35,100 MeV) and vary R;. However, we
checked that in the parameter range of interest, the relic density is insensitive
to variations of Ry within broad ranges around these values, allowing us to

present the results solely in terms of the effective coupling Reg.

The three remaining parameters (m,, Reg, €,), are scanned over. The results
are illustrated in the left panel of Fig. which shows regions of parameter
space consistent with the current best-fit ACDM dark matter density, Q,h? =
0.1188£0.0010 |121], in the €, — Reg plane for three values of DM mass, 10, 35 and
100 MeV. The (roughly) horizontal bands of viable parameter space correspond to
the SIMP scenario, while the (roughly) vertical bands realize the ELDER scenario.
The values of €, for the ELDER regime are in excellent agreement with the results
of the analytic approach, Eq. . In the intermediate regime, the DM-SM
elastic scattering and the DM number-changing self-scattering decouple at roughly

the same time, and both processes play a role in determining the relic density.

As expected, realizing ELDER (or SIMP) dark matter in the CL model requires
O(1) couplings among the scalars of the dark sector. The range of validity of
perturbative CL model can be estimated as Ry < 4w, Ry < 4n. Combined with
the relic density calculation, these constraints place an upper bound on the ELDER
dark matter mass, m, < 200 MeV. Furthermore, the x self-scattering cross section
is constrained by observations of galactic clusters and halo shapes, Eq. . The
self-scattering cross section receives contributions from a quartic coupling A, as
well as the S-exchange diagram controlled by R,, and partial cancellation of the
two diagrams is possible. Combined with the perturbativity bound on R;, cluster
observations place an upper bound on R.g, shown in Fig. For m, > 5 MeV, the

values of R.g required in the ELDER scenario are compatible with observations.
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2.5 Conclusions

In this chapter, we studied the Elastically Decoupling Relic (ELDER) scenario
for thermal dark matter. We presented an approximate analytic solution for the
evolution of ELDER temperature throughout the kinetic decoupling epoch. This
solution was used to provide explicit formulas relating various relevant quantities,
such as, for example, the relic density of ELDERs and the cross section of their elas-
tic scattering off SM particles. We also applied partial-wave unitarity constraint to
obtain a bound on the allowed mass range for the ELDER dark matter candidate,
5 MeV 5 m, < 1 GeV. These results are valid in a broadly model-independent

framework.

Further, we showed that a dark photon portal can naturally provide the cou-
pling between the dark matter particles and SM of the strength required in the
ELDER scenario. Within the dark photon model, the ELDER scenario provides
unambiguous predictions for dark matter direct detection experiments and dark
photon searches, shown in Figs. and [2.4] These predictions have no free param-
eters other than the dark matter mass. They are also independent of the details
of dark sector, as long as it provides sufficiently strong number-changing self-
interactions to realize the ELDER scenario. Together with the well-known “ther-
mal target" and predictions of the Strongly-Interacting Massive Particle (SIMP)
scenario, the ELDER predictions delineate a well-defined target region in the pa-
rameter spaces relevant for direct-detection and dark photon searches, which will

be explored by the next generation of experiments.

Both the ELDER and SIMP scenarios require O(1) strength (in natural units)
of self-interactions among dark matter particles. Here, we studied two simple

scalar-field models that incorporate such interactions while remaining within per-
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turbative regime, for m, < 200 MeV. The models also naturally contain coupling to
the SM via the dark photon portal. The simplest model, with just two scalar fields,
exhibits tension with bounds on dark matter self-scattering cross section from ob-
servations of galaxy clusters. However, a slightly more complex model, with three
scalar fields and a resonance structure, easily evades such bounds. These results in-
dicate that there is no fundamental obstruction to finding dark sectors compatible

with ELDER and/or SIMP scenarios.

An important motivation for SIMP and ELDER scenarios is the proximity of
the predicted dark matter particle mass to Aqcp, a well-established important scale
in the SM. In the toy models studied in this thesis, m, ~ Aqcp is put in by hand.
The natural next step in the model-building direction would be to construct models

in which this relation, as well as the strong self interactions, emerge naturally from

UV physics.
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CHAPTER 3
NEW ASTROPHYSICAL SEARCHES FOR DARK MATTER

3.1 Introduction

Dark matter (DM) that implodes neutron stars (NSs) may explain the paucity of
pulsars in the Milky Way galactic center, the source of r-process elements, and the
origin of fast-radio bursts. In this chapter, we identify new astrophysical signatures
of NS-imploding DM, which could decisively test these hypotheses in the next few
years. First, NS-imploding DM forms < 1071° solar mass black holes inside NSs,
thereby converting NSs into ~1.5 solar mass BHs. This decreases the number
of NS mergers seen by LIGO/VIRGO (LV) and associated merger kilonovae seen
by telescopes like DES, BlackGEM, and ZTF, instead producing a population of
“black mergers" containing ~1.5 solar mass black holes. Second, DM-induced NS
implosions create a new kind of kilonovae that lacks a detectable, accompanying
gravitational signal. Using DES data and the Milky Way’s r-process abundance, we
set bounds on these DM-initiated “quiet-kilonovae." Third, the spatial distribution
of merger kilonovae, quiet kilonovae, and fast radio bursts in galaxies can be used
to detect dark matter. NS-imploding DM destroys most NSs at the centers of
mature disc galaxies, so that NS merger kilonovae would appear mostly in a donut
at large radii. We find that as few as ten NS merger kilonova events, located
to ~1 kpc precision could validate or exclude DM-induced NS implosions at 20
confidence, exploring DM-nucleon cross-sections over an order of magnitude below
current limits. Similarly, NS-imploding dark matter as the source of fast radio
bursts can be tested at 20 confidence once 20 bursts are located in host galaxies

by radio arrays like CHIME and HIRAX.
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3.2 Dark matter-induced neutron star implosions

Once enough dark matter has accumulated in a neutron star’s interior, dark matter
may collapse into a small (< 107!° M) black hole that subsequently consumes the
neutron star [27,129/32]. We begin by defining a useful variable combination, the
“normalized implosion time," which relates dark matter-induced NS implosions
occurring at different radii from a galactic center, where the local dark matter
density px and velocity dispersion v, will be different, see Figure(3.1] The maximum

mass accumulation rate of dark matter into a NS is [122]

My = TPx

2GMR . 2G M\ !
Uy R

_ 10% GeV Px 200 km/s (3.1)
- S GeV /cm? Uy ’ '

where M and R are the mass and radius of the neutron star and GG is Newton’s

constant. The time until NS implosion scales inversely with the mass accumulation
rate, t. o< tn_; therefore t. is proportional to the dark matter velocity dispersion
divided by density, t. « vs/px. Furthermore, v, and p, are the only quantities
in m, that depend on the galactocentric radius r. It follows that for dark matter

which implodes NSs in time t., the quantity

tc& = Constant x [Gyr

Ux

GeV/cm?’] | 52

200 km/s
which we call the normalized implosion time[]is independent of . Throughout we
will normalize t.p, /vy to a typical dark matter density (GeV/cm?) and velocity

dispersion (200 km/s) for a disc galaxy.

The value of t.px /vy for a specific dark matter model can be determined by

!The units given in square brackets in Eq.(3.2)) might be read as “A neutron star will implode
in one gigayear for local dark matter density GeV/cm® and dark matter velocity dispersion

200 km/s."
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calculating the time for dark matter with local density px and relative velocity vy
to implode a neutron star. While many asymmetric dark matter models implode

neutron stars [27,28,28-32,[123}128|, we will focus on heavy my 2 PeV asymmetric

~

dark matter as a simple example. In the case of heavy asymmetric dark matter,

3
the critical mass of dark matter required to form a small black hole is M. ~ :;‘;1

m3
~ 0.12\/Xm—2‘ for dark scalars

for dark fermions with mass m, [128], and M>;,
with self-interaction potential V(¢) = A|¢|* [129]. In these models, the neutron
star will implode shortly after it collects a critical mass of dark matter at time
te >~ M /My, where this expression assumes all dark matter passing through the
neutron star is captured — see Appendix for details and for the scaling of dark

matter-nucleon cross-section with ¢.py/vx. Then the value of the galactic radial

invariant t.py /vy is

Px 10 PeV? GeV /em?
te—| = 15 Gyr ———
Ux It ( M Y200 km /s
1/2 2 3
Px A 3 PeV GeV/cm
te—| =1 - 20 Gyr ———, 3.3
Vs b (1) ( M Y200 km /s (3:3)

for heavy asymmetric fermions and bosons, respectively.

3.3 Black mergers, quiet kilonovae, and r-process donuts

NS-imploding dark matter creates an unexpected population of low mass ~ 1.5 M,
black holes (BHs), depleting the expected population of NSs. This in turn would
alter the number of merging neutron stars that would be seen by LIGO/Virgo,
along with their accompanying merger kilonovae, which are the days-long luminous
outbursts from beta decaying neutrons ejected when NSs fall into a BH or another

NS.
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Figure 3.1: The dark matter density over velocity px/vx and NS surface density
¥ in an MWEG (top), the total fraction of imploded neutron stars (middle), and
the rate for quiet kilonovae, aka dark matter-induced NS implosions, per yr per
kpc (bottom), are given as a function of distance from the center of a Milky Way-
like galaxy for two asymmetric dark matter models ADM1 and ADM2, defined
by tepy/vx = 3 and 15 Gyr GeV/ecm? (200 km/s)™'. PBH,,.x is a maximally NS-
imploding model described in Appendix For visibility, the PBH curve has
been augmented by 3 and 4 orders of magnitude.

We now determine the number and position of neutron stars converted to BHs
by dark matter in a Milky Way-like galaxy. With some subtleties that we will ad-
dress, our findings for a typical 13 Gyr old ~ 102 M, disc galaxy can be applied
to events in different galaxies, using a Milky Way equivalent galaxy (MWEG) vol-

umetric conversion for merger and kilonova rates, i.e. one MWEG per (4.4 Mpc)?

[130].

The number of neutron stars converted into BHs by dark matter in an MWEG
will depend on the historic neutron star formation rate in the galaxy, the dynamics

and final positions of neutron stars after formation, the dark matter halo density
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profile, and the relative velocity of dark matter with respect to neutron stars. We
model the historic star formation rate M*(t) using a global fit to astronomical
data ( [131], Table 1, Column 2). While we use M*(t) to determine the relative
historic rate of neutron star formation, we normalize the total rate to 10° neutron

star births over the MWEG lifetime.

To model dark matter in an MWEG, we use an NF'W dark matter halo density
profile [132], pi(r) = po(r/Rs)~ (1 +r/Rs)~2, with dark matter density normal-
ization py = 0.3 GeV/cm?® and scale factor Ry = 20 kpc. To approximate the
dark matter velocity dispersion in an MWEG, we match the phenomenological
fit of Sofue to stellar velocities in the Milky Way ( [133], Figure 11). With the
star formation rate, neutron star distribution and dark matter properties specified,

the fraction of neutron stars at radius r converted to solar mass BHs is given by

F (/’n) . j‘OMaX[tu*tc(T)?O] M*(t) dt
BH - fgu M*(t) dt

and t.(r) is the collapse time at radius r, obtainable from Eq. (3.3). Similarly,

, where t, ~ 13.8 Gyr is the lifetime of the universe

the rate of neutron star implosions (and also quiet kilonovae) per unit galacto-
centric radius is given by Ry = 27rY(r)M*(t, — tc(r)). In Figure we plot
the fraction of neutron stars converted to BHs along with the rate of neutron star
implosions per year per kpc, both as a function of galactocentric radius, for a 13
Gyr old MWEG. In Table [3.1, we show how standard rates for compact object
mergers would be altered, and display dark matter-induced neutron star implosion
rates, for a few values of t.p,/vy. Table also gives the maximum rate for PBH

implosion of NSs, which we address in the next section.
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| Model | NS-NS [ NS-BH | BH-BH | LM-BH | NS Im. | Im. /¢, |
Non-Imp. le-4 3e-6 de-7 0 0 0
ADM1 3e-5 9e-7 de-T7 Te-5 4e-2 7e8
ADM?2 Te-5 2e-6 4e-7 3e-5 3e-2 3e8
PBHyax | led | 3e6 | 4e7 | de-11 [ 1e-7 [ 400

Table 3.1: The first five columns give the rate for compact object mergers and
dark matter-induced neutron star implosions per MWEG per year (AeB = A x
105), for both “Non-Implosive" and NS-imploding dark matter. ADM1 and ADM?2
are defined by t.p. /vy = 3 and 15 Gyr GeV/cm? (200 km/s)~! respectively, and
PBH,,.« is a maximally NS-imploding primordial BH model defined in Section
NS-NS, NS-BH, and BH-BH indicate standard NS and BH mergers, while LM-BH
indicates a BH-BH merger with at least one ~ 1.5 M, BH (Black Merger). We use
the average BH and NS merger rates predicted in [130]; actual merger rates may
be 100-fold larger or smaller. The final column shows the number of NS implosions
expected in a t, ~ 13 Gyr old MWEG hosting 10° 1B*-distributed NSs.

