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Abstract

Dark matter, black holes, and new physics

by

Benjamin V. Lehmann

The unknown nature of dark matter already represents one of the greatest gaps in our
understanding of the universe. But the study of dark matter is now encountering a crisis:
collider searches and direct detection experiments are quickly ruling out the strongly-
motivated WIMP models that have guided theoretical progress for decades. Departing
from the WIMP paradigm opens vast regions of parameter space across the scales, from
ultralight bosons to objects at the Planck scale and beyond, and effectively probing this
space of possibilities calls for new tools. Fortuitously, several such tools are available
to us in the form of new quantum sensors, new astrophysical observables, and the new
science of gravitational wave astronomy. In this thesis, I show how these methods can
be combined to probe well-motivated dark matter candidates across an enormous range

of masses.
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Introduction



Expectations, crisis, and possibility

The identity of dark matter (DM) is perhaps the widest single gap in our
understanding of the physical universe today.

Here I mean “widest” in a very specific sense: this is a problem that touches on
an enormous breadth of systems, processes, timescales, and indeed subfields of physics.
Virtually every corner of modern cosmology and particle physics has some relationship
to DM. The existence of DM is perhaps the most concrete motivation for new degrees
of freedom beyond the Standard Model of particle physics, a clear and present problem
that is no matter of fine-tuning. A great variety of models that resolve problems in
the Standard Model naturally provide a DM candidate. DM underlies the formation
of galaxies, and literally creates our place in the Universe. Uncovering the identity of
DM would surely give us new ingredients to understand the very early history of the
cosmos—and the possibilities are endless.

However, despite this breadth, the community was for many years all but cer-
tain of the particle identity of DM: DM was sure to be a weakly interacting massive
particle, or WIMP. There are two key hints for DM near the weak scale, at O(100 GeV).
First, the hierarchy problem of the Standard Model strongly suggests that there ought
to be new degrees of freedom near the weak scale, a hypothesis that was powerful mo-

2



tivation for the construction of the Large Hadron Collider (LHC). Second, a weak-scale
mass and annihilation cross section automatically give rise to DM production in the
thermal bath of the early universe in roughly the observed amount. This “WIMP mir-
acle” meant that models of beyond-Standard-Model particle physics with new degrees
of freedom at the weak scale could very easily include a DM candidate.

No discussion of WIMPs would be complete without mention of supersymmetry
(SUSY). For decades, SUSY was by far the favorite paradigm to resolve the SM hierarchy
problem, and it did so only with the introduction of numerous new degrees of freedom—
superpartners—including species with weak interactions. Phenomenologically viable
SUSY models also included a simple mechanism to prevent DM from decaying. To
prevent baryon- and lepton-number violation, many such models imposed R-parity, a
Zo symmetry acting on a field ¢ with spin sy as ¢ — (—1)3B=D)+2s5v  where B and
L are baryon and lepton number. This phase is +1 for all Standard Model fields and
—1 for all superpartner fields, so in a model with R-parity, the lightest supersymmetric
particle (LSP) is absolutely stable. The LSP of any R-parity-conserving SUSY model
is a potential DM candidate.

Beyond its phenomenological appeal at the weak scale, SUSY has received a
great deal of attention for its formal properties. On the one hand, there is the matter
of simple aesthetics: due to the Coleman—Mandula theorem, SUSY is the unique sym-
metry involving nontrivial combinations of spacetime symmetry transformations and
internal symmetry transformations. Numerous conceptually-difficult computations are
dramatically simplified in supersymmetric theories, and there is even a connection to

quantum gravity: if string theory provides the correct description of nature, the exis-



tence of fermionic degrees of freedom requires the presence of (broken) SUSY. It seems
that if nature were kind, or at least as clever as we are, then SUSY would surely be
realized as the simplest explanation of numerous puzzles in particle physics.

These coincidences set great expectations for the discovery of SUSY at the
weak scale. Thus, despite the breadth of the possibilities for the nature of DM, the
lion’s share of experimental effort has gone to searching for WIMPs. Such searches
have mainly taken three forms: collider searches test the production of WIMPs from
Standard Model species; direct detection searches probe the scattering of astrophysical
WIMPs with Standard Model particles; and indirect detection searches look for signs
of WIMP annihilation into Standard Model final states. However, despite substantial
improvements to experimental sensitivity, none of these searches has found definitive
evidence of WIMPs, and tightening constraints have started to put pressure on the
entire WIMP paradigm [1-5].

It is hard to overstate the significance of this null result. While the experimen-
tal picture has only become clear in the last few years, it has already had an enormous
if premature effect on the DM community, and on the particle physics community more
broadly. If SUSY and the WIMP paradigm indeed turn out to be red herrings, the cur-
rent slough of results will be remembered alongside the Michelson—-Morley experiment.
SUSY was once synonymous with the future of particle physics, and “LSP” was once
used interchangeably with “dark matter”. The notion that nature is uglier than we
realized—or perhaps more clever than we are—has sent phenomenologists scrambling
to understand the space of possibilities for DM. Cosmological DM may or may not be

a WIMP, but identifying this elusive species will absolutely provide a stepping stone to



the next paradigm of particle physics.

That is the context of this thesis: the field is in a moment of crisis, with
decades-long hopes recently dashed by inconvenient experimental truths. The task
before us is to identify new possibilities and new routes to discovery.

Before we strategize to that end, let us take a step back to the most basic re-
quirements for dark matter candidates. What do we already know about DM? Arguably,
we know quite a bit from astronomy, even without characterizing DM microphysics. We

know that:

1. DM is dark. Its interactions with Standard Model species are highly constrained

by experimental data.

2. DM is cold. We know that DM collapses into the structures that host galaxies in

the late Universe, and such structures would not form if DM was relativistic.

3. DM is matter. That is, when modeled as a perfect fluid on cosmological scales,
DM has the equation of state of matter at all epochs that are presently accessible

to observations.

4. DM is abundant. DM accounts for roughly one quarter of the energy density of
the Universe today, and roughly 80% the matter density. Some mechanism must

have produced it in that amount.

5. DM is stable. Cosmological observations from multiple epochs imply that at most

a few percent of DM is allowed to decay over the lifetime of the universe.

6. DM is ghostly. By this I mean that DM particles largely pass by one another



without colliding, i.e., the self-interaction cross section is constrained.

7. DM is structural. The relationship between galaxies and DM halos indicates that
DM collapses into structures at least as small as dwarf galaxies. Among other
things, this implies that the mass of the DM species is at least O(keV) if it is

fermionic, and at least O(1071 eV) if it is bosonic.

8. DM is fluid-like. On galactic scales, DM is indistinguishable from a noninteracting
fluid, so the particle mass must at least be much lower than the masses of DM

halos.

9. DM is discrete. That is, DM behaves in every observable respect like a particle
species, and is not readily compatible with a modification to gravity. This is still
disputed by very smart, respectable people, but for the moment, let me say only

that theirs is a minority viewpoint for good reasons.

SUSY WIMPs met all of the above requirements. But that is not necessarily
so miraculous. Numerous other paradigms automatically accomplish most or all of these
feats, in what would have been titled miracles if they were attached to a framework as
compelling as SUSY. Indeed, there are viable models of DM populating the entire mass
range we have laid out above: from 107'%eV at the low end (or 1keV for fermions)
up to many thousands of solar masses, it is possible to write down a viable model that
satisfies all of the constraints above. It is worth pointing out that two familiar species,
neutrinos and black holes, each meet most of the requirements above, and indeed do
constitute some fraction of DM, and in each case, close relatives have been proposed as

DM candidates.



How should we proceed given such a vast array of options? There is certainly
good reason to deeply study single well-motivated paradigms, as has been done to date:
the axion is perhaps the rising star of DM candidates, for good reason, and even the
SUSY WIMP is not at the end of its journey. However, this moment demands a level of
humility. Our most promising theoretically-motivated speculation has yielded little fruit
so far. Despite this, discovering the identity of the DM species would surely provide
a clear path forward to new physics. Thus, in parallel with the study of individual
“lampposts”, there is ample motivation to broaden the search for DM. This is the ideal
time to construct new probes that test wide categories of DM models, agnostic to any
specific Lagrangian.

A Dbroad search across the enormous DM parameter space can only succeed by
leveraging new tools, and that is the unifying principle of this thesis. Several new tools
are available to the DM community by no merit of our own—parallel developments in
other fields now provide us with new astronomical observables, new quantum sensing
technology, and new gravitational wave observatories, to name three key opportunities.
The open question is how to leverage these new tools to discover the identity of DM.

In this thesis, I describe a number of explorations in the DM parameter space
taking advantage of new tools to extract generic insights. The work is presented in
three parts, with somewhat artificial delineations. In Part I, I will begin by exploring
the prospects for ultraheavy DM in the form of black holes, and I will describe new
observables for this scenario. In Part II, I will leap from black holes to gravitational
waves, and show how gravitational wave astronomy can probe not only ultraheavy DM,

but also ultralight DM. I will promptly segue to the use of other cosmological observables



to probe “light” DM between 1meV and 1GeV. Critically, this discussion will expose
complementarity between cosmology and direct detection experiments for light DM. In
Part III, T will discuss new concepts and prospects for direct detection at low masses,
taking advantage of new quantum sensor technology to probe key new parameter space.
Taken together, these studies provide a new set of opportunities to explore DM models
across the entire viable mass range.

I wish to be direct now about two things: first, the arc of this story is necessarily
artificial. Given the context of DM phenomenology today, even the most organized
research program must ultimately be based on opportunism. I am extremely gratified
that the work I will discuss in this thesis has indeed probed such a wide range of model
space—that was always my hope, but to call it intentional would understate the role
of chance and surprise in the scientific process. This chapters of this story have been
cherry-picked to fit the overall message, and the exclusion of a few papers from discussion
here should not be taken as a slight against the importance of these other directions.

Second, after this introduction, I will switch from the first-person singular
to the first-person plural. This is no accident. All of the work discussed here was
performed together with an outstanding set of collaborators. While I am proud to have
been a primary contributor to each of the works represented in this thesis, it would
be disingenuous to claim that they are the fruits of my efforts alone. I am extremely
grateful to all those who have been part of this work, whether as a supervisor, as a
colleague, or as a more junior student. I hope that all three categories will take some

pleasure in the story as rendered here.



10722V 10 %eV 1013 eV 1028 eV 1071 eV

Fuzzy DM Axions Compact objects

“light DM”
FIMPs, SIMPs, ADM. ..

Figure 0.1: Viable mass range for dark matter. Several important classes of candidates
are highlighted, but giving a full accounting of proposed candidates and their favored
mass ranges seems environmentally unfriendly, as it would require a number of pages
comparable to the length of this thesis.



Part 1

Primordial black holes

and dark matter

10



Invitation

We begin at the upper end of the mass range in Fig. 0.1 by considering a dark
matter particle that is hardly a particle at all. Black holes are DM: as components of
a fluid, they are non-relativistic, redshift as matter, and interact primarily via gravity.
The trickier question is whether such objects constitute more than a very small fraction
of cosmological DM. This is indeed possible: every scale on which we observe DM is so
large that sparse compact objects would be dynamically indistinguishable from a fluid
even for black hole masses as large as 10 M. Testing the notion of black holes as DM
relies on a host of specialized observables. Our goal in this part, as in the rest of this
thesis, will be to connect the the phenomenology of such black holes to the capabilities
of upcoming and existing tools.

As with any DM model, the most exciting aspect of black holes as a dark
matter candidate is what such a discovery would tell us about physics beyond the
Standard Model. If anything more than a small fraction of DM is composed of black
holes, the implications would be staggering: such black holes would have to arise from
some mechanism besides stellar collapse. To understand what sort of mechanism would

be viable, consider the problems with stellar collapse as a candidate:

11



1. Stars form from baryons, but the baryon density is smaller than the dark matter

density by a factor of O(107!), as measured before stars form.

2. Stars themselves account for only a O(10~2) fraction of the baryon density, so if
every star ever born formed a black hole, these black holes would account for at
most a O(1073) fraction of dark matter. Moreover, in reality, only a O(1073) frac-
tion of stars produce black holes, so stellar evolution is not an efficient mechanism

for black hole production.

3. Stars form fairly late in the scheme of cosmic history. Star formation peaked at
redshifts 2 < z < 3, whereas the dark matter density is already well characterized

by cosmological probes at the epoch of recombination (z ~ 1100).

From these three challenges, we learn that any mechanism capable of producing enough
black holes to account for dark matter must begin with a sufficiently large reservoir of
energy density, must efficiently convert that energy density into black holes, and must
produce black holes at extremely early times. Any such mechanism relies on ingredients
that lie beyond the Standard Models of particle physics and cosmology.

Perhaps the most exciting mechanism is also the simplest: the formation of
primordial black holes (PBHs) by the collapse of density perturbations in the early
universe. If the power spectrum of density perturbations after inflation has a large
amplitude at very small scales, which are not well constrained observationally, such
perturbations would collapse directly into black holes with no need for the intermediate
steps of stellar evolution. This was first envisioned over fifty years ago by Zel’dovich

& Novikov [6]. Since then, many inflation models have been proposed that provide
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the requisite shape to the power spectrum, predicting a population of primordial black
holes. Here the word primordial is surely appropriate, referring to black holes produced
directly by the physics of the inflationary universe. However, as numerous formation
mechanisms have been proposed [6-9], the term has come to apply to black holes formed
by any non-stellar mechanism at early times.

Can PBHs constitute the entirety of DM? This was a widely acknowledged
possibility for decades following the initial proposal, with a healthy competition be-
tween WIMPs and MACHOs (MAssive Compact Halo Objects). Interest in MACHOs
declined with the advent of powerful limits from microlensing (e.g. Ref. [10]). But the
parameter space of PBH dark matter is quite broad: in principle, such black holes could
be extremely massive, or microscopically small, or indeed any combination of masses
across this spectrum. This parameter space has never been fully closed by even the most
aggressive interpretation of observational data. Interest in PBHs surged after the de-
tection of the first gravitational wave signatures from black hole binaries: Refs. [11, 12]
immediately pointed out that these observations are consistent with PBH mergers, given
the status of independent constraints on the PBH population.

The current enthusiasm for PBHs is doubtless driven in part by waning op-
timism for WIMPs, and in part by the availability of new tools to study black holes.
In light of these developments, the level of tuning in typical PBH DM models seems
less garish. Still, PBHs are undeniably an attractive DM candidate: they automatically
satisfy all of the requirements for DM, with their properties determined by gravity, and
their formation requires no new fields apart from the inflaton. In a sense, PBHs are the

result of a macroscopic analogue of gravitational particle production.
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Indeed, the distinction between black holes and elementary particles is some-
what arbitrary. It is tempting to think of black holes as composite objects, with an
internal structure composed of more fundamental constituents. But the lesson of no-
hair theorems is precisely the opposite: to our perspective as external observers, black
holes have essentially no internal structure. With few exceptions, stable black hole
solutions are fully characterized by mass, spin, and U(1) charges. What, then, is the
difference between a black hole and any other particle? The key feature is the presence
of a horizon, which is natural for objects with mass above the Planck scale. It is amus-
ing to compare a particle’s Schwarzschild radius, 2GM/c?, with its reduced Compton
wavelength, ii/(Mc). The former exceeds the latter—i.e., the particle can be localized
on a length scale smaller than its Schwarzschild radius—only when M > Mp;/v/2. This
heuristic suggests that any elementary particle with a mass above the Planck scale ought
to exhibit a horizon, and thus behave exactly like a black hole, further blurring the line
between black holes and particles. For our purposes, the key implication is that PBHs
are the most natural extension of “particle” DM to macroscopic scales.

We will shortly quantify the actual status of bounds on the total abundance
of PBHs. For now, it is sufficient to point to three mass ranges in which bounds are

absent or less robust:

1. 102-10° M: constraints in this range are based on dynamical disruption of wide
binary systems and CMB distortion due to energy injection from black hole accre-
tion. The dynamical constraints depend on the modeling of particular systems,
and their validity has been disputed. The accretion constraints are based on

spherically-symmetric, quasi-static accretion flows that are known to be unrealis-
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tic at larger masses. This situation was part of the motivation for the conclusions
of Refs. [11, 12]. Refinement of these accretion bounds is one goal of my ongoing

work.

. 1071610712 M,,: previously-claimed bounds from microlensing in this regime have
been completely erased by two effects. First, the size of the black hole horizon
becomes comparable to the wavelength of the light being observed [13, 14]. Sec-
ond, the angular sizes of the light sources being lensed are typically larger than
originally assumed [15]. All of dark matter can be composed of PBHs in this mass

range alone.

. Mp) (10738 M) and below: constraints on very low-mass PBHs are based on the
physics of black hole evaporation. However, at the Planck scale, quantum gravity
effects cannot be neglected, and semiclassical predictions for the evaporation rate
become unreliable. If evaporation slows down or stops in this regime, as some
models suggest, then remnants of evaporating black holes could be stable enough
to constitute cosmological dark matter. We will explore one potential observable

of this scenario shortly.

There is thus plenty of room for PBHs as a DM candidate. However, it is

important to note that the discovery of a population of PBHs would carry enormous

implications even if these objects account for a negligible fraction of DM. PBHs have

long been studied as a potential signature of BSM particle physics [16-18]. They have

been invoked as candidates for the origin of the baryon-antibaryon asymmetry [19-24],

the production of particle DM [19, 21, 24, 25], the source of high-energy photon and
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cosmic-ray positron emission [26, 27|, and the constituent per se of cosmological DM
[28-33].

More poetically, PBHs are messengers from the early universe. The conditions
of the early universe before the epoch of big bang nucleosynthesis (BBN) are effec-
tively screened from us today by thermal equilibrium. The attractor nature of thermal
equilibrium prevents us from accessing information about the state of the Universe at
higher temperatures. But a population of PBHs is never in equilibrium. As stable,
non-annihilating “particles” with masses well above the temperature of the surrounding
thermal bath, the properties of the PBH population would retain sensitivity to the con-
ditions of the universe at the epoch of their formation, typically far earlier than BBN.
If observed today, PBHs would serve as a probe of the high-scale physics which sets the
conditions of their formation [16].

Given the remarkable potential of PBHs as a stepping stone to new physics,
and given the new tools available to study them, this is a crucial moment in which
to understand the prospects for and routes to their discovery. In the following chap-
ters, we explore the possibilities in three steps. First, in Chapter 1, we develop the
mathematical technology to determine the overall bounds on the PBH abundance, and
discuss the implications for the status of PBHs as a DM candidate. Next, in Chapter 2,
we explore the capture of PBHs in stellar systems and associated observables. Finally,
in Chapter 3, we return to the possibility of microscopic PBH remnants, and demon-
strate an opportunity to detect these objects in terrestrial laboratories—and many of
the conclusions from this discussion will apply equally well to ultraheavy particle DM.

One obvious question will not be treated in these three chapters: can we
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identify a population of PBHs using gravitational wave observatories such as LIGO? We
will defer this question to Part II, where we will discuss other opportunities associated

with cosmology and gravitational waves.

17



Chapter 1

Bounding the abundance of primordial

black hole dark matter

1.1 Introduction

First, we consider the question of how to bound the total abundance of PBHs.

Depending on the formation mechanism, PBHs may exist today with masses as
small as 10716 M), or as large as those of supermassive black holes. Thus, constraining
the total density contained in PBHs requires the combination of constraints that span
this vast range of mass scales. Such observables include microlensing surveys [10, 13, 34,
35], CMB data [36], and the statistics of wide binaries [37]. In general, constraints from
these observables have been computed under the assumption that all PBHs have the
same mass. The corresponding mass functions, comprising a single Dirac delta, are said
to be monochromatic. However, as realistic production mechanisms necessarily result

in an extended (non-monochromatic) mass function, it is essential to correctly combine

18



constraints across all masses.

This problem has recently been studied by several authors [38—40]. In general,
the constraints depend non-trivially on the functional form of the mass function, and
statements about the implications of constraints for properties of the PBH population
can be difficult to generalize. In particular, the total fraction fppy of dark matter that
may be accounted for by PBHs varies with the form of the mass function, so fppg =1
is ruled out for some forms of the mass function, and allowed for others. This has
led to confusion regarding the observational viability of the PBH dark matter scenario,
and while prior work has established procedures for comparing specific extended mass
functions with observables, general statements regarding the allowed total fraction of
dark matter in PBHs are lacking.

Depending on the set of constraints considered, observational data may or
may not already rule out fppy = 1 for monochromatic mass functions. Since the
many constraints span a wide mass range, and since several do not overlap significantly,
some authors have argued that broadening the mass function might relax constraints
on PBHs [41, 42], possibly allowing for fppy = 1 even if that possibility were excluded
by constraints for monochromatic mass functions. However, [39, 40] have evaluated the
constraints numerically for several forms of extended mass functions, and found that ex-
tended mass functions are typically subject to stronger constraints than monochromatic
mass functions.

These findings motivate the question we now pose: what is the theoretical
maximum density of PBHs permitted by constraints for a fully general mass function?

Our goal is ultimately to clarify the observational status of PBH dark matter, and
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to understand the circumstances under which extending the mass function can relax
constraints. We also seek a procedure which is flexible and simple enough to allow us
to compare results for different sets of constraints, and to elucidate the dependence of
the maximal density on the form of the constraints themselves. To that end, we derive
the form of the mass function which optimizes the density subject to all observational
constraints combined. This allows us to obtain a general bound on the density of
PBHs with minimal numerical computation, independently of the true form of the PBH
mass function. Note that we do not propose a new prescription for the evaluation of
constraints for a given extended mass function. Rather, we maximize the PBH density
subject to constraints as evaluated using existing methods from the literature. The
maximal-density mass functions we derive then provide insights into the overall impact
of each individual observable.

This chapter is organized as follows. In Section 1.2, we establish conventions
and notations, and review the application of constraints from the monochromatic case to
extended mass functions. In Section 1.3, we present a pedagogical derivation of our main
results regarding the maximum density of PBHs, and we apply them to current data.
We consider the impact of gravitational wave constraints separately in Section 1.4. We
discuss these results in Section 1.5 and conclude in Section 1.6. Finally, in Appendix A,

we validate our analytical results with direct numerical techniques.

1.2 Interpreting constraints for extended mass functions
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1.2.1 The interpretation problem

Applying observational constraints to generic extended mass functions is non-
trivial. It is not sufficient to check that the mass function does not intersect constraint
curves, as experiments are typically sensitive to the integral of the mass function in
each of a set of mass bins. Thus, most constraints are only trivial to interpret for

monochromatic mass functions, i.e., mass functions of the form

Ymono (M(];f()?M) E,7005(]\4_]\40) (1'1)

whose integrals are non-zero in only one bin. In this case, an observational constraint
curve fmax(M) imposes the requirement that fo < fmax(Mp). Transforming such con-
straints to the parameter space of a more general extended mass function involves
summing contributions to observables from all mass bins. Multiple prescriptions for
this procedure have been used in the literature.

The earliest systematic treatment of constraints for extended mass functions
is due to [29]. They divide the mass range into N bins I, ..., Iy, approximating the
constraint functions as step functions on these bins. Within each bin, only the strongest

constraint function fi,ax(M) is considered. A mass function v is excluded if

/I AMD() > s fvas (M) (1.2)

for any k. This prescription is used by [38] to numerically transform observational
constraints to the parameter space of a lognormal mass function. Their findings suggest
that broadening the mass function does not generally relax constraints. However, as [38]

treat the problem computationally, it is difficult to determine the relevance to their
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results of any particular constraint, or of the lognormal form of the trial mass functions.
This provided partial motivation for the analysis of [39], who obtain similar numerical
results for several additional constraints and forms of the mass function. Further, [39]
derive a more rigorous prescription for transforming observational constraints to general
extended mass functions. We review their derivation in Section 1.2.2.

Similar questions motivate the recent analysis of [40]. Rather than develop a
prescription for translating constraints for monochromatic mass functions to suit a given
extended mass function, the authors develop a prescription for converting the extended
mass function into a set of monochromatic mass functions, each accounting for the
contribution of the PBH population to one observable. The extended mass function is
then subject to each constraint as it applies to the corresponding monochromatic mass
function. This approach is used to constrain the parameter spaces of lognormal and
power law mass functions, with results similar to those of [38] and [39].

Our methods bear some similarities to [40], in that we also find it sufficient to
work with sets of monochromatic mass functions. However, the monochromatic mass
functions we consider have a different interpretation, as discussed in Section 1.3.3. Our
goal is not to place constraints on any specific extended mass function, but rather to
place bounds on PBH dark matter while allowing complete freedom in the mass function.
Thus, our formalism is structured around the maximization problem, and we use our
results to study both the current status of the PBH dark matter paradigm and the

potential impact of future observables.
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1.2.2 Constraint prescription

In this chapter, we seek a general result for the maximum allowed fraction of
dark matter in PBHs, independent of the form of the mass function, and in a form that
elucidates the relevance of each observable. As such, it is necessary that we adopt a
prescription for constraining a given mass function that allows for multiple simultaneous
constraining observables, a requirement most naturally satisfied by that of [39]. Their
prescription is thus the basis for our analytical work. We numerically confirm that
similar results are obtained under the prescriptions of [40] and [29] (see Appendix A.2).

We follow [39] to convert constraints for monochromatic mass functions to
constraints for extended mass functions. We denote the mass function by ¢ and adopt

their normalization and conventions, such that

dn
dM’

W o M / AM (M) = oo _ fpBH (1.3)

OQpm

where n is the number density of PBHs at fixed mass. Most observables that can
constrain primordial black holes are determined by the properties of single black holes,
with no need to consider relationships between them. In such a case, an observable
quantity A receives a linear combination of contributions from each mass bin, and
the contribution from black holes of mass M is proportional to ¥(M). As such, the

observable can be written as a functional of v in the form
AlY] = Ao + /de(M)Kl(M). (1.4)

We note in passing that there are some observables for which relationships

between black holes are significant. For example, gravitational wave observations of
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mergers are dependent on the properties of pairs of black holes, and so one must combine
contributions from pairs of mass bins. In the simplest case, where the contributions scale
linearly with number in each mass bin, such an observable can clearly be written in the

form
Al = Ao + /de(M)Kl(M) + /deM'q/J(M)w(M/)KQ(M, M) (1.5)

and one can always express a generic observable by including higher-order terms of this
form. Note that higher-order terms also account for non-linear dependence of A on v at
fixed mass. For example, an observable which scales as ¢(M)? can be expressed exactly
at second order by setting Ko(M, M') oc 6(M — M').

We study the potential impact of gravitational wave observations in Section 1.4.
All of the other constraints that we consider in this chapter are of the simplest kind, and
we will find Eq. (1.4) sufficient. In this case, it is straightforward to relate constraints
for a monochromatic mass function to constraints for a generic mass function, and we
briefly review the argument given in [39]. Let ¥mono(Mo; M) = fmax(Mo) 6(M — M),
where fiax(Mp) is the largest coefficient allowed by constraints for a mass function of
this form. If we take (M) = Ymono(Mop; M) in Eq. (1.5), we obtain

A [¢mono] - AO

Kl(MO) - fmax(MO)

(1.6)

Suppose that the difference A[1)] — Ay is observable with the desired significance when
A[p] crosses a threshold value Agps. Then A[thmono] = Aobs by definition of fiax,
so Eq. (1.6) gives K1(M) independent of 1. Substituting for K;(M) in Eq. (1.5) while

leaving 1 generic gives the condition

Cly] = /de <1 (1.7)
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This expresses the constraint on a mass function (M) when the constraint for a

monochromatic mass function is [ dM Ymono(Mo; M) < fmax(Mo).

1.3 The optimal mass function

1.3.1 Single-constraint case

For pedagogical purposes, we first consider the case of a single constraining
observable. For such situations, when all observables can be expressed in the form
of Eq. (1.4), the constraint on the mass function has the form C[¢p] < 1, with C[y]
as defined in Eq. (1.7). The problem is then to maximize [ dM (M) subject to this
constraint. The optimal mass function saturates the constraint, so it suffices to require
Cly]=1.

Naively, this problem looks as though it can be solved using the method of

Lagrange multipliers, by finding stationary points of the functional

S[, 2] = /dM <¢(M) _ A%) (1.8)

However, the Euler-Lagrange equation in 1 admits no non-trivial solutions. This is
because [dM (M) can be made arbitrarily large, even subject to C[¢)] = 1, unless
(M) > 0 is imposed. Positivity can be imposed by setting 1) = ¢*¢ and performing an
unconstrained optimization in ¢, but the corresponding Euler-Lagrange equation leads
to the condition that ¢ is, at every point, either zero or non-analytic.

The variational approach does not generalize to the case of multiple constraints,
so we do not pursue it any further. Rather, we observe that since C[t] is linear, we have
C[C[w]_lw] = 1. Thus, we can impose C[¢)] = 1 by rescaling 1 — C[¢)] "', and then
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the problem is to maximize the functional

_ [ dM (M)

= )
J M 255

Mgl = [ dar (€l o) (L.9)

subject only to positivity. We call M[v)] the normalized mass of 1.
It is now simple to show that M|v] is maximized by taking 1) to be a monochro-

matic mass function. Let Myax = argmax fmax(M) and frono = fmax(Mmax), and define

¢0(M) = fmono 5(M - Mmax) (1.10)

so that ¢y(M) is the monochromatic mass function which maximizes the PBH density,
and fuono is the maximum PBH density allowed for a monochromatic mass function.
Choose any mass function ¥ = 19+ d¢. Since g vanishes everywhere except for M ax,

positivity of i requires that ¢ (M) > 0 for all M # Myax. Then we have

_ J AM [1po(M) + 89 (M)]
J AM [1po(M)/ frnax (M) + 63 (M) / fmax (M)}

M) (1.11)

Since v saturates the constraint of Eq. (1.7), we must have [ dM [¢o(M)/ fmax(M)] =1

and [ dM vo(M) = fmono, SO We write

_ Jmono T fdM o(M)
MU = T T QM 500D fe (31 (1.12)
but fmax(M) < fmono by definition, so we have
M[w] o fmono + fdM(Sd}(M) < fmono + fdM(S’QD(M) (113)

1+ [dAM (M) / fmax(M) — 1+ [dAM 6¢(M)/ fmono Jamono-
Thus we have shown that M[¢)] < fmeno = M[t], so no functional form allows a higher
total PBH density than does the Dirac delta. In particular, for fixed PBH density, we

conclude that an extended mass function is always more strongly constrained than the
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optimal monochromatic mass function. While this will not hold for the case of multiple
constraints, it remains an excellent approximation if the constraints are weakest by far

in a mass range where a single observable dominates.

1.3.2 Combining constraints

Realistically, the single-constraint case is too simplistic. In general, a mass
function is ruled out on the basis of a x? test statistic. If PBHs are constrained by
multiple observables A;, then the test statistic is found by adding the individual X2

statistics in quadrature. That is,

N N ) . N2
QUEDBEDD (AJ a U.A‘*’S’”) - (1.14)
j=1 j=1 J

To fail to reject ¥ at some significance level requires that XQWJ] < ~2 for some threshold

value 72, i.e.,

N 2
Ky (M
> </sz/)(M)1’J( )> <1. (1.15)
—1 Y04
J
If we set N = 1, this reduces to
Ki1(M
/dM@Z)(M)l’l() <1 (1.16)
o1

so matching with Eq. (1.7) gives K1 j(M)/(v0;) = 1/ fmax,j (M), where fiax j(M) is the
analogue of fiax(M) for the jth constraint alone. For general N, [39] show that the

constraint takes the form
N 2
Y(M) )
dM ——~2 ) < 1. 1.17
2 (Jow 7 500) < (117

Since the individual constraints are added in quadrature, the argument applied to the

single-constraint case does not extend to the case of multiple constraints, and indeed,
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there are cases in which the density is not maximized by a monochromatic mass function.
However, we will show that the maximizer is in general a linear combination of N

monochromatic mass functions.

1.3.3 The general problem

For the case of several constraining observables, one has IV constraint functions
denoted by fmax,1;-- - fmax,n. For brevity, we define g;(M) = 1/ fmax,;(M), and by

analogy with Eq. (1.7), we define

@Mzﬁwwm%w» (1.18)

Then the problem is to find ¢ to maximize

JAM (M) [ AM (M)
(ZN:1 Cj[¢}2)1/2 ICl]]]

where C[t)] denotes the vector with components C;[¢)]. We define frax a1 = max M[)].

My] =

(1.19)

Since rescaling ¢ does not change M|¢], we can always set [ dM (M) =1,
and then the problem is equivalent to minimizing ||C[¢]|| subject to this constraint. For

convenience, we cast the integral in discrete form, writing

N /Q 2
IC[volll* = Z ( akgj(Mk)> =
—1

2

Q
> arg(My) (1.20)
k=1

where (@ is not restricted to be finite. Thus, the problem is to minimize the norm of a
sum of apg(Mj) for some {Mj}r=1,. ¢, subject to our normalization condition, which
now takes the form Zgzl ar = 1. Geometrically, this is the same as minimizing the

norm over the convex hull of the g(M), i.e., to compute

min {||x|| | x € conv{g(M) | M € U}} (1.21)
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where U is the mass range under consideration. We henceforth denote conv {g(M) | M € U}
by conv(g). Since the minimizer is the projection of the origin onto a convex set, it is
unique in the sense that any optimal mass function ¢ must have the same C[¢]. This
does not require that the minimizing mass function is itself unique.

Such a geometric formulation simplifies the interpretation of the problem. In
particular, the result for the case of a single constraint is now immediate: the convex
hull is 1-dimensional, so the point with minimum norm is simply the minimum value of
g(M). The corresponding mass function is monochromatic, with a peak at argmin g(M).
It is also clear that the monochromatic mass function is not generally the minimizer of
the norm in the case of multiple constraints: we have no guarantee that ||g(M)|| attains
the minimum of the norm on conv(g) for any single M.

Still, minimizing the norm over the convex hull of a discretization of g(M) is a
simple computational problem, and it is easy to validate the result. We find an optimal

mass function in three steps:

1. Choose a discretization of g(M) of the form G = {g(M1),...,g(Mg)}. We choose
the My, using adaptive sampling to capture features of the constraint functions as

precisely as possible. The convex hull of G is now a polytope A.

2. Find the point ppin € A with minimum norm. We implement the algorithm of [43],
which requires only the extreme points of A as inputs. To avoid computing the
convex hull in a high-dimensional space, we supply all of the points of G, of which
the extreme points of A form a subset. The algorithm determines the facet S of A

which contains pmin, and gives the barycentric coordinates of py;y in S as a vector

29



3. Define a mass function

Wl

77bop‘c(-1\4) = Z wk(s (M - Mk) (122)
k=1

where g(Mj,) is the kth point of S. Note that g(Mjy,) € G for each Mj, since S C A.
Observe that Cliopt] = ZL"L‘I wig (Mg) = pmin- Thus, 1op is a mass function which
attains the maximum total dark matter fraction. In particular, for any mass function
1, we have M[yp] < M[hopt] = | Prin| ", S0 fmax,all = |Pmin] " is an upper bound
on the fraction of dark matter in PBHs irrespective of the functional form of the mass
function. We will refer to ¢opt as the semi-analytical optimum mass function.

We can now explain geometrically why the maximizing mass function is a linear
combination of no more than N monochromatic mass functions. Observe that for any
g(M), the minimum of the norm must lie on the boundary of the convex hull conv(g),
and since g(M},) € RY, this boundary has dimension at most N — 1. One can construct
an arbitrarily refined triangulation of this boundary formed from (N — 1)-simplices,
each with N points of G as vertices. The minimizer of the norm is a linear combina-
tion of these vertices, each of which is one of the original g(Mjy), corresponding to a
monochromatic mass function. We emphasize that at no step do we impose that the
optimal mass function is a discrete linear combination of a finite number of monochro-
matic mass functions. This is a consequence of the fact that the optimum corresponds
to a point in an (N — 1)-simplex, meaning that this mass function lies in a space which
is spanned by at most N monochromatic mass functions.

Our method is deceptively similar to the procedure of [40], in that we also
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work with sets of monochromatic mass functions. However, the monochromatic mass
functions considered in that work are used only to study the consequences of a given
extended mass function for a given observable. The sum of the effective monochromatic
mass functions corresponding to each observable does not generally give a single mass
function with equivalent consequences for all observables combined. This is appropriate
for the purposes of [40] because they investigate which constraints are most effective for
mass functions of a fixed functional form.

In this chapter, the mass functions we derive maximize the density of PBHs
with respect to all constraints simultaneously. Since the constraints are statistical in
nature, the combination of multiple independent constraints at a single mass is stronger
than any one of them individually. We follow [39] in treating constraints simultane-
ously, and our resulting semi-analytical optima are indeed sums of monochromatic mass
functions. This approach is necessary for our purposes because we investigate which
constraints and mass ranges are most significant for overall constraints on PBH dark

matter, irrespective of the functional form of the mass function.

1.3.4 Results

We perform the maximization explicitly for several sets of constraints. Set A
includes robust constraints from evaporation [28]; GRB lensing [44]; microlensing from
HSC [13], Kepler [34], EROS [35], and MACHO [10]; and CMB limits from Planck [36].
Set B includes dynamical constraints from Segue I [45], Eridanus II [46], and non-
disruption of wide binaries [37]. Set C includes a constraint from white dwarf explo-

sions [47], a constraint from neutron star capture [48] and a recently claimed constraint

31



from SNe lensing in the LIGO window [49]. The constraints from evaporation and from
Planck in A have been estimated differently in the literature, with important conse-
quences for our analysis. Set A itself contains relatively non-restrictive estimates of
these constraints. We incorporate more stringent versions (see Section 1.5) of these
constraints in a set A, which is otherwise identical to A.

We determine optimal mass functions for sets A, A, and all of their combi-
nations with sets B and C. The results are summarized in Table 1.1 and illustrated
in Figs. 1.1 and 1.2. We do not include cosmological constraints on the total matter
density, so these values of fiaxan may exceed 1. In particular, note that all combina-
tions containing A have fpaxan > 1, while all combinations containing A and C have
fmax,an < 1. The set A on its own has marginal status if only monochromatic mass
functions are considered, but clearly frax.an > 1 in this case. With the constraints we
consider in this chapter, fpgg = 1 is always allowed when using the less stringent set

A, regardless of additional constraints.

1.4 Prospects for gravitational wave constraints

Gravitational wave observables are the major exception to the rule that mea-
sured quantities are linear in the PBH mass function in each mass bin. There are several
methods by which gravitational waves might constrain the primordial black hole pop-
ulation. In principle, the simplest constraint arises from present-day measurements of
the black hole binary (BHB) merger rate, but this is weak for two reasons: first, it is

difficult to distinguish primordial black holes from astrophysical black holes, for which
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fmono fmax,all fmaX,GW UW] /M® <M/M®>

A 2717 27.25 2.580 2.259 31.09
AB 1.372  1.965 5.139 0.162 0.009
AC 1.371  1.443 0.566 7.294 1.807
ABC 1371 1.402 2.936 0.220 0.015
A 0.991 1.502 2.171 4.827 1.492
AB 0.991 1.437 11.07 0.221 0.017

AC 0.330 0.484 0.364 7.963 5.430

ABC 0.330 0.405 0.982 0.741 0.182

Table 1.1: Optimal mass function properties for each of several sets of constraints.
The column fono gives the maximum DM fraction allowed for a monochromatic mass
function, and the column f,axan gives the maximum DM fraction across all functional
forms. The column frax,gw gives the maximum DM fraction obtained by scaling the
semi-analytical optimum while remaining consistent with gravitational wave constraints
(see Section 1.4). Also given here are the mean PBH mass and the standard deviation
for the semi-analytical optimum mass function.
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Figure 1.1: The semi-analytical optimum mass function for two sets of constraints.
Constraint functions for monochromatic mass functions are shown in blue (A), red (A),
and green (B). Vertical lines denote the locations of Dirac deltas in the semi-analytical
optimum mass function, with height indicating the weight given to each one. The labeled
constraints are from BH evaporation (evap, [28]), GRB femtolensing observations (FL,

[44]), Hyper Suprime-Cam (HSC, [13]), Kepler (K,
(M, [10]), Segue I dynamics (SegI, [45]), Eridanus II dynamics (EriII, [46]), wide binary

dynamics (WB, [37]), and CMB observables (CMB, [36, 39]).
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Figure 1.2: The semi-analytical optimum mass function for two sets of constraints.
Constraint functions for monochromatic mass functions are shown in blue (A), red (A),
green (B), and yellow (C). Vertical lines denote the locations of Dirac deltas in the
semi-analytical optimum mass function, with height indicating the weight given to each
one. The labeled constraints are from BH evaporation (evap, [28]), GRB femtolensing
observations (FL, [44]), white dwarf explosions (WD, [47]), Hyper Suprime-Cam (HSC,
[13]), Kepler (K, [34]), EROS-II (EROS, [35]), supernova lensing (SNe, [49]), MACHO (M,
[10]), Segue I dynamics (SegI, [45]), Eridanus II dynamics (EriII, [46]), wide binary
dynamics (WB, [37]), and CMB observables (CMB, [36, 39]).
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a variety of additional physical mechanisms may affect the merger rate; and second, the
observed merger rate is sufficiently uncertain as to be compatible with a wide range of
PBH dark matter models [11, 50].

An alternative method is to search for the stochastic gravitational wave back-
ground from primordial density fluctuations associated with inflationary production
mechanisms [51]. However, such constraints are only effective within the context of this
class of formation models, and within such a limited scope, our level of generality is
excessive. Here it is sufficient to consider the mass functions that can be reasonably
produced by such formation mechanisms, and constraints for such mass functions have
been treated elsewhere in the literature.

A third technique is to search for the stochastic gravitational wave background
due to BHB mergers throughout cosmic history [52]. While such an approach may
ultimately produce strong constraints, there remains a great deal of uncertainty in
modeling the merger rate, particularly for extended mass functions. This problem has
only recently been treated in the literature [53, 54], and the resulting constraints may
not be robust. Still, it is useful to estimate these constraints, even imprecisely, in order
to determine their relevance in the case of our semi-analytical optimum mass functions.

We now consider constraints from the non-detection of a stochastic background
of gravitational waves from BHBs throughout cosmic history. This background is qual-
itatively different from all other observables considered in this chapter, since it has
complicated non-linear dependence on the mass function. This means that determining
constraints on a general mass function is non-trivial. In particular, one needs to include

the higher order terms in the expansion of Eq. (1.5), and the analogue of Eq. (1.6) is
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then

A [wmono] - AO

fmax(MO) (123)

> Kn(Mo, ..., M) =
n=1

which does not constrain off-diagonal values of the kernels K,,. Thus, gravitational wave
constraints on the parameter space of monochromatic mass functions are insufficient to
determine constraints on an extended mass function, even when the functional form is
specified. This reflects the fact that gravitational wave constraints on extended mass
functions are inherently model-dependent, in that one must determine the contribution
to the background from binaries whose partners have unequal masses.

The results of [53] provide a simple method for estimating the stochastic grav-
itational wave background given a particular mass function, which we now review. The

observable characteristic strain amplitude is given by

4A GM-\"? rvaw\-4/3 [ dmy dm
Rvew) = et (950 (M) L dms

e 5/3
3mwl/3 (lOg 10)2 c2 c mi mo Tmerge (ml, ’I?’Lg) Mc

(1.24)
where A; ~ 0.7642H; lis a cosmology-dependent constant, vgw is the gravitational
wave frequency, Tmerge i the mass-dependent binary merger rate per unit volume, and
M. = (m1m2)3/5(m1 + mg)_1/5 is the chirp mass. The merger rate is determined by
consideration of the capture rate for formation of PBH binaries, given in the Newtonian

approximation by

2/7 2 10/7 2/7
857 > G?#(mq + mo)' " (mymy) (1.25)

re(m1, ma) = 2mn mi)v
Tcaptu e( 1 2) ™ PBH( 1) PBH (6\/5 (Ure1/0)18/704

where nppp is the local number density of PBHs, vppy is the characteristic velocity
of a single black hole, and v,q; = V2uppn is the characteristic relative velocity of two
black holes. The local number density of PBHs of mass m is parametrized as npgg =
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dpuprsu(m)/m, where pppr(m) is the cosmological average density of PBHs of mass
m and dppy is the local density contrast of PBHs. In particular, in our notation, this

number density is given by

(1.26)

Qrpe
nppa(m) = 5PBHW

Estimates for dppy range from 10° to 1010, In order to estimate conservative constraints,
we henceforth take the relatively low value éppy = 10°.
In terms of the capture rate, the merger rate per unit volume is Terge (M1, m2) =

(frBH/OPBH) Tcapture (M1, m2)nppH(m2). Thus the strain amplitude is given by

h2[Y)(vaw) = (VGW>74/3 C/dm1 dmo Yma) ¥(ma) (mama)?7 (my + mg)?3/2!

c m1 ma2
(1.27)
where C' is a cosmology-dependent factor given by
B 27 20/211702/7:1/7 A, (GM®>5/3 P2 OpBH foBH (1.28)
39/7(log 10)2 c? (vppm/c)/T" '

In particular, the dependence of h?(vgw) on v admits a simple expansion of the form
of Eq. (1.5). If fppy is fixed independently of v, then the only non-vanishing term has

the form [ dmj dmg ¢ (m1)Y(ma) Ka(mi, ms), with

—4/3 (ml + m2)23/21

(m1m2)5/7

Kay(myi,mg) =C <VGW)

. (1.29)

Note that Ky varies with vgw, reflecting the fact that measurements of h.(vgw) at
each frequency rgw are independent. Thus, if the instrument used has sufficiently
high frequency resolution, a large number of independent constraining observables can

be measured, meaning that the maximizing mass function need not resemble a linear
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combination of a small number of monochromatic mass functions. In this case, direct
numerical methods are necessary to determine the maximum density of PBHs.

It would be inappropriate to perform a full numerical optimization within our
framework, since there are considerable theoretical uncertainties in the determination
of merger rates. However, we can estimate the potential impact of gravitational wave
constraints by checking compatibility of our optimal mass functions with existing grav-
itational wave observations. This serves to indicate the potential for future modeling
work to constrain the PBH population: if the semi-analytical optimum for a given set of
constraints is already consistent with gravitational wave observations as well, then we
can predict that the detailed inclusion of this additional constraint will have a minimal
impact on fiax all-

Current alLIGO bounds on h.(vgw) are strongest at vgw ~ 100 Hz, and we
represent the current limit by h.(100 Hz) < 10722, Given a functional form for the mass
function 1, we can compute the maximum fppy for which h.[¢)](100 Hz) satisfies this
bound. We denote this maximum by frax,gw, and the values of frax,gw for our semi-
analytical optima are shown in Table 1.1. Of the sets of constraints we consider, only
sets AC and AC have fmax,cw significantly less than one. This is to be expected, since
the maximizing mass function in both of these cases has a large variance: [53] show that
the gravitational wave background is strongly enhanced as the variance is increased. In
the case of set AC, we have frax,aw ~ fmaxan < 1, meaning that the overall maximum
is minimally impacted by gravitational wave constraints. In particular, fpgg = 1 is
ruled out regardless.

Only set AC has fnax,aw < 1 < fmaxal, which, in general, is difficult to

39



interpret: in principle, there may be a different form for the mass function which relaxes
gravitational wave constraints, retains fpgyg > 1, and remains consistent with the other
constraints we consider in this chapter. A simple way to check this is to consider
the maximizing monochromatic mass function, for which gravitational wave constraints
should be relaxed compared with the high-variance semi-analytical optimum. Indeed,
there is a monochromatic mass function which satisfies all non-gravitational constraints
in set AC with fppa = 1.371, and we compute fpaxgw > 10 for this mass function.
Thus, while it may not be possible to attain fiaxan in this case without violating
gravitational wave constraints, fpgy = 1 clearly remains allowed. As such, the addition
of gravitational wave constraints does not change the overall status of the PBH dark
matter paradigm for any of the constraint sets we consider. This reflects both the
current status of observations and the large uncertainties in modeling the background.
However, future experiments are expected to improve limits on h.(vgw) by 2—4 orders
of magnitude, which would be sufficient to rule out all of the mass functions represented

in Table 1.1 even under fairly conservative assumptions.

1.5 Discussion

With the maximization procedure introduced in Section 1.3.3, it is simple to
determine the maximum PBH density consistent with constraints. We stress that this is
a bound that applies for mass functions of all forms. Thus, given a set of observational
constraints, we can determine a model-independent bound on the density of PBHs.

Our results quantify, for the first time, the risks of using monochromatic mass
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functions to assess the overall status of the PBH dark matter paradigm. So long as
one window in the constraint functions is much less constrained than all others, the
difference between fiaxan and fmono is generally very small. Set A is a clear example
of such a case, and the correction is of order 0.1%. On the other hand, if PBHs are
constrained to a similar extent in multiple windows, the correction can be large. The
most dramatic example is provided by set A, for which fiaxan is larger than fiono by
~50%. We conclude that, at worst, the bound on the total PBH density is related to
the monochromatic bound by an O(1) factor.

The optimal mass functions themselves (Figs. 1.1 and 1.2) do not correspond
to any well-motivated production scenario that we are aware of, and we certainly do not
claim that the maximal density can be attained by producing PBHs monochromatically
at a discrete collection of masses spanning 15 orders of magnitude. Instead, the panels
of Figs. 1.1 and 1.2 should be interpreted as a tool to relate monochromatic constraint
functions to their impact on the allowed total density of PBHs. In particular, an imme-
diate and non-trivial conclusion that can be drawn from the figures is that the addition
of any new constraint which does not overlap the peaks of the optimal mass function
will not reduce frax,all-

Further, the functional form of the optimal mass function clarifies the depen-
dence of constraints on the variance of the mass function. In the single-constraint case,
we showed that an extended mass function never outperforms the optimal monochro-
matic mass function. Indeed, in this case, increasing the variance of a narrow mass
function will only relax constraints if f,.x is concave-up in the mass range of inter-

est, i.e., if the monochromatic mass function under consideration is not the optimal

41



one. When multiple constraints are considered, the relationship between the variance of
the mass function and the allowed density is less obvious. Our semi-analytical optimum
mass functions all exhibit some non-zero spread, and they definitively allow higher PBH
densities than any zero-variance (i.e., monochromatic) mass function. However, extend-
ing a monochromatic mass function only slightly, without overlapping additional points
of the semi-analytical optimum mass function, is not useful for relaxing constraints. In
this respect, our findings are consistent with those of [39, 40].

The most substantial differences in fiaxan arise from differences between A
and A. Set A contains more stringent forms of constraints from CMB anisotropy and
PBH evaporation. The CMB constraint is strongly dependent on modeling poorly-
understood accretion processes. Both versions of the constraint used in this chapter are
drawn from [36]: the version in set A is obtained by considering only collisional ionization
of the accreted gas, while the version in set A is obtained by including photoionization
as well. The evaporation constraint is sensitive to uncertainties in the spectrum of
extragalactic background radiation. We adopt the extreme cases considered by [39],

with the relaxed form contained in set A and the more stringent form in set A.

1.5.1 Relative impact of constraints

The values of fiaxan in Table 1.1 demonstrate that the present observational
status of PBH dark matter is strongly dependent on the constraints adopted. However,
to rule out fppp = 1, it is necessary to both take the more stringent constraints A
in place of A, and to include at least one of the constraints from set C: supernova

microlensing [49], neutron star capture [48], and white dwarf explosions [47].
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The supernova microlensing constraint is the most recent of those we consider,
and its robustness is the subject of ongoing discussion in the literature [see e.g. 50].
We note that this constraint is dominant in the LIGO window only when dynamical
constraints from set B are neglected, so the addition of this constraint alone to set
AB or AB will have a small impact on fiaxan. The constraint from neutron star
capture is also subject to astrophysical uncertainties, since it is dependent on the dark
matter density in the cores of galactic clusters [48]. We consider the relatively restrictive

constraint obtained by taking ppy = 10* GeVem™3.

The strength of the constraint
scales linearly with ppn, and more conservative estimates take ppy smaller by an order
of magnitude or more. However, this constraint is most effective in a window shared
with constraints from white dwarf explosions, so even if one of the two is subject to
substantial uncertainties, the effect of set C on fiax an remains large.

The form of the optimal mass function allows us to rapidly identify the po-
tential impacts of prospective constraints from future observations. For instance, con-
straints on intermediate-mass black holes with M > 102 M, are already strong enough
that our semi-analytical optimal mass functions are negligibly small throughout this
region. Thus, the identification of additional dynamical systems that might tighten
constraints in this region will not affect the overall bound on the PBH density at a level
greater than one part in 10%. On the other hand, GRB femtolensing limits lie in a mass
range where some of the semi-analytical optima have a large peak, and strengthening
these constraints will have an immediate impact on the overall bound. In particular,

upcoming Fermi GRB observations are expected to substantially strengthen constraints

in this window, improving by a factor of five after 10 years of operation [55]. These
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results may ultimately rule out the PBH dark matter paradigm, with the exception of
non-evaporating Planck-mass relics.

Constraints from gravitational wave observations are a special case, as they
do not admit the linear interpretation that we take for the impact of extended mass
functions on other observables. Further, the strain amplitude at each frequency is
sensitive to PBHs in a wide range of masses. Thus, it is not trivial to predict the effect
of future gravitational wave constraints on our overall bound without direct numerical
optimization. However, constraints from LISA and DECIGO [see e.g. 56] will eventually
be capable of ruling out all of our semi-analytical optima, potentially lowering the upper

bounds we set in this chapter.

1.6 Conclusions

We have found the form of the mass function which maximizes the PBH density
subject to observational constraints, and we have used this to calculate an upper bound
on the fraction of dark matter in PBHs. Depending on the constraints adopted, we find
fmax,an as large as 27.25 (set A) or as small as 0.405 (set ABC). The scenario in which
all dark matter is composed of PBHs is ruled out by stringent limits from evaporation
and Planck if combined with the constraints from white dwarf explosions, neutron star
capture and SNe lensing (set C). However, if relaxed constraints from evaporation and
Planck are adopted, PBH dark matter is not ruled out by the addition of any other
constraints we consider in this chapter. Estimated gravitational wave constraints do

not affect these conclusions at the sensitivity of current instruments.
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Our method provides a fast and robust technique to determine the total allowed
density of PBHs given a set of constraints (fmaxan), independent of the form of the
PBH mass function. The optimal mass function itself allows an easy test of the impact
of additional constraints on fpaxan. While the optimal mass function is not exactly
monochromatic, it is very nearly so for realistic constraints. The optimal mass function
corresponding to each set of constraints we consider is approximately monochromatic,
with additional components scaling the total allowed fraction by no more than an O(1)
factor. Our results explain the findings of [39, 40] that extended mass functions are
generally more strongly constrained than monochromatic mass functions, and confirm
that the monochromatic maximum density fiono is a good approximation of the allowed

density across all mass functions.
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Chapter 2

Primordial black holes

in extrasolar systems

2.1 Introduction

In this chapter, we turn to a different aspect of PBH phenomenology: the
prospect of PBH capture in binary systems.

The future of cosmology and particle physics rests heavily on new astrophysi-
cal probes. A growing cast of observational programs offers numerous opportunities to
test new physics, even with tools that were designed for entirely different purposes. In
particular, new instruments and observational methods have led to surging interest in
extrasolar planetary systems within the astronomy community [57-62], with potential
implications for beyond-Standard-Model (BSM) particle physics. Several recent pro-
posals demonstrate that exoplanets and other small bodies can sensitively probe BSM

scenarios, including e.g. dark matter (DM) interactions [63] and new long-range forces
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[64]. In this chapter, we study the prospects for using these systems to detect primordial
black holes, i.e., black holes that formed at early times from mechanisms besides stellar
collapse.

Many PBH searches are designed to target rare but distinctive signatures. In
particular, a single object can be identified as a PBH if it lies outside the mass range
achievable by stellar collapse, providing clear evidence of new physics and defining a clear
direction for subsequent DM searches. Amid this context, it is critical to understand
the various astrophysical environments in which one might expect to find PBHs.

If PBHs do make up a significant fraction of cosmological DM, then they
should be scattered throughout our galactic DM halo, with a comparable phase space
distribution. For particle DM, the phase space distribution is generally sufficient to
determine any observable at any time. However, for PBHs, many observables of interest
are discrete events that are rare on the timescale of observations. For instance, lensing
events [10, 13, 65, 66] or low-mass PBH mergers [9, 67-69] would each occur infrequently
during the corresponding observations. While the time-averaged rate of such events is
determined by the DM phase space distribution, the events themselves are stochastic.

In this chapter, we consider a scenario which translates this stochasticity from
the timing of rare events to the distribution of systems in which they occur: we consider
the capture of PBHs into bound orbits in an extrasolar stellar system. If PBHs are
indeed captured in this manner, and if such captured orbits are long-lived, then some
fraction of stellar systems should stably host PBHs at any given time. In the limit
that captured objects are permanently bound, a stellar system would only need one

encounter with a PBH over its entire history in order to host such an object today. In
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particular, this means that the rapidly advancing observational techniques probing the
dynamics of such systems may also provide a new probe of the PBH population.
Capture requires the incoming PBH to lose mechanical energy in order to
become bound to a stellar system. There are several different physical mechanisms that
can lead to such a loss of energy, and these mechanisms can be classified by the sink

that absorbs energy from the PBH:

1. In an encounter with a single other body, the PBH can be rapidly accelerated,

causing it to lose energy to gravitational radiation.

2. In an encounter with a few-body system, the PBH can lose mechanical energy to

one object and become bound to another object.

3. In passing through a many-body system, the PBH can dissipate energy and effec-

tively heat the system.

These energy sinks are each associated with unique phenomenology. In the first case,
gravitational waves from such close encounters are potentially detectable directly [70,
71]. In the second case, if the energy transfer is purely mechanical, then the process
is time-reversible, and the PBH may be ejected once captured. Finally, in the case of
a dissipative process, the deposited energy itself may have observable consequences for
the host system.

Making precise predictions for the population of captured objects is inherently
challenging. In the case of few-body encounters, such processes are governed by a
relatively simple set of parameters, but can nonetheless exhibit complicated chaotic
dynamics. By contrast, the dynamics of many-body processes are comparatively simple,
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but the parameters of these systems are subject to significant astrophysical uncertainties.
In this chapter, we establish order-of-magnitude predictions for the abundance of PBHs
captured by each of the above mechanisms across a wide variety of systems.

Throughout this chapter, we will assume that PBHs make up all of the DM, and
we will assume that their velocities are described by a truncated Maxwell-Boltzmann
distribution. We focus mainly on two classes of objects: first, black holes at masses
near Earth mass Mg, which may account for excess microlensing observations by OGLE
[66], and second, microscopic black holes from 1076 M to 1072 Mg, where current
constraints are ineffective. In particular, at the lower end of this mass range, active
evaporation may make it possible to detect these objects.

This work is organized as follows. We devote one section to each sink of en-
ergy that can lead to captures: in Section 2.2, we study the capture of PBHs due to
gravitational radiation; in Section 2.3, we evaluate the abundance of PBHs captured by
few-body interactions; and in Section 2.4, we study captures that take place via dissipa-

tive dynamics. We discuss our findings and implications for observables in Section 2.5.

2.2 Gravitational radiation in two-body encounters

In this section, we first review basic principles that apply to all captures, and
we then estimate the rate and lifetime of captures due to gravitational wave (GW)

emission.
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2.2.1 Generalities of capture

A capture takes place when a free PBH becomes bound to some stellar system,
i.e., when its total mechanical energy changes sign from positive to negative. This
requires that the object give up energy to the surroundings. Thus, to evaluate the rate
of captures, we can evaluate the cross section for an incoming object to lose an amount of
energy commensurate with its initial mechanical energy. For an object that originates
far from the stellar system, as a free object should, the initial mechanical energy is
simply the initial kinetic energy. Thus, given an initial velocity v, the capture cross
section for a PBH of mass Mppy is just the cross section for the object to lose an amount

of energy greater than its initial kinetic energy:

> docap
Ocap(Voo) = ) dE)oss T (2.1)
5 MpBHVZ, loss

We will assume that PBHs have a velocity distribution like that of halo DM, with

probability density function (pdf) given by

2

Foo(v) o v exp (—L}) O (Vose — ) . (2.2)

0

We take vg = 220km/s and vese = 550km/s. This pdf is an approximate description
of the equilibrium distribution of DM particles—in our case, PBHs—throughout the
halo. Near a point mass like a star, the velocity distribution is modified by the local
gravitational potential. Thus, fs(v) should be treated as the distribution of particles
far from the stellar system. In particular, the existence of a low-velocity tail of the
distribution does not imply that low-velocity objects are “born” captured. However,
per Eq. (2.1), the capture cross section is typically largest for the smallest values of vn,
and in some cases, the low-velocity tail dominates the capture rate.
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Each energy loss mechanism leads to some differential cross section docap/d Eloss,
and thus to some total cross section ocap (Vo). Once these quantities are calculated, the

total capture rate is

Reap = Moo (Tcaploo) = Moo /dv foo(V)Ocap(V)v, (2.3)

where n is the number density of objects far from the system and angle brackets denote
the average over velocities. Some systems can also lose captured objects, particularly
by ejection in few-body systems with conservative dynamics. In this case, the rate for a
particular object to be ejected is independent of the number of objects captured in the
system, so we represent this rate by a single quantity R.;. Thus, in a system with N
objects captured, the rate for any one object to be lost is NR.j. On a sufficiently long
timescale, capture and loss are in equilibrium, meaning that the expected number of
captured objects in a system is (N) = Rcap/Rej. Assuming that Rej < Reap, equilibrium

is attained on a timescale of order teq ~ (N)/Rcap = 1/ Rqj.

2.2.2 Capture cross section from gravitational radiation

We now consider gravitational wave emission as the physical mechanism for
energy loss, and evaluate the expected number of objects that are captured by this
route.

A PBH that undergoes a close encounter is rapidly accelerated, losing a sig-
nificant amount of energy to gravitational radiation in the process. If enough energy
is lost, the PBH can become bound as a result of the encounter. Such a capture can

be much more stable than a capture produced by few-body dynamics. In particular,
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this process can take place in a two-body encounter, or if in a few-body system, it can
take place far from the orbital trajectory of the any third body, minimizing the rate of
subsequent close encounters that could lead to ejection.