3.4 Rare neutron star implosions from primordial black

holes

Black holes formed from primordial perturbations during the radiation-dominated
expansion of the early universe [134,/135], with masses between ~ 10 — 10°° GeV,
can be captured inside and subsequently consume neutron stars [136,/137]. As
this work was being completed [138| appeared, which addresses PBH-induced NS
implosions, and following 32|, considers r-process elements and kilonovae produced
by NS implosions. The maximum PBH-induced NS implosion rate for an MWEG
found here differs markedly from [138], because we use the realistic, standard values
for the NS population density, PBH density, and PBH velocity dispersion. We will
find that NS implosions from primordial BHs (PBHs) in a typical Milky Way-like

galaxy are rare.
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PBHs with halo density pppn are captured by neutron stars at a rate [136)

1 _ EX _ 3Eloss

p bh 2GMR p |: mpbhv;%]

Cpbh = V 67Tmp ( " | _ 200 ’ (3:4)
pbh X R

.. . 4G%m2 M
where the energy loss of a PBH transiting the NS is Ejog > Zgbh <2G“]1\f/ R>, and

for a typical neutron star density profile <%> ~ 14.7. With Eq. it can be
verified that PBH capture in NSs is maximized for PBH masses myp, ~ 10 —10%7
GeV. Assuming mppn ~ 10% GeV PBHs make up the entire dark matter density,
Ppbh =~ Px, we find that the PBH NS implosion rate appears too low to be detectable

by next generation astronomical surveys, as shown in Figure 13.T] and Table

3.5 Milky Way r-process enrichment and DES bounds on

quiet kilonovae

NSs imploded by dark matter may eject a substantial amount of neutrons into the
interstellar medium. Ejected neutron fluid will decompress, beta decay, and form

a portion of the r-process elements observed in the Milky Way.

R-process elements are heavy elements with atomic masses around 80, 130, 195,
formed from neutron rich fluid at an as-yet undetermined astrophysical site. While
core collapse supernovae have been historically favored as candidate sites for r-
process production, recent observations of a high r-process abundance in Reticulum
IT, and low r-process abundance in other ultra faint dwarf galaxies, favors r-process
production from rare events like a NS merger or NS implosion [32]. In the case of
a NS implosion, the amount of NS fluid ejected will likely depend on tidal forces
during the implosion [32], which require a complete hydrodynamical simulation

to be properly modelled. However, it is known that in total, ~ 10* Mg of 1-
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Figure 3.2: Bounds on dark matter-induced quiet kilonovae as a function of the
neutron fluid mass ejected M,; during a NS implosion. The DES bounds assume
kilonovae with an ejection velocity 3 = 0.3c [35], and assume 10? NSs in an MWEG.
Milky Way r-process elements produced from M, per NS implosion imply the
indicated bounds [32], for either 10® or 10° total NSs, assumed to have spatial
distribution 1B* or 1C* (arrows indicate the direction of excluded regions). Old
pulsars in the Milky Way [27,28| also set constraints. The x-axis indicates dark
matter that implodes NSs in time t. for background dark matter density p, with
velocity dispersion vy, expressed in units of t.py /vy, see Eq. (3.2)).

process elements must be formed to match the abundance seen in the Milky Way.
Therefore, the amount of neutron fluid ejected per NS implosion can be bounded,
by limiting the total NS mass ejected to ~ 10* M in the Milky Way. In Figure
we present such bounds, as a function of ¢.py/vy. This can be compared to
the final column of Table which shows the expected number of NS implosions

after ~ 13 Gyr.

Quiet kilonovae produced by NS-imploding dark matter can be searched for
using state-of-the-art optical surveys. DES has recently published a null wide field
optical search for kilonovae [35|, which are the days-long luminous outbursts of
beta-decaying neutron fluid ejected from NSs falling into BHs or other neutron
stars. Because this search does not rely on a gravitational signature and instead
seeks out beta decay emission from NS fluid flung into outer space, its findings can

be used to constrain quiet kilonovae, i.e. NS fluid ejected from a NS implosion.

o8



Because kilonovae light curves depend mainly on the mass and velocity of NS fluid
ejected [139], bounds obtained for NS merger kilonovae can be applied to quiet
kilonovae from NS implosions. We set this bound in Figure computing the
quiet kilonova rate for each t.p. /v, model point, assuming an MWEG containing

109 NSs.
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Figure 3.3: (Top) The number of NS mergers found by LIGO/Virgo, located to
within ~ 1 kpc in a host galaxy by optical imaging of a kilonova, required to
exclude dark matter that implodes NSs in time t. for background dark matter
density p, with velocity dispersion vy, expressed in units of t.px /vy, see Eq. 1 in
the main text. A Kolmogorov-Smirnov test was performed at each model point
against the standard hypothesis that NS mergers track a standard distribution of
NSs model 1B*) in a disc galaxy, for four hundred randomly generated merger data
sets, allowing for up to 10® NS merger events per data set. Dotted bands indicate
number of events needed for 20 significance, for the upper and lower quartile of
randomly generated merger data sets; the solid line indicates the median. (Bottom)
The fermionic asymmetric dark matter-nucleon cross-section sensitivity obtainable
with future observation of ~ 10 and ~ 100 NS merger kilonovae is shown, along
with the MW pulsar bound [28], Xenon 1T bound [140], and the xenon neutrino
floor [141], below which atmospheric neutrinos provide an irreducible background
to dark matter scattering. Note that for fermionic dark matter masses > 10'°
GeV, the black holes formed in NSs are too small and evaporate via Hawking
radiation [124).
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3.6 Searching for dark matter with NS mergers

Here we show how the galactocentric radial positions of ~ 10 merger kilonovae
would be sufficient to explore asymmetric dark matter-nucleon cross-sections or-
ders of magnitude smaller than those presently probed using old pulsars in the
Milky Way. The current generation of LV instrumentation is sensitive to gravi-
tational strains on the order of 10723 at an optimal frequency of 400 Hz, allow-
ing for the observation of double neutron star (NS) binaries out to distances of
~70 Mpc [34]. Anticipated upgrades will significantly expand this reach, as the
amplitude of gravitational wave events is inversely proportional to the source dis-
tance, while the expected merger rate increases as the distance cubed. In the
coming decade, up to hundreds of NS merger events are anticipated. Once a NS
merger event is located to within ~ 10 square degrees by LIGO /Virgo, wide field
telescopes like BlackGEM [37] and the Zwicky Transient Factory are poised to im-
age any subsequent kilonovae. The number of kilonovae found using this method
will depend on their peak brightness, predictions for which range from -10 to -16
AB magnitude [35], while e.g. BlackGEM will perhaps probe a 100 degree field of
view down to -14 AB magnitude for 200 Mpc distant mergers. As shown in Figure
galaxies with NS-imploding dark matter will have fewer NS merger kilonovae
in their centers, where most NSs will have been converted to BHs. Therefore, the
spatial distribution of merger kilonovae that can be used to test for dark matter.
In the top panel of Figure [3.3] we show the results of a cumulative distribution
test, where the standard (model “1B*") NS distribution defined Section 2, is tested

against the distribution expected if dark matter is imploding neutron stars.

The altered NS merger distribution is calculated by taking the fraction of NSs

converted into black holes shown in Figure |3.1 and applying this conversion frac-
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tion to the 1B* expected distribution of NS mergers. The expected and dark
matter-modified cumulative distribution functions of NS mergers in an MWEG
are plotted in Appendix [B.1] Statistical results were obtained by running 400 ran-
dom Kolomogorov-Smirnov cumulative distribution trials, for each neutron star
normalized implosion time (f.py/vy), to determine how many merger kilonovae
located in galaxies would be necessary to detect NS-imploding dark matter at
20 significance. Using the same methodology, in Section we find that ~ 20
FRBs localized in galaxies would determine whether FRBs are a byproduct of NS

implosions.

In practice, merger kilonovae occur in galaxies that are somewhat different
from the Milky Way. To convert a measured galactocentric radius in a NS-merger-
containing (non-Milky Way) galaxy, royvw, to a Milky Way equivalent radius ryy,
one can solve the formula

P;l\(/[ W(T MW) o PQMW(THMW)

oMW (ryw) B MW (1 vw )

(3.5)

for ryw, where p, and vy are the dark matter density and velocity dispersion of
the MWEG and non-Milky Way galaxies, as indicated. For example, the recently
detected NS merger in NGC 4993 occurred in a ~ 1019 M galaxy which would
have an NFW profile defined by py = 0.34 GeV /em? and scale factor R, = 7.5 kpc.
The NS merger in NGC 4993 occurred at~ 2 — 3 kpc from its center [142]. Solving
Eq. , this corresponds to an Milky Way equivalent radius of 5-8 kpc. Note
that this analysis also assumes that most identified NS mergers will have an age
of ~ 10 Gyr — indeed, the NS merger progenitor found in NGC 4993 is projected
to be this old [143].

In Figure [3.3] the per-nucleon cross-section sensitivity obtainable for heavy,

asymmetric, fermionic dark matter is shown, as calculated using the capture rate
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Figure 3.4: Left: The NS implosion rate in a Milky Way equivalent galaxy for dark
matter that implodes NSs in time t. for background dark matter density p, with
velocity dispersion vy expressed in units of pyt./vx. The dotted lines indicate high,
median, and low fast radio burst rate estimates from surveys [149,/150]. Implosion
rates are shown for 108 and 10° NSs with a 1B* spatial distribution. Right: Number
of fast radio bursts, localized to ~ 1 kpc in a host galaxy, required to test whether
fast radio bursts originate from NS-imploding dark matter, against the hypothesis
that FRBs come from a non-imploding population of NSs, at 20 significance.

and collapse conditions presented in [128,[144] and Appendix [B.2]in this document.

Lighter asymmetric dark matter can also be found using these methods, as in

Refs. [27-31,123H125,145-148].

3.7 Fast radio bursts from dark matter

Fast radio bursts (FRBs) are a newly-discovered class of millisecond-length ~Ghz
radio pulses found to distances of 2 Gpc with an all sky rate ~ 10*/day, whose
source is unknown [151,/152]. In [33] it was proposed that dark matter-induced NS
implosions may be the source of FRBs. The electromagnetic energy released by a
NS implosion matches what is required for an FRB [153H155|. Ref. [33] calculated
the per MWEG NS implosion rate assuming a constant star formation history and
a NS population that tracked the baryonic density in an MWEG. We improve on
these rate calculations by using a realistic star formation history [131] and NS

distribution, see Figure
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3.8 Gravitational waves from a neutron star implosion in

the Milky Way

We have identified new signatures of neutron star-imploding dark matter, and fash-
ioned qualitatively new methods for uncovering this dark sector using imminent
astronomical observations. Specifically, our proposed analysis of NS merger kilo-
nova locations has the potential to explore dark matter-nucleon scattering cross-
sections up to ten orders of magnitude beyond present direct detection experi-
ments. Finally, we note that the collapse of a neutron star into a BH could be
detected directly at advanced LV, if the NS resides in the Milky Way. As we
have calculated in Section 2, NS implosion event rates may be as large as 0.05

per year. Reference [156] finds the following strain for a NS collapsing to a BH,

he ~ 5 x 10722 (AJ}—{)) (25k¢) @ 531 Hz, so that advanced LV [157] may find an
implosion out to ~ 1 Mpc. We leave additional gravitational signatures of NS-
imploding dark matter to future work, along with the application of the spatial

kilonova analysis introduced here, to electromagnetic transients from exotic com-

pact object mergers [144}158].
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CHAPTER 4
PROBING LIGHT SCALARS AND DARK PHOTONS AT
BOREXINO AND LSND

4.1 Introduction

Search for light weakly coupled states undergoes a revival in recent years [42].
There has been increased interest in models that operate with light sterile neutri-
nos, axion-like particles, dark photons, and dark scalars that can be searched for in
a variety of particle physics experiments. For a representative but incomplete set
of theoretical ideas see, e.g. [43-51]. With more emphasis placed on the intensity
frontier in recent years, experimental searches of exotic light particles are poised

to continue [52].

Some of this interest is cosmology-driven, exploiting possible connection of light
particles to dark matter, or perhaps to a force that mediates interactions between
Standard Model and dark matter particles [45,47,[50]. In many cases, the interest
in light new states is motivated by “anomalous” results from previous experiments.
The representative anomalies in that respect are the discrepancy in muon g — 2
measurements [41], puzzling outcomes of some short baseline neutrino oscillation
experiments [159-161], and most recently the discrepancy of the charge radius of

the proton measured with the muonic and electronic probes [162,163].

One of the most promising avenues for exploring very light and very weakly
coupled states is by performing experiments in either deep underground laborato-
ries, where the external backgrounds are very low, or large detectors usually built

for the purpose of studying solar neutrinos. With the solar neutrino program cur-
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rently measuring the last components of the neutrino flux, the usage of these large
detectors shifts onto new applications. Thus, the KAMLAND and SNO+ detectors
are (or will be) used to study double beta decays of Xe and Te isotopes [53,[54].
The Borexino detector will see the expansion of its program to include the ster-
ile neutrino searches when new powerful external beta-decay sources are placed

nearby [55].