To compute the energy lost to gravitational waves, we follow Ref. [71]. We
consider a close encounter between the PBH and a stellar or planetary body S. The

energy loss in the encounter is given by

8  MEgy M3 p(e)
ABew — — PBH""S 7
GW = 15 (Mpgu + Ms)? (e — 1)7/2 % Yoor

(2.4)

where v, is the relative speed at infinity, e is the eccentricity of the inbound orbital

trajectory, and p(e) is given by

1 vez -1
ple) = (e + 1)_7/2 [arccos () (24 +73¢% + %e‘i + 6172 (602 + 67362)>] )

e
(2.5)
The eccentricity can be written in terms of v, and the impact parameter b as
b2v?
e=y 14+ ==, 2.6
* Gtsy? 20

Here we are interested in cases in which the PBH is captured, i.e., in which
AFEgw exceeds the kinetic energy of the PBH at infinity. We are especially interested
in the possibility that the PBH is captured without passing through object S, so that
it does not become captured within object S and settle to the center. Here there is
a very strong dependence on the impact parameter of the encounter, and thus on the
radius of object S. For example, if object S is a Jupiter-like planet, then the energy
loss will be extremely small for all impact parameters that avoid collisions with the

planet. On the other hand, if object S is a compact object like a neutron star, then
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Figure 2.1: Left: Cross section for capture by gravitational wave emission without
collision. A neutron star of mass Mys = 2Mg and radius Ryg = 10km is assumed.
In the gray region, capture without collision is not possible. Right: integrated capture
rate as a function of PBH mass in units of the Hubble rate. The shaded area shows
the region between two neutron star configurations: one with mass Mys = 2Mg and
radius Rxs = 10km, and one with mass Myg = 1 My and radius Rnxg = 15km. These
correspond roughly to the most and least compact neutron stars expected to form
[72]. The dotted black curve corresponds to encounters with a 100 Mg black hole.
Substantially less compact objects such as main-sequence stars cannot capture BHs of
any size at realistic velocities by GW emission.

small impact parameters without collisions are indeed realizable, as discussed in detail
by Ref. [71]. Such captures are stable on fairly long timescales. In particular, for PBH
masses Mppy < 10714 M, these captures survive longer than a Hubble time.
Captures without collision are possible for a bounded range of impact param-
eters. The capture condition AEqgw > %MPBvaO gives a critical impact parameter,
bmax, below which an encounter will lead to capture. While solving for by, is in general

quite complicated, it is a good approximation to set e = 1 in Eq. (2.5), corresponding
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to a free object with minimal kinetic energy. This gives
b2 \? b2 \* b\ Mg\ 72
e=1+(=2) 4O |(=2) |~1+107° Yoo 5 )
GMg 100 km 220km/s 1 Mg

GMg
(2.7)
Taking e = 1 gives a 7th-order polynomial equation in by,,y, which is readily solved semi-

numerically to find the maximal impact parameter for capture. On the other hand, to
avoid a collision, there is a minimum impact parameter: the point of closest approach

in a Kepler orbit, ryy,, is related to the impact parameter by

G Mg bl \ 2
w2 | (@are) ) =

so the minimum impact parameter to avoid a collision is found by setting rpyn = Rg in

Eq. (2.8), where Rg is the radius of the object S. That is, we take

2GM
Dmin = \/Rg 4 26MsRs (2.9)

v
The cross section for capture by gravitational wave emission without collision is then

given by afa\év = T(bmax — bmin)?>© (bmax — bmin). This cross section is shown as a function

GW
cap

of Mpph and v, in Fig. 2.1. As expected, o is larger for small v, but it also
increases moderately for larger PBH massses Mppyg due to the non-linear dependence
on Mpgy in the energy emitted in GWs.

For our cases of interest, i.e., microscopic PBHs and Earth-mass PBHs, capture
by GW emission is exceedingly rare. As shown in Fig. 2.1, the capture rate is extremely
small both at small PBH mass, due to the inefficiency of GW emission, and at Mpgy ~

Mg, due to the very small number density of such objects. Given the sharp dependence

on the lowest velocities, it is possible that a cold feature in the phase space distribution
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of the halo could substantially enhance the capture rate, but typical capture rates are
well below the Hubble rate (inverse Hubble time). Indeed, the capture rate is below the

rate at which captured objects sink to the center of the NS by further GW emission.

2.3 Few-body interactions

It is this sort of temporary capture which concerns us in this chapter. We are
motivated by an apparently simple question: what are the properties of the population of
captured objects in a given binary system? The resolution of this question is relevant to
the study of free-floating exoplanets and their bound counterparts [73-77], for example,
but is also significant for less familiar objects. In particular, it is important for assessing
the population of captured dark matter particles, or for characterising the demographics
of compact objects that might be temporarily captured in observable binary systems,
including the capture of interstellar objects in the solar system [78-84].

The capture of unbound objects into bound orbits by binary systems has been
studied by many authors in widely varying contexts. Three-body capture and ejection
were studied systematically by Ref. [85], who obtained approximate forms for the rates
of these processes in cases where detailed balance can be applied. Subsequently, the
theory of capture and ejection was extended by several authors to study comets in
the solar system [78, 79, 86, 87|, interstellar panspermia [81, 83], and the population
of captured dark matter particles in the vicinity of Earth [88-93]. A comprehensive
account of results and astronomical applications is given by Ref. [94].

Many of these studies are based on the results of detailed numerical simula-
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tions, which make it possible to study the properties of the captured population both
immediately after capture and at late times. However, the results of such simulations
are specific to the solar system. In scenarios involving extrasolar binary systems, it is
important to have a simple description of capture processes that holds for a wide range
of systems and interloper velocities. For such purposes, it is desirable to have a flexible
semi-analytical framework for describing the population of captured objects—not only
the capture and ejection rates, but also the distributions of orbital parameters of cap-
tured objects. Moreover, it is valuable to describe the dependence of each of these on
the parameters of both the binary and the third body prior to capture. Finally, it is
useful to obtain a simple geometric description of the types of encounters that lead to
captures, and to understand the behavior of these captured trajectories at late times.
In this extended section, we develop such a formalism. We focus on captures
resulting from a close encounter between a test particle and the smaller body of a
binary, and we demonstrate that the form of the capture cross section in this case lends
itself well to predictions of orbital parameters and ejection time-scales. In particular,
within certain approximations, we show that the set of impact parameters leading to
captures forms a disc whose parameters can be written in closed form. We use this
result to derive analytical approximations for the capture rate, the orbital parameters
of captured objects, and the ejection time-scale. Our results generalize those of Ref. [79]
and provide an analytical interpretation of the sorts of trajectories studied therein. We
further extend the results to give a simple prescription for the ejection rate of captured

objects as a function of their parameters upon capture.
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Figure 2.2: Left: numerical simulation of a single three-body capture of a test particle
by the sun—Jupiter system. The simulation begins at the red dot. Right: long-term
evolution of the captured object, showing successive changes in the orbital parameters.

2.3.1 The capture cross section

Our goal is to identify the sorts of close encounters in which the incoming
object is slowed enough to enter a bound orbit. In this subsection, we describe the
set of impact parameters leading to captures, and connect this with both the capture
cross section and the distributions of orbital parameters. We first establish our notation
and approximations, which largely follow the presentation of Ref. [79]. The notation is
summarized in Fig. 2.3.

We assume that the binary system is composed of two objects A and B with
masses M4 and Mp, and we take M4 > Mp. We use uxy = GMx to denote the
standard gravitational parameter for any object X, where G is Newton’s constant, and
we denote the distance between any two objects X and Y by rxy. While our formalism
can be naturally extended to accommodate eccentric binaries, we take the orbit to be
circular (e = 0) in this chapter, so that r4p is constant. Unprimed quantities are

measured in the frame of A and primed quantities are measured in the frame of B. We
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assume that a test particle C' is incident from infinity with velocity v, has a close
encounter with object B, and thereafter becomes bound to object A. We write v; and
vy to denote the velocity of C' just before and just after the close encounter.

The state of the binary is described by a single phase A1, and we define A\ = 0
to be the phase such that the A-B axis is parallel to the projection of v, in the plane
of the orbit. We will assume that the time-scale of the close encounter is much smaller
than the orbital time-scale of the AB system so that A\; does not change significantly
during the close encounter, i.e., we work in the impulse approximation. In general, v,
is inclined with respect to the orbital plane by an angle 51, and v is inclined by an angle
B2. Additionally, we will speak of the impact parameter for the close encounter as a
vector b in the frame of object B, spanning from B to the point of closest approach of C'
if the latter were to continue travelling undeflected with velocity v/ (see Fig. 2.3, inset).
We define b in the plane orthogonal to v, endowing this plane with polar coordinates
(b,¢). We will fix the axis ¢ = 0 shortly, and we will also return to the subtlety of
frame-dependence in the definition of b. First, however, we quantify the meaning of a
close encounter.

For our purposes, a close encounter takes place when C' passes close enough to
B so that tidal acceleration by A can be neglected. Then the encounter can be treated
purely as a two-body problem in the frame of object B, greatly simplifying the analysis.

This translates to the condition

nA HA 2021
5 "3 <€3
(TAB - ""BC) TAB TBo

for some € < 1. (2.10)

Note that rpc is not a fixed parameter of the encounter, but rather evolves throughout
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~ Close encounter (B frame)

Figure 2.3: Configuration and notation assumed in Section 2.3.1. Centre: 3d illustration
of the encounter on the scale of the AB system. Dotted lines lie in the plane of the
AB system. Notation largely follows Ref. [79]. Object C, with velocity v, at infinity,
has a close encounter with object B in the shaded region with initial velocity v; and
exits the encounter with velocity vo. Note that on the scale of the system as drawn,
the trajectory of C' should be curved throughout due to acceleration by A, a feature
we omit for simplicity. Inset: 2d illustration of the close encounter in the frame of
object B. Dotted lines lie in the plane of the two-body scattering process. The inset is
intended only to illustrate the notation, and is not drawn to scale with respect to the
centre image.
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the scattering process. The condition above determines which values of rpc are small
enough to indicate a close encounter. To leading order in €, this condition can be written

in the form

1/3
MBG) . (2.11)

TBC S Telose(€) = TaAB < M,
Note that rcjose(€) is smaller than the Hill radius for € < 1, and for a fixed choice of e,
the value of r¢jose(€) defines what we mean by a close encounter. Later, when computing
the capture cross section numerically, we will take ¢ = 0.1 and neglect trajectories for
which minrpe > reese(€). This leads to a conservative result for the capture cross
section, but has the opposite effect on the ejection cross section, as we will discuss later.
Since M4 > Mp, we will assume that rqgse < 748-

Having made this definition of a close encounter, we can compute v; as a
function of v,,. Our approach assumes that the close encounter can be treated as an
isolated two-body problem, which is only appropriate if the gravitational potential of
object B is small at r¢ose. Otherwise, the acceleration of C' is dominated by the potential
of A for a significant part of the encounter, and by the time the two-body treatment
is applicable, C' is already well within the potential of B. In the case that this effect

can be neglected, it is sufficient to account for acceleration of C' by A during infall from

infinity to rcose, Which gives

v1 = V& +2ua/TAB. (2.12)

On the other hand, if the potential of B is not small at r¢ese, then C' has now been
non-negligibly accelerated by B prior to the close encounter, but v; must still be fixed

where the close encounter begins. Thus, in general, we will include this additional prior

60



acceleration, and we take

U1 = \/Ugo + 2MA/TAB + 2MB/Tclose(6)- (213)

For the sun—Jupiter system, this additional acceleration contributes only a fraction of a
percent to vi, but in other realistic systems, the effect can be significantly larger. Note
that this expression fixes only the speed v; in terms of vy, and does not specify the
vectorial relation between v, and vi. We will return to the implications of directionality
shortly.

Now, presuming a close encounter, we determine the conditions leading to
capture of C. Under the stated assumptions, the relative velocity of B and C evolves
as in the two-body problem from v} to some v/,. Object C' is bound after the close
encounter if its speed is sufficiently low in the A frame, i.e., if vo < Ve, Where vese =
\/m is the escape velocity of object A at the location of the close encounter. The
key feature of the two-body encounter for our purposes is that the speed of recession is
equal to the speed of approach, i.e., vj = v}. This makes the outcome of the encounter
very simple to describe analytically: the trajectory of C' is simply deflected by an angle
U about the axis parallel to b x v/|. The angle ¥ is related to the impact parameter b
via

2,04 2
b™vy — up

cosV=— 2
b%fl + “2}3

(2.14)

We can now compute va in terms of b algebraically. To be concrete, we first rotate the
coordinate system so that v} o< Z and b o< X via a rotation R;. Then the deflection of
v/ into v}, is computed by performing a rotation by ¥ in the zz-plane. This procedure

allows us to define ¢ unambiguously: the impact parameter b lies in the plane orthogonal
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to v, so in the rotated coordinate system, it takes the form b = (b1, b2,0). We define
¢ = 0 such that b lies in the xy-plane in the original coordinate system. That is, we
require that (Rl_lb) -z = 0. If we further choose that the x-component is positive, we

can solve for b; and by uniquely:

by bsign (v} v}
_ beien(un,) 192 1. (2.15)
by vk + vl
$=0
Now b can be obtained for arbitrary ¢ by rotation of Eq. (2.15).

/
—V1g

To implement the deflection by W, observe that in the new coordinate system,
the rotation axis T is related to b by a 7/2 rotation. It is convenient to change coordi-
nates with a rotation Rs in the xy-plane to align b with the z-axis and  with the y-axis.
In the coordinate system produced by the rotation Ry R;, the deflection corresponds to
a simple rotation by ¥ in the xz-plane, which we denote by Rg. It follows that the
deflection R: v} + v} is implemented by the matrix R = Ry 'Ry'RyRaR;. Using
Eq. (2.14) to write cos ¥ in terms of b, and using vy = v}, + vp, we can now write v/,

in terms of b. For brevity, we define

am=yJa2+at,  g=\[1+0R )02, (2.16)

for any vector a. Then vs is given by

q (vizv'lz sin ¢ — v’lv’ly coS <Z>)

b%f‘—uQB) | 2sign(vh, upvib
1

Vo =Vg + (W 2T+ 1 q (Uiyvllz sin ¢ + vjv], cos (15)

—V] V], SN @
(2.17)

Neglecting collisions with B, the condition for capture of C' can now be ex-

pressed succinctly as vy < wvesc. Conveniently, it can be shown with some algebraic
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effort that saturation of this condition produces the equation of a circle in the plane of
impact parameters. To this end, observe that the boundary relation vo — vese = 0 can

be factored in the form

2
. TABUT — 2/~LB
V2 — Vesc = —F'(v1,b) Slgn(vlly)7)/1363,,”11l (W) ) (2.18)
iy

for some factor F'(vi,b). The remainder of the right-hand side depends on b only
through the factor b?vi + MQB, which is positive-definite. Thus, the right-hand side
apart from F'(vi,b) is non-zero almost everywhere, so our original condition can be
rewritten in the form F(vq,b) = 0. Carrying out the factorization explicitly, F' has the

form

F(vi,b) = b + (9592) +b<g?’cos¢+glsin¢>, (2.19)
g4 g1 94 94

where the coefficients g; are given in Table 2.1. In fact, the relation F(vi,b) = 0 is
simply the equation of a circle in the plane orthogonal to v/, with radius R and centre

b, given by

2 2
g  9i+9; g5 1 |93
R(vi) ==+ L1938 be(vi) = —— . 2.20

) \/91 497 o4 V1) 294 , (2.20)
1

This allows us to make an extremely simple estimate of the capture cross section: we
have simply
Ucap(vl) ~ 7 min [R(Vl)) rclose(e)]Q . (221)

When R(v1) < Telose(€), this takes the form

mih (0F — 0})” — v

(U% - Ue2$c)2 Ufl

Ucap(vl) =~ (222)

This simple expression gives the capture cross section as a function of the incoming
object’s direction with respect to the axis of the binary—again, assuming a circular
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g1 =4pp(vp - vh)vuy,

g2 = A4pp(vp - vh)vPul,

g3 = 4ppvy (Vi x vp),

ga = sign (v, )Py, (v — vée)

g5 = 2sign(vf, ) ppvitol,, (vF + vk — vi)

Table 2.1: Coefficients ¢; appearing in Egs. (2.19) and (2.20). Here v; = v} + vp and
vixy is the magnitude of the projection of v} onto the xy plane.

binary and working within the impulse approximation. When computing rates, the cross
section should be multiplied by a factor of v; /v to account for gravitational focusing.
Since v; and v} scale with v, the cross section vanishes rapidly for v > vesc. On the
other hand, as v, — 0, the velocity v is nearly equal to vesc, up to the small correction
due to the potential of object B (see Eq. (2.13)). Thus, the cross section becomes very
large, and is eventually subject to the cutoff in Eq. (2.21).

Equation (2.22) only holds for parameters such that R(v1) is real in Eq. (2.20),
which is a non-trivial constraint. In particular, there is a maximum change in velocity
that can be imparted to object C' during the encounter: the speed of approach is equal
to the speed of recession in the frame of object B, so the maximum impulse corresponds
to the case in which the direction of object C is exactly reversed in the frame of B
(i.e., cos¥ = —1). In this case, |Av| = 2vp in the frame of A. This means that there
is a maximum velocity vmax = Vesc + 2vp such that objects with v > vyax cannot be
captured regardless of impact parameter. Such velocities correspond to non-real values

of R(v1), and for these velocities, the capture cross section is exactly zero.
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We may now average over the binary phase A; and arrival angle 3; to obtain
the directionally averaged cross section o¢,p,. Note that we use an overbar to indicate
the directional average, reserving () for the average over speeds. This requires care,
however: not all arrival directions are kinematically allowed for fixed vy and vegs, and
it is difficult to analytically integrate only over parameters for which the expression of
Eq. (2.22) is positive-definite. Explicitly, the directional average should be computed
by an integral of the form

dA;

Teap(V1) Z/%dcosﬁl Ocap(V1) X(V1, A1, B1), (2.23)

where x is an indicator function equal to one when the arguments are kinematically
allowed and zero otherwise. This average is readily carried out numerically, but y is
difficult to represent in closed form. However, for simplistic estimates, we can obtain an
order-of-magnitude calculation of oc,p, by integrating over all arrival directions, including
non-physical directions. We denote this quantity by ccap, and it takes the form

2 2 2\ 2 2 2
__ — 2
Gop = <2/“‘B2) 1 (W) 4 Yese TUB L tanh (2”1“B2> . (2.24)
vy — v v] — Vg V1VB V1 —i—vB

esc

This is by no means a precise calculation, but the result is nonetheless quite useful,
particularly for exhibiting the parametric dependence of the capture cross section on
the binary configuration. The approximation breaks down most severely when v, is so
small that vy ~ vp, but it is quite effective for larger values of v,. For the sun—Jupiter
system, we find gcap = 7.94 for vy = 20km s~!, where A is the cross-sectional area of
Jupiter. Full numerical integration over kinematically allowed angles gives ocap = 9.94 7.
To illustrate the applicability of this approximation, we compare the approximate and
numerical results for several configurations in Table 2.2.
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rap Mp oo [kmsTY  Oaap [AJ]  Teap(vi) [AJ]

rsg Mg 46.28 2.78 x 1076 3.50 x 1076

rsg My 20.23 7.133 9.074
rsy  Mn 8.436 0.732 0.924
rsg My 46.15 0.263 0.335

reg Mpn 20.28 2.19 x 1072 2.77 x 1072

rsy Mg 8.439 2.51 x 1072 3.16 x 1073

resg My 46.26 810 x 107* 1.02x 1073
re; Mg 20.29 7.52x107°  9.47 x 107°

rsny My 8.417 238 303

Table 2.2: Approximate and numerically averaged cross-sections for several configura-
tions of object B. In each case, the velocity vs, of the incoming object is fixed such
that v = %vmax, where vyax 18 the maximum velocity with non-zero capture cross sec-
tion (see text). This is chosen only as a representative velocity for typical captures.
The subscripts E, J, and N refer to Earth, Jupiter, and Neptune, respectively. For
X € {E,J,N}, Mx denotes the mass of the planet X, and rgx denotes the distance
between the Sun and the planet. The approximate cross section oc,p slightly underesti-
mates Ocap by a consistent factor across configurations with widely varying parameters.
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We can further directly obtain the differential cross section for a fixed specific
energy transfer AE = AEq/Mc. Since the potential energy is nearly the same imme-
diately before and after the close encounter, we have AE ~ (v — v}), and thus we
need only substitute va(€2) for vesc in Eq. (2.22). This gives the total cross section to

final states with specific energy below &. Differentiating the resulting expression with

respect to &, and writing U(€) = —pua/TAB — B/ Tclose(€), We find

dacap(vl) _ 1671-#23 [52 +Z/[(6)]
dé&, ot (02 = 2[E + U(e)])’

(0B (202 +vp - Vv]) + (v —2[& +U()]) (ve-vi)], (2.25)

as long as R(v1,&2) < rejese(€). Otherwise, while the desired specific energy transfer may
not be kinematically prohibited, it cannot be attained by a two-body encounter with
the specified value of e. We can approximate the directional average of this expression

by starting instead with Eq. (2.24), which yields

dgcap (Ul) WMQB E—&

= 1
& E_ar| e —u) -

_atb U+ U arctanh 2vpy/2[6 —U(e)] (2.26)
205/2[€1 — U(e)] 206 U +op )| T

Our computations thus far neglect the possibility of collisions with object B.

In principle, it is possible that collisions also contribute to captures for compact objects
such as light black holes. However, the relevant physics is quite different: energy is
lost dissipatively by deformation of object B. For most cases of interest, the capture
cross section is much larger than the collision cross section, but it is a simple matter to

compute and subtract the latter if desired. The eccentricity €| and semimajor axis a}
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of the two-body hyperbolic orbit in the frame of object B are given by

A / b (2.27)
€| = —, a] = ———. )
1 //L124 1 /632 — 1

Then the pericentre is given by rmin = @ (1 —¢€}), or

V1A + 0P = pa
. (2.28)

12
U1

Tmin =

Requiring ryi, > rp, we obtain the condition

1
b> bmin = 17\/2/137“]3 + (rpv})*. (2.29)
1

The set of impact parameters leading to collisions is, of course, also a circle. We can now
write the cross section for captures without including collisions by simply subtracting

the area of intersection of the two circles from our prior result. This is given by

1 1/2
Oint = — 5 (_bc + R + bmin) (bc + R — bmin) (bc - R + bmin) (bc + R + bmin):| +
b2+ R? — b2, b2+ b2, — R?
2 c min 2 c min
R~ arccos <2bCR ) + r* arccos <2bcbmin ) . (2.30)

In general, iy can be subtracted from o, to exclude collisions from the cross section.
For our present purposes, we neglect the possibility of collisions altogether, so we do
not carry out this subtraction in our subsequent results.

We can now use the capture cross section in Eq. (2.24) to estimate the capture
rate of test particles with velocity vy, far from the binary system. First, however, it is
necessary to convert ocap(v1) to the cross section ocap(Veo) pertinent to the rate calcu-
lation. The relationship between v1 = ||v1|| and v = [|[Vool| is specified by Eq. (2.13).

But the arrival direction of object C' at object B is also influenced by acceleration due
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to object A, so the relationship between vi and v, has a non-trivial angular depen-
dence. However, we expect this effect to have only a small impact on the directionally
averaged cross-section: any modifications to Ay must disappear from the time-averaged
cross section by azimuthal symmetry, so the sole effect of such deflection is to change
the distribution of inclination angles 8; of incoming objects. We are already treating
this distribution crudely by integrating over non-physical arrival angles in Eq. (2.24),
so we neglect this additional deflection, assuming that vi & ve.

With this assumption, we can write ocap(Voo) = Ocap(V1(Voo)). Now, given a
distribution function f(v) for the velocity at infinity, the capture rate can be estimated
as n (0capv), where n is the number density of objects and the velocity-averaged cross

section is given by

(OcapV) = /d?’vOo f(Voo) Ocap (Voo ) U1 (Voo)- (2.31)

Note the appearance of v; in place of vy, accounting for the gravitational focusing
factor v1 /voo.

This formalism also lends itself well to describing the orbital parameters of
captured objects. Since we have obtained vy explicitly as a function of the impact
parameter, we can readily compute the specific orbital energy £ and specific angular

momentum L of the captured object as

1
SQ = §V§ +Z/{(6), ﬁg = HrAB X VQH R (2.32)

whereupon the eccentricity e and semimajor axis a of the captured object’s orbit take

the form

252[,% LA
e=4/1+ , a=——. 2.33
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The resulting expressions are algebraically complicated but are nonetheless tractable,
and in closed form. Obtaining the full distributions of orbital parameters is analytically
challenging, but readily performed semi-analytically: uniformly sampled points in the
(b, ¢) plane can now be converted to orbital parameters. In particular, we can evaluate
e and a by numerically integrating over initial configurations which produce captures,
i.e., over the circle described by Eq. (2.20).

For an analytical estimate, we can translate Eq. (2.26) to an approximate

differential cross section with respect to a, using

A5ap(v1) _ pa dGap(v1)
da 202 dE

(2.34)
and thus obtain a probability distribution for a¢ as a function of vi. The binary is
assumed to be circular, with fixed separation r 45, and the captured orbit must cross the
trajectory of object B, so we impose a lower cutoff a > r4p. The resulting distribution
is sharply peaked at small a, but does not have a well-defined mean. For comparison
with numerical results, it suffices to evaluate a considering only captured orbits with
a < amax- We denote this approximate mean by a. For instance, for the sun—Jupiter
system with vs = 20kms™!, taking amax = 120au gives @ = 15.5au. This result is
comparable to that described in fig. 5 of Ref. [79], although note that the latter gives
an approximate result computed only for a fixed value of ;. Alternatively, one can
compute the median value of a, which is analytically challenging but readily performed
numerically. For the aforementioned Solar system configuration, we estimate the median

semimajor axis of captured objects at 13.7au. The distribution of Eq. (2.34) is also in

excellent agreement with numerical experiments, as we shall see in Section 2.3.3.
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Estimating the eccentricity after capture is substantially more complicated,
since the specific angular momentum is independent of the specific energy after capture.
There is no obvious geometric structure to the final angular momentum, in contrast to
the circular regions we have identified for the final energy, and in general, the average
over arrival angles must be performed numerically. However, we can exploit the semima-
jor axis distribution to make a simplistic estimate, as follows. Generally a > rap, but
the orbit of object C after capture must cross the orbit of object B. Thus, given a value
of a, there is a minimal eccentricity enin(a) needed to ensure that the perihelion of C'
lies within the orbit of B, i.e., a(l—e) < r4p. Saturating this condition gives the lowest
possible eccentricity for a capture with a given value of the semimajor axis. In general,
highly eccentric captures are possible at the extremes of the parameter space. Thus,
for a first estimate of the orbital parameter distribution, we assume that eccentricity is

uniformly distributed on (epin(a), 1) for fixed a. That is, we take

dQO/’:;)(Vl) docap(v1) ©(1 — €) O(e — emin)
— 2.
da de da 1 — emin ’ (2.35)

where © is the Heaviside function. While crude, this is in reasonably good agreement
with eccentricities extracted from numerical experiments, as we shall demonstrate in
Section 2.3.3. We define a typical eccentricity é(a) as the mean of the corresponding
uniform distribution at fixed a, i.e., é(a) = (1 + emin).

We now pause to compare our results to those of Ref. [79] more generally.
Figure 4 of that reference shows impact parameters leading to capture for several values

of the orbital phase A1, similar to our Fig. 2.4. While the shape and position of each

capture region is generally comparable to the circular region of Eq. (2.20), there is clear
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distortion away from a circular shape. This is presumably due to one or both of two
effects. One is our neglect of angular deflection between v, and vi, but another is the
definition of the impact parameter—and while the consequences for the capture rate
are ultimately insignificant at the order-of-magnitude level, it is nonetheless important
to understand the distinction between the two definitions.

Our formalism relies on the premise that the close encounter between objects
B and C can be treated as a two-body encounter. Thus, working in the frame of object
B, there is a natural definition of the impact parameter, which we temporarily denote
by b’: it is simply the vector of closest approach between B and the ray X/C‘ o T vit
over all t. This is equivalent to the vector of closest approach between B and C in the
absence of any interaction. The vector b’ is orthogonal to v/, but notice that it is not
orthogonal to vy, the initial velocity in the frame of object A. The impact parameter in
the frame of A has a different meaning. Indeed, in general, the magnitude of the impact
parameter, as defined via the closest approach of the initial velocity ray to the second
object, is only invariant between frames in which the initial velocities of B and C are
parallel. The frame of B is of course such a frame, but the frame of A is generally not.

This means that any statements involving the impact parameter require us to
specify the choice of frame. For our purposes, there are two relevant statements with
such a dependence. One statement is the relationship of Eq. (2.14) between the impact
parameter and the deflection angle W. This is formulated in the two-body problem,
where the impact parameter is specified in a frame where the velocities are parallel.
Thus, for calculation of the deflection angle, we must use the impact parameter b’, as

calculated in the frame of B, and not its equivalent in frame A. The other statement
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concerns the relationship of the impact parameter to the cross section. Ultimately, the
set of impact parameters that result in capture forms a region in the plane orthogonal
to velocity whose area is the capture cross section. While the total cross section is the
same between the frames of A and B, the impact parameters are not, and thus, the
shape of the capture region must transform in a complicated way to compensate.

We have checked that defining the impact parameter in the frame of A produces
regions in the impact parameter plane that more closely resemble the non-circular shapes
of Ref. [79]. In Section 2.3.3, we numerically validate our analytical prescription, and
show that the capture regions are indeed circular under our stated assumptions and

conventions.

2.3.2 Estimating the ejection rate

In two-body dynamics, a pair of gravitationally bound objects remain bound
forever. This is not the case in a three-body system for exactly the same reason that
capture of the third body is possible: since the system is time-reversal invariant, the
same process can take place in the opposite direction. A close approach between two
bodies in a three-body bound system can transfer energy between them and lead to
ejection of one of the two bodies from the system.

Unfortunately, estimating the rate of ejection from first principles is very chal-
lenging. As Ref. [85] explains, the complicated dynamics of the three-body system mean
that the orbital configurations are constantly changing in an unpredictable fashion. The
most reliable estimates of ejection time-scales come from direct numerical simulation of

such systems, and even these are difficult to execute reliably over the potentially long
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time-scales involved. However, short of such a calculation, it is nonetheless useful to
have an order-of-magnitude estimate of the lifetime of bound orbits under particular
conditions. In the present context, our interest lies in estimating the statistics of the
population of captured particles across a variety of systems without expensive simula-
tions, so it is useful to at least understand the basic dependence of the ejection rate on
binary parameters.

In practice, ejection time-scales are often estimated using simplified Monte
Carlo algorithms based on Opik theory [95-98] instead of full numerical simulations,
an approach known as the Opik—Arnold method [99]. In our framework, since we can
estimate the relevant cross-sections analytically, we can perform a semi-analytical ana-
logue of the Opik theory estimate without any actual simulation. Since this approach is
fundamentally rooted in the same approach as Opik—Arnold codes, we first review the
typical algorithmic method.

The Opik—Arnold estimate of the ejection rate relies on the assumption that
the ejection process is driven by close encounters. The problem can then be decomposed
into two parts: (1) determining the rate of close encounters, and (2) determining the
outcome of each close encounter as it affects the orbital parameters of the captured
object. Ref. [95] estimates the time-scale between close encounters as a function of the
orbital parameters of both objects, providing a solution to the first part of the problem.
The second part can be approached iteratively via a Monte Carlo algorithm, randomly
choosing an impact parameter for each close encounter and determining the new set
of orbital parameters. While the algorithmic estimate is not in perfect agreement with

numerical integration, it is capable of giving an inexpensive order-of-magnitude estimate
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of the ejection time-scale (see Ref. [87] for an extensive discussion).