There are also interesting proposals based on a possible usage of accelerators
underground. Currently, relatively modest accelerators in terms of the energy
and current intensity are used in the underground laboratories for measuring the
nuclear-astrophysics-relevant reactions [56| or for calibration purposes [57]. These
efforts can be significantly expanded. Powerful accelerators next to large neutrino
detectors could open a new way of exploring the nature of light weakly coupled

sectors [58-62].

In this chapter, we concentrate on the Borexino-SOX project that uses a ra-
dioactive *1Ce—1*Pr source in close proximity to the detector. The source pro-
duces a large number of electron antineutrinos, and their signals inside the Borexino
as a function of the distance from the source can reveal or constrain sterile neutri-
nos with commensurate oscillation length. In addition, it has already been pointed
out that the same configuration will be sensitive to the emission of light scalar (or
vector) particles in the transitions between the nuclear levels in the final point of

the B-decay chain [60].

This chapter revisits the question of sensitivity of Borexino-SOX to light par-
ticles, and updates several aspects of |[60]. We significantly expand the sensitivity
reach by taking into account the decays of light particles inside the Borexino de-

tector. Only scalar scattering on electrons was taken into account in the previous
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consideration.

To have a more specific target in terms of the light particles, in section we
introduce a light scalar coupled to leptons and protons, which might be responsible
for the resolution of the r, discrepancy [164]. In section we calculate the
production rate of the scalars by relating it to the corresponding nuclear transition
rate of 1**Nd. Taking into account the decay and the Compton absorption of the
scalars inside the detector we arrive at the expected counting rate, and derive the
sensitivity to coupling constants within the mass reach of this setup. FExisting
constraints on such light scalars are considered in section In section [4.5] we
study the sensitivity reach of the Borexino-SOX setup in probing light dark photons
between a few hundred keV to 1 MeV with a small kinetic mixing (in full awareness
of the fact that such light dark photons are disfavored by cosmology). We reach

the conclusions in section

4.2 Simplified model of a light scalar and the proton size

anomaly

Following the rebirth of interest in dark photons, other models of light bosons
have been closely investigated. In particular, scalar particles are quite interesting,
not least because they are expected to couple differently to particles with different
masses. While it is difficult to create a simple and elegant model of dark scalars
with MeV range masses, some attempts have been made in refs. [165,[166]. We will

consider a simplified Lagrangian at low energy in the following form,
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1 1 _ _ _ _ _
Ed’ - 5(8/@)2 - §m2¢2 + (gppp + gnnn + geee + gulu:u + 97-7'7—)¢- (41)

In principle, such Lagrangian can be UV-completed in a variety of ways, although
it is difficult to maintain both sizable couplings and small scalar mass my. In this
study, we will not analyze constraints related to UV completion, concentrating in-
stead only on the low-energy physics induced by . This simplified Lagrangian
with MeV /sub-MeV scalars was proposed in Ref. [164] (see also [167-170]) to ex-
plain a 70 disagreement between the measurements of the proton-charge radius
using e — p systems and the more precise muonic Hydrogen Lamb shift determina-

tion of 7.

More recent data with the Lamb shift in muonic deuterium [171] show no addi-
tional significant deviations associated with the neutron, so that the new physics
interpretation of the anomaly prefers g,/g, < 1. Therefore, we will limit our con-
siderations to g, = 0 case, which will also remove all constraints associated with
neutron-nucleus scattering [172]. Of course, the real origin of the r, discrepancy

is a hotly debated subject, and new physics is perhaps a solution of “last resort”.

Introducing the product of couplings, € = g.g,/€*, one can easily calculate

corrections to the energy levels of muonic atoms due to the scalar exchange. When
interpreted as an effective correction to the extracted proton radius from the hy-

drogen and muonic hydrogen, this scalar exchange gives

6e? 6¢>(9u/ge)
Arplen = e Arylm = —m—%f(am@ (4.2)

f =214z and a = (am,m,)" (m, + m,) is the uH Bohr radius. For
the modifications of the deuterium energy levels, one should make m, — mp

substitution.
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In particular, it may originate from the g, > g. hierarchy, which would
be expected from a scalar model. For simplicity, we will assume the mass-
proportional coupling constants to the leptons and proton, thus g. = (m./m,)g,,
gr = (m+/my)g,, g9, = (my/my)g,, and plot the preferred parameter curve in Fig.

in green color on the €2 — my plane.

The best part of the new physics hypothesis is that it is ultimately testable
with other experimental tools, of which there are many. The most direct way of
discovering or limiting such particles is their productions in subatomic experiments
with subsequent detection of new particle scattering or decay. The MeV-range
masses suggested by the r, anomaly make nuclear physics tools preferable. Such
light scalars can be produced in nuclear transitions, and in the next section, we
calculate their production in the gamma decay of selected isotopes that are going

to be used in the search for sterile neutrinos.

4.3 Borexino-SOX experiment as a probe of scalar sector

Here we consider the Borexino-SOX setup in which a radioactive **Ce—!#Pr

source will be placed 8.25 meters away from the center of the Borexino detector.

The decay of 1**Ce goes through 4*Ce — Bv~+'*4Pr and then *Pr— pr—+144
Nd(**Nd*). A fraction of the decays results in the excited states of **Nd* that
~v-decay to the ground state. Then a small fraction of such decays will occur via

an emission of a light scalar,

YING* — MNd + ¢. (4.3)

Small couplings of ¢ make it transparent to shielding and long-lived relative

69



to the linear scale of the experiment. Nevertheless, very rare events caused by
the scalar can still be detected by the Borexino detector. The main processes via

which such scalar can deposit its energy are:

e¢ — ey, Compton absorption
¢ — 7, diphoton decay

¢ — eTe™, electron — positron decay (4.4)

In what follows we put together an expected strength of such signal, starting from

the probability of the scalar emission.

4.3.1 Emission of scalars in nuclear transitions

Let us find the probability of scalar particle emission in radioactive decays as a
function of its mass and coupling. About one percent of the **Ce B-decays to
the 2.185 MeV metastable state of Nd. This excited state, Nd*, then transitions
to lower energy states via 1.485 MeV and 2.185 MeV gammas with approximately
30% and 70% branching ratios [57].

Ab initio calculation of a nuclear decay with an exotic particle in the final state
could be a nontrivial task. Here, we benefit from the fact that the transition of
interest (1*4Nd* —!% Nd) are E1 and the scalar coupling to neutrons is zero, which
allows us to link the emission of the scalar to that of the v-quanta and thus bypass

complicated nuclear physics.

In the multipole expansion, the relevant part of the interaction Hamiltonian

with photons is almost the same form as the corresponding counterpart of the
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scalar interaction,

Hipn ™~ ewAy Z(&’}); Hintp = gpr/w? — mio Z(ﬁﬁ,), (4.5)

p p

where Ay, ¢ are the amplitudes of the outgoing photon and scalar waves, € and
7 are the unit vectors of photon polarization and the direction of the outgoing
waves, and the sum is taken over the protons inside the nuclei. After squaring
the amplitudes induced by these Hamiltonians, summing over polarizations and
averaging over 7, we arrive at both rates being proportional to the the same square
of the nuclear matrix element, (3 7). In the ratio of transition rates it cancels,

leaving us with the desired relation

3/2
Ty _1 (%)2 _mg (4.6)
Imm 2\e w? ' '

All factors in this rate are very intuitive: besides the obvious ratio of couplings,

the 1/2 factor reflects the ratio of independent polarizations for a photon and a

scalar, while (1 —m3/w?)*? takes into account the finite mass effect.

4.3.2 Scalar decay and absorption

The Compton absorption e4¢ — e+ process leads to the energy deposition inside
the Borexino detector. Since only the sum of the deposited energy is measured, we
would need a total cross section for this process. The differential cross section we
derive is the same as Eq. (5) of [60] in the m, < E, limit. But in this thesis we do
not take the limit and use the full cross-section o(e + ¢ — e + ). The absorption
length is then given by Labs = 1/(neCcp—ey), Where n is the number density of
electrons inside the Borexino detector. It is easy to see that for the fiducial choice

of parameters, the absorption length is much larger than the linear size of the
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detector. The Compton absorption process dominates in the very low m, regime,
but the diphoton decays dominate in the medium and high mass range between a

few hundred keV to 1.022 MeV (below pair production regime) as discussed below.

The diphoton decay rate of the light scalar ¢ can be derived recasting the Higgs
result [173],

T(¢—>W)=%mi< > @%[mm—1>arcsin2<¢x7>]e<1—xz>>> (@.7)

2
where 7; = —% and O(x) is the Heaviside step function. In principle, all charged

4ml

particles with couplings to ¢ will contribute to the rate. Here we take into account
only the charged leptons, while the inclusion of quarks would require additional
information, beyond assuming a g, value. Therefore, this is an underestimation,
with an actual I'(¢ — ~7) being on the same order but larger than (4.7). (One

would need a proper UV-complete theory to make a more accurate prediction for

the ¢ — v rate.)

When the mass of the scalar m,, is larger than 2m,, the electron-positron decay

will dominate the diphoton and Compton absorption processes. We have

’m Am? o2
r(¢%e+e—):9€—¢<1— ;) . (4.8)

8 my

The sum of these two rates determines the decay length,

Laec = By (T(¢ = ete™) +T(¢ — 7)), (4.9)

where [ is the velocity of the scalar, which depends on its mass and energy, [ =

\/1—m3/E? (c=1in our notations). The combination of absorption and decay,
Ldec7 abs — (L;elc + L_l >_17 (410)

abs

is required for the total event rate.
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The decay/absorption length together with the geometric acceptance deter-
mines the probability of energy deposition inside the detector per each emitted
scalar particle,

2
Pdeposit = / d(g) —ﬂ_dCOSQ

Ldec7 abs 4m

1 1
= / V/R? — L2(1 — cos?0)d cos 0
Ldec, abs 1-(R/L)?
1 2LR + (L? — R?)log (& —
- X ( 1o (247 ), (4.11)
Ldec, abs 4L

where a spherical geometry of the detector is considered. Here R is the fiducial
radius and L is the distance of the radiative source from the center of the detector.
For our numerical results we use R = 3.02 m and L = 8.25 m as proposed in the
SOX project [174]. In the L > R limit, the probability has a simple scaling with

the total volume and the effective flux at the position of the detector,

1 %WRS

Ldec, abs 47TL2 7

Pdeposit = (412)

but we use the complete expression (4.11)) for the calculations below.

4.3.3 Total event rate and sensitivity reach

Using formulae from the previous subsections, we can predict the signal strength as
a function of m4 and coupling constants. The excited state of '**Nd has two gamma
transitions, Fy = 2.185 MeV and E; = 1.485 MeV, partitioned with Bry = 0.7 and
Br; = 0.3 branching ratios. Thus, the signal would constitute peaks at 2.185 MeV
and 1.485 MeV in the Borexino spectrum. We assume that the normal gamma

quanta of these energies are efficiently degraded/absorbed by shielding.
The signal counting rate for a light scalar ¢ of energy E; (2.185 MeV or 1.485
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MeV as i = 0 or 1) in the Borexino detector is given by

3/2
: dN t 1 (9,2 my
Ni = (E)O exp <—;) X BI'144Nd* X Bri X 5 <%> (1 — (Ej)) ) X Pde(g%sik&)

Here, (‘fj—]tv)o is the initial source radioactivity in units of decays per time, and the

projected strength is ~ 5 PBq, or 5 x 10 decays per second. 7 is the lifetime of
HCr, 7 = 285 days. Briuyg+ is the probability that the S-decay chain leads to the
2.185 MeV excited state of "*Nd, Brisaxgs =~ 0.01. Finally, Pieposit, is the proba-
bility of decay/absorption defined in the previous subsection that depends on ¢ via
the dependence of the decay length and the absorption rate on E;. Substituting

relevant numbers we get the counting rate for the 2.185 MeV energy as

- counts t[day] (4%)
N. o |—— | = 1.5x10% — L0
2.185 MeV [ . } X X eXp ( 9854 X 5PBq

PR Mg 9\ 3/2
X (;) <1 - (m) ) X Pdeposit,zlssl\ﬁ%\/l‘l)

The resulting sensitivity reach of the three processes considered is plotted in
the left panel of Fig. as a blue curve. Here we assume the mass-proportional
coupling strengths for ¢ to proton and leptons, and parametrize the coupling as
€% = gpg./€*. The curve corresponds to a 3 o sensitivity level with the assumption

that the initial source strength is 5 PBq.

For the derivation of the future sensitivity reach, we have followed the simplified
procedure: For every point on the parameter space {m,, €}, we calculate the
expected counting rate using Eq. . We then take an overall exposure of
teap = 365 days to arrive at an expected number of signal events as a function of
mass and coupling, Ny;,(mg,€). The background is the total number of events in

energy bins near £ = 2.185 MeV and E = 1.485 MeV. The energy resolution at
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Borexino is 5% x \/W. We use this as the bin size when we estimate the
background rates at £/ = 2.185 MeV and E = 1.485 MeV. For the background
event rate, we use the energy spectra shown in Fig. 2 in [174]. After all cuts,
the background rate is Rpgergr =~ 200 counts/100tx100keV per 446.2 live-days at
energy F = 2.185 MeV (For £ = 1.485 MeV, the background rate is around
2300 counts/100tx100keV). For E = 2.185 MeV this gives the total number of
background events to be Nygergr ~ 90. We then require Ny, < 3\/m that
results in the sensitivity curve in Fig. 1. Based on our estimation, the inclusion
of E = 1.485 MeV channel does not lead to a significant improvement: it allows
one to increase the significance by roughly 0.20 with respect to just considering
the main 2.185 MeV channel. Should a strong signal be observed, however, the

presence of two peaks would be an unmistakable signature.

In the above procedure, we have taken into account only the existing source-
unrelated backgrounds. However, a question arises whether additional inverse beta
decay (IBD) events in Borexino, p+ 7 — n + e*, which is the primary goal of the
SOX project, may also affect the search for £ = 2.185 MeV abnormal energy
deposition. If the location of IBD event is inside the fiducial volume, then even
the threshold IBD event creates 3.2 MeV energy deposition. (The positron at rest
produces 1.0 MeV energy, and the neutron capture results in the additional 2.2
MeV). This is well outside the energy windows for the signal from exotic scalars.
Moreover, IBD events have a double structure in time, which can be used to dis-
criminate them. An interesting question arises whether the location of IBD events
outside the fiducial volume (i.e. close to the edge of the detector) may lead to a loss
of positron signal followed by the neutron capture inside the fiducial volume. For
a neutron with a typical kinetic energy of a keV would have to diffuse for at least

1m inside liquid scintillator to reach the fiducial volume. However, the estimates
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of Ref. [175] show that the typical diffusion length is O(5cm), which render the
probability for such events to be small. Therefore, we conclude that source-induced

IBD events would not lead to a significant increase in the background.

To be more inclusive, we also consider a variant of the scalar model when the
couplings to electrons and tauons are switched off (muonic scalar). In this case,
the remaining energy depositing channel is the diphoton decay, and there is no
gain in sensitivity for my > 2m.. We plot the corresponding sensitivity reach in

the right panel of Fig. also as a blue curve.

4.4 Comparing to existing constraints

Here we reassess some limits on the couplings of very light scalars. The most signif-
icant ones are from the beam dump experiments, meson decays and stellar energy
losses. The particle physics constraints that rely on flavor changing processes are
difficult to assess, as they would necessarily involve couplings of ¢ to the heavy

quarks. We leave them out as model-dependent constraints.

4.4.1 Beam dump constraints

Among the beam dump experiments, the LSND is the leader given the number of
particles it has put on target. The LSND measurements of the elastic electron-
neutrino cross section [159,[176| can be recast to put constraints on the parameter
space of our model. Here we revise previous bounds discussing different production
channels, and account for scalar decays and Compton absorptions inside the LSND

volume.
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The collisions of primary protons with a target at LSND energies produce
mostly pions and electromagnetic radiations. Exotic particles, such as scalars ¢ can
be produced in the primary proton-nucleus collisions, as well as in the subsequent
decays and absorptions of pions. A detailed calculation of such processes would
require a dedicated effort. It would also require more knowledge about an actual
model, beyond the naive Lagrangian . In particular, one would need to know
how the scalars couple to pions and A-resonances, that alongside nucleons are the
most important players in the inelastic processes in the LSND experiment energy
range. Here we resort to simple order-of-magnitude estimates, assuming that the

gp coupling is the largest, and drives the production of scalars ¢.

The important process for the pion production at LSND is the excitation of
A resonance in the collisions of incoming protons with nucleons inside the target.
Assuming that the decay of A’s saturates the pion production inside the target,
we can estimate the associated production of scalars in the A — p+ 7+ ¢ process.

To that effect, we consider the following two interaction terms,

Eint ~ gp¢ﬁp + gwAp(Aup)auﬂ-a (415)

where A, is the Rarita-Schwinger spinor of A-resonance, gra, is the pion-delta-
nucleon coupling constant, and the isospin structure is suppressed. To estimate
scalar production, we calculate the rates for A — p+ 7, A — p+ 7+ ¢ and take
the ratio finding

N
Ny~ Ny x 2270 0 N 0.04g2. (4.16)
FA—)pﬂ'

Notice that the decay rates are relatively large, being enhanced by the log(Q/my),
where (@) is the energy release. The coefficient 0.04 is calculated for m, = 1 MeV,
and it varies from 0.06 for mg = 0.2 MeV to 0.03 my = 2 MeV.

Depending on their charges, pions have very different histories inside the target.
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The negatively charged 7~ undergoes nuclear capture. In [60] the rate of the scalar
production in nuclear capture was overestimated, as it was linked to the production
of photons in the capture of 7~ by free protons via e? — gf, substitution. The
radiative capture rate on protons is about 40%. For the LSND target, however,
the more relevant process is the radiative capture on nuclei with A > 16, which is
in the range of ~ 2% [177|. Therefore, one may use Ny(7~) ~ 0.02 x N, - X (%)2
as an estimate for the production rate of scalars from the 7~ capture. Notice
this is the coupling of scalars to pions that mostly determines the capture rate.
Moreover, the number of 7~ is smaller than the total pion production, and therefore
we expect the production of ¢ in the 7~ capture to be subdominant to A decays
. Unlike the case with negatively charged pions, most of 7 stop in the
target and decay. The scalar particle is then produced in the three-body decay,
7t — ptveg, and in the four-body decay of the stopped put, u™ — etvvg. The
decays of 7 are instantaneous, and they could also lead to the production of
light scalars in 7° — yv¢. Direct estimates of the corresponding branching ratios

give ~ 0.05(g,(r))?, and again we find that this is subdominant to (4.16)) estimate

because of g, ) < gp.

A conservative estimate of the number of pions produced in the experiment
is Ny ~ 10?2 (see, e.g., [176]). We take 300 MeV as an estimate for the average
energy of scalars. Now we can estimate the expected number of events Nygnp, i.e.

the number of light scalars that deposit their energies in the LSND detector:

2
NLSND ~Nr x 0.04 9p X Pgurvive + deposit in LSND

d d
Lysnp — “H5N2 Lisnp + 4582
exp | — —exp [ —
Ldec Ldec, abs

Here we conservatively assume spatially isotropic distribution, take Lysnp = 30 m

ALSND
~N, x 0.04 ¢> x ( .
i 47TL%SND

(4.17)
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Figure 4.1:  Future sensitivity reach of the Borexino-SOX setup and existing
constraints placed on the coupling constant-mass parameter space. Left panel:
The g; o m; scaling is assumed and e is defined as € = g,g./e*. Right panel:
ge = g- = 0, a g; < m; scaling for p and p, while € = (m./m,) X g,9,/€>.
The green curve is the parameter space that can explain the proton-size anomaly.
The experimental reach (> 30) by the Borexino-SOX setup is the blue regime.
The recast of LSND constraints [176] is shown in purple, while the gray area is
constrained by the stellar energy loss [179]. The solar production constraint [180]
is the protruding pink area between ¢ = 1079 and 10713

as the distance between the target and the center of the detector, dysnp = 8.3 m
is the length of the detector itself, and Apgyp ~ 25 m? is the cross-section of the
detector looking from the side [176,/178|. Lgecans are the decaying and absorption
length determined by the physical processes Eq. . Notice that we no longer use
the assumption that Lgec, abs => Lisnp and dignp since in the high €2 regime these
three lengths could be comparable. The number density of electrons in the LSND
detector is n, = 2.9 x 10?® m~2, and the absorption again plays a subdominant

role in the energy deposition process.

Based on Fig. 10 of [176] and Fig. 28 of [159] we estimate that there are
less than 20 decay-in-flight events above 140 MeV during the exposure. We then
determine the LSND constraint on the parameter space of the ¢ scalar as plotted in

Fig. [.1)in purple color. We reiterate a rather approximate nature of the estimates.
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4.4.2 Solar emission and stellar energy loss

Thermal production of scalars may lead to abnormal energy losses (or abnormal
thermal conductivity) that would alter the time evolution of well known stellar pop-
ulations. In the regime of my > T', the thermally averaged energy loss is propor-
tional to gZexp(—my/Tsar)- Given the extreme strength of stellar constraints [179),
one can safely exclude my < 250 keV for the whole range of coupling constants

considered in this thesis.

In addition, the non-thermal emission of scalars in nuclear reaction rates in
the Sun can also be constrained. The light scalar ¢ can be produced in the Sun
through the nuclear interaction p+D— 3He + ¢. This process generates a 5.5 MeV
¢ flux that was constrained by the search conducted by the Borexino experiment.

The flux can be estimated as

CI)(;S,solar ~ (gp/€)2(1)ppypescpsurv~ (418)

Here @,,, = 6.0 x 10" ¢cm™2s™! is the proton-proton neutrino flux. P is the
probability of the light scalar escaping the Sun while P, is the probability of the

scalar particle not decay before it reaches the Borexino detector.

Lgec 1s again determined by the decay processes in Eq. For myg < 2m,
the ¢ particle can survive and reach the Borexino detector when ¢ < 107, and
deposit its energy through processes in Eq. . For my > 2m, the Py is
highly suppressed due to rapid di-electron decays and thus my = 2m, is where the

constraint ends.

Notice that it is difficult to impose the supernovae (SN) constraints on this
model, because of the uncertainties in the choices of some couplings. In general,

we believe that the coupling of scalars to nucleons can be large enough so that
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they remain trapped in the explosion zone, therefore avoiding the SN constraint.

4.5 Sensitivity to dark photons below 1 MeV

Dark photon is a massive “copy” of the regular SM photon, which couples to the
electromagnetic current with a strength proportional to a small mixing angle e,
realized as a kinetic mixing operator. The low-energy Lagrangian for dark photons

can be written as

1 1
Lapn = =7 FLF"™ + §m?4/(A;)2 + A M. (4.19)

Here J7M is an operator of the electromagnetic current.

This model is very well studied, and in many ways, it is more attractive than
the model of scalars in (4.1)) mainly because it has a natural UV completion.
Zooming in on the parameter space relevant for the Borexino-SOX, we discover
that above 2m, the combination of all beam dump constraints put strong limits
on the dark photon model. For m 4 < 2m, the most challenging constraint comes
from cosmology, where the inclusion of three A’ polarizations, fully thermalized
with electron-photon fluid, will reduce the effective number of neutrino species
to an unacceptable level N.s; < 2 [181]. Only a judicious choice of additional

“passive” radiation could put this model back into agreement with cosmology.

Fully realizing all the complications coming from cosmology, we nevertheless
estimate the sensitivity of the proposed setup to €. An interesting feature of the
dark photon model below the 2m, threshold is that the main decay channel is
37, and it is mediated by the electron loop. The decay rate is very suppressed,

and the effective-field-theory type calculation performed in the limit of very light
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A’ |182] was recently generalized to the ma ~ 2m, [183]. We take this decay rate,
and in addition, calculate separately the cross section of the scattering process
e+ A" — e+ . Due to the strong suppression of the loop-induced decay, we find
that the Compton-type scattering gives the main contribution to the signal rate in

Borexino.

For the dark photon A’, the emission rate (the rate of the nuclear state decay

to A’) is determined by
FA/ . UA’(B_/UZV)
T, & 2

e (4.20)

where v4 = (1 —m?%,/w?)'/2. In the limit of m4 < w, the ratio of the two rates
becomes simply €2. Substituting relevant numbers we get the counting rate for the

2.185 MeV energy as

COllIltSj|

N, 2.185 Mev [
day

dN
— 1.5 x 10" x exp (_t[day]) % (dt )0

285d 5PBq

X€2 X UA/(S — ’U124/) X Pdeposit,2.185 MeV (421)

For the background event rate, we use the energy spectra shown in Fig. 2
in [174]. We use the 4th/green event spectrum with the fiducial volume (FV) cut.
The background rate is around 200 counts/100tx100keV per 446.2 live-days at
energy F = 2.185 MeV (For E = 1.485 MeV, the background rate is about 2300
counts/100tx 100keV). We got the sensitivity curve in Fig. 2 by having an overal
exposure of t.,, = 365 days and consider the coupling € for each mass that gives
Ngig < 3\/%- The energy resolution at Borexino is 5% x \/W. We use
this as the bin size when we estimate the background rates at £ = 2.185 MeV and
E =1.485 MeV.

Even though the particle A" cannot decay to ete™ in the kinematic range we
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consider, the decays to photons and the Compton-like absorption will lead to the
beam dump constraints for this model. The LSND production is easy to estimate,

given that 7° will always have an A’y decay mode with Bryo_, 4, = 2¢€2.