However, despite the simplicity of the Opik—Arnold algorithm, it is inherently
stochastic and iterative. This makes it difficult to produce straightforward analytical
estimates of the ejection time-scale without a computational implementation. Thus, the
primary advantage of the algorithmic approach is that it is much faster and simpler to
implement than full numerical integration. For our purposes, however, we would like to
have an order-of-magnitude estimate of the ejection rate that can be written in closed
form, or at least evaluated semi-analytically. Our explicit algebraic results derived in
the previous subsection make such a simplistic estimate possible, under the following

assumptions:
1. ejection of object C' is driven by close encounters, and
2. close encounters take place mainly with object B.

Note that since the initial orbital parameters of object C' are determined during a close
encounter with object B, its initial orbit includes the point of the close encounter. It
follows that the orbit of object C' crosses the orbit of object B, at least initially, justifying
our second assumption.

There are now two strategies one could use to estimate the ejection time-scale.
The first is to follow essentially the same strategy as the Opik—Arnold algorithm, but to
use semi-analytical averages rather than iterative Monte Carlo computations. In partic-
ular, in the limit that there is a large number N of close encounters prior to ejection, the
specific energy transfer AE can be treated differentially, writing df¢/dN = (AE)] o

In principle, using the differential cross section in Eq. (2.26), one can explicitly evaluate
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Figure 2.4: Outcomes of close encounters with Jupiter as determined by numerical
integration, with ve = 20km/s, 1 = 7/3, and two values of A\;: in the left panel,
A1 = 0, and in the right panel, Ay = 7/2. Each point represents an independent
simulation with a different impact parameter. Points are shown in the plane of the
impact parameter orthogonal to the velocity v/, i.e., from the perspective of object
C in the frame of object B. The angular coordinate is fixed by the prescription in
Section 2.3.1. Red points indicate capture of object C, and gray points indicate that
object C' was unbound after departing from the close-encounter region. Orange points
indicate that object C' would have been captured if Jupiter were replaced by a point
mass, but instead suffered a collision. Blue points indicate collisions that would not
yield captures even if Jupiter were compressed to a point. The solid circle shows the
analytical prediction of the capture region in Eq. (2.20), and the dashed circle shows
the prediction of the collision region in Eq. (2.29). Compare with fig. 4 of Ref. [79].
Note that in the bottom panel, the red points are shifted very slightly to the left of the
analytical prediction. This shift is in the direction of the sun and signals the presence
of tidal forces.
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(A&)|¢,. integrate this separable differential equation, and then solve Ec(Nej) = 0 to
determine the number Ng; of close encounters required to produce an ejection event.
Once Ec(N) is obtained in closed form, one can approximate the time-scale between
close encounters as a function of £c, and integrate on N € (0, Nej) to finally estimate
the ejection time-scale.

While certainly possible numerically, this process is algebraically formidable,
and thus offers no great advantage over the Opik-Arnold treatment for an order-of-
magnitude estimate. We therefore choose radical acceptance of our limitations, and
propose an alternative method for an even simpler estimate of the ejection time-scale.
While the orbital parameters of object C' certainly change significantly over the life-
time of the bound configuration, we make the following assumptions in addition to the

previous two:

3. most close encounters do not substantially change the ejection cross section in

subsequent orbits, and

4. most encounters at distance r; do not substantially change the time between

subsequent close encounters at distances r < ry.

We caution that these assumptions are almost certainly flawed in most cases, but they
may nonetheless suffice for a very simplistic parametric estimate.

The value of these approximations, on the other hand, is significant: taken
together, they imply that we may ignore all close encounters except those which lead
directly to ejection. Given the ejection cross section, we can then use the same Opik

formalism to estimate the rate of such close encounters, and thus produce an estimate
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of the ejection rate. In principle, neglecting distant encounters is not all that different
from what is typically done in Opik—Arnold codes, which themselves neglect encounters
falling beyond the influence radius of object B: implementations of the algorithm often
include an enhancement factor alongside the cross section of the sphere of influence
to account for the aggregate effects of such distant encounters. We do the same to a
somewhat greater extent, as we will detail shortly.

Now all that remains is to compute the ejection cross section o,j. Fortunately,
this much is easy in our formalism. The ejection cross section is simply the cross section
for a close encounter with object B in which the energy exchange is large enough that
object C' becomes unbound, but apart from the amount of energy to be transferred,
this is identical to the capture cross section, and we can thus use the same technology
to compute the ejection cross section. In particular, Eq. (2.24) holds in identical form,
with v; replaced by wg, the speed of object C' immediately after the close encounter
leading to capture.

To implement this calculation, we follow the Opik-theory estimate of the close
encounter time-scale as presented by Ref. [87]. With non-canonical units restored, the

close encounter rate is given by

aN <UB\/@> KWr? (2.36)

dt 2 ) mSWar zad?’

Here 7 is the length associated with the encounter cross section, i.e., o = w72

; a is the
semimajor axis of object C; W is the approach speed, analogous to v; in the capture

case; W, is the component of W parallel to r 4g; and K is the enhancement factor to the

cross section mentioned previously, whose value we will address shortly. We determine
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W and W, following Ref. [87],! and we likewise set S = max (sini, 7/rap), where i is
the orbital inclination of object C.

We assume that the orbital parameters of object C' change rapidly enough on
the time-scales of ejection that we may average over i. The average can be performed
explicitly in terms of elliptic integrals, and since we may safely assume that o < r124 B

the result simplifies to
— Kvioo
R YTl X {2\/5 — K_ arctan <\/E) — K4 arctan (\/g> +
K_

2m/2 820302, Ky

i[n_ arctanh <H+> + k4 arctanh <1 + "7;@2) — 2z'/<a+] }, (2.37)
K

27r'rAB/<aJr

where for brevity we define

n=+va(l—e?)/rap, £=3—rap/a, K+=+/—E£2. (2.38)

The ejection cross section can be written explicitly as

2
o (2Mprap\*| | (vBrap—2pa)”
eJ SM 4 21}%7’,43 +pa
2 2 2 2
vprap+2pa <UB w;AB)  (2.39)
VBN HATAB/2 ftA — 2UBTAB

Taken together, Eqgs. (2.37) to (2.39) allow for an analytical estimate of the ejection
rate. We can certainly average the ejection rate over a and e values using the joint
distribution of Eq. (2.35). However, by simply substituting a and é(a) for a and e, we
obtain a crude but closed-form estimate for the typical lifetime of a captured orbit in a
given binary system.

This estimate should be understood as an estimate of the mean of some dis-

tribution of lifetimes of captured orbits. The shape of this distribution reflects our

'Note that Ref. [87] denote our W and W, by U and U,. We use W to avoid confusion with /().
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assumption that close encounters can be treated as a Poisson process: if this were ex-
actly true, the distribution of lifetimes T" would be exponential, with the probability
distribution f(T') = Rejexp (—ReT"). This is potentially complicated by the effects of
other close encounters: in principle, as in the Opik—Arnold approach, the trajectory of
a typical capture is influenced by several other close encounters before the one which
leads directly to ejection. If ejection is modelled as the cumulative outcome of some
N close encounters, each of which takes place with a comparable time-scale T7, then
the lifetime is distributed as a sum of N exponentially distributed random variables,
i.e., according to the Erlang distribution F(N, Tfl). Thus, the shape of the lifetime
distribution is a key test of our simplistic ejection model: an exponential distribution
is compatible with our assumptions, while a more general Erlang distribution signals
the non-trivial involvement of multiple close encounters. In Section 2.3.3, we will see
that the distribution of lifetimes in numerical experiments is well-fit by an exponential
distribution, justifying the assumptions of this subsection.

With a complete estimate in hand, we can now compare to numerical bench-
marks to estimate an appropriate value for K. We will carry this out in detail in
Section 2.3.3, but for the moment, we note that K ~ 25 is appropriate for order-of-
magnitude estimates. As expected, this is somewhat larger than the value K ~ 10
preferred by Opik—Arnold codes to account for encounters lying beyond the influence
radius.

Having developed a set of analytical approximations for the rates of capture
and ejection, we now turn to the properties of the equilibrium population: in the limit

of long times, what is the expected number of captured objects bound to object A? In
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equilibrium, the ejection rate balances the capture rate. Now, if the captured objects
do not interact among themselves, then the capture rate is independent of the number

of captured objects, while the ejection rate is proportional thereto. Thus,
N = Rcap/Rej. (2.40)

We can thus estimate N by N = RAC;p / }/E\;J for fixed vo. If the population of free objects
interacting with the binary has a distribution f(vs), then we can average over the

population and write

(N) = noo/dvoo f(vm)@%?imgvoo), (2.41)

where ns is the number density far from the binary. In general, this integral must
be performed numerically. Nonetheless, this procedure allows for a rapid order-of-
magnitude estimate of the equilibrium number of captured objects.

To demonstrate, we apply this method to the capture of particle dark mat-
ter with no non-gravitational interactions. This scenario has been studied extensively
for the case of the solar system [88-90, 92|, so we likewise make an estimate for the
sun—Jupiter system. We can make a simple semi-analytical estimate using an isotropic

Boltzmann distribution for f(vs), i.e., neglecting the dark matter wind. Such a dis-

2
00

tribution has the form f(vso) o v2 e ¥%/% s0 that f(veg) ~ v2 /g at low velocities,
with an exponential cutoff for v = vg. Note that vy for the local dark matter distribu-
tion is much larger than the orbital speed of Jupiter, so the low-velocity tail dominates
the capture rate. We can numerically evaluate Eq. (2.41), taking ocap from Eq. (2.24),
v1 (Vo) from Eq. (2.13), and 1/%; from Eq. (2.37). Taking an rms velocity of 220 kms™!

for the dark matter particles, we find (N) ~ (0.1 au®)n... Compared to the number den-
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Sity Moo in the spherical volume within Jupiter’s orbit, this corresponds to an O(10~4)
enhancement. This is reasonably consistent with detailed simulations by Ref. [92], who

finds that the density enhancement at Earth is sub-per cent.

2.3.3 Comparison with numerical integration

In the previous subsection, we obtained analytical results for the capture cross
section, and semi-analytical results for the distribution of orbital parameters. These
results are only reliable within the context of the stated approximations, and it is thus
important to compare them with numerical results to be assured of their validity in the
regimes of interest. We will begin our numerical analyses with the sun—Jupiter system,
since this system has been extensively studied by prior authors, and thus serves as a
well-understood benchmark.

We numerically integrate the equations of motion using the MERCURIUS inte-
grator [100] via the publicly-available REIN:2011UW code [101, 102]. In each simulation,
we configure the three bodies A, B, and C according to fixed values of A\, 81, and vy.
We set the initial position of object C' in the frame of object B, offset by a vector of
length reose(€ = 0.1) in the direction of —v) and by an orthogonal vector b. In the
following, we shall describe b as a 2d vector in the plane orthogonal to v}. We always
fix voo and derive v] from Eq. (2.13) to avoid unphysical speeds.

We begin with the dynamics of captures. Our first goal is to confirm our
statements regarding the shape of the capture region in the plane of the impact pa-
rameter b. To that end, we configure simulations with varying impact parameter b,

and for each such configuration, we test whether C' becomes bound to the sun before
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leaving the close-encounter region. We diagnose a capture trajectory as one for which
object C' is initially free, i.e., & > 0, and for which object C' becomes bound to object
A at some later time, i.e., %v% — pa/rac < 0 in the frame of object A. Figure 2.4
shows the results of our numerical simulations for the same parameters used in fig. 4 of
Ref. [79], demonstrating excellent agreement with our analytical predictions. Note that
the impact parameter used in Fig. 2.4 is defined as in Section 2.3.1. As a benchmark,
the capture cross section for objects with vs, = 20kms~! and inclination B; = 7/3 is
4.8A;, where Aj is the cross-sectional area of Jupiter. This agrees with the result of
Ref. [79], who finds this cross section to be “roughly five times the area of Jupiter.”
We compare analytical predictions of the orbital parameter distributions to
numerical results in Fig. 2.5. The analytical semimajor axis distribution is in good
agreement with numerical results. Our estimate of the eccentricity distribution is very
crude, based only on heuristic arguments, but it nonetheless traces the essential behavior
of the numerical results. We stress that these orbital parameters are not time-invariant,
but evolve after the capture. This is a key difference between two-body and three-body
dynamics. Figure 2.5 shows the orbital parameters only immediately after capture.
Finally, we test our prediction of the ejection time-scale against numerical in-
tegration. For the sun—Jupiter system with vo, = 20km/s, our prescription estimates
the typical ejection time-scale at 1/1/QveJ = (3.0 x 107 yr)/K. We determine the mean
ejection time-scale numerically by integrating an ensemble of initial conditions, ran-
domly sampled with isotropic arrival directions and with impact parameters sampled
uniformly in the plane orthogonal to v). As in Fig. 2.4, we include impact parameters

that lie outside the capture region according to our analytical prediction, but we discard
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Figure 2.5: Top: distribution of semimajor axes immediately after capture by the sun—
Jupiter system for v, = 20km/s. The histogram shows the distribution extracted from
an ensemble of simulations (see text for details). The red line shows the prediction
of Eq. (2.34). Bottom: distribution of eccentricities. The solid red line shows the
prediction of Eq. (2.35), marginalizing over a.

84



1 0()

_
<
L

Probability density
S

1073 4
0 1 2 3 4 5
Time to ejection [Myr]

Figure 2.6: Distribution of capture lifetimes (i.e., time from capture to ejection) in an
ensemble of 2500 simulations in the sun—Jupiter system with v, = 20km/s. The red
curve shows an exponential distribution with the estimated ejection rate of Eq. (2.37)
(K = 25).

all configurations which do not result in capture of object C'. We integrate forward in
time until object C' is ejected. This ensemble of simulations gives the mean ejection
time-scale as tej >~ 1.2 X 108 yr, suggesting K ~ 25, as noted in Section 2.3.2. A very
small number of initial conditions lead to long-lived captures that are not ejected within
the running time of our simulations, and the impact of these points in our subsequent
analysis is negligible.

It is certainly encouraging that our analytical estimate can reproduce numerical
results with a value of K only an O(1) factor larger than that used in Opik—Arnold codes.
A larger value of K is expected, of course—our analytical estimate neglects contributions
from a larger set of close encounters than are neglected in the Opik—Arnold approach.
Nonetheless, a dramatically larger value of K would signal the failure of our method to

account for most of the dynamics relevant to ejection. Moreover, we verify in Fig. 2.6
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that our estimated ejection rate, interpreted as the rate of an exponential distribution,
produces a good fit to the entire distribution of lifetimes extracted from simulations. As
discussed in Section 2.3.2, if the dynamics of ejection were not dominated by a single
close encounter, we would expect a more general Erlang distribution rather than the
simple exponential distribution seen here.

However, our main goal is to produce an estimate of the ejection time-scale
that remains valid across a wide variety of systems. Thus, the real test of our result
is the extent to which a fixed value of K can be used to obtain an order-of-magnitude
estimate of the ejection rate not only in the sun—Jupiter system, but in binaries with
different mass ratios and semimajor axes. Indeed, even in the sun—Jupiter system, a
single value of K must be sufficient to predict the ejection rate for objects captured
with many values of v.

We thus vary these parameters and compare the outcomes of numerical simu-
lations with the analytical prediction, with the results shown in Fig. 2.7. Some of the
behavior in these results is easy to understand: in particular, the Mp dependence can
be estimated by the impact on the ejection cross section. Naively, increasing the mass
Mp of the companion increases the ejection cross section as e ~ M%, comparably
decreasing the ejection time-scale. On the other hand, the dependence of the analytical
estimate on r 4 and v is much more complicated. Note that even the Mp dependence
is not as straightforward as our heuristic argument would suggest, because the orbital
parameter distribution of captured objects also has non-trivial Mp dependence. Thus,
even for this case, we must rely on the numerical results to benchmark the analytical

calculation. Figure 2.7 shows that Eq. (2.37) provides an excellent order-of-magnitude
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estimate of the ejection time-scale, generally lying within a factor of 2 of the numerical
mean.

Finally, we note that for some parameter values, the lifetime distribution is
sensitive to the approximations that we make in deriving the orbital parameter dis-
tributions. In particular, for small values of vy, our formalism can fail to accurately
predict the distribution of semimajor axes after capture, resulting in disagreement be-
tween the analytical result and simulation outputs (see Fig. 2.7, bottom panel). This
is to be expected due to tidal forces. Our approach assumes that the capture is driven
by a close encounter, i.e., minrgc < Teose(€) (see Section 2.3.1). But for small values
of vy, the capture cross section becomes large, and in particular, it is possible that
\/Ocap %, Telose(€). In this case, the close-encounter condition is not satisfied for all
impact parameters leading to capture, and our estimate of the orbital parameter dis-
tributions breaks down. A similar condition is produced by taking small values of 745,

which causes 7jpse(€) to shrink.

2.3.4 Compact object capture in different systems

In the previous subsections, we have outlined a simplified calculation of the
capture and ejection rates, and in particular, we have arrived at a relatively simple
estimate of the equilibrium population of captured objects. We now consider the classes
of systems which are most and least effective at capturing and retaining PBHs.

The equilibrium number of captured objects is shown in Fig. 2.8 as a function
of M4 and Rap, for two fixed values of Mp. In each panel, it is assumed that all of

the DM is in the form of PBHs with mass 10713 M. As long as the PBH mass is
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Figure 2.7: Mean ejection timescale for captured objects as predicted by Eq. (2.37) (red)
and in an ensemble of numerical simulations (black). Error bars show +1o bootstrap
confidence intervals. The gray regions show +10 quantiles for the lifetime distribution at
each point. In each panel, one parameter is varied with respect to the base configuration,
consisting of the sun—Jupiter system with vs, = 20kms~!. The top-left panel varies the
companion mass Mp, the top-right panel varies the binary radius r4p, and the bottom
panel varies the initial speed v, of object C' prior to capture. The analytical prediction
is shown for three values of K: 50, 25, and 12.5 from bottom to top. Each black
point shows the mean time to ejection after capture in an ensemble of simulations with
randomized initial configurations. Note that at very small values of v, and potentially
r 4B, our prediction becomes unreliable (see text).
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Figure 2.8: Equilibrium number of captured PBHs as estimated in Eq. (2.41), assuming
all DM is in the form of 107!'3 Mg PBHs, shown as a function of the mass of the
heavier object in the binary (M,4) and the binary separation (R4p). Note that the
PBH number density is inversely proportional to Mppp, so both panels can be recast
to other PBH masses by multiplication by 1072 My /Mpgy. The left and right panels
fix Mp = Mjypiter and Mp = 1 Mg, respectively. In each panel, the dashed red curve
indicates Noq = 1. Note that Ngq oc M}TéH in this regime. The nearly power-law
structure of the equilibrium number and the weak dependence on Mp can both be
extracted from analytical arguments (see text).
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well below the masses of the objects in the binary, the equilibrium number captured
scales with their ambient number density, and thus, fixing the DM density, this means
that Neg o MP_éH. The equilibrium number captured increases nearly as a power law
with the orbital separation of the binary and with the mass of the heavier object in
the system, but is only weakly dependent on the mass of the lighter object. We will
explain this behavior shortly. For the moment, we note that with all of DM in the form
of 10713 My, PBHs, massive wide binary systems (M4 > 102 My, Rap = 100 au) would
typically host a large number of captured objects.

To understand the features of Fig. 2.8, we consider a simpler version of the
capture cross section. The capture cross section of Eq. (2.24) reflects the average over
incoming directions. At the order-of-magnitude level, it is analytically simpler to choose
a particular orbital phase and inclination angle and evaluate the capture cross section
for varying binary parameters. We choose the single configuration that maximizes the
energy loss, and thus the capture cross section, for high-velocity compact objects. To
identify this configuration, consider the kinematics of three-body captures. When the
PBH has a close encounter with object B, they can be treated as a two-body system,
and in particular the speed of recession of the PBH is equal to the speed of approach in
the frame of object B. Thus, the maximum energy loss takes place when the direction
of the PBH is reversed by the encounter in the frame of object A. This is only possible
when the PBH velocity before the encounter, vy, is parallel to vg, and the velocity
after the encounter, vo, is antiparallel to vg. Taking this directional configuration for
vy and vp corresponds to fixing (A1, 51) = (7/2,0). This provides a useful reference

point for comparison between different systems. The resulting capture cross section
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takes a relatively simple form:

(Y
: (=" (242
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This expression can be simplified further in the regime relevant for captures:
Ocap is maximized at ¢ ~ 0.37, and drops sharply for higher values of ¢, so the capture
rate is dominated by objects with ¢ < 1. In this limit, the cross section simplifies to
Ocap = 5 (Mp/M4)*R% 5¢*. Further, the DM velocity distribution in Eq. (2.41) can
be considerably simplified for realistic systems. The capture rate is dominated by the
peak in the cross section at ¢ =~ 0.37, corresponding to O(1) values of Vo /Vese. In
turn, typical values of vese are on the order of 10km/s, far below vy ~ 220km/s. Thus,
captures should be dominated by the low-velocity tail of the PBH velocity distribution,
which has the form

4oy

f(veo) =~ \/7?058 (Voo < 00). (2.43)

Finally, we fix the semimajor axis and eccentricity of the captured PBH’s orbit to

representative values a = 3Rap and e = 1 —Rap/(2a) = 5/6. Together with Eqgs. (2.41)
and (2.43), this enables a rapid estimate of the equilibrium population of captured

objects in a wide variety of systems. Taking Mp < M4, the result is

-1
N 0 0.65 + log; 374 Ma Rap\*? vo 2 [ nee x 10716 Mg
T 3.7 1My 5au 220 km /s 0.3GeV/cm3 )’

(2.44)

where the base values for the parameters are chosen to be roughly representative of the
capture of objects of mass 10719 Mg, by the Sun—Jupiter system, assuming they account

for the entirety of the local DM density. Strictly speaking, this is an estimate of an
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upper bound on the capture rate, since the angles A\; and (1 are chosen in the most
favorable configuration possible. Nonetheless, this serves as an informative estimate of
the capture rate at the order of magnitude level and applies to a wide range of systems.
Indeed, this result is a reasonably good match to the numerical results in Fig. 2.8,
overestimating the number of captured objects by about an order of magnitude.

PBHs at masses below ~1071¢ M, are strongly constrained by evaporation,
so this optimistic estimate indicates that capture in the Sun—Jupiter system is only
possible for PBH DM in a narrow mass range. Nonetheless, this estimate suggests that
if a substantial fraction of the DM is composed of PBHs with significant evaporation
luminosity, then it is possible that a bright point source could be found captured within
the solar system. Recently, Ref. [103] studied the potential implications of discovering
such a low-mass PBH nearby: since such an object would be actively evaporating,
the relationship between the object’s mass and evaporation rate would enable a direct
count of the number of dark-sector degrees of freedom. Our calculation suggests that
if a population of such objects were maintained for a sufficiently long time, then there
would be good prospects to find one close enough to be studied in this manner. However,
since such a measurement relies on the rapid evaporation of the observed PBH, such a
population would not be stable on cosmological timescales.

In the limit of asymmetric masses Mp < M4, the equilibrium number of
captured objects is only very weakly dependent on the mass of the lighter object in
the binary. This is to be expected: in such a case, the cross sections for capture and
ejection both scale with M%. On the other hand, systems with larger M4 and Rap

are much more efficient at capturing and retaining light PBHs. At the upper ranges
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of Fig. 2.8, a wide binary with a 100 My central object and an orbital separation of
10% au has (N) ~ 103 for all of DM in the form of PBHs with mass 10713 Mg. Thus,
such a system has an O(1) probability of hosting at least one PBH in a bound orbit
if the PBH mass is below 107! M. The capture rate of Earth-mass objects is very
low in all realistic binary systems, so such captured objects cannot account for OGLE
microlensing events. If instead DM is in the form of light PBHs with mass between
107 My and 1071 M), as is allowed by current constraints, then such objects should

be commonly bound in systems only slightly heavier and wider than the Solar system.

2.4 Dissipative dynamics

The treatment of the previous section is limited to capture by three-body in-
teractions. We now turn our attention to capture by many-body interactions, which
are qualitatively distinct due to dissipation: such captures are not time-reversible.
When PBHs are captured around single objects, ejection is impossible. Even in multi-
component systems, dissipative captures are much less prone to ejection than their
few-body counterparts. Thus, even though the rates of dissipative captures are naively
much smaller, it is important to evaluate their contribution to the population of bound

objects.

2.4.1 Gas drag and dynamical friction

As an unbound object such as a planet passes through a gaseous environment,
its kinetic energy is dissipated via interactions with many gas particles, potentially
resulting in a capture [104]. A similar mechanism may lead to captures of certain types
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of compact objects. However, only a particular class of compact objects are subject to
the usual physics of gas drag. As usually treated, gas drag presumes that the object
efficiently displaces gas in its path, but this is not the case for dark compact objects
such as PBHs.

A black hole will still accrete gas particles in its path, which will reduce the
object’s specific kinetic energy. However, this effect is suppressed by the very small
geometric cross section of the black hole. Including gravitational focusing, this cross
section is

2GMPBH>2 ( ¢ )’ (2.45)

2 T+ 5

OPBH = T (
rel

where we have used the Schwarzschild radius rpgy = 2G Mppy/ c?. Now suppose that
a black hole with initial velocity v transits through a spherical gas cloud of density
p and radius R, accreting a mass AMppy ~ 2pRoppu, and suppose that the accreted
gas particles are slow compared to the accreting PBH. At the end of the transit, the
potential energy is reduced by AUppy ~ —GMcoud AM /R due to the accreted mass.
Capture requires that the total mechanical energy becomes negative, and since the
accreted mass leaves the kinetic energy constant, the potential energy must decrease by
at least T, = %MPBHUEO. Taking v, < ¢, and neglecting changes in the PBH velocity

due to accretion, we have

AUpH _ 3213/2G3 p2 R2 Mpgy
Too  02,2[3Gp (v2, + ATGpR2)]*/?

arctanh

1/2
2R mGp
3(vZ, + 4nGpR?)

(2.46)

For massive clouds with 47GpR? >> vZ | this simplifies to

AUpBH 13 Mpgr R p Voo -2
~ 10 . (247
T : My, 10°au/) \1071%g/cm? / \ 220 km/s (247)
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Thus, even for densities and radii well in excess of those of typical gas clouds, simple
accretion is not an efficient energy loss mechanism for black holes.

However, black holes are still subject to dynamical friction, i.e., energy loss
due to gravitational interactions with the gas, and we now estimate the rate of captures
by this mechanism. First, consider a perturber of mass Mppy moving with velocity v in
the rest frame of a uniform gaseous medium with density p. Dynamical friction in this
scenario has beeen treated by Ref. [105], and previously applied to planet formation by
Ref. [106]. The frictional force on the perturber depends first on whether the relative
velocity is subsonic or supersonic. Recall that for an ideal gas with adiabatic index ~
and molecular mass 7,1, the sound speed is given by ¢2 = vkgT/mme. In terms of

the Mach number M = v/cs, the frictional force is given by

log<1+M>—M M<1

1-M (2.48)

log (1 — 1/M2) + 2log ((jlmax) M > 1.
min

Here dmin is the distance of closest approach between gas molecules and the per-
turber, and dmax is the length scale of the wake left behind as the object traverses
the medium. For macroscopic objects, dmi is cut off by the size of the perturber it-
self. In our case, working with compact objects, the size of the perturber can be very
small: a black hole of mass 1072 M, has a Schwarzschild radius on the order of 3 pm.
Depending on the black hole mass and gas density, the Schwarzschild radius Rppp
may be smaller than the typical spacing of the gas molecules, dyo = (p/ mmol)il/ 3 x

0.5pm [p/(10~® kg/m?)] 18 [mmol/mH}l/g, where my is the mass of Hydrogen. We take

dmin to be the larger of these two scales, dyin = max{Rppu, dmol }- We set dpax = vt a
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time t after the perturber enters the cloud, and we neglect times for which dyax < dmin-

Note that the dynamical friction force is proportional to ME,BH, so the accel-
eration of the perturber is linear in the perturber’s mass. However, if the mass density
of PBHs is held fixed, the number density scales as MgéH, so the capture rate should
be approximately independent of mass in this case. This independence is not exact due
to the weak logarithmic dependence on Mppy via dpi, in the regime where the latter
is set by the Schwarzschild radius.

Now we specialize to a uniform spherical cloud of radius R, and assume that the
perturber travels through the center of the cloud. The energy lost over the course of the
encounter is AF = ffR ds Fpr(s), where s parametrizes the trajectory. Anticipating
that AE/E is small, we neglect any change in M, so the only r-dependence in Fpp

comes from setting dpax = vt = s + R. Then the fractional energy loss is

1+ M
AE  872pG®MppuR | 198 (1—M) -M M<1
R (2.49)
log (1 —1/M?) +2 [log (f—ﬁ) — 1} M > 1.
In the far subsonic and supersonic regimes, this reduces to
-3
AFE 87T2,0G2MPBHR M M<1
7 = i (2.50)
S

2[1og(23)—1}/\4*4 M> 1.

dmin
Note that M is bounded below due to acceleration by the cloud itself: an object with

Uso > 0 will enter the cloud with velocity above My, = [87TG/)/3}1/2 R/cs.

3. an extent of at

A typical nebula has a number density of order 103 cm™
most 1pc, and a temperature T ~ 10*K [107, 108]. The speed of sound is then
cs = +/(5/3)ksT /my ~ 10km/s for Hydrogen, while M i, ~ 0.09 for the same config-
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uration. Since My, < 1, we first consider the subsonic regime. In the subsonic limit,
the capture condition AE/E > 1 becomes M < Moy, = 2 (7’[’2/)RG2MPBH/C;1) 1/3, and

imposing Mcap > Mmuin leads to the requirement

Meap (m GM;%BH>”6

1< ——=
M in 8 pc2R*

~0.002 ( Mren v P TERNTP e _1/3. (2.51)
1 Mg 103my /cm? 1pc 10km/s

Thus, far-subsonic captures require unrealistically large masses, small system dimen-

sions, or low sound speeds. Note that as R,p — 0, although Mcap/Mmin becomes
large, Mcap vanishes, so small or low-density systems can only capture objects in sub-
sonic transits for an extremely narrow range of initial velocities.

In the supersonic limit, AE/E is suppressed by M?%, so the most promising
regime for captures is the transonic regime, M = 1. The dynamical friction force
peaks here, with a divergence at M = 1. The force in the transonic regime is well
approximated by taking Fpr to be symmetric about M = 1 and expanding the M < 1

expression about that point. This gives

QWpGQMPQ)BH 2
Fpp >y ———= |—-1+1 _ 2.52
DF 2 + log M=1])] (2.52)

with AF ~ 2RFpp. In the transonic limit, one can solve for the maximal value of

|M — 1] leading to capture, finding

64
M—-1<2 11—
‘ | xp ( 87T,OG2RMPBH)

2 g0t (0 Y (BT (Meew) P - (2.53)
~2exp | — —_— . )
P 10km/s 1pc 1 Mg 103my /cm?

Thus, for any realistic parameter values, transonic captures are viable only for a van-

ishingly narrow range of initial velocities.
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Figure 2.9: Energy loss in transiting through a body as a fraction of the kinetic energy
at infinity, as a function of the PBH mass and velocity at infinity. Panels show three
benchmark cases with parameters of Earth, Jupiter, and the Sun. In each panel, points
below the black curve result in captures (AE > T,), and points to the right of the
orange curve destroy the target object (AFE exceeds the binding energy). The four
labeled points correspond to the following scenarios: (1) the transit neither captures
the PBH nor destroys the target; (2) the transit captures the PBH without destroying
the target; (3) the target is destroyed, and the PBH is bound to the system; (4) the
target is destroyed and the PBH remains free.

2.4.2 Collisions with stellar and planetary bodies

In the previous subsection, we have considered PBH capture by dissipation in
a gas cloud, where the geometric cross section is large compared to the three-body close
encounters of Section 2.3, but the typical energy losses are much smaller. However,
thus far, we have neglected a mechanism for large dissipative losses with a small cross
section: transit of a PBH through a planet or star. In this scenario, the PBH dissipates
energy by the same dynamical friction mechanism that drives losses in a gas cloud, but
the higher density of a planet or star leads to much more significant energy losses during
such a transit. We now consider the population of objects that would be captured by

this particular mechanism.
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The energy lost to dynamical friction in passing through a star or planet can
be computed by a similar procedure as in the previous section, but our treatment now
differs in two ways. First, since the typical parameter values are quite different from
those of gas clouds, we do not assume that the PBH velocity is constant throughout the
encounter. Instead, we compute the instantaneous energy loss by numerical solution of
the equations of motion. Second, since there may be observational implications, we are
motivated to consider the destruction of objects by the passage of PBHs in addition
to capture. We perform a simplified treatment of planet and star destruction: we say
that the target is destroyed if the energy lost by the PBH to dynamical friction, Epp,
exceeds the binding energy of the target, Ug = —3GMZ, et/ (5 Riarget)-

We study energy losses in three benchmark systems: Earth, Jupiter, and the
Sun. The results are shown in Fig. 2.9. For each of these cases, capture of a PBH
without destruction of the target is possible for sufficiently light PBHs with low initial
velocities, i.e., in region (2) of each panel. For higher initial velocities, the encounter
takes place with M > 1, and the dynamical friction force is suppressed. Similarly, large
PBH masses MppH > Miarget accelerate the target and guarantee a highly supersonic
encounter, so the energy loss at large PBH masses is negligible and capture is impossible.
Observe that in all three cases, destruction of the target requires Mppa 2 Miarget: upon
collision, the kinetic energy of a PBH falling from rest is given by G Marget MpBH / Riarget,
which only exceeds Ug if Mpgu > (3/5) Miarget- Thus, whenever destruction is possible,
the ratio of the PBH number density to the target number density is bounded above
by the ratio of their volume-averaged mass densities, nppH/Mtarget S PPBH/ Prarget- This

factor in turn is O(100) for stars, which suggests that stellar destruction events take
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place on a timescale at most a factor of O(100) shorter than that for collisions of stars,
which are exceedingly rare. Given that the number density of planets is parametrically
close to the number density of stars, the maximum rate of destruction events in these
systems at first appears to be higher by a factor Mpjanet/Mstar, but the geometric cross
section suffers a comparable suppression.

Thus, destruction events of any kind are rare. Explicit computation confirms
that the destruction rate is comparable across our three benchmark systems, and is no
higher than 10726 s~! for any PBH mass, well below the Hubble rate. Captures are also
extremely rare and do not occur in excess of 10724s~!. Captured objects can undergo
subsequent transits, which in principle enhances the destruction rate, but not above the
very low capture rate. Note that destruction by PBH encounters has been previously
considered by Ref. [109] in the context of luminous signatures of PBH collisions with

stellar and planetary objects, with qualitatively similar results. Stellar capture of DM

has likewise been studied previously e.g. by Refs. [110, 111].

2.4.3 Adiabatic contraction

A third possibility is that dissipation of gravitational energy of the gas itself
provides a mechanism for the capture of dark compact objects. As gas collapses during
star formation, the potential well deepens, and nearby objects can thus be captured—
not by a loss of kinetic energy, but by a reduction in potential energy. A key element of
the process is that as the gas density increases, the local DM density is gravitationally
enhanced, a process known as adiabatic contraction [112]. Thus, during the process of

star formation, DM particles—or equivalently, dark compact objects such as PBHs—can
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be efficiently captured.

This mechanism has been considered in detail by Ref. [113] for its effects on
the population of luminous evaporating black holes captured around stars, and more
recently by Refs. [48, 114, 115] in the context of stellar destruction. Following Ref. [114],

a gas cloud of density p, and radius R, captures a DM halo with density of order

3/2

47 6Gp R2

Phound = pou X & (25 (2.54)
3 2%

where vy is the characteristic DM velocity dispersion of Eq. (2.2). Due to adiabatic con-
traction, the bound DM particles (compact objects) assume an equilibrium distribution
with a power-law profile ppound(r) ~ r~3/2. We assume that the extent of the bound
halo is the cloud radius R, so that the number density within any particular radius can
be readily calculated.

The baryonic gas that forms stars is at first found in giant molecular clouds,
with masses as large as 10 My and radii as large as 10pc [116]. These clouds frag-
ment and form many prestellar cores, with typical masses of 1-10 M, and typical radii
of 3000-6000au [117]. Even for a dense system with a total mass of 10Mg and a
radius of 3000au, with ppyy = 0.3 GeV/cm?, the density of bound DM is negligible,
Phound ~ 6 x 1077 GeV/ cm?®. This is mainly due to the sharp dependence on the veloc-
ity dispersion vg: if the system under consideration forms in a small DM substructure
with a small dispersion, then the bound density can be considerable. In particular, in
globular clusters, constraints can be derived from the absence of stellar destruction, as
in Ref. [114]. However, for a generic stellar system, capture due to adiabatic contraction

is negligible.
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2.5 Discussion

In the preceding sections, we have studied several distinct mechanisms by which
PBHs can be captured in stellar systems. Some of these mechanisms give rise to bound
orbits which are potentially short-lived, ending in ejection from the system or accretion
into another body. Others produce stable, long-lived orbits, partially compensating
for smaller capture cross sections. We have also evaluated the rate of destruction of
planetary or stellar bodies by PBH encounters, and this is guaranteed to be negligible,
requiring fairly high PBH masses and thus low number densities.

The most interesting captures are those which give rise to clear observables.
More massive PBHs, particularly in the OGLE mass range, ~10~% M, would be more
easily detected in extrasolar systems. Such PBHs are comparably massive to planets,
so any observable must discriminate between such light PBHs and planets of the same
mass. It is possible that such objects could be distinguished from planets based on
the absence of stellar occultations. Occultation events, in which a star is dimmed by
the transit of a planet, are a key non-gravitational signature used to detect planets
in exoplanet searches. If gravitational Doppler shifting is observed to occur with a
statistical excess compared to occultations, this would signal the presence of compact
objects that do not block light.

Still, this strategy can only be effective in a class of systems where the expected
number of captured objects is at least comparable to the number of planets. On the
contrary, our results indicate that the capture of such massive PBHs is exceedingly rare.

The rate of captures is suppressed by the number density of PBHs, which is very small
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even in the most optimistic cases. Even if objects with mass as low as 1078 M, could be
reliably detected by gravitational means, and even if they accounted for 10% of the DM
density, the equilibrium values in Fig. 2.8 would still be suppressed by at least 1076.
This implies that (V) < 1 even in the widest and most massive binaries, making this
an unlikely probe of the PBH population.

Rather, the capture rate is inevitably highest for DM composed of light PBHs,
in the open window in the constraints for 107" My < Mpgy < 10712 My. We have
shown that such objects can be frequently captured in realistic stellar systems, par-
ticularly massive wide binaries. However, in most such systems, it is improbable that
such a light object would produce a distinctive observable signature: objects with non-
negligible capture rates would be comparable in mass to asteroids or even lighter.

For these lighter objects, there are still two observables of interest. First,
there are potential implications for pulsar timing signatures. It is known that the
timing signature can be observably perturbed by short-lived PBH flybys [118]. In our
scenario, it is also possible to witness a short-lived capture. Here, a PBH has a close
encounter with a binary companion of a millisecond pulsar, and is captured into a
short-lived bound orbit before being ejected from the triple system. Such captures
are almost always short-lived because of the small semimajor axis of pulsar binaries,
and the cross section for such captures is extremely small. Indeed, the assumptions of
Section 2.3 are typically violated in such systems, and simulations suggest that the rate
is an order of magnitude smaller than the prediction of Eq. (2.22). Nonetheless, such
temporary captures would have a distinctive signature in pulsar timing. In particular,

the signatures and population statistics of pulsar planets have been studied previously
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in the astronomy community (see e.g. Refs. [119, 120]). A captured PBH would result
in the temporary appearance of a pulsar planet, which would vanish on the timescale
of O(1yr) once the object is ejected.

Second, at the very lightest end of the allowed mass range, such black holes
would be actively evaporating today. Thus, systems which capture PBHs are a promis-
ing environment in which to search for PBH evaporation. As extrasolar systems are
probed by a new generation of telescopes as part of the rapidly accelerating exoplanet
program, it is possible in principle to see evidence of PBH evaporation using the same
instruments. PBHs at the lowest masses consistent with present-day constraints would
produce radiation at MeV energies and below, with significant emission even down to
optical wavelengths (see e.g. Ref. [26]). We conclude that the best prospect for the
observation of a captured PBH would be the detection of evaporation signatures by
an exoplanet search. However, at present, we can draw no additional constraints on

low-mass PBHs.
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Chapter 3

Direct detection

of primordial black holes

3.1 Introduction

Our discussion thus far has been largely concerned with black holes above
10" g. This leaves the extremely light, microscopic black holes produced at lower
masses. We now turn to the viable scenarios and corresponding observables in this
mass range.

Such small black holes are expected to be unstable due to Hawking radiation:
they should completely evaporate within the lifetime of the universe. The evaporation
process has been used to draw constraints on the population of light black holes today
[28, 121, 122]. However, evaporation is not well-understood at masses of order the
Planck scale. It has been suggested that Hawking radiation in fact halts near this scale,

leaving a relic black hole of mass ~ Mp [123-126], and these relics could constitute
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the entirety of dark matter [127-129]. Such a relic would be almost completely inert,
interacting only via gravity, but with a mass far too small to be detected as an individual
object. From an experimental viewpoint, dark matter in the form of Planck-scale relics
is a “nightmare” scenario, in that dark matter is effectively a particle with no non-
gravitational interaction with the standard model. As such, it is extremely difficult to
constrain relic black holes as dark matter.

However, there is another possibility: suppose that such relic black holes were
electrically charged. Then these objects might be detectable by existing means. Inter-
estingly, as we will discuss here, there is reason to believe that relic black holes could
typically carry non-zero charge. The scenario is as follows: as the black hole evap-
orates, it emits charged particles of both signs, and it does so stochastically. Thus,
during the evaporation process, non-zero electric charges are generic. If evaporation is
cut off sharply at some mass scale of order Mp;, the black hole might be frozen with
leftover electric charge of random sign. Alternatively, as we will also discuss, the impact
of the spontaneous charge itself on the black hole geometry may act as a stabilizing
mechanism. Regardless of their origin, we call such objects Charged Planck-scale Relics
(CPRs). In this chapter, we show that such objects, if they exist, would be detectable
terrestrially.

Generally, electric charges of order e are considered to be incompatible with
dark matter. However, experimental constraints on the charge of dark matter (e.g. in
the context of millicharged dark matter) are always placed on some combination of the
charge and mass of the dark matter species. In our case, we will be interested in objects

with a charge-to-mass ratio of order ~ e/Mp). Such objects behave as dark matter
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in every respect: their self-interactions are dominated by gravity; their interactions
with standard model particles impart no appreciable change in their momentum; and,
since they must be extremely sparse due to their large masses, they have no impact on
baryonic dynamics apart from their bulk gravitational potential.

CPRs are similar to charged massive particles (CHAMPs [130]) in that they
possess integer-valued electric charges. CHAMPs have been studied as a dark mat-
ter candidate for decades, but direct detection prospects differ significantly between
CHAMPs and CPRs, due mainly to the difference in the typical masses of the two ob-
jects. CHAMPs are depleted in the galactic disk due to their interactions with magnetic
fields [131, 132], and a survey of other CHAMP probes by Ref. [133] yielded null results.
However, these results apply only to CHAMPs with masses below 108 TeV. We expect
CPRs to be found at ~ 106 TeV, well above this threshold, so the CHAMP literature
is largely inapplicable to our case.

The strongest cosmological constraint on the charge-to-mass ratio of dark mat-

ter comes from the CMB power spectrum [134], which requires

aom < 2.24 % 1074 (

DM )1/2 (3.1)

1TeV

Our fiducial mass scale is Mpj, for which this translates to gpy < 2.5 x 103e. This
constraint is thus also irrelevant for our scenario, in which, as detailed below, we predict
charges of order e. Indeed, as we will discuss, the cosmic censorship conjecture imposes a
much stronger constraint on the electric charge of Planck-scale black holes. Constraints

on gpm from terrestrial experiments are also ineffective at the large masses we consider.

Thus, there are two major motivations to search for CPRs experimentally.
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First, despite being electrically charged, CPRs could constitute the entirety of dark
matter if evaporation halts near the Planck scale. Second, even if CPRs constitute
only a small fraction of dark matter, the confirmed detection of even one such object
would be of incredible value to black hole physics: it would confirm that black hole
evaporation does indeed halt, and pave the way for the experimental study of quantum
gravity. Remarkably, the first constraints on the abundance of CPRs can already be
placed with existing experimental results, and future experiments offer the opportunity
to considerably tighten these bounds.

The structure of this chapter is as follows. In Section 3.2, we show how CPRs
can form, and quantitatively estimate their abundance given realistic formation sce-
narios. In Section 3.3, we study the interaction of CPRs with matter and evaluate
mechanisms for the terrestrial detection of CPRs. In Section 3.4, we derive constraints
from non-detection in existing experiments and project constraints that can be obtained
from proposed or upcoming experiments. We discuss the implications in Section 3.5 and
conclude in Section 3.6.

Unless otherwise indicated, we work in units with ¢ = h = kp = G = 1, and
g0 = 1/4m. In these units, the elementary charge e is given by /o ~ 1/11.7. We take
Mp) = (he/ G)l/ 2 — 1. In these units, a black hole with charge-to-mass ratio Q /M has
Q ~ (Q/M)(11.7¢). Additionally, note that e corresponds to “positive charge” in these

units.
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3.2 Evaporation and spontaneous charge

Ref. [135] showed that black holes radiate, or evaporate, as thermal blackbod-
ies. A black hole’s temperature is related to its surface gravity « via T = k/(27),
and according to no-hair theorems [136], x can only depend on three parameters: the
black hole’s mass M, electric charge ), and angular momentum L. As a benchmark,
a Schwarzschild black hole (@ = L = 0) of mass M has temperature 7' = 1/(87M) as
measured by a faraway observer. Since evaporation tends to discharge angular momen-
tum rapidly, a black hole with some initial spin is unlikely to have appreciable angular
momentum once it reaches the Planck scale. In particular, Ref. [137] showed that black

holes with mass below ~ 10

g today should have a spin parameter very near zero, so
the impact of angular momentum on the black hole metric should be negligible.

Thus, we will only consider non-rotating (L = 0) black holes with charge Q.

Such black holes are described by the Reissner-Nordstrém (RN) metric:

oM Q2 oM Q2\ !
a2 = (142 L@ g (122 L@ G222 (3.2)
r r2 r r2

The radial component of the RN metric diverges at two values of r, namely

ry = M+ /MZ= QR (3.3)

The outer horizon radius r defines the surface of the black hole for our purposes, and
thus plays an important role in determining the properties of particle emission. Note
that we only have two distinct horizons when @) < M. When ) = M, the black hole is
extremal, and its surface gravity vanishes. If () > M, the black hole is super-extremal.

Such states are generally thought to be non-physical. We will discuss extremality in

109



more detail in Section 3.2.3. The temperature of an RN black hole is given by
( M2 — Q2)1/ 2
5
2 (M + (M2 - @2)'?)

T= (3.4)

Hawking radiation has yet to be directly observed, due mainly to the fact that
all known black holes have large masses, and are therefore extremely cold. An astro-
physical black hole cannot form below the Chandrasekhar limit [138] of ~ 1.4Mg, for
which the corresponding temperature is T ~ 4 x 10712 eV. Thus, the effects of Hawk-
ing radiation on astrophysical black holes are negligible even on cosmological timescales.
Since all known black holes are cold, with temperatures much lower than the masses
of any known massive particles, black hole evaporation is often treated by considering
only the emission of neutral massless particles. But in our scenario, we are interested
in black holes of primordial origin, which may form with much lower masses, and thus
radiate with much higher temperatures. Such black holes can produce massive charged
particles at an appreciable rate.

Since there is no need for such particles to be emitted in pairs of opposite
sign, a neutral black hole can spontaneously acquire an electric charge by emission of
a charged particle. On the other hand, a charged black hole is more likely to emit
particles of like sign [139], so the spontaneous charge of a sufficiently small black hole
fluctuates rapidly around neutrality. Ref. [140] studied the distribution of black hole
charges numerically, and found that if a black hole is small enough to emit charged

leptons rapidly, the equilibrium charge distribution is approximately Gaussian,

P(Q) ~ exp (—4ma(Q/e)?) , (3.5)

with rms value of Q/e given by (87a)~'/? ~ 2.34. The numerical calculations in that
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work show that if the product of the black hole mass and the emitted particle mass is
small in Planck units, then the rms value of ()/e increases to ~6.

In our scenario, we envision that evaporation is halted near the Planck scale,
and that any remaining charge is thus “stuck” on the black hole, leaving a charged
Planck-scale relic (CPR). Of course, black hole evaporation is not well understood at
masses near the Planck scale, and the outstanding issues in the study of black hole
evaporation are beyond the scope of this work. Ultimately, we must neglect these
problems in order to study the basic plausibility of our scenario. However, we will first
review what the problems are, and discuss which ones can be ameliorated in our context
and which ones cannot.

The spontaneous emission of charge by black holes has been studied analyti-
cally, e.g. by Ref. [139], and one might hope that such analytical work could serve as
a guide for our study. However, such analytical techniques break down when the black
hole horizon becomes smaller than the emitted particle’s Compton wavelength. Thus,
we must retreat to numerical techniques. In the ultra-low-mass regime, near Mp;, there
are several additional issues that confound an exact calculation of the charge distri-
bution. Of course, the behavior of gravity itself is poorly understood in this regime:
quantum gravity corrections should be significant, and it is not known how this in-
fluences the charge distribution. But even treating gravity as a classical background,
several problems remain.

The first problem is the treatment of backreaction from emitted charges on
the rate of subsequent emissions. The relevant quantity here is the timescale separating

distinct emission events. For massive black holes, with low temperatures, this timescale
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is quite long [140], and backreaction can be neglected. But for small black holes, the
emission rate is much higher, so it may be inappropriate to treat consecutive emission
events as independent processes. The nature of backreaction and its connection to black
hole stabilization is subject to ongoing discussion in the literature [see e.g. 141], and the
impact on the charge distribution is unclear.

The second problem is that as the mass becomes very small, the charge-to-mass
ratio becomes appreciable, and the impact of the charge on the black hole geometry
cannot be neglected. This is manifested most clearly in the case that ) ~ 12¢ for a
black hole of M ~ Mpj, in which case the black hole is near-extremal: the charge-to-
mass ratio is nearly as great as possible, and the surface gravity of the black hole drops
nearly to zero. An exactly extremal black hole has a temperature of exactly zero, and
emits no thermal Hawking radiation. (It may still radiate athermally, as we will discuss
shortly.) The calculation of Ref. [140] assumed that /M < 1, a condition we may
very well violate in our scenario.

The third problem concerns the role of the electromagnetic coupling «. At
large black hole masses, the width of the equilibrium charge distribution in Eq. (3.5) is
sensitive to a. The calculation is perturbative, so it is critical that the back-reaction of
emitted particles on the metric should be higher-order in «. But this is not necessarily
the case at extremely small length scales. To make matters worse, the temperature
is also of order the Planck scale, meaning that the relevant value of « is subject to
renormalization all the way to the Planck scale, and thus is sensitive to potentially all
of BSM physics.

In light of all these issues, it is impractical to attempt a first-principles calcu-
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lation of the charge distribution of relic Planck-scale black holes. Thus, in this chapter,
we only perform an extremely naive estimate of the charge fraction as a plausibility

argument, and then outline how such massive charged objects could be detected.

3.2.1 Emission from black holes

Ref. [142] showed that for a species with charge ¢ and mass m, the emission

rate at a frequency w in each angular mode (¢,m) and polarization p is given by

ANemyp — Tomp(w, T, q®)/2m
dtdw  exp|(w+q®)/T] £1

(3.6)

where ® is the electrostatic potential at the surface of the hole (—Q/ry in our case), and
Iy m,p is an absorption coefficient specific to that mode. The emission rate of Eq. (3.6)
has the form of a thermal spectrum with a chemical potential proportional to the black
hole’s charge. It is sometimes useful to take a different viewpoint, and consider the
emission rate to result from a combination of two mechanisms, one thermal and one
athermal.

Heuristically, Hawking emission can be viewed as the separation of spontaneous
virtual particle-antiparticle pairs by the black hole horizon. In the absence of charge,
this process is mediated by gravity alone. This is the “thermal” component of black
hole evaporation, which deviates from a blackbody spectrum only by virtue of the
greybody factors I'y,,, ,. However, if the black hole has a significant charge, then the
picture must be modified: now, in addition to strong curvature near the horizon, there
is a strong electric field. A strong electric field, even in the absence of curvature, can

separate particle-antiparticle pairs in much the same way. This particle production
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due to vacuum polarization is just the familiar Schwinger mechanism [143]. It enters
into Eq. (3.6) in two ways: first, as a chemical potential in the exponential factor, and
second, via the dependence of I'y,,, on the black hole’s charge. Note that Eq. (3.6)
is compatible with the operation of the Schwinger mechanism even when the black
hole’s temperature is exactly zero. We refer to the component of radiation associated
with the Schwinger mechanism as athermal emission, and we refer to the remainder as
thermal emission. We will discuss the consequences of these two components further in
Section 3.2.3.

In a sense, these two mechanisms compete: thermal emissions drive the black
hole away from neutrality in a random walk, but the athermal emissions are always of
like sign to the black hole, and tend to discharge it. Equivalently, the black hole emits
charges of both signs as long as |Q| < M — e, but as |Q| increases, the emissions are
increasingly biased to have the same sign as (). This fact led Ref. [139] to observe that a
small black hole cannot maintain even one elementary charge for an appreciable length
of time, so long as evaporation remains active. We are interested in the characteristic
lifetime of both neutral and charged black holes, where any charge implies a significant
charge-to-mass ratio due to the small mass, so we cannot neglect either the thermal
or the athermal component. Thus, it is important for us to compute the absorption
coefficient I'y,,, , for charged leptons to the extent possible in our framework. The
absorption coefficient is calculated by solving the Dirac equation for an incoming wave
with the appropriate boundary conditions in the Reissner-Nordstrom geometry [144].
The solution can be resolved into ingoing and outgoing waves, from which transmission

and absorption coefficients can be extracted. This has been done numerically for several
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particle species by Ref. [137, 140, 145], resulting in the distribution of Eq. (3.5).

In principle, this distribution applies even to black holes with large masses.
However, the time to reach equilibrium grows with the timescale of lepton emission.
For black holes whose Hawking temperatures are below the lowest lepton mass—and
certainly for astrophysical black holes—this timescale is extremely long, and we should
expect the charge distribution of such black holes to be dominated by accretion of
charged particles instead of evaporation. On the other hand, in the low-mass regime,
where the Hawking emission timescale is very short, any charge acquired due to accretion
will quickly be erased by evaporation processes, and the equilibrium distribution will
be maintained.

In light of the issues discussed in this section, it is inappropriate to directly
extrapolate the charge distribution of Ref. [140] to the Planck scale. Instead, in an effort
to account for as many low-mass effects as possible, we implement a similar numerical
calculation, and extract an order-of-magnitude estimate of the fraction of black holes

with non-zero charge. We describe this calculation in the following section.

3.2.2 Estimating the charged fraction

In light of the problems discussed in Section 3.2, it is infeasible to perform
a first-principles calculation of the fraction of stalled relics with spontaneous charge.
However, we can perform a naive estimate by applying results developed for massive
black holes, discarding approximations wherever possible. This result will not be a
robust prediction of the charged fraction, but will instead represent a semi-classical

guess. In this section, we make such an estimate, and then determine the implied
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abundance of CPRs today.

We can perform a first estimate of the charged fraction in the relic population
by evaluating two timescales: the characteristic timescale Tyeuiral for a neutral black
hole to acquire a non-zero spontaneous charge, and the characteristic timescale Tcharged
for a black hole with charge ) = e to discharge and become neutral. Then the fraction

of objects which are charged at the moment that evaporation stalls can be estimated as

-1
fcharged = (1 + 7Tneutral > . (37)

Tcharged

The timescale Tchargea can be bounded below by neglecting time spent at higher charges

during the black hole’s semi-random walk, and evaluating only the minimum time to

d@Q_
Tcharged Z e/(cft o . (38)

discharge, i.e.,

Here we use the notation d@Q_/d¢ to denote the rate of emission in positive charge
only, i.e., the rate at which the spontaneous charge decreases, as though by addition
of negative charge. Likewise, dQy/dt denotes the rate of emission in negative charge
only. The overall evolution of the charge is governed by (dQ/dt) = dQ /dt — dQ_/dt
on timescales that are long compared to the emission rate. It is critical to distinguish
between the signed emission rates and the average, since (dQ/dt) = 0 for @ = 0, while
d@+ /dt are individually non-zero. Since a neutral black hole can decay to a state with
either sign with equal probability, we have dQy/dt = dQ_/dt = dQ+/dt, and the

lifetime of the neutral state can be estimated as

Uy e
neutral—2 dr
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Then the charged fraction can be estimated as

—1
1dQ-/dt[g_,

rged 2\ L 55— — '
feharged 2 ( T 2 in/dﬂQ:o

(3.10)
so our task is to compute dQ4 /dt for a black hole near the Planck scale, with a charge
of either zero or e. We neglect higher charges since such black holes should neutralize
more rapidly. The effect of including them would only be to increase the final charged
fraction.

Ref. [140] evaluates d@Q_/dt for massive black holes following Eq. (3.6), com-
puting the absorption probability I';,, , numerically. The relevant information is found
in fig. 4 of that work, which shows the emission rate (dN/dt) of charged leptons from
a black hole as a function of the black hole charge for —25e¢ < @ < 25e. Ref. [140]
has calculated this rate separately for values of My in increments of 0.1 between 0.00
and 0.40 in Planck units, where M is the black hole and u is the mass of the emitted

lepton. In our case, M ~ 1 and p ~ m./Mpy, so My = 0 is the appropriate choice.

Extrapolating those results to our regime, we find that
= ~1.02. (3.11)

In short, this indicates that the athermal Schwinger emissions are at most comparable
in rate to thermal Hawking emissions. If this is indeed the case, and given that we have
neglected higher charges, the charged fraction is feharged 2 1 /2.

However, even insofar as we are neglecting the failure of various approximations
in the limit M — Mp, the results of Ref. [140] cannot be directly applied. In that
work, the numerical calculations themselves were always performed with M > Mp.
The label My = 0.00 does not suggest that the result applies to our case, in which Mp
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is vanishingly small: My ~ 10722, But even though we cannot assess the impact of
Planck-scale physics on these results, we can still remove the uncertainty associated with
the numerical computation by re-implementing the calculation and inserting this actual
value of Mp. Further, we solve egs. (15) and (16) of Ref. [140] without neglecting the
charge, as was done in that reference. The results are shown in Fig. 3.1. The implication
is qualitatively unchanged for @ ~ e, with Theutral/Tcharged S 1.04.

Generally speaking, as shown in fig. 4 of Ref. [140], this ratio approaches unity
as the mass of the black hole decreases. This is to be expected: the emission rate in same-
sign particles scales with the absorption coefficient for modes that discharge the black
hole, and in the low-mass limit, this coefficient is strongly suppressed [139]. The black
hole still tends to discharge rapidly in the absence of charge fluctuations, but in our case,
the timescale for discharge becomes comparable to the timescale of an upward charge
fluctuation. This estimate of the charged fraction does assume that the evaporating
black hole rarely enters the near-extremal regime (@) ~ M). However, as discussed
in Section 3.2.3, we expect near-extremal states to have a very short lifetime due to
athermal emission. Further, the potential stalling of evaporation due to extremality
makes no significant difference to the outcome: since the rms charge distribution has a
width of order 1-10e, and an extremal hole must have @ /e ~ 10M, we do not expect
extremality to be an important consideration unless M ~ 1 already. In any case,
extremality effects can only increase the charged fraction.

None of this discussion overcomes the fundamental difficulties with calculations
near the Planck scale. However, this calculation establishes that in the absence of some

new physics or new phenomenology, we should generically expect at least ~50% of black
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Figure 3.1: Left: the emission rate of (positive) particles of charge +e from a black
hole with charge Ze. Note that the charge number Z is shown in electron units, not
Planck units, so that an extremal black hole has Z ~ 11.7M/Mp;. The mass of the
black hole is fixed to Mp; for the purposes of this calculation. This corresponds to the
line “Mu = 0.00” in fig. 4 of Ref. [140], but differs in that we carry out the computation
for a mass which is not orders of magnitude larger than the charge. In particular, a
substantial modification to the emission rate is observed when |Q| ~ M. The red shaded
regions indicate where the black hole is super-extremal. Right: the fractional difference
between the emission rate at ) = Ze and the emission rate at Q = 0, computed at Mpy.
Note the linear scale. The asymmetry in both the left and right plots is due to the
electrostatic potential, which behaves like a chemical potential, and enhances the rate
of emissions which tend to neutralize the black hole. However, for |Q| ~ e, the emission
rate is modified by only ~5%.
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holes to be charged at the end of their evaporation. If their evaporation is halted, it is

thus plausible that the relic population has a significant charged fraction.

3.2.3 Near-extremal regime

As the black hole mass approaches Mpy, there is an additional (classical) com-
plication: the charge-to-mass ratio approach unity, changing the geometry of the black
hole significantly. If the black hole’s charge undergoes O(e) fluctuations, then our sce-
nario involves charge-to-mass ratios of at least e/Mp; ~ 1/11.7. If the charge fluctuates
even briefly to O(10e), then we may expect to have /M ~ 1 at some point during the
black hole’s evolution. This is the near-extremal regime. In this section, we review the
properties of extremal Reissner-Nordstrom black holes and discuss the implications for
the relic population.

An extremal black hole is a black hole with vanishing surface gravity, or equiv-
alently, one whose mass is the smallest possible for its charge and angular momentum.
The self-energy of the electric field and the angular momentum can both be thought
of as contributing to the mass, so at fixed charge, the mass cannot be decreased arbi-
trarily. Super-extremal black holes, i.e., those with charge beyond the extremal limit,
violate the cosmic censorship conjecture and are generally considered unphysical. In the
Reissner-Nordstrom case, an extremal black hole has /M = 1, meaning that r; = r_.
This corresponds to a charge of 1/y/a = 11.7e for a black hole of mass Mpj.