A compilation of all the considerations above is shown in Fig. [£.2 We find that
the sensitivity reach of the Borexino-SOX experiment, €2 ~ 1071? in probing the
light dark photons, is comparable but slightly above the bound from recasting the
LSND data. Furthermore, this LSND bound covers up a small triangular param-
eter space for 107° < e < 1074, m’y < 2m, that was not excluded by the cooling
of Supernova 1987A [96,97], and the precision measurement of electron anomalous
magnetic moment (see Fig. 7 of [96]), independently from the cosmological sce-
narios. Note that here we plot the “robust” constraint from [96] in our Fig.
which is the intersection of bounds from different supernova profile models. Also,
both [96/97] use the trapping criterion, rather than the energy transport criterion
(see, e.g., [184L[185]), to set the upper limits for the SN exclusion regions, with the

trapping criterion being more conservative.
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Figure 4.2: Future sensitivity reach for the Borexino-SOX setup and various

existing constraints in coupling constant-mass parameter space for dark photons
with a small mixing angle €. The experimental reach (> 30) by the Borexino-SOX
setup is the blue curve. The constraint recasting the LSND data [176] is slightly
stronger than the Borexino-Sox reach, and excludes all the parameter space above
the purple curve. Supernova cooling constrains the whole regime below the dark
blue curve on the upper-right corner [96,97|, while the gray area is again the stellar
energy loss bound [179).

4.6 Conclusions

We have considered in detail how the search of the sterile neutrinos in the Borexino-
SOX experiment can also be turned into a search for extremely weakly interacting
bosons. The reach of the experiment to the parameters of exotic scalars is limited
by the energy release in radioactive cascades. It has to be less than 2.185 MeV
for the radioactive source to be used in SOX. However, in terms of the coupling
constants, the reach of this experiment will be much farther down than even the
most sensitive among the particle beam dump experiments. We find that with
the proposed setup, coupling constants as low as €2 ~ 10~ will be probed. The
improved analysis in this work includes particle decays inside the detector as the

main energy-deposition channel. It is the dominant process that significantly ex-
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ceeds the scalar Compton absorption above the hundred-keV mass regime. Similar
revisions will apply to searches proposed in Ref. [60] that suggest using proton
accelerators to populate nuclear metastable states. In addition, we study the sen-
sitivity reach of the Borexino-SOX experiment in probing a light dark photon
below 1 MeV. The reach €2 ~ 10719 is comparable, but slightly weaker than the
bound already imposed by the existing LSND neutrino-electron scattering data.
Combining this constraint with the supernova bound we completely rule out the

possibility of having a light dark photon below 1 MeV in this coupling range.

In conclusion, one should not regard the SOX project as exclusively a search
for sterile neutrinos (motivated mostly by experimental anomalies), but a generic
search for dark sector particles. The scalar case considered in this thesis can be
motivated by the proton charge radius anomaly, and the SOX project provides
tremendous sensitivity to this type of models. We encourage the Borexino col-
laboration to perform its own study of the sensitivity to new bosons using more

detailed information about background and efficiencies.
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CHAPTER 5
DIPOLE PORTAL TO HEAVY NEUTRAL LEPTONS

The work presented in this Chapter is in collaboration with two other Ph.D.
students, Gabriel Magill and Ryan Plestid, at McMaster University. Gabriel was
in charge of deriving and including the production and detection of heavy neutral
leptons (HNLs) in neutrino experiments and collider and produce the sensitivities
and constraints of the HNLs. Ryan worked out the details of the meson decay pro-
duction, the three-body Dalitz decays. Yu-Dai, the author of this thesis, worked
on the early estimation of the SHiP sensitivity, derive the HNL production for-
mula with Gabriel, helped collect experimental details, and derive the supernova

constraints with Gabriel and Ryan.

The Standard Model of particles and fields (SM) shows remarkable resilience
under the scrutiny of numerous particle physics experiments. In particular, the
LHC experiments have put significant constraints on new hypothetical colored
states, pushing their masses to a TeV scale and beyond. At the same time, owing
to its smaller production cross sections, the electroweak extensions of the SM are
far less constrained, and a plethora of new models may be hiding at energies of
a few hundred GeV and beyond. If such sectors are considered to be heavy, their
impact on the SM physics can be encoded in the higher-dimensional extensions of
the SM. Moreover, the electroweak singlet components of such sectors can be light,
and still coupled to the SM states. In the last few years, significant attention has
been paid to the models containing new singlet fermionic states N (often referred
to as heavy neutral leptons) that can couple to the SM leptons L and Higgs field
H via the so-called neutrino portal coupling, NLH (see e.g. [186,/187]). Owing

to the neutrality of IV, its mass my is a free parameter with a wide range of
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Figure 5.1: Overview of projected sensitivities (95% CL) and constraints obtained
from SHiP, LHC, LEP, Supernova 1987A and experiments at the Short-Baseline
Neutrino facility at Fermilab. We also show previously calculated favored regions
of interest (ROI) in parameter space for MiniBooNE and LSND, and constraints
from NOMAD. Limits are shown for the dimension 5 (7 mediator) and dimension
6 (v + Z mediators) extensions. Each curve is discussed and presented in detail

in .

possibilities from the sub-eV scale and up, all the way to the Planck scale. This
range is somewhat narrower if N is indeed taking part in generating masses for
the light active neutrino species. A great deal of experimental activity is devoted
to searches of N particles, that may show up in cosmological data, in neutrino
oscillation experiments, in meson decays, beam dump experiments and at high

energy colliders. (For a recent overview of neutrino portal see e.g. [114].)

Given large interests in searches of heavy neutral leptons, in this work we will
analyze a less conventional case of NV particles coupled to the SM via the so-called

dipole portal encoded in the following effective Lagrangian,
LD N(i) — mn)N + (dvpo,, F* N + h.c). (5.1)

87



Here F* is the electromagnetic field strength tensor, and vy is a SM neutrino
field. This is an effective Lagrangian that needs to be UV completed at energy
scales not much larger than A ~ d~!. We are going to stay on the effective field
theory grounds, noting that since our results show the sensitivity to d to be much
better than TeV~!, the UV completion scale can be raised above the electroweak
scale. For now, Eq. is also applicable only at energies below the weak scale,

as it does not respect the full SM gauge invariance.

The main assumption made in Eq. is the absence, or subdominance, of
the mass mixing operator NLH. When the mass mixing operator is dominant,
the production and decay of N particles is mostly governed by its interaction with
the SM particles via weak bosons. The phenomenological consequences of these
minimally coupled particles N is well understood. In contrast, if the leading order
operator is suppressed, the dipole operator offers novel signatures and features in
the production and decay of N, such as a much enhanced role of electromagnetic
interactions in the production and decay of N. This case has so far being addressed
only in a handful of works [48,[188-192|, and here we would like to present a
comprehensive analysis of the dipole N portal, and derive constraints on d that

result from a variety of different experiments, both at high and medium energies.

Previously dipole interactions of neutrinos have been studied in several specific
contexts (that we are aware of). If the SM neutrinos have a large flavor off-
diagonal EM dipole moment, the interaction of solar and reactor neutrinos may get
enhanced. This provides stringent limits on dipole moments of SM neutrinos [193].
Some theoretical and phenomenological aspects of the Dirac HNL dipole operator
were discussed in Refs. [194,195] (see also a more recent general discussion of

dimension 5 effective operators in the neutrino sector [196]). A phenomenological
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sensitivity study of this magnetic dipole operator has been considered for IceCube
[197]. There, owing to the large incoming SM neutrino energies, the signature of
interest was a coincident double energy deposit from the DIS production of N, and
its subsequent decay. Another prominent place where the transitional v — N dipole
appears is the literature on searches of sterile neutrino dark matter via a dipole-
induced decay N — vy ( [198] and references therein). A more closely related case
to the topic of our study has arisen as a consequence of trying to accommodate

MiniBoone and LSND anomalies, that we would like to discuss now in more detail.

While there is an overall theoretical/experimental consistency for the three-
neutrino oscillation picture, there are several experimental results that do not fit
in. Two notable exceptions are the anomalies observed at the intensity frontier
experiments LSND and MiniBooNE [63,64]. In these experiments, an excess of
low energy electron (anti-)neutrinos have been observed, the source of which is
currently unknown. Conceivably, there are two possibilities: new physics or some
unaccounted SM processes. Thus, for example, single photons produced via poorly
understood SM neutrino interactions with nuclei [199] might lead to some partial
explanation of the anomalies. (At the signal level, a single photon cannot be dis-
tinguished from charged-current quasi-elastic events by MiniBooNE’s Cherenkov

detector.)

The most popular proposal is the existence of a light (m ~ eV) sterile neutrino
( [200] and references therein), which mediates the anomalous oscillation required
to explain the observed excess signal. A possibility of eV sterile neutrinos being at
the origin of the MiniBooNE and LSND oscillation results is strongly challenged by
cosmological data. Indeed, the required parameters for mass splitting and mixing

angle will lead to a complete thermalization of a new sterile species via oscillation
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mechanism. This stands in sharp disagreement with cosmological data (in par-
ticular, cosmic microwave background (CMB), Big Bang Nucleosynthesis (BBN)
and late-time cosmology) that constrain not only the total number of thermally
populated relativistic degrees of freedom in the early Universe, but also limits the
total neutrino mass > m, < 0.17 eV at 95%CL [201]. Consequently, a single eV
sterile neutrino is not consistent with cosmology in the absence of new physics.
At the very least, the minimal model would need to be modified to suppress the
oscillations in the early Universe, which is usually achieved at the expense of sig-
nificantly enlarging the sterile neutrino sector e.g. by new types of interactions
with dark matter and/or baryons [202,203]. Thus, the sterile neutrino solution to
the MiniBooNE and LSND anomalies naturally leads to the idea of a dark sector,

with new matter and interaction states.

An alternative attempt to accommodate the anomalies without using eV-scale
sterile neutrinos requires some dark sector states comparable in mass to the lightest
mesons. Thus, it has been noted that the presence of a new sub-GeV neutral
fermion N may mimic the signals observed at MiniBooNE and LSND [48,|188].
The necessary ingredient of this proposal is a new fermionic state N in the 10-
to-few-100 MeV mass range and the dipole coupling in Eq. . This coupling
mediates a relatively prompt decay of N to a normal neutrino and a photon, a
signature that can be confused with the “normal” electron or positron final state in
charged current events [48,/188]. Whether this model can simultaneously account
for both anomalies without running into problems with other constraints remain
an open issue (see the discussions in Refs. [48/1881192]). At the same time the
model has a clear advantage over the eV sterile neutrino model, as it creates no

problems with cosmology, as N states will decay to the SM at early times before
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the neutrino decoupling.

Continuing investment in neutrino physics will eventually lead to better under-
standing of the origin of these two anomalies. The Short-Baseline Neutrino pro-
gram (SBN) [204] is going to be instrumental in testing the MiniBooNE anomaly.
The design consists of three Liquid Argon time projection chamber (LAr-TPC)
detectors that overcome the difficulties present at MiniBooNE by providing ex-
cellent photon /electron discrimination. Furthermore, the SBN program will use a
near detector (SBND) to control systematic errors related to the neutrino beam
content. Being close to the proton target, SBND will see a much larger neutrino
flux than the mid-range detectors and will allow a more accurate measurement
of the neutrinos before oscillation. In addition, a further increase in sensitivity
may result from a proposed new experiment at CERN, Search for Hidden Particles
(SHIP) [114], that will be able to significantly advance the probes to N states, and
should also test their dipole interactions. For an analysis of a more conventional
CC-dominated model of HNLs in application to Fermilab experiments we refer the

reader to a recent paper [205].

Motivated by the relative simplicity of the neutrino dipole portal model and its
potential applicability to neutrino anomalies, it is very useful to have a compre-
hensive survey of the model over a large region of parameter space. We therefore
consider the energy, intensity and astrophysics frontiers, where this portal can be
probed. A plot summarizing our results is shown in Fig. and the rest of this
chapter considers each probe individually. The existing constraints from previous
dark matter experiments can be improved by the SBN and SHiP. From astro-

physics, MeV HNLs could contribute to the supernova cooling, in particular that
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of Supernova 1987A (SN 1987A). This happens when the coupling d is large enough
so that the star can produce N in sufficient quantity, but small enough so that N
can escape and cool down the star without being significantly impeded. For life-
times longer than 0.1s — 1s, N is relevant for, and can modify predictions of, BBN.
The late decays of HNLs would modify the proton to neutron ratio, and with some
reasonable assumptions about the initial cosmological temperatures being high,
this puts an upper bound on the lifetime of N. We find that there is significant
overlap of this region with SN constraints. Lastly, for above GeV masses, we turn

to particle colliders and recast existing searches from the LHC and LEP.
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CHAPTER 6
MILLICHARGED PARTICLES IN NEUTRINO EXPERIMENTS

The work presented in this Chapter is in collaboration with two other Ph.D.
students, Gabriel Magill and Ryan Plestid, at McMaster University. Gabriel took
charge of including the production channels and the detection signatures of mCP
(millicharged particles) in neutrino experiments and produced the sensitivity and
constraint figures. Ryan worked out the details of the meson decay production,
the three-body Dalitz decays. Yu-Dai, the author of this thesis, derive the Drell-
Yan production of the mCPs in detail, estimated the LSND sensitivity, helped
collect experimental details, and discussed the link of our work to mCP dark mat-
ter and the implications on the 21-cm absorption-signal anomaly by the EDGES

collaboration.

Introduction: Extensions of the Standard Model (SM) by light weakly
charged particles, and their probes at the intensity frontier experiments have be-
come an important direction of modern particle physics [206]. One of the simplest
and most natural ways of coupling new particles to the SM is via a “kinetic mixing”
or “hypercharge portal” [44,207|, which at low energies may lead to millicharged
particles (mCPs), that would seemingly contradict the observed quantization of
electric charge in nature [66]. In recent years, a wide class of related models were
studied in connection with dark matter [45,47,67| (see also |61,/208-216]), and

mCPs can be viewed as a specific limit of those theories.

It is well appreciated that both proton and electron beam dump experiments
provide sensitive probes of vector portal models. In particular, production and
scattering of light dark matter [209] has been studied as a function of mediator

mass mys, dark sector coupling ap, dark matter mass m,, and kinetic mixing
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parameter ¢y. Depending on the relation between these parameters, either the past
electron beam dump facilities [212] or the proton fixed target experiments with a
primary goal of neutrino physics [61,210] provide the best sensitivity. However, the
simplest limit of m 4 — 0, when the parameter space simplifies to the mass and
effective charge of mCPs, {m,, €}, was analyzed only in the context of electron
beam dump experiments [217,218|. Clearly, fixed target neutrino experiments,
such as the existing data from MiniBooNE [65] and the Liquid Scintillator Near
Detector (LSND) [178], and the soon to be released data from MicroBooNE, the
ongoing SBN program [204], the Deep Underground Neutrino Experiment (DUNE)
[219], and the proposed Search for Hidden Particles (SHiP) [220] serve as a fertile
testing ground of MeV-GeV physics due to their high statistics [4,5,61,210]. These

experiments all serve as promising avenues to probe mCPs.

The purpose of this chapter is twofold: First, we demonstrate that existing data
from LSND provides leading bounds on mCPs (surpassing existing constraints
from SLAC’s m(Q) experiment [217]) in the low mass regime (m, < 35 MeV).
Likewise, newly released data from MiniBooNE [65] can set more stringent bounds
on mCPs in the mass range of 100 MeV < m, < 180 MeV. Second, we predict
that by optimizing search strategies at ongoing and upcoming experiments (such
as MicroBooNE, SBND, DUNE, and SHiP), fixed source neutrino experiments can
serve to provide leading bounds for mCPs over the full range of masses 5 MeV <
my, S 5 GeV. The detection signature of mCPs in these experiments is elastic
scattering with electrons, and we find that detection prospects are highly sensitive
to the threshold imposed on the electron’s recoil energy. Therefore, significant

gains in sensitivity to mCPs may be achieved by future experiments by optimizing
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Figure 6.1: Exclusion curves for fermionic mCPs (results are broadly similar for

scalars). Existing data is shown as solid lines, while projections are shown as
dashed curves. The kinematic reach of a given experiment is set by the heaviest
meson of interest it can produce. This is 7° for LSND, 7 for the Booster exper-
iments, and Y for DUNE. At SHiP, Drell-Yan production extends the kinematic
reach to roughly 10 GeV. The sensitivity of each experiment can be understood
via Eq. while the relevant parameters for each experiment are summarized in

Table 611

the detection of low energy electrons.

Our results have direct implications for models with late kinetic coupling of
dark matter and baryons that could lead to extra cooling of the baryon fluid
and spin temperature at redshifts z ~ 20, which may result in a more pronounced
21 cm absorption signal. If a fraction of dark matter is composed of mCPs, this ex-
tra cooling mechanism can be naturally realized ,, and fit the unexpected
signal reported by Experiment to Detect the Global Epoch of Reionization Signa-
ture (EDGES) [224]. The interpretation of the EDGES result as shedding light

on dark matter-baryon interactions necessitates a careful consideration of existing
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laboratory constraints. Our analysis reveals that sensitivities from LSND, SBND,
SHiP, and DUNE can explore previously unprobed regions of parameter space that
are favored by the 1%-mCP fractional dark matter hypothesis [223,225,226| and
by a proposal to use mCPs to reduce electron number (while maintaining charge

neutrality) to achieve an earlier decoupling of the baryon gas from the CMB [227].

Production and detection: Fixed target neutrino experiments rely on the
production of neutrinos from weak decays of charged pions. In generating a large
flux of 7% these experiments necessarily also produce a similar number [i.e. O(10%)]
of 7 [215]. For large beam energies, other neutral mesons (e.g. n, Y, J/v) are
also produced. Any significant branching ratios to lepton pairs necessarily implies
an associated decay to pairs of mCPs, resulting in a significant flux of mCPs even
for extremely small charges. In the case of n and 7°, Dalitz decays 7°/n — vxY
dominate, while for J /¢ and T direct decays, J/1, T — xx are the most important.

The branching ratio for a meson, M, to mCPs is given roughly by
BR(M — x¥) ~ ¢ x BR(M — Xete™) x f(%), (6.1)

where M is the mass of the parent meson, X denotes any additional particles, and
f(m, /M) is a phase space factor that decreases slowly as a function of m, /M. The
number of mCPs passing through the detector is a function of both the branching

ratio and geometric losses which can vary substantially between experiments (see

Table [6.1).

We now turn to the detection of mCPs in the neutrino experiments, where
the predominant signature is elastic scattering with electrons. The dominance of
electron scattering as a detection signal is related to the low-Q? sensitivity of the

scattering cross section. Explicitly, in the limit of small electron mass, we have

2 . 2 2 2 2 4
dae;( = 2ra’?e? x (s = my) 5 5Q4 e ) (6.2)
d@ (s —m3)*Q
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Upon integrating over momentum transfers, we see that the total cross section will
be dominated by the small-Q)? contribution to the integral. In this limit, we have
doe, /dQ? =~ 4dma’e?/Q*, and so we see that 0., ~ 4dma’e?/Q32,,. We may relate
Qumin in the lab frame to the recoil energy of the electron via Q* = 2m.(E. —m,) ﬂ

An experiment’s recoil energy threshold, E{™™ | then sets the scale of the detection

Cross section as

1 MeV

Ter = 2.6 X 1072 cm? x €2 x -
X Eémln)

(6.3)

e

Consequently, sensitivity to mCPs can be greatly enhanced by accurately measur-
ing low electron energy recoils (an important feature for search strategies at future

experiments).

Results: We now discuss the details of the modeling and analysis used to create
Fig. The various curves are obtained by performing a sensitivity analysis [228]:
given a number of predicted background events b and data n, the number of signal
events s, consistent with the observation and backgrounds at (1 — «) credibility
level is found by solving the equation o« = I'(1+n, b+ s,,)/I'(1+n, b) where I'(z, y)
is the upper incomplete gamma function [229]. We choose a credibility interval of
1 — o = 95% and calculate the corresponding bounds implied by s,, on our mCP

model according to the formula

Ne
Sup — Z NX(EZ> X m X O-ex(Ei; mX) X g (64)
Energies

Based on Egs. (6.1) and (6.3), we see that sy, o €*. Here, € is the mCP electric
charge (in units of e), N, (E;) represents the number of mCPs with energy E; ar-
riving at the detector, o.,(E;) is the detection cross section consistent with the

angular and recoil cuts in the experiment, N, is the total number of electrons in-

'Note that for nucleon scattering, the cross section o oc 1/Q? is suppressed by 1/m,, rather

than 1/m..
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N [x10%°]  Ageo(m,)[x107%]  Cuts [MeV]

Exp. 7 n 1MeV 100 MeV E™n Emax  Bkg
LSND 130 — 20 — 18 52 300
mBooNE 17 056 1.2 0.68 130 530 2K
mBooNE* 1.3 0.04 1.2 0.68 18 — 0*
puBooNE 9.2 0.31  0.09 0.05 2 40 16
SBND 46 0.15 4.6 2.6 2 40 230
DUNE 830 16 3.3 5.1 2 40 19K
SHiP 4.7 011 130 220 100 300 140

Table 6.1: Summary of the lifetime meson rates (N), mCP detector acceptances
(Ageo), electron recoil energy cuts, and backgrounds at each of the experiments
considered in this thesis. In all experiments a cut of cosf > 0 is imposed in
our analysis (*except for MiniBooNE’s dark matter run where a cut of cosf >
0.99 effectively reduces backgrounds to zero [230]). For the SHiP and DUNE
experiments, we also include J/¢¥ and T mesons as well as Drell-Yan production
which are discussed in the text. We use an efficiency of £ = 0.2 for Cherenkov
detectors, & = 0.5 for nuclear emulsion detectors, and £ = 0.8 for liquid argon
time projection chambers. The data at LSND and MiniBooNE is taken from [176|
and [65] respectively. Projections at MiniBooNE* [231], MicroBooNE [232], SBND
[204], DUNE |219] and SHiP [114] are based on expected detector performance.

side the active volume of the detector, £ is an overall electron detection efficiency.
“Area” in (6.4 stands for the active volume divided by the average length () tra-
versed by particles inside the detector. The total exposure is contained in N, (E;).
For most of the mCP parameter space under consideration, electromagnetic decays
of mesons provide the dominant flux contribution, whereas Drell-Yan production

(DYP) dominates for the large mCP masses that are only accessible at DUNE and
SHiP.

To estimate how many mCPs of energy F; arrive at the detector, we model
the angular and energy distributions of the mesons using one of several empirical
formulas to be discussed below. Given a meson produced at a certain angle and
energy, we numerically sample its branching ratio to mCPs over all possible angles

and energy in the lab frame, and determine the fraction of its branching ratio to
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mCPs in which one of such particles has energy E; and is pointed towards the
detector. Repeating this procedure over all production energies and angles of the
meson yields the meson contribution to N, (E;). For DYP of mCPs from a quark
and anti-quark pair, we integrate over the full production phase-space using MSTW
parton distribution functions [233], and using Heaviside functions, we select the
proportion of events containing an mCP pointed towards the detector, with energy

E;.

We now focus the discussion on the details of each experiment. In Table
we show for each experiment: the lifetime rates for 7° and 7 mesons, the geometric
acceptance Ageo(1my) E], the cuts that we have imposed, and the expected number of
background events. Using Eq. this is sufficient information to approximately

reproduce our results.

At LSND, the 7° spectrum is modeled using a Burman-Smith distribution
[234,235] assuming 2 years of operation on a water target and 3 years of operation
on a tungsten target. Our LSND analysis is based on [176|, which featured 1.7 x
10% protons on target (POT), a beam energy of 0.798 GeV, and a single electron
background of approximately 300 events with energies ranging between 18 MeV

and 52 MeV. We estimate the N,/Area in Eq. (6.4) to be 2.5 x 10?° ¢~ /cm?.

The meson spectrum from Fermilab’s Booster Neutrino Beam (BNB) is relevant
for MiniBooNE, MicroBooNE, and SBND. The BNB delivers 8.9 GeV POT and so
can produce substantial numbers of both 7 and 1 mesons. The former’s angular
and energy spectra are modeled by the Sanford-Wang distribution [215,236], and

n mesons by the Feynman Scaling hypothesis [236]. These distributions are com-

2Defined as the ratio between the number of mCPs that reach the detector and the total

number produced.
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mon across all three of the aforementioned experiments. We have compared our
geometric acceptances with those generated using [215] and reasonable (to within

an O(1) factor) agreement.

At MiniBooNE we perform two distinct analyses: First we consider the recently
updated neutrino oscillation search [65]. We combine data from both neutrino and
anti-neutrino runs and consider a sample of 2.41 x 10! POT for which we take
the single electron background to be 2.0 x 103 events and the measured rate to be
2.4 x 103. Next, motivated by a dedicated dark matter search with 1.86 x 102
protons on target [112], we consider an anticipated parallel analysis [231] involving
electron-recoil data. Backgrounds were suppressed by operating the beamline in
an “off-target” mode, (i.e. not collimating charged pions), and these can be further
suppressed (to zero) by imposing a cut of cos > 0.99 on the electron’s recoil angle
[230]. In both cases we estimate an electron number density of 3.2 x 10?® ¢~ /cm?.
The sensitivity curve quoted in Fig. [6.I]assumes that the upcoming analysis reports

no signal consistent with mCPs.