Since the temperature of a black hole is proportional to its surface gravity, an
exactly extremal black hole does not produce any thermal Hawking radiation. Indeed,

this is required by the cosmic censorship conjecture: any neutral emission would reduce
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the mass of the black hole without a commensurate reduction in charge, leading the
black hole to be super-extremal. The temperature decreases smoothly in the near-
extremal regime (see Eq. (3.4)). At first glance, this seems to provide a potential
mechanism for the stability of CPRs, completely apart from Planck-scale physics: if
T = 0, it is tempting to conclude that the black hole does not radiate. In this case,
we could suppose the charge of the black hole originally fluctuates rapidly, following a
distribution with some width. Then, as the mass decreases, the black hole might become
extremal, stalling the evaporation process. There are two problems with this idea: first,
extremal black holes are not necessarily stable, even though the Hawking temperature
vanishes. Secondly, even if a near-extremal geometry stabilizes the black hole, this can
only manifest if the black hole is extraordinarily close to extremality. Note that we only
consider near-extremal states due to the third law of black hole thermodynamics, which
states that a black hole cannot evolve to an exactly-extremal state. We will discuss each
of these issues in turn.

Regarding stability, the thermodynamics of near-extremal black holes is still
not fully understood. They certainly cannot emit neutral particles if the cosmic cen-
sorship conjecture holds. But all known charged particles satisfy |g| > m, so it may be
possible for an extremal black hole to athermally emit charged particles. If not, then
there exists an infinite set of stable extremal states, one for each charge number. The
existence of such an infinite tower of stable states without any corresponding gauge
symmetry is believed to be incompatible with string-theoretic UV completions [146].
This is a major motivation for the weak gravity conjecture [WGC, 147], which requires

that for any gauge symmetry, there exists a state with charge |¢| > m. The WGC
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was posited in part to allow extremal black holes to be unstable, precisely in order to
prevent the appearance of such an infinite tower in the spectrum of a theory.

Note that athermal emission in the extremal state is consistent with the emis-
sion rate in Eq. (3.6): in the limit of small T', the rate vanishes if the argument of the
exponential is positive. On the other hand, for a sufficiently large and negative chemi-
cal potential ¢®, the argument of the exponential is negative, and the low-temperature
limit is proportional to Iy, »(w, T, q®). Recall that ® = —Q/r in our case, and for
an extremal RN black hole, r. = M = ). Then the argument of the exponential is
negative as long as ¢® < —w, so the requirement for the black hole to produce a particle
of charge ¢ and mass m is exactly that |g| > m. Thus, resolving the question of stability
depends on the calculation of the coefficient I'y,, ,,. Heuristically, the black hole could
still radiate because the electric field at the surface of the black hole remains strong,
so particle-antiparticle pairs could still be separated by the Schwinger mechanism, even
though the surface gravity vanishes. Several authors [148-150] discuss emissions from
extremal and near-extremal states in more detail.

Regarding the physicality of the extremal state, the third law of black hole ther-
modynamics is analogous to the ordinary third law of thermodynamics, which implies
that no statistical system can attain a temperature of exactly zero (see e.g. Ref. [151]
for an extensive discussion). The applicability of statistical laws to small black holes
remains an active area of research [see e.g. 152], but the situation is readily understood
heuristically: as a black hole approaches extremality, its temperature decreases accord-
ing to Eq. (3.4), and its emission rate decreases. This may stall evaporation temporarily,

but the black hole cannot evaporate to an extremal state by this mechanism. The next
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question, then, is whether such stalling is significant on cosmological timescales. The
stalling of evaporation near extremality was studied numerically for large black holes
by Ref. [153]. They conclude that although the third law is satisfied at all times, the
reduction of the emission rate in the near-extremal limit can prolong the black hole
lifetime considerably.

However, our scenario is substantially different in that the evaporation cannot
be treated smoothly: since we are interested in a phase of black hole evolution which
involves extremely high temperatures, the black hole can lose charge by emission of
charged leptons on timescales that may be relevant to mass loss. The appropriate
analogue of the analysis of Ref. [153] would be to solve a system of differential equations
for the evolution of the joint probability distribution of mass and charge, P(M,Q),
treating charge as discrete—that is, a system of the form

M
dP(ﬁf, Q) _ _Q%E/O dM' R(M — M5 Q = Q)

+ ) /OodM’P(M’,Q’)R(M’%M; Q = Q), (3.12)
Q'€Ze M

where R(M — M'; Q — Q') gives the differential rate for black hole of mass M and
charge ) to decay to a black hole of mass M’ and charge Q. Further, while Ref. [153]
use an approximate form of the emission rate which is valid only for sufficiently massive
black holes, R must be the full rate in our case, as computed from Eq. (3.6). Under these
conditions, this system is difficult to solve numerically, especially since any numerical
evaluation must be sensitive to extremely small values of M — Q.

Thus, a simpler estimate of the near-extremal behavior is called for. First,

observe that in our case, in order for the charge to stabilize, we must at least have T' <

123



me, Or else thermal emissions alone will cause charge fluctuations. But in our scenario,
black holes only have an appreciable probability of being within le of extremality when
M ~ Mpj—and even then, the probability is O(1%) if we naively extrapolate the
distribution of Eq. (3.5). For a black hole with M ~ Mpj, to have a temperature of
T < me, the charge-to-mass ratio must be extremely close to unity. For fixed @, the
€)

mass ngnin at which thermal electron production is frozen out (7" = m,.) is given by

M9 (Q) = Q + 27°Q%m?2 + O(m?), (3.13)

where we recall that, in Planck units, m, < 1. If () = 12¢, then we must have Mrgi)n —
Q ~ 4 x 107*, so the hole’s mass must depart from its extremal value by no more than
OM ~ 5 x 10716 eV. This is an extremely small “target” to hit: outside of this region,
the power of emission in charged particles is comparable to that in neutral particles, so
the charge is likely to fluctuate on the same timescale that governs the shrinking of the
mass.

This alone does not make it impossible for the hole to enter the near-extremal
regime, but it does make this unlikely to take place during a typical evaporation. To
estimate the probability, we give the following argument: the hole is most likely to be
near-extremal when the mass is lowest. Thus, suppose that the hole passes through
the mass range 12e < M < élei)n(12e) at some time. What is the probability that the
charge takes the value 12e at some moment during this interval, i.e., before the hole

evaporates further to M < 12e? Since M

min

(12e) — 12e < me, the black hole charge

cannot change without the mass dropping to M < 12e. This means that the black
(e)

hole must already have charge 12e when M = M_ . (12e). If the spontaneous charge
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distribution for such a small hole is at all similar to that of its larger counterparts,
which have rms charges of order 6e, this situation is quite unlikely, happening with a
probability of a few percent.

However, there are three scenarios in which extremality may be significant.
First, suppose that evaporation of a neutral black hole does not stall, or that it stalls
at a scale Mcopr < Mpy, as is possible in the context of the generalized uncertainty
principle [154]. In this case, the black hole may enter a mass regime where the maximal
charge is comparable to or smaller than the width of the spontaneous charge distribution,
and the chance of freezing out charged leptons can no longer be neglected. Note that
in the sub-Planckian regime, evaporation can behave very differently. For instance, in
the case of Ref. [154], T' ~ M for M < Mpj, which may substantially modify the results
of our analysis. Second, if a sufficiently large population of near-Planck-scale black
holes is produced in the early universe, and only near-extremal holes are stable, then
even a tiny fraction of this initial population could account for a significant fraction of
dark matter. The hot evaporation products of the remainder would redshift away like
radiation. Third, any charge associated with a new U(1) symmetry would influence the
metric in the same way as electric charge. In particular, the fine structure constant
associated with the new symmetry could be much smaller than agy;, smoothing out the
discrete spontaneous charge distribution. Alternatively, the lightest charged state of the
new symmetry could be much more massive than the electron, reducing its athermal
production rate, and making near-extremal states long-lived [155].

For the remainder of this chapter, we will not need to assume that CPRs are

extremal. However, we note that if even a small fraction of the initial PBH population
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does evolve to a state sufficiently near extremality to freeze out thermal lepton emissions,
and if this state is stable to athermal emissions as well, then this makes the CPR scenario
viable even if PBH evaporate completely. In this case, the dark matter density is fixed
by the initial number of evaporating PBH and the fraction that freeze, and all surviving
PBH are near-extremal. However, we note that if extremality is the only stabilizing
mechanism, and if these objects accrete opposite charge at any time, then they are
unlikely to stabilize again into a charged state. Instead, they will completely evaporate.
If such destabilization events are still ongoing in the late universe, this will result in

potentially observable bursts of high-energy particles.

3.2.4 Cosmic history of CPRs

The existence of CPRs today requires a primordial origin for the original gen-
eration of black holes. In this section, we examine the feasibility of producing a de-
tectable population of CPRs through such a mechanism, starting with their formation
in the early universe.

In the simplest scenario, the progenitors of CPRs are produced near the Planck
scale with a monochromatic mass function. However, black holes need not be dominantly
produced near the Planck scale in order to leave behind CPRs today. Multi-modal
mass functions have been invoked to account for all of dark matter while avoiding
constraints. More generally, primordial black holes can be produced with an extended
mass function, e.g. with a lognormal or power-law mass function [29], and such a broad
initial spectrum will typically produce a small abundance of relics by evaporation. Any

primordial black hole produced with a mass below Meyap ~ 5 X 10" g will evaporate to
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the Planck scale by the present day [140]. Further, any black hole produced with a mass
below ~ 10'6 g has an initial temperature of order 1 MeV, and thus produces charged
leptons rapidly enough to acquire a spontaneous charge, even though it will continue to
evaporate actively today. As such, even if they are dominantly produced at even higher
mass scales, we generically expect to find a low-mass tail that evaporates to the Planck
scale—and might leave behind CPRs.

There are two major constraints on such a scenario: first, even if a relic is left
behind at the end, the total radiation produced by evaporating black holes is constrained
by CMB observables and light element ratios [28]. Second, if the CPRs originate from
a population of black holes with a component above Meyap,, then they do not constitute
all of dark matter, and may indeed account only for a small fraction. In this case, other
probes can constrain the population at higher masses. To investigate the plausibility of
such a scenario, we suppose that all dark matter is in the form of PBHs, and suppose
that the black holes above Meyap do not lose a significant amount of their mass. Then,

given the initial mass function dn/dM, the density of CPRs today is given by

Mevap dn
Qcpr Mp, fMpl dM 357

OpMm Mplfj\%lvadegTZJrfﬂzvap dMMfT’}'

(3.14)

For example, as a toy model, consider a power-law mass function M dN/dM o MY~
Assuming v < 0, the mass fraction in CPRs is

Qcpr Mpy\ Miap — M,
QM Mlap [Mp1 — (1 — 1/7) Mevap] — My,

(3.15)

A CPR fraction f ~ 1is produced when v < —0.1, whereas e.g. f ~ 1072 for y ~ —1072.
Next, we must consider the survival of such charged objects over cosmic time.

It is unlikely that a Planck-scale black hole would neutralize by accretion of charged
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particles, since the geometric cross section is extremely small. In other words, we
expect the accretion rate to be suppressed by Mgl. But even if a CPR does accrete,
the consequent increase in mass may restart the evaporation process, and in the low-
mass regime, the emission power in charged particles is comparable to that in neutral
particles. If we treat accretion as an excitation of the black hole remnant to a neutral
state with a higher mass, this excited state can simply decay again to a charged state.
Thus, we expect neutralization of the CPR population to take place very slowly if it
happens at all.

A more plausible scenario is that the black hole forms bound states with par-
ticles of opposite sign. For positively-charged CPRs, electron capture would take place
alongside the same process for hydrogen atoms during the epoch of recombination. For
negatively-charged CPRs, capture of protons is even more energetically favorable, since
the energy of the bound state scales with the reduced mass. At first glance, this could
interfere with detection: a net-neutral bound state may be invisible to a terrestrial
detector. We will show in Section 3.3.3 that such objects are still detectable. But it
is still important to understand the typical charge state of CPRs far from Earth, in
part because accretion of a bound charge might be possible on cosmological timescales.
Thus, we now examine their ionization history.

It is easily checked that reionization proceeds almost identically for CPRs as
for hydrogen, even for negatively-charged CPRs with bound protons. In this case,

following Ref. [156], the CPR population will be fully ionized when emission rate of
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ionizing photons per unit volume matches the rate of recombinations, that is,

> NCPR

~

iy , (3.16)
trec

where ncpr is the number density of CPRs and ¢, is the characteristic timescale for
recombination with a free proton. We can estimate this timescale as tyec >~ 1/(npa),
where a4 is the recombination coefficient. We calculate the recombination coefficient
a4 for a bound proton following Ref. [157]!. At a typical nebular temperature of 104K,
we find that a4 ~ 2 x 1072 em3/s, versus ay ~ 4 x 10713 cm? /s for hydrogen.

The much smaller recombination coefficient and number density imply that
reionization should proceed much more rapidly for CPR atoms than for hydrogen: if
CPRs at the Planck mass constitute all of dark matter, then their number density is
still lower by a factor of ~ 107" compared to that of protons, and tye is reduced by
~ 1078 compared to hydrogen. We can also account for the fact that the binding energy
of a proton with a negatively-charged CPR is ~25keV in the ground state, so the only
ionizing photons are those with wavelength A < 0.5A, compared with A < 911 A for
hydrogen. If we extrapolate the quasar spectrum of Ref. [156] to small wavelengths,
where L()\) ~ A8 the emission rate is suppressed by a factor of ~ 1076 compared with
photons that ionize hydrogen. This suppression is insignificant compared to the changes
in the number density and recombination timescale, so we conclude that CPRs will still

reionize much more efficiently than hydrogen.

!Note that Ref. [157] contains two typographical errors in eqs. (2) and (3). Correct versions of these
equations can be found in Ref. [158].
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3.3 Detecting charged black holes terrestrially

In this section, we analyze the interaction of CPRs with matter, and investigate
mechanisms for direct detection. For the purposes of our calculations, we assume that
CPRs account for a fraction fcpr of dark matter by mass (i.e., focpr = Qcpr/DM)-
We assume that evaporation is halted at a mass Mcpr which we allow to differ from
Mpy, and we assume that Mcpg is independent of the black hole charge. However, we
require that Mcpr > e ~ Mp;/11.7, since a (classical) black hole with a mass below
this threshold cannot have even one elementary charge without being super-extremal,
which we prohibit. Note that in some models, the relic mass is far below the Planck
scale, e.g. as in Ref. [154]. Such relics may yet evade the constraints we set here.

Even when fcpr = 1 and Mcpr is minimal, direct detection of such charged
CPRs is limited primarily by the flux of these objects: at such high masses, the number
density of CPRs is much lower than that of typical particle dark matter candidates. The
flux is ®cpr ~ (ppm/Mcpr)vpM, S0 taking vpy = 300km/s and ppy = 0.3 GeV /cm?

gives the event rate as

Mepr\ " [ Adetect
N =0.23 yI‘flfCPR = ec2 = Edetector (3'17)
Mp, 1m

where Egetector 18 the fraction of CPRs that will register an event in the detector. Since we
are considering electrically-charged objects, there are detectors for which Egetector ~ 1,

as we will detail in the following subsection. However, for CPRs, we expect to have

1

Mcpr/Mp) ~ 1. Thus, in order to achieve a detection rate of 1yr~", a detector must

have Agetector = 4.3 m?2.

~

It is clear from this calculation that a typical dark matter direct detection

130



experiment is unlikely to encounter more than one such object during its operational
lifetime. However, as we will discuss in the next subsection, the passage of even one

CPR through a detector has the potential to produce an extremely clear signature.

3.3.1 Signatures of CPR transits

In this section, we discuss the interactions of CPRs with particle detectors.
The interactions of a CPR with matter are similar to those of slow-moving heavy ions.
A CPR with Mcpr ~ Mp; does not slow down appreciably during its transit through a
detector: its kinetic energy is ~ %MPI(SOO km/s)? a2 6 x 10*! eV. This is to be compared
to atomic binding energies, which are typically of order 1eV. Indeed, a CPR is so mas-
sive that an object with a downward trajectory will gain ~130eV/ A from gravitational
acceleration. Deflection is also negligible, even in a strong electromagnetic field, so a
CPR will deposit energy along a very straight track. In this respect, a CPR transit can
be distinguished from any standard background: energy will be deposited at a constant
density at a low speed (~0.3m/ps) along a straight track.

While detection prospects for CPRs in any given experiment must ultimately
be studied with more detailed modeling, we can still use general methods to estimate
signatures of a CPR transit. As a CPR transits through a detector, it loses energy
via Coulomb interactions with the target electrons and nuclei. The transferred energy
may be detectable in the form of heat, ionization, or scintillation. Each of these signa-
tures scales with the energy deposited during the transit, typically expressed in terms
of the “stopping power”, that is, the energy loss of the incident particle per unit dis-

tance traversed through the material. We will identify the stopping power, ionization
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yield, and scintillation yield for particular experimental configurations using numerical
simulations, but we begin with a simple estimate of the stopping power.

Regardless of whether they constitute a significant fraction of dark matter,
CPRs should be highly non-relativistic (8 ~ 1073). Since this is slower than the
outer electrons of the target atoms, the calculation of stopping power in this regime
differs greatly from the relativistic regime. In particular, the characteristics of CPR
interactions with matter are similar to those of heavy ions. The stopping power for
B < 0.05 is well-described by Lindhard-Scharff-Schiott theory [159], in which it is lin-
ear in the velocity and charge of the incident particle, and has no dependence on its
mass. Thus, we can estimate the stopping power in our scenario by comparing to
empirical results for the stopping of non-relativistic muons. In copper, the stopping
power per unit target density for incident muons with 8 = 1072 has been measured as
(dE/dz)/ prarget ~ 30 MeV/(g/cm?) [fig. 23.1 of 160]. For our purposes, it is useful to
quantify the stopping power in transit through Earth and in semiconductor detectors,
and silicon is a representative material for both. The linear stopping power in silicon is
then

dF
P 70 MeV /cm. (3.18)

Note that since we may have (|Zcpr|) > 1, this is a conservative estimate.

This stopping power is likely too small to register in a typical calorimeter.
Thus, if a CPR is to be detectable, it must produce an ionization or scintillation sig-
nature. Given the stopping power, the ionization yield depends again on the particle
velocity and material properties. The stopping power has two components, correspond-
ing to interactions with electrons (electronic stopping power) and with nuclei (nuclear
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stopping power). For highly relativistic particles, nuclear stopping is typically negligible
compared to electronic stopping, but this is not the case in the highly non-relativistic
regime. Indeed, the maximum energy that a CPR can transfer to a recoiling electron

with mass m, is given by
AFmax = 2mevdy ~ 1eV. (3.19)

This maximum energy transfer is smaller than typical ionization energies, so direct
ionization via electronic interactions is not likely to be efficient. On the other hand, the

maximum energy transfer in a recoil with a nucleus of mass number A is

A UDM 2
AEpay = 2maviy = 186k St I (U o)1 S 2

much higher than that of electronic recoils. Thus, we expect interactions between the
CPR and nuclei to dominate in a typical detector.

While ionization and scintillation are most efficiently produced by electronic
interactions, nuclear stopping can also produce these signals, since the recoil energy
of the nucleus can be partially transferred to bound electrons. The attendant loss of
efficiency, or quenching, is expressed via the ratio of yields from nuclear and electronic
scattering. Such quenching factors are dependent on the target material, and values are
typically measured experimentally [see e.g. 161, 162]. To estimate the stopping power,
ionization yield, and scintillation yield due to nuclear recoils, we used the Monte Carlo
code SRIM [163], which simulates the passage of ions through matter. We simulated
“hydrogen” ions with SRIM’s maximum allowable particle mass of 10000 u, where u is
the atomic mass unit, and with a velocity of 300 km/s. This corresponds to a kinetic
energy of 4.7MeV, still very large compared to the binding energies relevant for the
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interaction. In any case, we performed our simulations in 1 micron-thick layers of
detector material, so the change in the momenta of the simulated ions was negligible.
In the following section, we discuss the results of our simulations and the implications

for different experimental modalities.

3.3.2 Detection mechanisms

Here we briefly survey several detector technologies to evaluate whether they

would be suitable for detecting CPRs.

Bubble chambers. Ref. [164] noted that charged Planck-mass black holes would leave
tracks in bubble chambers, and speculated that unidentified tracks in previous ex-
periments could be explained by the presence of these objects. A bubble will form
in superheated fluid if the energy deposited within a critical radius exceeds a given
threshold energy. For concreteness, we consider the response of the PICO experiment
[165, 166], whose bubble chamber has a threshold energy of 3.3keV for a critical radius
re=2x10"%m.

From the SRIM output, we integrated the energy deposited in a sliding window
of width r., and found that the deposited energy was sufficient to form a track with a
linear bubble density of ~10° m~!. This is not surprising: PICO is highly sensitive to o
decays, which generate nuclear recoils of similar energy to those from CPRs. Further, a
straight bubble track would not be expected from weakly interacting massive particles
(WIMPs), which are expected to only interact once in the detector volume, and would
be distinct from background signals from neutrons, which leave jagged tracks. However,

even large bubble chambers have insufficient area to place strong constraints on the flux
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of CPRs. The proposed 500L version of PICO [167] would require several decades of

continuous exposure to place any constraint on the abundance of CPRs.

Atmospheric fluorescence detectors. Ultra-high energy cosmic rays incident on the at-
mosphere generate hadronic and electromagnetic showers which ionize nitrogen molecules
that subsequently fluoresce, emitting visible light. Arrays of photomultiplier tubes, such
as the High Resolution Fly’s Eye (HiRes) observatory [168], are capable of detecting
this fluorescence and reconstructing the track of the cosmic ray. Since HiRes can detect
emissions over an area of order 1km?, this seems like an attractive way to detect a
particle with a very low flux.

We evaluated the potential of atmospheric fluorescence detectors to observe the
energy deposition from the passage of a CPR. In dry air at sea level, our SRIM calculation
yielded an energy deposition of ~12 MeV /m. Assuming an average of 3.5 eV /photon and
a (generous) fluorescence efficiency of 5% [169], the photon yield is about 5 x 10% ps~! for
a relic moving at 300 km/s. At the surface, background light from stars, light pollution,

I ns™!. Given that a typical photomultiplier

and other sources is about 5 x 10> m™2sr~
tube in HiRes observes 1 square degree with a 5m? mirror, the background event rate
is ~100ps~!. A CPR must then pass within a few meters of the mirror for the signal
to overcome background photons, reducing the effective area of this class of detectors

considerably. Atmospheric detectors are thus unlikely to place strong constraints on

CPRs even in a decade of operating time.

Cherenkov detectors. An attractive possibility is to search for CPRs with neutrino de-

tectors (e.g. IceCube [170], Super-Kamiokande [171]) or imaging atmospheric Cherenkov
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detectors (e.g. VERITAS [172], HAWC [173]), since they have extremely large (~km?)
effective areas. However, regardless of their origin, we expect CPRs to be highly non-
relativistic. Thus, we do not expect any Cherenkov radiation to be emitted as they
traverse these detector media. Instead, light would be produced only by scintillation
and ionization processes. Such a signal is distinguishable from those produced by rel-
ativistic particles in that light would be emitted isotropically from the track rather
than in the cone shape characteristic of Cherenkov light. But a CPR transit would be
extremely slow, taking place on the order of several ms, compared to typical targets ob-
served over a duration of order ps. Thus, even if the light from ionization is observable,

detecting it would require a non-trivial triggering mechanism.

Dark matter searches. CPRs are highly penetrating and ionizing, so a CPR transit
would leave a distinct signal in semiconductor and liquid xenon detectors, including dark
matter direct detection experiments and neutrinoless double beta decay searches [174].
Since CPRs are negligibly slowed by their interactions with materials, a CPR would
produce a straight track in a detector with a transit time of order 1ps in a typical
experiment, a unique signature. Further, while the thick layer of earth (overburden)
covering these experiments significantly reduces background, it does not affect the flux
of CPRs. However, the flux itself is small, and these detectors typically have small
cross-sectional areas. Even next-generation experiments are unlikely to detect more
than a few CPRs in ten years, so they cannot produce significant constraints on the

CPR population.

Monopole searches. Magnetic monopoles are expected to be found at very large masses,
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and due to their high magnetic charges, monopole transits share some characteristics
with CPR transits. As such, it is possible that monopole searches can impose constraints
on CPRs as well. In Section 3.4.1, we investigate this possibility in detail in the context

of the MACRO experiment [175].

Liquid argon detectors.  Liquid argon time-projection chambers [176] have recently
been employed in several neutrino experiments [177-183], some of which have much
larger cross-sectional area than is typical for dark matter experiments. Since the transit
of a CPR has a unique signature, backgrounds are of no concern, so existing neutrino
experiments have the potential to detect CPRs. We expect that liquid argon detectors
can be used to place strong constraints on the CPR population, and we elaborate on

detection prospects in the ICARUS experiment in Section 3.4.2.

Paleo-detectors.  Recently, Ref. [184] proposed the detection of WIMP dark matter
through small tracks left in ancient minerals by dark matter recoils [see also 185, 186].
The major strength of such “paleo-detectors” is their exposure time, of order 109 yr.
This is uniquely well-suited to our case of interest, where detection is primarily lim-
ited by flux rather than detector efficiency. Moreover, we need not await the results of
WIMP searches in ancient minerals: the recent paleo-detector proposals are extensions
of similar searches already performed e.g. by Ref. [187] to constrain the flux of super-
massive magnetic monopoles. These results should already be applicable to CPRs, and

we discuss them in Section 3.4.3.
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3.3.3 Detection of CPR “atoms”

In Section 3.2.4, we argued that if CPRs form net-neutral bound states with
electrons or atomic nuclei, they should be fully reionized by the present day. This
applies to the astrophysical population of CPRs, but not necessarily to the terrestrial
population relevant for direct detection. While enroute to a detector, an originally bare
CPR may recombine with electrons or atomic nuclei to form a bound CPR “atom” (or
“neutraCHAMP?”, in the language of Ref. [133]).

First we consider the possibility of recombination in the atmosphere, following
Ref. [133]. In this case, positively-charged CPR with bound electrons will be rapidly
ionized by solar UV radiation. The probability of recombination with an atmospheric
electron is given by

Prec = Urecpe—L7 (321)

where oyec is the recombination cross section, p,- is the free electron density, and L is
the depth of the atmosphere. We take gpc = 10_57ra(2), L = 100km, and conservatively
estimate p,— = 10% cm™3, which yields P ~ 1073. Negatively-charged CPRs bound to
a nucleus of atomic number A will not be ionized by solar UV, as the binding energy is
~Z%(25keV). In this case, Ref. [133] calculated the mean free path for recombination
with a N nucleus to be e = 4 X 10'° g cm™232/pagm = 300 km, corresponding to a
recombination cross section of opee ~ 6 x 10734 cm?.

However, it is not clear that the latter cross section is applicable to interactions

with atmospheric gas. Experimentally, cross sections for charge transfer onto slow ions

in gaseous CO and COz are much larger, of order 10~!6 cm? [188]. The corresponding
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mean free path in the atmosphere is microscopic. Additionally, in passing through solid
earth (overburden) enroute to a detector, a bare CPR would be very likely to acquire
bound charge: experiments and simulations show that the recombination timescale of
molecular hydrogen ions in carbon is O(10fs) [189-191]. Thus, we must consider the
possibility of detecting CPRs bound into neutral “atoms”.

The stopping of partially-ionized or neutral atoms in materials differs from
that of bare ions in that the screening effect of bound charges substantially modifies
the potential. This generally diminishes but does not eliminate the stopping power.
Numerous efforts have been made to model the stopping of neutral atoms [192-197],
and much work in particular has been devoted to the development of an “effective
charge” for such objects. In many circumstances, the effective charge of a neutral atom
of atomic number Z; is Zeg ~ 0.7Z; [193]. However, the effective charge is generally
a function of parameters beyond the nuclear charge and ionization state, including the
atomic number Zs of the target and the velocity of the projectile [196].

We are interested in the low-velocity, low-Z7 regime for a wide variety of target
materials—from xenon (Zs = 54) to argon (Z2 = 18) to the silicates, chlorides, and
sulfates found in paleo-detectors. We typically have Z; < Zs, which reduces the impact
of screening and enhances the stopping power [196]. However, these results generally
hold for velocities much greater than the Bohr velocity, e?/(4megh) ~ 7 x 10~3c. Our
fiducial velocity is ~ 1073¢, and the effective charge may be different in this limit.
Ref. [193] find that the effective charge increases at low velocities, so we expect that the
aforementioned effective charge of Z.g ~ 0.7Z is an estimate of a lower bound rather

than an upper bound.

139



Since the stopping power of bare CPRs is very large for detection purposes,
screening effects of this order have no qualitative impact on detection signatures. Thus,
in subsequent calculations, we will ignore the distinction between bare and atomic CPRs.
In particular, we will assume that the ionization and scintillation yields are comparable
for the two projectiles. Note that we do not consider excitation or ionization of the

CPR atom, as these effects would tend to increase the stopping power still further.

3.4 Constraints and future prospects

3.4.1 MACRO experiment

The MACRO experiment [175] performed a search for GUT-scale magnetic
monopoles, placing an upper limit on the monopole flux at 5.5 x 10~*m=2yr~! (90%
CL). This is significantly lower than the flux we estimate in Eq. (3.17). Since monopole
transits are similar in many respects to CPR transits, we investigate the extent to which
this bound can be applied to the CPR population.

The MACRO experiment consists of six independent analyses with different
experimental properties. At velocities B ~ 1072, there are two applicable constraints:
the Wave Form Digitizer (WFD) analysis of the liquid scintillator system, and an analy-
sis of streamer tubes filled with a mixture of helium and n-pentane. The streamer tube
analysis relies on the Drell effect [198]: an incident magnetic monopole excites helium
atoms, which then ionize n-pentane molecules. The Drell effect is specific to magnetic
monopoles, and we do not expect a comparable phenomenon to occur in the case of

CPR transits unless they are also magnetically charged. Thus, we turn our attention
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to the WFD search.

The WFD analysis was based on a data from a liquid scintillator detector
equipped with photomultiplier tubes. The trigger was designed for slowly-moving
monopoles, and was sensitive to photoelectrons emitted in sequence over several mi-
croseconds. Transient signals with a duration below 100 ns were discarded. The WFD
search set an upper limit to the flux at 9.9 x 107*m=2yr~! (90% CL). If we assume
that the search was fully sensitive to CPRs, this corresponds to a bound on the charged
fraction of f < 0.5%, sufficient to rule out CPRs as the dominant component of dark
matter. A dedicated search in comparable hardware would certainly be capable of

establishing a bound at least this strong.

3.4.2 ICARUS experiment

We now restrict our attention to liquid argon detectors, of the type pioneered
by Ref. [176]. For concreteness, we consider the ICARUS detector, which operated for
three years at Gran Sasso Laboratory [199] and is currently being installed as a short
baseline neutrino detector at Fermilab [182].

ICARUS consists of two chambers, each containing approximately 480 tons of
liquid argon. The chambers are equipped with photomultiplier tubes and wire cages, so
they are capable of detecting both scintillation light [200] and ionization [201] from keV-
scale nuclear recoils. For the majority of the data collection at Gran Sasso, ICARUS
was only triggered in time coincidence with the CERN neutrino beam, and therefore
would likely have ignored any potential signal from a CPR transit.