At MicroBooNE, the meson rates assume 1.32 x 102! POT and we estimate that
the detector has an electron density of 3.9 x 10?6 e~ /cm?. The chosen recoil cuts
are based on the lowest reaches achievable given the wire spacing in MicroBooNE’s
liquid argon detector [232]. The wire spacing is 3 mm and the ionization stopping
power is approximately 2.5 MeV/cm, so electrons with total energy larger than
at least 2 MeV produce tracks long enough to be reconstructed across two wires.
Based on this and the requirement for ionization signals that don’t shower, we limit
ourselves to recoil cuts between 2 MeV and 40 MeV. The treatment of SBND is
broadly similar to MicroBooNE, but we assume 6.6 x 102° POT, which corresponds

to half the run time of MicroBooNE.
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At SHiP we assume 2 x 10%° POT and a near neutrino detector 50 m from the
beam stop with an electron density of 2.7x 10?® ¢~ /cm?. Beam energies of 400 GeV
allow us to include J/+ and T, in addition to 7 and 1. We do not include mesons
such as p, w and ¢, because they do not serve to significantly alter the sensitivity
offered by J/v (although their inclusion would only increase sensitivity at SHiP
for m, < 400 MeV). At SHiP’s energies, production of 7° and 7 is described
by the BMPT distributions [215,237]. These distributions are slightly different
depending on the mass of the meson with the n having a spectrum that is more
forward pointed. We have compared our geometric acceptances to those obtained
using [215] and found reasonable agreement, with our acceptances being smaller by
a factor of four. For production of J/1, we assume that their energy production
spectra are described by the distributions in [238]. These distributions rely on
production being highly peaked in the forward direction and parameterized as
do/dzp < (1 — |zp|)®, where xp = 2p;/+/s is the meson’s longitudinal component
in the COM frame of the collision. We account for geometric losses by using an
empirical formulae for the py distribution provided in [239]. We assume that the
production spectrum of T mesons are similarly given, and normalize their total
cross section to the data in [240]. Using this, we have reproduced the Pb rates in
Table 3 of |241] for J/ ¥, and for T we reproduced the Pt rates in Table 1 of |242].
For our results in Fig. we estimate Ny, = 2.1 x 10" with an acceptance of
Ageo(100 MeV) = 8 x 1072, and Ny = 1.2 x 10" with A (100 MeV) = 7.2 x
1072, For large mCP masses, DYP becomes the main production mechanism. We
calibrate our DYP calculations by reproducing the dimuon invariant mass spectrum

in Fig. 11 of [243| from the FNAL-772 experiment [244].

At DUNE, our treatment of meson production is very similar to the treatment

at SHiP. We model pseudoscalar meson production using the BMPT distribution,
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as before, but use a beam energy of 80 GeV [219] and account for differences
in the target material. We also include J/¢) and T mesons and treat them as
described above. Our detector treatment and electron recoil cuts are motivated
by the capability of MicroBooNE’s liquid argon time projection chamber (LAr-
TPC) detector, and in particular its ability to measure low energy electron recoils.
We assume 3 x 10?2 POT and a 30 tonne liquid argon detector which corre-
sponds to 5.4 x 10% e~ /cm?. We estimate N/, = 3 x 10'° with an acceptance of
Ageo(100 MeV) = 2.4 x 1073 and Ny = 5.1 x 10” with Az, (100 MeV) = 3.7 x 1072,
Lastly, it is important to point out that our results do not include multiple scatter-
ing effects through dirt. Low velocity mCPs with a moderate charge (i.e. € = 0.03)
might get impeded by their long transit through dirt. This is relevant for DYP at
DUNE and could weaken our sensitivity for m, 2 2 GeV. Larger € may also lead
to a double scattering of mCPs inside the detectors, which could be used as an

additional tool of discriminating their signature against the neutrino background.

We now discuss our modeling of the single electron backgrounds appearing
in Table [6.I] We consider two classes of backgrounds: those coming from each
experiments flux of neutrinos [i.e. ve — ve and vn — ep|, and those coming from

sources such as cosmics, mis-identified particles, or dirt related events.

We treat neutrino induced backgrounds in detail for each experiment by sum-
ming over the neutrino fluxes from each collaboration and accounting for the de-
tection efficiencies £. A large background reduction is obtained by imposing the
electron recoil cuts ES™™ shown in Table These do not significantly affect
the signal (which is dominated by low electron recoils), but do significantly reduce
charged and neutral current backgrounds [245]246]. In the case of MiniBooNE’s

anticipated dark matter run based on electron recoils, the angular requirements
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already provide a powerful background discriminant and the maximum energy of

the electron is determined by the kinematics of the event.

We model the external sources of backgrounds by multiplying the neutrino in-
duced backgrounds by an overall multiplicative factor. LAr-TPC detectors can
use timing information as vetoes to reduce additional sources of backgrounds; this
is not possible in a nuclear emulsion chamber. Therefore, we multiply our neu-
trino induced backgrounds by a factor of 10 for LAr-TPC detectors (MicroBooNE,
SBND, and DUNE) and a factor of 25 for nuclear emulsion detectors (SHiP); this
increase in the backgrounds decreases our sensitivity to € by 20 — 30%. Although
our procedure is clearly an estimate, we emphasize that our results in Fig. can

be easily revised for different background assumptions according to [229).

Outlook: We have shown that mCPs can be probed at fixed target neutrino
experiments due to the large number of mesons produced with electromagnetic
decay pathways. Using existing data, LSND and MiniBooNE are able to provide
the leading sensitivity to mCPs for certain sub-GeV masses. Beyond serving as a
test of fundamental physics, this newfound sensitivity has implications for models
of physics beyond the Standard Model. In particular it further restricts the pa-
rameter space of cosmological models where a fraction of mCP dark matter results

in extra cooling of baryons that modifies 21 cm physics at high redshifts.

Equally important are our projected sensitivities at MicroBooNE, SBND,
DUNE, and SHiP. The success of these experiments as probes of mCPs will rely
heavily on their respective collaborations’ search strategies. In particular, by work-
ing to increase the sensitivity to low energy electron recoils the predicted signal
rate can be enhanced with a scaling proportional to 1/(E, —m,). MicroBooNE has

shown preliminary work that suggests sensitivity to electron recoils with kinetic
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energies as low as 300 keV [232]. If this can be achieved, it is conceivable that the
combined sensitivity of LSND, SBND, MicroBooNE, DUNE and SHiP will provide

the leading sensitivity to mCPs in the full range of 5 MeV Sm, <5 GeV.

We close by noting that further progress may come from new experimental
concepts and innovations. Significant progress may come from coupling large un-
derground neutrino detectors with purposely installed new accelerators [61,(62].
Millicharged particles may also be searched by experiments in disappearance chan-
nels [L09-111], where ete™ — v+ x+yand Z+e~ — Z+ e~ + x + X production
leads to anomalous missing momentum /energy from the y-pair that pass through
a detector without depositing energy. Because of the advantageous scaling with
e (second, rather than the fourth power), there are clear prospects on improving

bounds on mCPs above the 100 MeV energy range.
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APPENDIX A
USEFUL FORMULAE FOR THERMAL DARK MATTER

A.1 Boltzmann Equations

The Boltzmann equation for the DM phase space distribution, f,(p;t), in an ex-
panding Universe is

O _ POk

TP S o), (A1)
where I/ = |/p? +m2, H(t) is the Hubble expansion rate, and C[f,] is the collision
term. For ELDER dark matter, the relevant collision terms are the 3 — 2 self-
annihilations and y-1 elastic scattering (¢ can be any light SM particle). The
collision terms also includes annihilations to SM, but their effect in the ELDER
scenario is negligible, and are omitted. Strong elastic self-scattering of ELDERs

ensures that, throughout the kinetic decoupling and freeze-out process, the phase

space distribution follows a thermal distribution:

1
he= o(E—)/T" _ 1"

(A.2)

where 1, (t) is the chemical potential, and 77(t) is the temperature of the dark
sector. Eq. (A.1]) can be most easily solved by taking the first two moments, the

DM number density n and energy density p:

d? d3
nngx/#fxa px:gx/#EfX, (A3)

where g, is the number of degrees of freedom in x. These obey

on

6_tx + 3Hn, = —(0350%) (n) —nind?), (A.4)
OPx | 31 (py + P,) = —(ouwdE) (A.5)
BT Px ) = —{(0av Ty Mo .
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where n{? is the density of x in chemical equilibrium (i.e. at zero chemical po-

tential). The thermally averaged 3 — 2 annihilation and energy transfer rates

are
ni(03%2v2> = % dIl,,, dI1,,dI1,,dIL,,,dIL,; (270)* 6" (py, + Pys + Pys — Prxa — Pxs)

X fro fra s Miixaxs s | (A.6)
Ny (U E) = /dﬂxldﬂ¢ldﬂx2d1—[¢2(27r)454 (Px1 + Py — Dxo — Dun)

X(Ex, = By fir Myssisowal” (A7)
where

id°p;
dIl, = % (A.8)

is the Lorentz invariant phase-space integration volume. The squared matrix ele-

ments, | M|, are averaged over initial and final degrees of freedom, including spin,

color, and charge/l]

During the kinetic decoupling and freeze-out process, the y particles, to a good

'For the case of complex  considered in this thesis, we treat y and x* as two states of the
same particle, and averaging over these two states for each initial and final dark matter particle.

For instance, for self-scattering

TA 4 12 1 * * % *
Maxerwal? = 5 (\M(xm = xaxa)|? + IMOGXG = x5xa) P + [IMOaxs = xsxi)l?

HM(x1x5 = X5xa) ] + IMXGx2 = xsxd)” + IMOaxs — X?§X4)I2)- (A.9)

and for e — y*)e* in the dark photon portal,

2

11 - o o e2g2e2m
Magiraval” = 575 (MOE)PHMOE) PHMOCeOPHMO ) ) = T2 B2 (14c0s6)
\%4
(A.10)

where F, and cosf are the electron energy and scattering angle, respectively, in the center-of-

mass frame of the collision. Setting cosf = 1 (corresponding to ¢ = 0) in this equation yields

Eq. .
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approximation, follow a Maxwell-Boltzmann distribution. Then,

_ [ Nx e _ N e _ [ Nx
r=() e = =) =G

Here ‘eq’ denotes the values of the variables in chemical equilibrium, px, = 0:

) P (AL

n = P Ka(my /T),

P = 2 (K (m)T) + 3T Ko (my /T'))

22
gymy T

P = = 5 Ka(my/T'), (A.12)

and n, /n$t = e #/T" The Boltzmann equations 1} 1) then reduce to a

system of coupled partial differential equations for 7" and pu, (or equivalently 7"

and n,).

In the epoch of interest, the entropy of the universe is dominated by relativistic
SM degrees of freedom: sy, = %g*sT?’, where T is the SM plasma temperature,
and g.s = 10.75 at the relevant temperatures (0.5 MeV < T < 100 MeV). The
contribution of ELDERSs to the entropy is suppressed both because they are non-
relativistic, and because the number of degrees of freedom is small compared to
SM. Neglecting this contribution, the time variable in the Boltzmann equations

can be conveniently traded for the SM temperature:

0 T 8¢.(T)\"" . 0
5= (1+3g*5(T) 5T ) HTaT. (A.13)

A.2 Kinetic Decoupling and Approximate Analytic Solution

Since the relic density of ELDER dark matter is primarily determined at the time
of its kinetic decoupling from the SM, we would like to obtain analytic insight into

this process. Kinetic decoupling occurs before freeze-out of the 3 — 2 interactions,
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so that p, = 0 throughout the decoupling process. The ELDERs can then be
completely characterized by their temperature 7”, whose evolution is dictated by
Eq. (A.5). In this section, we describe an approximate analytic solution to this

equation, which in turn yields an analytic estimate of the ELDER relic density.

In the limit that the non-relativistic y particles are scattering off thermalized
relativistic 1 particles, an approximate analytic form of the energy transfer rate
integral, Eq. (A.7)), can be found. In Ref. [247], this was achieved by expanding the
integrand in small momentum transfer. Here we present the necessary equations,
but refer the reader to detailed calculation in the Appendix of [247]. First the
thermally averaged energy transfer rate is written in terms of the collision operator

in the non-relativistic limit:

Ty Ty <061U5E> = /dHMdeldHdeHd& (27T)454 (pX1 +p1l)1 — Dx2 — p1/12>

2 2
X le o pXQ
2m,  2m,,

) le f% ’MX1¢1—>X2¢J2 |2
= - /dHMdeldnxzdnwz (27T)454 (px1 + Py, — Pxo — p’t/JQ)
v —
X ﬁ(uﬁaﬂh - fXwaz) ’MXWH%XW[}Q |

- - [am Pecyr) (A9

Using Eq. (B.22) in [247]

2 2 >
C[f)m] = 12(27T)3mxann+3 (m_x> [mXTVpX1 + Py 'Vpxl +3 le (pX1)7
(A.15)
where ¢, is the leading coefficient of the matrix element expanded in E,/m, at

zero momentum transfer

IMP,_, =c, (—) +.., (A.16)
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and

(1—-279) (j+DIC(j+1) 2 € fermion,

™ |
N =Tt [ ABELE) -
(G+DICG+1) Y € boson.
(A17)

If expanding the matrix element around ¢ = 0 is not a good expansion, for in-
stance, if the amplitude vanishes as ¢ — 0, then one should replace with
the t-averaged matrix element [248]. Taking f, to be the Maxwell-Boltzmann

distribution at temperature 7" and integrating over the collision operator yields

n 2a0.m Nw T 4+n
N (0avSE) = gwgg%’; Fn (m—) (T' = T). (A.18)
X

Note that when the two sectors have the same temperature, the energy trans-
fer vanishes, which is expected for particles in thermal equilibrium. The energy

transfer rate can be related to the more commonly used quantity (o), as follows:

N %ZM L — 1) (o). (A.19)

2+n M

(oqudE) ~ 2(n + 3)

When the 3 — 2 process is active and the dark matter particles are non-
relativistic, they follow equilibrium Maxwell-Boltzmann distributions, and the en-

ergy density Boltzmann equation (A.5) gives a differential equation for the tem-

perature
o1 T2 T\" 12T -T
ECRIVE AR o
or my T My ms o my
where
C”gingXNéﬁ’n
a= (A.21)
327T3HT:mX

On the right-hand side, there are two competing terms. The first term contributes
to the cannibalization of the dark matter, which tends to increase the dark temper-
ature relative to the SM. The second term, which comes from the elastic scattering

term, pushes 7" — T'. The scattering term falls faster with temperature, and at
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some point will no longer be able to compete. At that time, the dark matter will
thermally decouple from the SM bath, and cannibalization will take over the evo-
lution of the dark sector. This decoupling occurs roughly when the second term is

of order onef]

Ty =~ mya~ /), (A.22)

After decoupling, the second term can be ignored, and dark temperature grows

only logarithmically relative to the SM temperature,

T’ Ta

= T T,
1+3m—ilogTd

(A.23)
until the dark matter freezes out.