The mean scintillation efficiency for nuclear recoils in liquid argon is about 0.25
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[200], corresponding to a scintillation yield of approximately 13 photons per keV of de-
posited energy. We simulated the passage of a CPR through liquid argon with SRIM and
found a stopping power per unit target density of approximately 93MeV /(g/cm?).
Even if we only include recoils above 10keV, the resulting scintillation yield is ~
7 x 10° photons/cm. Using a conservative estimate of 6~ /keV for the secondary ion-
ization yield [201], we find that the transit yields ~3 x 10° e~ /cm. Both signals are well
above the detection thresholds of ICARUS’ readout electronics. Indeed, these signals
are much more significant than the scintillation and ionization signals from minimum-
ionizing particles like muons, which have a stopping power of about 1.5 MeV /(g/cm?).

The combination of high scintillation yields, high ionization yields, and a long
crossing time (several ps) in the detector would be a smoking-gun signature of a CPR
transit. A dedicated search should be able to use these factors to discriminate against
cosmic ray backgrounds, even with ICARUS at the surface. In Fig. 3.2, we show the
expected upper limits on the CPR density that could be obtained from a dedicated
search with ICARUS on various time scales. The limits are presented as a function of
the fraction of dark matter in the form of detectable charged relics.

While we evaluate fiducial constraints using the parameters of the ICARUS
experiment, there are several other similar liquid argon detectors that may be also be
usable for CPR searches. Assuming that the readout electronics of each detector are
sensitive to CPR transits, the maximum abundance of CPRs compatible with non-
detection scales inversely with the effective area A.g of the detector, defined as the
cross-sectional area of the detector averaged over the arrival direction. For a rectangular

prism with side lengths L;, we have A.g = %(LxLy + L,L,+ LyL.), and for a cylinder
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ICARUS | ArgoNeuT | LArIAT SBND ProtoDUNE | DUNE | MicroBooNE

80.5 [177) | 1.01 [178] | 1.01 [179] | 22.4 [180] | 104 [181] | 792 [182] | 28.3 [183]

Table 3.1: Effective areas of current and future liquid argon detectors in m? (see text

for details). The strength of constraints scales linearly with the detector area. Of these,
ICARUS is the largest detector currently operational.

of radius r and length L, we have A.g = %WT(L + ). We summarize the effective areas

of various detectors in Table 3.1.

3.4.3 Paleo-detectors

We now examine the prospects for detecting CPRs with paleo-detectors [184—
186]. For WIMP detection, the key prediction is the spectrum of lengths of the ionization
tracks produced by recoiling nuclei. For our purposes, the CPR itself takes the role of
the nucleus. Since a CPR is negligibly slowed even by macroscopic volumes of matter,
an ionization track from a CPR transit will be extremely long. Recall that we are
interested in typical kinetic energies of order 102! eV. If we take the typical stopping
power in rock to be dE/dx ~ 100 MeV /cm, as in Eq. (3.18), then CPRs should pass
through Earth entirely without losing more than a fraction ~ 10~* of their energy. In
principle, the resulting tracks would cross the entire planet, although they would be
disrupted over time by geological effects.

Furthermore, the exposure time is such that a paleo-detector with cross-sectional

area A should have a number of ionization tracks given by

A Lobs
N ~ 200 E. 3.22
<1mm2> (109yr> ( )

where the efficiency £ accounts for the probability of track production, track survival,
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Figure 3.2: Projected 99% CL upper limit on the mass and density of CPRs with
experiments of several classes. See text for details. Orange: a 10yr exposure of
XENONIT [3]. Magenta: solid: a 3yr exposure of ICARUS. The dashed line shows
a 1yr exposure. Green: solid: estimated limits from a paleo-detector with £ = 1 and
a 1cm? Gyr exposure. The dashed line shows a 1 mm? Gyr exposure. Blue: strongest
possible limits from monopole searches, including a direct search by MACRO and a
search for tracks in ancient mica [187]. (Section 3.4.1). Dotted gray: relic fractions
produced assuming an initial a power-law mass function with index . Contours step
from v = —0.05 to v = 0.05 from top to bottom in increments of 0.02. Shaded gray:
region prohibited by super-extremality for a charge of le.
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and track detection. If & ~ 1, this extremely high track density means that paleo-
detectors should be capable of placing very stringent constraints on the CPR population.
For this reason, track searches in ancient minerals have already been used to constrain
the flux of supermassive magnetic minerals, which have a similar detection signature
[187]. If these searches are taken to be sufficiently sensitive to detect a CPR track, then
we can already infer a limit of ~4 x 107 m~=2yr~! on the flux of CPRs.

The disadvantage of paleo-detectors is that a particular track cannot be iden-
tified as a CPR in a small volume of material. Paleo-detectors do not directly measure
the speed of the transit, which is an important experimental signature for our purposes.
In a large piece of material undisturbed by geological processes, a CPR transit may
be identifiable by the length of the track, but this may require additional technological
development and other modifications to paleo-detector-based searches. Thus, paleo-
detectors can constrain CPRs, but may not easily furnish a confirmed detection. Still,

we show prospective constraints from paleo-detectors in Fig. 3.2.

3.5 Discussion

In the foregoing sections, we have argued that Planck-scale relics of evaporating
primordial black holes may generically have charges of order e, and we have shown that
plausible forms of the PBH mass spectrum lead to a significant CPR population today.
The formation of these objects is inextricably connected to quantum gravity, and the
process is sensitive to new physics at extremely high energies. We have further shown

that if CPRs constitute a significant fraction of dark matter, then they can be detected
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terrestrially. Indeed, not only are such objects detectable, but the detection signature
would be a smoking gun with few alternative possibilities.

The implications of such a detection cannot be overstated. In addition to
furnishing a direct detection of dark matter, this would confirm the PBH paradigm,
providing great insight into the conditions of the early universe. An abundant pop-
ulation of such objects would furnish the first system for the direct laboratory study
of gravity in the quantum regime. Of course, most immediately, even a single detec-
tion would establish that black holes do not evaporate completely, but leave behind a
relic. Even non-detection may provide significant information: if dark matter is one day
found to be composed of PBHs, and their mass function is established, the fraction of
CPRs produced is easily calculated. Non-detection at that level would establish that
evaporating black holes leave no relics, or that such relics cannot be charged.

With these objectives in mind, we have tentatively derived existing constraints
from the MACRO experiment and ancient mineral searches, which already exclude
fepr = 1 at the 99% confidence level across the entire mass range we consider. However,
there are numerous scenarios which predict a much smaller CPR fraction. If dark matter
is composed mainly of PBHs at a higher mass scale, but produced with a broad mass
spectrum, then a low-mass tail evaporates to the Planck scale, producing a smaller
abundance of CPRs. Further, the uncertainties in the estimation of the charge fraction
imply that only a small fraction of Planck-scale relics may be charged. Thus, there is
ample motivation to search for smaller CPR fractions.

Fortunately, performing such a search requires no new equipment apart from

possible modifications to experimental triggers. We have projected stringent constraints
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from the ICARUS experiment, which can set a bound fepr < 1072 if Mcpr ~ Mp.
Our projected constraints from paleo-detectors strengthen the bound to fopr < 1074
at Mp), and can constrain the CPR dark matter fraction at the per cent level even if
Mcpr lies an order of magnitude above Mp. Taken together, these bounds would be
sufficient to exclude CPRs as a significant fraction of dark matter even if they lie at

a different mass, or acquire spontaneous charge with a somewhat smaller probability.

They are also extremely inexpensive to obtain.

3.6 Conclusions

Primordial black hole dark matter remains a viable and parsimonious dark
matter candidate. If dark matter is in the form of Planck-scale relics, such objects would
be effectively sterile with respect to the standard model if neutral. In this chapter, we
have argued that such relics may in fact carry charges of order e, in which case dark
matter could be composed largely of Charged Planck-scale Relics (CPRs). We have
shown that CPR dark matter is detectable terrestrially, with initial constraints already
set by the null results of monopole searches. Moreover, upcoming experiments can be
used to conduct a much more sensitive search for CPRs with little or no modification.
Even a single detection would come with significant implications for black hole physics,
the behavior of gravity in the quantum regime, and the nature of dark matter.

The interpretation of non-detection is more subtle. Optimistically, null results
can constrain the overall population of relic black holes, with implications for either the

PBH mass function or the quantum gravity mechanisms that stabilize them. Realisti-
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cally, however, the argument we present in this chapter only motivates the possibility
of a substantial charged fraction—it is not a rigorous prediction. As such, we cannot
immediately draw conclusions regarding the abundance of black hole relics in general.
However, up to some of the other uncertainties discussed in this chapter, it
is conceivable that the charge distribution could be rigorously predicted within the
context of a candidate quantum gravity theory. In this case, the abundance and charge
distribution of relic black holes would become testable predictions of such a theory.
Remarkably, as we have shown, we may already have experimental access to such a
scenario. The constraints we draw on the abundance of CPRs may thus translate into

constraints on the structure of physics at the Planck scale.
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Part 11

Black holes, gravitational waves,

and cosmology
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Invitation

At this point, let us recall the goal of this thesis: we wish to establish new
probes of DM at new scales, away from the weak scale. In the previous part, we focused
on the most massive candidates: we saw that significant parameter space remains open
for primordial black holes (PBHs) as a DM candidate, and that both new and existing
tools can explore important limits of this scenario. In this part, we use the phenomenol-
ogy of PBHs as a starting point to explore windows below the weak scale. In particular,
we will identify new connections between astronomical observables, terrestrial experi-
ments, and low-mass particle species.

So far, we have stayed mostly quiet about one key observable associated with
PBHs: gravitational waves, both as transients and as a cosmological background. This
will be our entry point into new astronomical probes, and we will segue from PBHs to
other applications of gravitational wave astronomy for new physics. After discussing
uses of the stochastic gravitational wave background, we turn to other cosmological
observables, and connect these to probes of particular dark matter scenarios.

This part makes a surprising transition, in the language of Fig. 0.1. In the
previous part, we focused entirely on the upper reaches of that spectrum. Now, we will
begin by studying gravitational waves from massive PBHs, but we will see thereafter
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that gravitational waves from massive objects can probe the physics of ultralight particle
species. The nature of gravitational wave astronomy in the cosmological context will
lead us all the way around to the other side of the spectrum. At that point, we will turn
to other opportunities in cosmological observables to probe particle physics at masses
that are somewhere in between: well above the ultralight masses we will probe with
gravitational waves, but still well below the weak scale. Here we will see the emergence
of complementarity between cosmology and upcoming terrestrial tools.

Of the three parts of this thesis, the probes of this part are the most varied, and
potentially the most broadly applicable. Many of the analyses here can be repurposed
for models at other scales, or set the stage for new approaches to DM across an even
wider range of masses. Still, for the time being, we will focus on two distinct regimes:
ultralight bosons at the very bottom of the DM spectrum and even below, and “light”
DM between 1keV and 1 GeV. Even though these two ranges are quite far apart, they
are two of the most interesting windows in the spectrum today. In particular, they lie
to either side of the mass range favored for axion DM, and thus heavily probed by axion
experiments. These are windows in the BSM parameter space where new tools stand
to deliver probes with the greatest new breadth.

In this part, we will focus on three such tools: gravitational wave observatories,
terrestrial colliders, and direct detection experiments. With the exception of gravita-
tional wave backgrounds, the cosmological observables we will discuss here have already
been heavily mined for many years. The coming years will also see new cosmological
observables as a product of the next generation of surveys, and leveraging these surveys

for new tests of DM physics is one of the goals of my ongoing work.
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The coming chapters take the following route through parameter space. First,
in Chapter 4, we will continue our exploration of PBHs to their gravitational wave sig-
natures, and determine the prospects for their discovery at present-day gravitational
wave observatories. In Chapter 5, we will step to gravitational wave signatures from
black holes that are known to exist: supermassive black holes at the centers of galax-
ies. We will see how the gravitational wave background can signal the presence of
new long-range forces mediated by ultralight particle species. Next, in Chapter 6, we
will leverage cosmological observables for a rather different purpose: we will see how
cosmological restrictions introduce new connections between cosmic chronology and low-
energy observables in the sub-GeV regime. Finally, in Chapter 7, we will focus on the
implications of cosmology for direct detection experiments in the sub-GeV and espe-
cially the sub-MeV regime. This will lead us into a more detailed discussion of low-mass

direct detection in Part III.
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Chapter 4

Discovery prospects for primordial black

holes at LIGO

4.1 Introduction

The detection of black hole binaries with LIGO [202-209] has heralded a new
era in probing the nature and behavior of compact objects in our Universe. In the past
several years, gravitational wave detectors have directly confirmed the existence of black
holes [210], provided powerful tests of general relativity [211], and ushered in the era of
multimessenger astronomy [212, 213]. But as gravitational wave observatories continue
to probe the black hole population, they are poised to make yet another significant
discovery: mergers may provide direct evidence for the existence of primordial black
holes (PBH).

The primordial-origin scenario for the black holes observed at LIGO has thus

been discussed heavily in the literature. Several authors have proposed that stellar- and
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primordial-origin models might be distinguished statistically in the coming years by the
distributions of binary masses, spins, and eccentricities [see e.g. 214-218]. However,
an extensive literature shows that the binaries observed to date are compatible with a
stellar origin [219, 220], and efforts to attribute any future discrepancies to a primordial
origin will be complicated by uncertainties in stellar evolution models [see e.g. 221, 222].
Thus, even in the most optimistic case, it will be difficult to positively establish a non-
stellar origin for the LIGO black holes, especially if such a history applies only to a
subcomponent of the merging population.

But there is one clean signal that could clearly indicate the primordial origin of
a specific black hole: a low mass. Stellar evolution models predict that black holes form
only when a star’s mass is sufficient for the gravitational force to overcome degeneracy
pressure. Thus, black holes with a stellar origin must have a mass no lower than the
Chandrasekhar limit of 1.4 Mg, [138]. A black hole with a mass below ~1 Mg must have
a non-stellar origin, and the detection of even one such object would be a clear smoking
gun of new physics, as was already pointed out by [223]. In principle, LIGO may be
sensitive to mergers of black holes well below this scale, so LIGO and other gravitational
wave observatories are uniquely capable of directly establishing the existence of PBH.

Indeed, some gravitational wave detections have already come tantalizingly
close to furnishing such a discovery. The latest hint comes from the recently announced
LIGOScientific:2016a0c90814 [224], apparently involving a compact object at 2.6 Mg,
in what was expected to be a mass gap in the population of neutron stars and stellar-
origin black holes [225-228]. Additionally, the nature of the compact objects involved in

LIGOScientific:2016a0c70817 [229] is uncertain: while the identification of an associated
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kilonova [230] strongly indicates that one of the merging objects was a neutron star,
the second compact object might also be a light O(1 Mg) black hole, with likelihood as
large as 40 per cent [see e.g. 231].

Given the potential for discovery, the LIGO Collaboration has conducted initial
searches for mergers of light PBH [67, 69], with null results thus far. But interpreting
these null results as constraints on the PBH population requires a model to connect
the abundance and mass distribution of PBH to the rate of observed mergers. Theoret-
ical uncertainties in the merger rate complicate such an analysis, with notable recent
progress by [232]. Even so, most previous work has assumed that the PBH mass func-
tion is monochromatic, i.e., that all PBH have a single mass. This greatly simplifies
the problem, but is likely unrealistic: in most formation models, PBH have an extended
mass distribution with a lognormal or power-law shape [29]. In some scenarios, the
mass distribution can even be multimodal [233].

A Dbias-free interpretation of LIGO results requires that we allow for some
freedom in the shape of the mass function. This motivates the approach taken by
[234], who analyze prospects for the detection of light black holes under the assumption
that the mergers observed thus far have a primordial origin. To further complicate
matters, the mass distribution is subject to various observational constraints across the
mass spectrum, which impose additional restrictions on the space of mass functions.
The uncertainty in the merger rate arising from the shape of the mass function means
that it is difficult to describe prospects for either constraints on or discovery of a PBH
population at gravitational wave observatories in a model-independent fashion.

In this chapter, we use numerical methods to translate null searches at grav-
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itational wave observatories into constraints on the properties of the PBH population
and discovery prospects for light black holes. In particular, we show that if only a small
fraction of the PBH population lies in the mass window of interest, then freedom in the
mass function translates to a significant gap between the constraint potential and the
discovery potential, corresponding to the most pessimistic and optimistic calculations
of the merger rate, respectively. We show that LIGO can establish the existence of
PBH even if the abundance of such objects in the mass range of interest is far below
the level of the prospective constraint. Our results provide the first model-independent
gravitational wave constraints on the light black hole population, and show that there
is considerable opportunity for their discovery at LIGO.

This chapter is organized as follows. In Section 4.2, we review the calculation
of the merger rate and establish analytical expectations for the shapes of mass functions
that maximize and minimize the merger rate. In Section 4.3, we introduce our numer-
ical procedure and detail the inclusion of other observational constraints. We present
our numerical results in Section 4.4, and we discuss the implications and conclude in
Section 4.5.

Notationally, we will say that a black hole is ‘light’ if it has a mass below
1 Mg, and we will say that a black hole is ‘detectable’ if it has a mass large enough to
be observable by LIGO, a condition we will detail in subsequent sections. We will refer
to light black holes as ‘primordial’, although, as we have mentioned, there are other
new physics scenarios that may also result in the formation of observable black holes
without stellar progenitors. Our interest is in light black holes that are ‘detectable and

primordial’; which we will abbreviate as ‘DPBH’. We will say that such black holes lie
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in the ‘DP’ mass range.

4.2 The merger rate of DPBH

To establish the most optimistic discovery prospects, and the most pessimistic
constraint potential, it is necessary to consider, respectively, the maximum and min-
imum merger rates that can be produced with a fixed abundance of PBH. We will
perform this optimization numerically in the following sections, but first, we discuss the
calculation of the merger rate and explore a few benchmark cases analytically.

The merger rate of PBH has been studied by many authors [11, 12, 53, 54, 232,
235, 236], and while predictions of the rate are still subject to some uncertainties, the
theoretical formalism has improved considerably in recent years. In particular, Ref. [236]
and Ref. [54] have studied the merger rate for extended mass functions, and established
predictions for the merger rate as a function of the component masses. The formation
of merging primordial black hole binaries is quite different from the stellar case, so we
will shortly review the derivation of the merger rate and the attendant physics.

Throughout the following sections, we will denote the mass function by .
Denoting the PBH number density for masses up to m by n(m), the mass function is

defined by ¥ (m) o< mdn/dm with the normalization condition

/ dm(m) = %ﬁ‘; = foBn. (4.1)
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4.2.1 The detectable mass range

A key component of estimating the DPBH merger rate is defining exactly what
is meant by detectability. In previous studies of DPBH mergers, a threshold is generally
set at a mass of order ~ 0.1 M, and mergers of black holes below the threshold mass
are assumed to be undetectable. We must do the same in this chapter, for reasons
we will explain shortly. For the moment, note that this is a reasonable approximation,
especially because gravitational wave detectors trigger on the basis of a bank of template
waveforms. Thus, even if LIGO is potentially sensitive to mergers of lighter objects,
a detection will not be made if no matching template has been computed. In typical
operation, LIGO uses no templates with combined binary masses below 2 Mg [68], and
even past searches for light black hole mergers have used a minimum template mass of
0.4Mg, [67, 69].

Neglecting templates, LIGO is potentially sensitive to mergers of very light
black holes, with one important caveat: the lighter the binary, the closer it must be in
order for the merger to be detectable. Thus, LIGO probes a different effective volume
Vet (m1,mg) for each pair of component masses (mj,mg). Given a particular mass

function %, the total DPBH merger rate Rpp must then be written in the form

Rpp(v) = /DP2 dmy dmg R(m1, ma) Veg(m1, ma), (4.2)

where R(m1, ma) is the differential merger rate per unit volume for binaries with com-
ponent masses (mj,msg), and fDPQ denotes an integral only over pairs of masses in the
DP regime. We make the simplifying approximation that the sensitive volume depends

only on the chirp mass of the binary, M., and not on the individual component masses,
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so that Veg(mi,ma) = Veg(Mc(m1, me)). This approximation has been explicitly vali-
dated by [69]. Note that we neglect any impact of binary spin on detectability.

We determine the sensitive volume Vg (my, meo) for the merger of a given binary
using the maximum sensitive distance for the scenario considered in Ref. [68]. This
sensitivity is already achievable with the Advanced LIGO instrument, but does involve
optimistic assumptions about the template bank used to identify merger events. The
number N of templates required for a given search depends strongly on the minimum
mass Mmpin and starting frequency funin included in the template bank, scaling as N
(Mmin fmin)_g/ 3. We follow the optimistic benchmark of Ref. [68], choosing fii, = 10 Hz
and fiax = 2048 Hz, and we likewise reduce the maximum sensitive distance by a factor
of 2.26 to account for variations in the location and orientation of the binary. (See
fig. 2 and eq. (12) of that reference.) As noted in that work, there are significant
computational costs to producing an appropriate template bank for detection of these
very low-mass binaries at the greatest sensitive distances. LIGO searches completed
to date use slightly less generous template banks, and in particular are completely
insensitive to black holes below 0.2 Mg, [69]. Thus, our results apply directly under the
assumption that LIGO carries out a search with these parameters.

We still need to define the domain of the integral in Eq. (4.2). To meaningfully
probe the abundance of light PBH, we will ultimately be interested in speaking of the
abundance in a narrow mass range, neither too massive to be clearly primordial, nor
too light to be typically detectable, but just right [see e.g. 237]. To that end, we

min

will define two thresholds mpp' and mpp*. For single masses, we will say m € DP if

mi < < miEX For pairs of masses, we will say that (mq,ms) € DP? if miin <
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min{mq, mg} < mpps, ie., if

1. both m; and mg are above m%’}?, and

2. at least one of m; and my is below mp3*.

We will fix mia& = 1Mg and mB = 0.1 Mg throughout our analysis. We have
investigated the consequences of choosing m%lgl = 0.01 Mg, and found that there is
very little impact on the qualitative outcomes of our analysis: while choosing a lower
threshold threshold extends the opportunity for discovery if PBH only exist at lower
masses, extant gravitational wave detectors are relatively poorly suited to probe such a
population.

In order to meaningfully discuss constraints on the DPBH population, we
define the DP ratio by

max

rpp = ! /mDP dmp(m). (4.3)

feBH Jmmin

min

This is the mass fraction of PBH with masses between m{p' and mpp*. Note the use
of r (ratio) rather than f to avoid confusion with Qpp/Qpwm, as with fppr. We instead
define fpp = rpp freH-

Ultimately, we will evaluate maximum and minimum merger rates as a func-
tion of both fppp and rpp simultaneously. This is a convenient parametrization for
discussing constraints on the mass function, since despite the very simple form of the
two parameters, they encode key information about the abundance of PBH in general
and the abundance of light black holes in particular. This is also one of the reasons for
imposing a strict cut-off at low masses: one might contend that lighter black holes, with
masses below our m%’}?, are also detectable, albeit in a smaller volume. This may indeed
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be the case, but including such mergers would make the parametrization discussed here
difficult to interpret in relation to the merger rate: black holes just below mggl would
contribute to the DP merger rate, but not to rpp.

We reiterate that LIGO is not equipped with templates for our entire DP win-
dow during its regular operation, and a search with black hole masses below 0.2 Mg
has not been conducted to date. Moreover, previous searches have targeted mergers
between two light black holes, with templates only below 4 My in total binary mass.
Thus, the constraints we draw in this chapter are prospective, assuming that an ex-
tended search is conducted on archival or future data. As we will show, such searches
are well motivated both for pairs of light black holes and for mergers of light black holes

with heavy partners. There is ample opportunity to discover PBH even at abundances

that cannot be fully constrained.

4.2.2 Estimating the merger rate

We now review the derivation of the merger rate in Ref. [236] and Ref. [54].
First, we note that PBH binaries can form in two epochs: in the early Universe, during
radiation domination, and in the late Universe, where close approaches can produce
enough gravitational radiation to bind two black holes. The latter contribution is gen-
erally small, since typical relative velocities are large, meaning that the energy loss to
gravitational radiation must be quite significant. There is a possible exception to this
rule if the density contrast in the late Universe is exceptionally large, 6o = 10'°, but
this is much larger than most estimates, so we neglect that possibility. Thus, we con-

sider only binaries formed in the early Universe. Note that our calculation may not
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accurately describe new physics scenarios in which light black holes themselves form in
the late Universe.

We first review the merger rate as estimated by Ref. [236]. Consider a PBH
pair with masses m; and my. First, in order for the pair to decouple from the Hubble
flow and have interactions dominated by their mutual gravitation, the average mass of
the black holes should exceed the background mass in the volume between them, i.e.,

we require (mq +ma) > %ﬂpbgr‘(3

. Translating this into a condition on the separation
of the two black holes, one finds that the comoving distance between them must fall
below the scale

3 i mi + ma

Bmyma)” = A a3 peq
eq

, (4.4)
where aeq and peq are the scale factor and the density at matter-radiation equality. A

binary with comoving separation x < & thus decouples from the Hubble flow when the
scale factor is

Qde = deq (%)3 . (4.5)
After this point, the black holes’ gravity dominates the evolution of the system. Barring
a close approach, gravitational interactions between these two black holes and some third
body of comparable mass are necessary to move the pair into a bound configuration.
Thus, we suppose that there is third PBH with mass mg at a comoving distance y from
the first two. In this scenario, we form a binary with semimajor and semiminor axes
given by

2m3

3
T
_ , _pgms (T, 4.6
Tq = QTAge T ﬁm1+m2 <y> Tq (4.6)

for two O(1) constants o and 5. We take a = 8 = 1 for the remainder of this discussion.
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Assuming that there is no mechanism for hardening the binary apart from gravitational

radiation, the coalescence time can then be estimated as

s (z) () o

where 7 is the maximal coalescence time, given by

348 ot BT ak mii(my, my)*
85 G3m1m2(m1 +m2)8 '

7(mi, ma, m3) = (4.8)

Here we have established the coalescence time for a single binary assuming a set of
masses and initial separations. Distributions of these parameters can be derived from
the mass function, leading to a distribution of coalescence times as a function of the
component masses. Differentiating this distribution leads to the merger rate at the
present time. For brevity, we define m(y) = 1/ [ dm(m)/m. The number density
of PBH at the mass of interest is accounted for through the factor N(v; mq,mg) =
3ac DM eq (M1 + m2) /m(1)), where dq4c is the density contrast at the time of decoupling.

We then define

G(¥; mi,mg,m3) =T (58 N (¥ m1,m2)t3/16>

377 7~'(T)’L17 ma, m3)3/16

_1“<58 N ml,m)t‘”), (w9)

37’ %(ml, ma, m3)—1/7
and the present-day differential merger rate between black holes with masses m; and

my is given by

()P N (3 my, ma) 57
R(my, ms) =
(mi,ms) 2967 50T (M, mo)3t34/37

o Ylma)y(ms) /dm3 G(y; m,ma, ms) P(ms)

mims 7(ma, ma, m3)3/37  ms

(4.10)
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Notably, this estimate of the merger rate considers only the tidal torque due to one
additional PBH external to the binary. This may present a problem when dealing with
mass functions that span many decades, for which lighter black holes have relatively high
number densities. Ref. [54] follow a similar line of argument, but the authors estimate
the torque by integrating over the entire PBH population. It might be expected that
this form of the merger rate is more reliable for extremely broad or multimodal mass
functions, which we may well encounter in the course of our analysis. Thus, we use their
merger rate in the course of our calculation, and we now briefly summarize their result.

We define

2myma (Y (m1) + (ma))
(m1 + ma) (m1(my) + map(ms))

= (4.11)

and ny = pQpM,eq | dm(m)/m, where the lower limit of integration is min{my, ms}.

We additionally take (z) to be the average separation between black holes of mass m;

and ms, and define vx by

1/7
85 tmma(ma + ms) (¥(ma) + 9(ma))" | 2(ma) + ¥(ma)) 2

X = (4.12)
3 —4(3 mi4m 4/3 16/3 QpmX
1074 (& st ) XY
Then the probability distribution for the coalescence time is given by
P 1 X4 3
—_— = — /dX exp (—W<$>3nT> 77)(32, (4.13)
dt  Tut w3 (1 —&-’y%() /

and the present-day merger rate per unit volume is given differentially in the component

masses by

R (m1,m2) = pSly min <w(ml) w(m2)> dp (4.14)

mi ’ meo E
While we use this form of the merger rate in our subsequent analysis, it is not
the only such calculation to take into account the torques from the entire population
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of black holes. The calculation of Ref. [236] was updated and extended by Ref. [238] to
include this effect via a suppression factor multiplying the rate. The suppression factor

S has the form

- e N _16 3032
S = W /d'U'U 37 eXp <—f(?/),?]) - 10f1%BH> s (415)
= d
Fpoo) = M) [ PN (g5 (dme)) . a0

where (m) is the average PBH mass, 1 F» is the generalized hypergeometric function, N
counts the number of PBHs in the vicinity of a given binary, and oy = (Qm/Qpm)2(5%)
for oyt the matter density perturbation. Note that in this merger rate calculation,
the suppression effect factorizes away from the dynamics that determine the binary
formation rate, so the suppression factor can really be evaluated separately from the
unsuppressed rate. This is not the case in the calculation of Ref. [54]: while there is
no explicit suppression factor, a comparable suppression enters the rate itself via the
exponential factor in Eq. (4.13). However, the calculation does not include a suppression
of the merger rate from binary disruption in later close encounters.

We note that predicting the PBH merger rate from first principles is extremely
challenging, and it is likely that these estimates will be refined in the coming years. In
particular, Ref. [239] recently showed that the inclusion of all three-body encounters in
PBH clusters can dramatically reduce the merger rate in the late Universe. We will
return to this possibility in Section 4.5, and we will also assess the robustness of our

results to differences between the calculations of Ref. [54] and Ref. [238].

165



4.2.3 Analytical behavior of the merger rate

To establish constraint and discovery prospects, we will need to minimize and
maximize the merger rate over the possible mass function shapes with some character-
istic abundances held fixed. In particular, we will optimize the merger rate with rpp
and fppy held constant. For fixed fppp, if the maximum merger rate falls below the
LIGO sensitivity for a given value of rpp, this means that values of rpp this low cannot
be probed by LIGO, regardless of the form of the mass function. Alternately, if the
minimum merger rate is detectable by LIGO, then this and higher values of rpp can be
ruled out by LIGO.

In general, the merger rate must be maximized or minimized numerically.
However, to understand the dependence of the merger rate on the shape of the mass
function, it is useful to consider a few simple benchmark cases in the absence of any
observational constraints. For the moment, we neglect the mass dependence of the
detector’s sensitive volume.