We can attempt to find the analytic asymptotic behavior of the Boltzmann

equations. Recasting Eq. (A.20) in terms of = and 2’ yields

! —n—4 R
O’ 3 e eoa) (A.24)

ox T v

There appears to to be no closed form solution to the above differential equation,

but the following differential equation does have a closed form solution:

! —n—4 R
O’ _ 3 ar(x=d) (A.25)

or =« T

In the limit © < x4, = 2’ so the two differential equations are approximately the
same. Likewise, when x > x4, the 2nd term is negligible in both equations, so the

change is not relevant. The closed form solution to Eq. (A.25)) is

o, a \™ _ [n+3 3Ei(—t)
= r t| ——— A2
v ((n—l—4) (n+4’> n+4 (A.26)

2The kinetic decoupling temperature can also be estimated by observing that in equilibrium,

the rate of energy transfer to the SM must keep up with the rate of kinetic energy release by 3 — 2
annihilations: ne(oqvdE) ~ —miHT ™. According to Eq. (A.19), (0evdE) ~ (oev)T?/my.
This approach, which was used in Ref. [1], gives a result consistent with Eq. 1)
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where ¢ = 40—,

I is the incomplete gamma function and Ei(—t) = — [~ <~dz.

The asymptotic limits of this solution at small and large x are

(x—0) = z, (A.27)

a \"™_ [n+3 o8 a \wa
/ — 31 2 )"y —3log |ents [ —2 ) (A.
' (r — 00) 3log(x) + (n—i—4) <n+4) 3log [e + (n—i—4)( }8)

The second limit is very similar to the cannibalization result

or' 3
(9_36 =—, 2[rg =4 — ' = 3log(z) + x4 — 3log(zy),  (A.29)
x
since F(Z—ii) ~ enti ~ 1. Therefore we make the identification for the decoupling
temperature

~ r ) A,
d (n—|—4) <n+4> (4.30)

This agrees with the rough estimate of Eq. (A.22), and provides the precise value
of the numerical coefficient. Assuming instantaneous freeze-out of the 3 — 2
annihilations at the dark sector temperature Jz’f (corresponding to SM plasma

temperature x¢), the dark matter yield is given by

f 9x 3 —087al/4
w(ag) _ ganie’t/@rag)¥ 0155 are

S(If) %g*smi/ﬁi o (1 4 %]ogw]c)?)/z

Y(zy)

(A.31)

Here, the exponential dependence of relic density on the elastic scattering rate is
manifest. We also note a logarithmic dependence on the temperature at freeze-out,
which shows only a very minor dependence on the 3 — 2 rate, provided it is still

active at decoupling.

A.3 Thermally-Averaged 3 — 2 Rate

Here we present the necessary formulas to calculate the thermally averaged 3 — 2

rate in thermal equilibrium, in the non-relativistic regime (T" < m,). Assuming
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Maxwell-Boltzmann distribution, which is justified when the dark matter is highly
non-relativistic, the integral can be written in terms of 2-body and 3-body phase
space integrals:

1 1
312! (n{h)3

- 1 g>5< / d3p><1 d3pX2 d3p><3
(nyh)3 3121 ) (2m)32E,, (27)32E,, (27)32E,,

<03H2U2> / dHdeHXQ dHX3 dHX4dHX5 (27]-)464 (pX1 + Px2 + Pxs = Dxa — pX5)

(27T)454 (le + Pxa +pX3 - pO)

I’py,  dp d*p —
X (27T)32XE (2@32)% (27)*6* (po = Pxa — Pxs) @T;eE()/TWF. (A.32)
X4 X5

Since we are interested in the case when the dark matter is non-relativistic, the
system is approximately at rest. Therefore, to leading order, the integrals can be
performed in the center of mass frame. The forms of the 3-body and 2-body space

integrals are well known in this case:

1 4¢4 1 1 2 2
E /dﬂldHQdHS(QW) 0" (po —p1 —p2 —p3) = Wl_&g /dmmdm%, (A.33)
where s = p2. The bounds of integration are
(S - m2)2 m? 2
m%i&,mam - 4m2 * - 412 ()\1/2(771/12, mX7 mx) - )\1/2 (m127 mX7 \/g)) 9
12
(S - m2)2 m? 2
m%iﬂ,min = 4m2 X - 412 ()\1/2(771,12, mX7 mx) + )\1/2 (m127 mxa \/§>) )
12
m%?,max = (\/g - mX)2 )
m%Q,min = 4mi ) (A34)

where \(z,y,2) = (1 — (z+y)?*/2?) (1 — (z — y)?/2?). The 2-body phase-space
integral is

1 1
7 / ATyl (2m) 6 (po = pa = ps) = - N2 (Vs my, my). (A.35)
X

Finally, the remaining p, integral can be written as
d*p 1 > o
= d dEg\/E? — s. A.36
eni  @2n)p /gm S/ﬁ Ve TE (4-36)
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Putting everything together, we obtain

5 00 2 00
o 9 11 ds Am3y Eo/T 2 2 2 2
(035007) = (n$h)3 768 (27)7 Jo —\Vi- s Js dEoe™ "\ E§ — s dmiydmas| M|

m2 S
(A.37)

If the matrix element has significant dependence on kinematics even in the non-
relativistic regime, the remaining integrals have to be evaluated numerically. This
is the case in the Choi-Lee model of Section where a resonance at /s =~
3m, can lead to rapid change of the matrix element with s near threshold. Our
analysis of that model is therefore based on numerical evaluation of Eq. (A.37).
In most cases, however, the matrix element in the non-relativistic regime can be

approximated as a constant, independent of kinematics. In this case, all integrals

in Eq. (A.37) can be evaluated analytically. This yields

5 2
(on?y = V5

2
— ) A.38
23047Tm§< M| ( )
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Figure B.1: Cumulative distribution functions corresponding to the Kolmogorov-
Smirnov tests shown in Figures and [3.4] are given, for merger kilonovae (left)
and fast radio bursts (right). Both merger kilonovae and FRBs are assumed to
follow the distribution of NSs in an MWEG (dotted purple line labeled 1B*). This
distribution can be compared with distributions for representative NS-imploding
dark matter models, ADM1, ADM2, and ADM3, defined by t.py /v, = 3, 15, and
100 Gyr GeV/em?® (200 km/s)™! respectively, see Eq. (2) of the main text.
APPENDIX B

DARK MATTER-INDUCED NEUTRON STAR IMPLOSIONS

B.1 Cumulative Distribution Functions

Figure shows the cumulative distribution functions used in the Kolmogorov-
Smirnov tests, whose results are displayed in Figures and As indicated,
the displayed CDFs here were generated using the neutron star distribution model
1B* in [249]. However, note that we have found that Kolmogorov-Smirnov tests
utilizing other pulsar distribution models in [249] require a similar number of NS

mergers to achieve sensitivity to asymmetric dark matter comparable to the results

shown in Figures and
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B.2 Dark matter-induced Neutron Star Implosion Time

The analysis of NS implosions in Section 1 assumed that the longest timescale in
the NS implosion process is the time for a NS to accrete a BH-forming mass of dark
matter. Here we justify this assumption by computing timescales for all dynamical
processes leading up to dark matter-induced NS implosions. As an example, we
consider fermionic dark matter in the PeV mass range with dark matter-nucleon
cross-section o, ~ 107 ecm?. For o, > 107% cm?, all PeV mass dark matter
passing through the NS will be captured [144], as assumed in Section 1. Extending
this work to PeV mass bosonic dark matter requires minor modifications discussed
around Eq. (3) of the main text, with similar results obtained. Similar results
arises for low mass dark matter [30}/124,126,/128,[145|, where sensitivity to o,
scales inversely with t.py /vy — so that the t.px /vy reach of this study results in up

to a 100-fold improvement in o, sensitivity.

A small BH may form when a NS accumulates so much dark matter, that the
dark matter cannot support its own weight with degeneracy pressure. This critical
mass for fermionic dark matter is M., ~ Tn—%, as reported in the main text. In
principle (e.g. for lower mass dark matter) dark matter may accumulate to M.,
size in a NS, yet not implode. This is because until dark matter in a NS “self-
gravitates" or equivalently forms a bulk whose density exceeds the NS density,

it will remain stable[[| We find the self-gravitating mass M, [124] for PeV mass

dark matter, and determine that M. > M.

sg, Which justifies our assumption in

the main text, that a BH will form once M. dark matter accumulates. For the

ITn the case of dark matter with substantial self-interactions, this computation is different

[281[126,,[127].
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limiting case of a younger NS with temperature Txg ~ 10° K,

TNS 3/2 PeV 3/2
M,, ~ 1037 — B.1
sg 2 5 x 10°" GeV (105 K) e : (B.1)

and one can see that M. is at least 10° times larger than M, for PeV mass dark

matter.

Next we review the dynamical timescales for a NS to become converted to a BH
by accumulated dark matter. First the dark matter particles thermally equilibrate
with the neutron star, through repeated scattering; we denote this thermalization
time scale by 7. Once an unstable mass M, of dark matter has thermalized
into a small volume, the dark matter will collapse, cool, and form a BH, over a
time 7.,. Lastly, the small BH formed of dark matter accretes the surrounding
neutron star in a time 7pg,,4. We will see that each process occurs much faster
than the t. 2 Myr time scale, and conclude that the neutron star implosion time

is determined by ..

We first consider the thermalization. Dark matter particles captured and accu-
mulated in the neutron star thermalize with the neutrons and cool to temperature
T ~ 10° K, same as the neutron star, before it start lose more kinetic energy and
eventually collapse into a BH. The time scale 73, is determined by the neutron-dark

matter collisions [145], in particular
s (myy (1075 em?\ (10° K
~8x 107 ( ") . B.2
Tin =0TV (Pev ( e ) ( Tis ) (B:2)

After thermalization, the dark matter particles form a spherical configuration

of radius 7o ~ (97/87Gp.my)/?, where the dark matter density at collapse is equal
to the NS density p. ~ p,. The dark matter particles can further lose more of their

energy and collapse into a BH. There are several mechanisms that contribute to
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this cooling, with associated time scales. Here we focus on cooling via dark matter-
neutron scattering, while other cooling mechanisms can be found in e.g. [29]. The
dark matter cooling and collapse time is approximately the time for dark matter

to lose O(1) of its kinetic energy to surrounding neutrons,

1 PR My
Tco = DR
NOpxUxc \ AP 2m,,
m 1074 cm? T
~ 4% 10° yrs () =, B.3
* Y\ pev ( T )(7’0) (B3)

where n is the number density of the neutrons. The first term 1/no, vy is the

time for a single collision. In addition, Pauli blocking has to be taken into account,
as it reduces cross-section by a factor of Ap/pg, hence the second term. Here
pr ~ 0.5 GeV is the neutron Fermi momentum in a NS and Ap ~ m,v.. The
factor of v, here is the velocity of the dark matter sphere as it collapses through
radius 7., which can be written as vy ~ (Gmy/r,)"/2. The final factor takes into
account that in each collision only a fraction ~ 2m,, /my of the dark matter kinetic

mx

energy is transferred, so one requires ~ (2 ) collisions for an order-one energy
Wz

loss.

With the BH formed, assuming it accretes the remainder of the NS, the time
for which depends on the BHBH mass M. (e.g. [32,/147]).

2
TBondi ~ 0.1 yrs <_PTZ:)\(/) (B.4)

We find that 7y, Teo, TBonai are much shorter than ~ t., which therefore determines

the time until a NS implodes.
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