First, consider a monochromatic mass function, ¥ (m) = f16(m — my). For-
mally, the quantities entering Eq. (4.14) are not independently well defined in this case,

but we can take a mass function of the form

P1(m) = ATIO(M — m1)O(m1 + A —m) (4.17)

and work in the limit A — 0. In this case, the total DP rate is simply the overall
rate, as long as my lies within the DP window. If m; is sufficiently small, the integrand
of Eq. (4.13) is dominated by values of X where the exponential is very nearly 1. As

pointed out by [54], the integral can then be evaluated approximately, which gives a rate
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Figure 4.1: Merger rate for a dichromatic mass function, ¥(m) = fid(m — my) +

f20(m — may), relative to the monochromatic mass function (f; + f2)d(m — my1). We
fix m; = 10~Y/2Mg, indicated by the black vertical line. This lies in the middle of
the DP window, indicated by the shaded region. The dashed curves show the merger
rate for pairs of all masses, while the solid curves include only mergers in DP?. The
blue curve shows the case fo = 10f7, i.e., where mergers of black holes of mass mgo
naively dominate. The orange curve shows the case fo = 0.1f;, where the reverse is
true. Depending on the relative amplitudes and positions of the two peaks, separating
them can either enhance or suppress the merger rate (see text).
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Figure 4.2: Relative merger rate as o is increased for a lognormal mass function with
two different central masses. The dashed lines include all mergers, while the solid lines
include only DP? mergers. The curves are normalized relative to the all-inclusive merger
rate at the lowest value of o, i.e., the dashed lines are fixed to 1 at the left edge of the
figure. For much of the range of o shown here, a large fraction of mergers lie in DP?,
so the solid and dashed lines lie very close. They begin to diverge at large ¢ in both
subplots, since much of the mass lies outside the DP window in this case. For the blue
curve, the central mass lies outside the DP window, so the DP merger rate vanishes at
small o. In the limit ¢ — 0, the lognormal mass function reduces to the monochromatic
case.
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R x mf32/ 37 A similar result can be derived for large my by splitting the X integral

into two regimes, one in which the constant term in the denominator is dominant, and
one in which it is subdominant. The integral can be evaluated analytically in each of
the two regimes, and it can then be shown that R m;%/ 2 at large mj.

In particular, for a monochromatic mass function, decreasing my increases the
merger rate. Physically, this is simply because decreasing m; while holding f; constant
increases the number density of black holes. In the absence of observational constraints,
we therefore expect that the merger rate will be maximized when the mass function is
peaked near the bottom of the DP window, and minimized when it is peaked near the
top.

This is the simplest way in which the mass function can influence the merger
rate. However, monochromatic mass functions are tightly constrained by observational
bounds, so it is useful to understand the behavior of the merger rate for mass functions
with non-negligible width. We first consider the simplest extension of the previous case:

a bimodal mass function constructed as the sum of two monochromatic mass functions.

We define
Ya(m) = f16(m —m1) + f26(m —m2), (4.18)
where the Dirac delta is understood to be defined as in Eq. (4.17).

For such a ‘dichromatic’ mass function, there are three contributions to the
merger rate, corresponding to mergers of black holes with masses {my,m1}, {ma, ma},
and {mi,mo}. This gives rise to complicated behavior as the peaks are separated.
Two benchmark cases are shown in Fig. 4.1, with one peak fixed in the middle of the

DP range and the other varying freely. In each panel, the merger rate is enhanced if the
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second peak is positioned at a low mass within the DP window, due to the enhanced
number density. The DP merger rate (the solid line) drops sharply as the mass of the
second peak falls below the DP window, while the all-inclusive merger rate (the dotted
line) continues to increase.

Notice that as the second peak rises above the DP window, the drop in the
DP merger rate is much less significant. This is because the presence of these more
massive black holes still affects the DP merger rate in two ways: first, more massive
black holes can still participate in the formation of light PBH binaries, and secondly,
mergers of binaries with masses {m1, ms} themselves contribute to the DP merger rate.
These effects lead to non-trivial behavior of the dichromatic merger rate as a function
of the two masses. For our purposes, we note that separating peaks in a dichromatic
mass function can either increase or decrease the merger rate.

Finally, we consider a lognormal mass function, which is unimodal, but has a

non-vanishing width. The lognormal mass function has the form

_ JeeH 1 [log (m/mq)]?
Yr(m) = mexp <—2 [U] > ) (4.19)

where mg corresponds to the central mass and o is the width of the distribution. Holding
o fixed, the merger rate is increased by reducing mg, as in the monochromatic case. If
my is fixed, and o is varied, then the merger rate is enhanced by increasing o, i.e.,
broadening a sharp distribution locally increases the merger rate. This behavior is
shown in Fig. 4.2.

These benchmark scenarios indicate that a fairly broad mass function favouring

lower masses will generally produce a higher merger rate, but in general, observational
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constraints will impose severe restrictions on the allowed shape of the mass function.
Thus, the mass function that minimizes or maximizes the merger rate might indeed
be a complicated multimodal function. In particular, the analysis of [30] demonstrates
that the maximum value of fppp consistent with observational constraints is attained
by a multimodal mass function, corresponding to a superposition of monochromatic
mass functions. Thus, it would not be surprising to find a similar behavior for mass
functions that maximize the merger rate, particularly if fppp is fixed at a value where
observational bounds strongly constrain the mass function. The benchmark scenarios
in this section suggest that the merger rate will be minimized with sharply peaked and
potentially multimodal mass functions.

To go further and to incorporate observational constraints will require numeri-
cal methods, which we take up in the following sections. Again, note that the discussion
above has not accounted for any characteristics of the detector. In particular, we have
neglected the mass dependence in the effective volume that an instrument such as LIGO
can probe. Mergers of more massive black holes are observable in a larger effective vol-
ume, and this enhances the effective merger rate at higher PBH masses, competing with
the enhancement in number density at lower masses. We will include this effect in our

numerical treatment.

4.3 Constraints and optimization

In this section, we detail the numerical procedure that we use to optimize the

merger rate. First, we discuss the constraints that we impose on the black hole mass
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function.

Since the allowed values of the merger rate depend on the allowed forms of the
PBH mass function, observational constraints that restrict the form of the mass function
correspondingly restrict the merger rate. Thus, the minimum or maximum merger rate
is dependent not only on fppyg and rpp, but also on the chosen set of observational
constraints. The full set of observational constraints we use in this chapter is shown in
Figs. 4.4 and 4.5, with descriptions in the captions. We demonstrate the behavior of the
maximum and minimum merger rates both with and without the constraints imposed
on the mass function by these observational bounds.

Note that there are many other observables that may place constraints on
the PBH population, such as supernova lensing [49], dynamical effects [37, 45, 46], and
destruction of white dwarf stars [47] and neutron stars [48]. (For reviews see [29, 31, 33].)
These constraints are subject to additional uncertainties, and including them does not
change our qualitative conclusions. The qualitatively important features are the relative
strength of the constraints at masses above and below the DP window, and the fact
that there is a gap in the constraints at low masses. The latter allows for large values
of fppu when rpp is small. This gap has attracted considerable attention since lensing
constraints at low masses were shown to be ineffective [14, 15, 240-242], and it is possible
that new constraints developed in this region will influence our results.

We introduce one important observable beyond the constraints plotted in
Figs. 4.4 and 4.5: the stochastic gravitational wave background [SGWB; 243, 244].
A population of black holes merging over cosmic time produces an accumulated back-

ground of gravitational radiation that can be detected by LIGO. Since the SGWB
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depends in detail on the shape of the mass function, it must be treated differently from
the other constraints. However, it is essential that we include this constraint, since it
has been shown that merging DPBH in particular can make a significant contribution
to the SGWB [see e.g. 245]. Further, when we maximize the merger rate, we also max-
imize the contribution to the SGWB, so our optimal mass functions might run afoul of

SGWB constraints at PBH abundances well below those excluded in other analyses.

4.3.1 Applying constraints to the mass function

In order to translate gravitational wave observables to discovery prospects
and constraints on the population of DP black holes, we must alternately minimize
and maximize the merger rate subject to particular constraints. This is similar to the
problem of maximizing the overall abundance of black holes subject to observational
constraints, as discussed by Ref. [30]. In that reference, the general form of the optimal
mass function is derived analytically, and it is shown that the exact global optimum can
be found semi-analytically with arbitrary precision. Since we will use some of the same
methods and terminology, we briefly review this result. However, as we will explain,
this formalism cannot be adapted to optimize the merger rate semi-analytically.

We treat observational constraints on the black hole population following [39].
In general, observational constraints on the black hole population are derived from some
measured quantity Agps. The value of Agps is predicted to be Ag in the absence of any

PBH, whereas in the presence of PBH, one has Ag,s = Ag + A1. For most observables,
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black holes at different mass scales contribute independently, so we can write

Al = /dmw(m) Kqi(m) (4.20)

for some kernel Kj(m). Provided that the constraining observable has this form, the

constraint condition can be written in the form C(¢) < 1, where C(¢) is the functional

)
() = / am 72, (4.21)

Here fmax(m) is the maximum allowed fraction of dark matter in the form of PBH
assuming a monochromatic mass function at mass m. For the case of N independent

constraints fmax,j(m), corresponding to a vector C;j(1)), this generalizes to

\\C(@b)\\z:i(/qub(m)f <1 (4.22)
= Frag(m)) = |
Note, in particular, that ©¥(m) > fiax(m) is perfectly admissible for a subset of masses—
i.e., the mass function can cross through the curves on constraint plots—as long as the
condition above is still met. This is simply because constraint curves, as typically drawn,
are only applicable to monochromatic mass functions.

Since the total density in PBH scales linearly with the normalization of the
mass function, any mass function can be normalized to saturate observational con-
straints, yielding the normalized mass, M(¢p) = ||C(¢)|| ™! [ dm 1 (m). Finding the mass
function that maximizes the PBH density subject to observational constraints is thus
equivalent to maximizing the functional M, which can be done semi-analytically.

One might hope that a similar method might apply to the optimization of the
merger rate. But even if the merger rate functional were as simple as the normalized

mass, it would still not be possible to apply the preceding formalism. As we have
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discussed, it is essential to consider constraints from non-detection of a SGWB signal,
but this constraint cannot be cast in the form of Eq. (4.22). We now briefly review the
nature and calculation of the SGWB constraint.

A population of PBH produces a SGWB from mergers at higher redshifts [245—
249]. While such backgrounds do not furnish a smoking-gun signal of a primordial origin
for a particular black hole, they do constrain the PBH mass function. A differential

merger rate R produces a stochastic background at frequency v with density

R(z;m1, m2) dEGw
(1+2)H(z) dvs

Qaw(v) = z /dz dmq dms

p (vs;my, ma), (4.23)
where p. is the critical density and dEgw/dvs denotes the spectrum of the radiation
emitted during a merger, with vs = (1 + 2)v denoting the frequency at the source. We
follow the computation of the spectrum and the resulting Qqw (v) in [248] and [245].
LIGO is most sensitive to the SGWB at a frequency of v, ~ 20 Hz, and the sensitivity
is sharply peaked around v,. Thus, we determine whether a mass function is ruled out
by SGWB production by simply comparing Qgw(vp) with LIGO constraints at that
frequency, translating to the requirement that Qaw (1) < 2 x 1079 [245].

Since the calculation of the SGWB is dependent on the shape of the entire mass
function, this constraint cannot be expressed in the form of Eq. (4.20). In particular,
note that the strength of the constraint is not linear in the normalization of the mass
function, since the merger rate itself depends on the normalization in a highly non-linear
fashion. There is no simple closed-form rescaling of the mass function that will saturate

SGWRB constraints. Practically, this is not an issue since the optimal mass functions and

the corresponding constraints on the black hole population must ultimately be derived
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numerically rather than analytically. In our numerical procedure, we can incorporate
SGWB constraints on a nearly equal footing with other observational constraints, as we

will explain in the following section.

4.3.2 Numerical procedure

We now detail the numerical procedure that we use to optimize the merger
rate. We minimize and maximize the merger rate using simulated annealing [250]. In
simulated annealing, at each step of the algorithm, a random modification to the state
of the system is generated. Each modification is probabilistically accepted or rejected,
and steps that decrease the cost function are preferrentially accepted—i.e., simulated
annealing is a Monte Carlo Markov chain (MCMC) optimization algorithm. Simulated
annealing is structurally similar to the Metropolis—Hastings algorithm [251, 252] for
drawing samples from a distribution, but the probability of accepting a given step
changes over time.

Heuristically, simulated annealing is based on an analogy to the physical pro-
cess of annealing, in which a material is heated and then cooled slowly to relieve internal
stresses. Heating allows the material to return to an equilibrium configuration, and since
the cooling is slow, the material is likely to be in or near its equilibrium state once frozen.
In simulated annealing, the system is first ‘heated’ in the sense that random steps are
accepted with a high probability. Then the temperature is slowly reduced, so that
the system increasingly disfavours departure from equilibrium. This procedure locates
global optima relatively efficiently: at first, while the system is ‘hot’, the algorithm can

generate a chain that explores the parameter space broadly, with little chance of being
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stuck at a local optimum. As the system cools, the chain is less likely to depart from
a local optimum, so it tends to locate that optimum more precisely with subsequent

steps.

4.3.2.1 The annealing algorithm

The simulated annealing procedure is outlined in Algorithm 1. The mass
function ¥ (m) is binned into a set of values v; with bin widths Am;, so that fppg =
ZZN g Am.

The number of mass bins, IV, must be large enough to allow for sufficient
flexibility in the mass function, but must not be so large as to make the calculation in-
tractable. The computational cost of the merger rate calculation scales asymptotically
as a power law in N, but more importantly, each additional mass bin constitutes an ad-
ditional dimension for the optimization problem. Naively, since the size of a discretized
search space scales exponentially with the number of dimensions, one expects a simi-
lar behavior for the number of steps to convergence of the optimization algorithm, i.e.,
Ngteps ™~ bN . If the exponential base b were large, the numerical optimization we attempt
here would be extremely challenging. Pragmatically, since values of the mass function
in adjacent bins are highly correlated, b is manageably small: in direct numerical exper-
iments, by subdividing mass bins, we find that b ~ 1.5. We choose N = 21, dividing the

bins into three regions. We use 13 bins for m < m%lg‘, 5 bins for mglg‘ <m < mpg¥, and

3 bins for m > mpp*, subdividing each region into equally sized logarithmic bins. This

makes it feasible for us to generate the numerical results in this chapter with O(10%)

processor hours.
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The probability of accepting (‘jumping’ to) the candidate step, Pjump, is defined

Pjump = [cost(¢')/ cost(w)]_l/T, (4.24)

where cost represents the functional to be minimized, and T is the ‘temperature’.
In the simplest case, cost is the DP merger rate (for minimization) or its negative
(for maximization). In our case, where the optimization problem is constrained, it
is convenient to implement these constraints by adding terms to the cost function.
Constraints appear in the cost function with a factor of 1/7" so that, as the temperature

drops, constraints become more important. Thus, our cost function is defined by
cost (1)) = + Rop (1) + gmax{O,P(z/J)}, (4.25)

where the penalty functional P is defined by

P(v) = exp (max { HC(@b)

, Qaw /8% —1) — 1, (4.26)

with C(v)) defined as in Eq. (4.22). We choose 8 = 103yr~! so that even when the
merger rate is at its maximum, the penalty functional still dominates the cost at the
lowest temperatures we consider.

In addition, there are three components of the simulated annealing algorithm
that must be implemented in a manner specific to each application: the selection of the
initial point, the generation of new steps, and the cooling rate (annealing schedule).

To start new chains, we determine the initial mass function ¢y by choosing
a random value in each mass bin from the log-uniform distribution on [1,10%]. The

resulting mass function is then rescaled to match the input values of rpp and fppp.
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Algorithm 1 Annealing procedure
1. k<« 0,9 <+ iy

2: while k < kpax do
3: Y’ + NEIGHBOR(¢)) > Generate modification

4: if Pjump (¢, T'(k)) > random((0, 1)) then

5: W > Accept modification
6: k=k+1
7: end if

8: end while

The generation of new steps is represented by the NEIGHBOR function, which mutates
the current state of 9 to obtain a candidate 1)’. The behavior of NEIGHBOR is specified
in Algorithm 2. Schematically, a step is generated by modifying the value of % in a
randomly selected bin ¢. The modification is drawn from a normal distribution with
mean v; and standard deviation ov);/Am;. Appropriate sections of the resulting mass
function are then rescaled to match the input rpp and fppp.

We use a modified exponential cooling schedule, with a lower limit of T' = 1.

The temperature at the kth step is thus

Tk) =1+ (To—1)(1 — a)*, (4.27)

where we set @ = 1072

, and Tp is the initial temperature. In general, Ty must be
chosen empirically to allow the algorithm to explore a wide parameter space initially.
We choose the initial temperature so that 80 per cent of steps from the initial position

that increase the cost are accepted. Such a temperature is high enough to ‘melt’ the
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Algorithm 2 Neighbor generation

1: procedure NEIGHBOR(%))

2:

10:

11:

12:

13:

14:

P

i < random({1,2,..., Nyins}) > Choose bin
Vi < b X normal(yy, ovb;/Am;) > Modify bin
I <5 iAm; > Fix rpp

Ipp < ) icpp YiAm;
for i € DP do
Y; < i x rpp(I — Ipp)/[Ipp(1 — rpp)]
end for
I iAm; > Fix fpeH
for i =1,..., Npins do
Vi < ¥ x fepu/l
end for

return 1)’

15: end procedure
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Figure 4.3: Illustration of the refinement procedure. The orange points represent a
subset of the initial grid. The blue points are those added during the refinement step.
An arrow from an orange point to a blue point denotes that a chain is initialized at the
blue point using the optimal mass function across all chains previously evaluated at the
orange point.

system, allowing almost any step to proceed, while still being low enough that steps will
be constrained as the temperature is lowered.

To verify convergence, we optimize the mass function five times, i.e., with five
independent chains, at each parameter point. We evolve each chain for 107 steps. Each
of these chains begins with its own random mass function and with a high temperature,
so convergence to the same optimum merger rate and mass function provides reassuring
evidence that the algorithm is not stochastically settling into local optima. We find
empirically that the merger rate typically converges across the chains within O(10%)

steps.

4.3.2.2 Two-parameter optimization

Our goal is to determine the maximum and minimum merger rates as a function

of the total abundance of PBH, fppp, and the fraction of those PBH that lie in the
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DP mass range, rpp. Thus, in principle, we must perform the optimization described
in the previous section at every point in this parameter space, independently. However,
the optimization process is computationally expensive, so it cannot be applied directly
to a fine grid in (rpp, fpr). Instead, we use the simulated annealing algorithm on a
coarse grid, and then use an alternative technique to interpolate between the resulting
optima.

First, we note that this interpolation process is not simply an aesthetic mat-
ter. In principle, a small displacement in the (rpp, fppn) plane can produce a sharp
discontinuity in the shape of the optimal mass function, leading to discrete regions in
which the optimal mass function evolves very differently with rpp and fpgu. This is es-
pecially difficult to forecast when observational constraints are included. The situation
is analogous to the behavior of the order parameter in a first-order phase transition: in
this case, a small displacement in temperature discontinuously changes the location of
the minimum of the free energy. In our case, rather than a sharp transition between
two minima of the free energy, there could be a sharp transition between two shapes
of the mass function. A naive interpolation of a coarse grid of points risks missing any
such structure.

Therefore, we extend our coarse grid to a finer subgrid using the following
procedure. First, each interval in the grid is halved to produce a refined grid. The initial
mass functions for each new point on the grid are borrowed from its nearest neighbours:
that is, for each neighbour, we run an independent chain at the new parameter point
starting from the neighbour’s optimal mass function across all of the neighbour’s chains.

One step of the process is illustrated in Fig. 4.3. Even if there is a transition of the kind
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described above between the new point and some of its neighbours, it is still likely that
the optimum at the new point is close in shape to that of at least one neighbour. Thus,
one expects that only mild adjustment of these mass functions is needed to converge to
the optimum at the new point.

Since we assume that at least one of the optimal mass functions drawn from
the neighbouring points is close to the global optimum of the new point, there is no need
for the variable temperature of simulated annealing: we need only locate the nearby op-
timum more precisely. We perform this adjustment by producing a chain of 10° steps
with the Metropolis—Hastings algorithm, which is structurally similar to simulated an-
nealing, but with a fixed temperature. We perform the entire grid refinement procedure
twice to obtain a sufficiently fine grid.

Finally, the optima from all points are ‘mixed’ as follows. For each point on the
refined grid, we generate another set of 10°-step Metropolis-Hastings chains, each with
a different initial mass function. One chain begins with the optimal mass function from
the point itself. Another chain is initialized from the optimal mass function of each
nearest neighbour. The mixing process is performed four times, so an optimal mass
function shape found at any point in a block between initial grid points can propagate
to other points in the same block.

After the refinement and mixing processes are performed, the result is a non-
trivial interpolation of the initial grid, which forms the basis for our results in the

following sections.
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Figure 4.4: Optimal maximizing (top) and minimizing (bottom) mass functions with
feea = 0.5 and rpp = 0.1 in the absence of observational constraints. Each mass
function is shown as a set of discrete bars with height Qppu(m;)/Qpm = ¥ (m;)Am;,
i.e., the height of each bar indicates the total mass in the bin. The maximum merger
rate corresponds to the most optimistic discovery potential, and the minimum merger
rate to the most pessimistic constraint potential. The constraint curves are not used
to constrain the mass function, and are shown here only for reference and comparison
with Fig. 4.5. The DP window is indicated by the shaded gray region, and the mass
function is colored orange therein. The labelled constraints are from BH evaporation
[evap; 28], Hyper Suprime-Cam [HSC; 13, 15], Kepler [K; 34], OGLE [0gle; 65], EROS-II
[EROS; 253], MACHO [M; 10], and CMB observables [CMB; 36, 39]. Other constraints
may also apply, but their inclusion does not influence our qualitative conclusions (see

Section 4.3).

184



4.4 Results

We now examine the results of our numerical optimization. First we show re-
sults for individual parameter points, and compare the shapes of optimal mass functions
to our analytical expectations. Then we show minimal and maximal merger rates with

and without observational constraints.

4.4.1 Shape of the mass function

To understand the shapes of the mass functions that optimize the merger rate,
we first neglect observational constraints to facilitate comparison with the analysis in
Section 4.2.3. Figure 4.4 shows mass functions that minimize and maximize the merger
rate without regard to observational constraints for the parameter point (rpp, fppu) =
(0.1,0.5) (i.e. 50 per cent of DM is in PBH of any mass, and 10 per cent of the
PBH density is accounted for by the DP window). The two mass functions are mostly
distinguished by two features. First, they have clearly different behavior outside the
DP window: the DP merger rate is enhanced when the remainder of the PBH are
placed at a higher mass, above the top of the window, and it is reduced when they are
placed at lower mass, below the bottom of the window. Secondly, as expected from
our simplified analysis in Section 4.2.3, the maximizer is broad within the DP window,
while the minimizer is sharply peaked and multimodal.

Contrary to our naive expectation, the maximizer prefers higher masses within
the DP window, while the minimizer prefers lower masses. This is because the full

numerical calculation accounts for detectability, and the mergers of heavier black holes
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are detectable in a larger volume. This also accounts for the behavior of the mass
function outside the DP window. Recall that the mergers of DP black holes with
heavier black holes are generally observable, and we assume that the lighter black hole
is identifiably primordial in such a merger. However, the merger of a DP black hole
with a lighter black hole may not be observable, or may be observable only in such
a small effective volume that our assumptions for calculating the merger rate are not
valid. Thus, if the 90 per cent of PBH which lie outside the DP window are positioned
at higher masses, the observable merger rate is enhanced.

Having noted the behavior of the optimal mass functions in the absence of
observational constraints, we now turn to the results of constrained optimization in
Fig. 4.5. The general features of these optima are similar to their unconstrained coun-
terparts, and observational constraints modify the shapes of the optimal mass functions
in a comprehensible manner. The maximal merger rate is still obtained with additional
PBH positioned above the DP window, but observational bounds now strictly constrain
the position of this peak. The mass function which minimizes the merger rate is not
subject to strong constraints within the DP window, but the additional PBH at lower

masses must now be repositioned to the mass range where constraints are weaker.

4.4.2 Constraints and discovery prospects

Minimum and maximum merger rates with all constraints applied are shown as
a function of rpp and fppy in Figs. 4.6 and 4.7. The minimum merger rate corresponds
to LIGO’s constraint potential: even given complete freedom in the mass function,

there is no way to obtain a lower observable merger rate. The maximum merger rate
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Figure 4.5: Optimal maximizing (top) and minimizing (bottom) mass functions with
feen = 0.5 and rpp = 0.1. Each mass function is shown as a set of discrete bars with
height Qppu(m;)/Qpm = ¥(m;)Am;, i.e., the height of each bar indicates the total
mass in the bin. All observational constraints are applied. The maximum merger rate
corresponds to the most optimistic discovery potential, and the minimum merger rate
to the most pessimistic constraint potential. The DP window is indicated by the shaded
gray region, and the mass function is coloured orange therein. The labelled constraints
are from BH evaporation [evap; 28], Hyper Suprime-Cam [HSC; 13, 15], Kepler [K; 34],
OGLE [0gle; 65], EROS-II [EROS; 253], MACHO [M; 10], and CMB observables [CMB;
36, 39]. Other constraints may also apply, but their inclusion does not influence our
qualitative conclusions (see Section 4.3).
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corresponds to the discovery potential, i.e., the most optimistic scenario given any mass
function.

The light gray region in the top right corner of each panel indicates parameter
points where the numerical procedure was unable to locate any mass function consistent
with constraints. This is the portion of parameter space that is already ruled out by
other observables, including the SGWB. The extent of this region can be estimated
using the semi-analytical procedure of [30], which can give the maximum allowed value
of fpgu for fixed rpp if SGWB is neglected. This bound is the triangular dark gray
region. Since the SGWB depends non-linearly on the mass function, it cannot be treated
within the same semi-analytical framework. Thus, one expects the light gray region to
extend slightly further than the dark gray region, which is exactly the behavior shown
in Figs. 4.6 and 4.7.

Observe that there is a small gap between the minimum and maximum merger
rates when rpp is near 1. This is simply because there is very limited freedom in the
mass function under these conditions. On the other hand, when rpp < 1, the minimum
and maximum merger rates are radically different. In particular, while LIGO can only
rule out mass functions with rpp 2 0.1, it can potentially discover PBH with only
rpp 2 107* with O(1yr) of data. The effect of observational constraints is evident from
Fig. 4.8: in the absence of constraints, LIGO would potentially be sensitive to mergers
of a subcomponent as small as rpp ~ 1076,

Finally, we note that the strength of the constraints is dependent on rpp and
feBu separately. One might expect the constraints to scale mainly with the product

fop = rppfpBH, i.e., the total abundance of black holes in the DP window. This is
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indeed the case for small values of fpp. However, at larger values of fpp, there are
three effects that cause the constraints to depend on each of rpp and fppyg beyond their
product. First, there is the uneven role of the observational constraints themselves.
These have a complicated mass dependence, and thus introduce such dependence in the
optimization results by limiting freedom in the mass function. This is mainly important
at large fpp. Secondly, there is the difference between the DP window for single PBHs
and the DP? window for binaries: a PBH outside the DP window can still contribute
to the DP? merger rate by merging with a lighter PBH. Thirdly, even PBHs that do
not participate in DP? mergers contribute to the formation and disruption of binaries
in the DP? window. This holds true for both the merger rate of Ref. [54] and that of

Ref. [238].

4.4.3 Convergence

For an optimization problem of this kind, which is not generally convex, there
is no reliable test of algorithmic convergence. In principle, it is always possible that the
loss landscape has not been fully explored, and that in some corner, there is a point that
outperforms the optima that we have discovered numerically. The best defense against
this issue is to compare the numerical results against simplified analytical benchmarks,
as we have carried out above.

However, we also perform two more direct tests of convergence. First, we have
verified that we locate the global optimum in a low-dimensional example, where the
features of the loss function can be analysed by inspection; and secondly, we perform a

purely numerical test of convergence by comparing the results of many MCMC chains
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initialized in random configurations. We thus check directly that at benchmark points,
all of our chains converge to the same merger rate within our fixed step count.
Numerical convergence is also supported qualitatively by comparison of nearby
parameter points. Since we perform the optimization procedure on a grid of points in
the (rpp, fru) plane, nearest neighbours in this plane should converge to similar op-
tima. Since the contours in Figs. 4.6 and 4.7 are smooth, one might conclude that
this constitutes evidence of convergence. However, note that in Figs. 4.6 and 4.7, op-
tima from an initial run have been mixed between parameter points, as described in
Section 4.3.2.2. In particular, if a global optimum is discovered at only one point, it
will subsequently propagate to the rest of the parameter space, even if chains originally
produced elsewhere located very different optima. Thus, smoothness of the contours is
only meaningful before mixing. Since the initial grid with random priors is relatively
sparse, smoothness is difficult to assess quantitatively. However, we have verified that
the qualitative features of the contours in Figs. 4.6 and 4.7 are not affected by the mix-
ing procedure, suggesting that each of the points in the initial grid is locating nearly the
same optimum as that produced after mixing. Note that the sharp behavior at the top

of Fig. 4.7 is entirely due to observational constraints, and disappears in their absence.

4.5 Discussion and conclusions

The discovery of PBH would be a tremendous step forward in our understand-
ing of cosmology. If PBH exist, they encode information about cosmic history in an

epoch that we have yet to probe observationally. They also provide an empirical test
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of physics at extremely high scales and early times. Moreover, despite all observational
constraints, PBH remain a viable and extremely simple candidate for cosmological dark
matter.

Conveniently, any black hole with a mass below ~1 Mg cannot have an astro-
physical origin. Gravitational wave observatories are well suited to identify black holes
and to measure their masses precisely, so these instruments can detect a smoking-gun
signature of the existence of PBH. Even one detection event involving a light black
hole would provide unambiguous evidence for new physics. Subsequent exploration of
the abundance and distribution of such black holes would test the possible formation
scenarios, and potentially provide a direct handle on physics at very early times.

The problem lies in the interpretation of a null observational result. In prin-
ciple, experimental results at LIGO constrain the population of light PBH, and in
principle, again, LIGO may be sensitive to a very small abundance of such objects.
However, both of these statements have a non-trivial dependence on the shape of the
PBH mass function. Since the merger rate has a complicated non-linear dependence on
the mass function, it is difficult to directly assess the significance of this uncertainty. In
particular, the semi-analytical analysis of [30] cannot accommodate the merger rate as
a constraint on the PBH abundance.

In this chapter, we have quantified the uncertainty in the PBH merger rate that
arises from freedom in the mass function, while accounting for observational constraints
that restrict its shape. This uncertainty is reflected in the gap between the minimum-
rate and maximum-rate contours in Fig. 4.8. While the two bands are not far apart

for rpp ~ 1, they are significantly different when rpp < 1. Thus, it is necessary to
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of Fig. 4.5.
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consider the two contours as reflecting different notions of experimental sensitivity at
LIGO. The minimal merger rate determines the extent of constraints that LIGO can
set, if the mass function is allowed to vary freely. Conversely, the maximal merger rate
determines the extent of the parameter space that can be probed by LIGO in the most
optimistic scenario.

Our numerical results indicate that LIGO’s constraint potential is limited to
parameter space with rpp 2 0.1, and the prospects for improving this bound with
binary black hole mergers are limited. On the other hand, LIGO’s discovery potential
extends as low as rpp ~ 107%, meaning that even a very small subcomponent of the
PBH population that lies in our DP window can potentially yield a detection. This also
establishes the relevance of constraints provided by other observables: in the absence of
observational constraints, LIGO would be sensitive to rpp ~ 1076, Our results highlight
the importance of evaluating detection prospects for specific PBH models using the full
apparatus of the merger rate for extended mass functions—a small subcomponent of
DPBH cannot be neglected.

One might wonder whether the optimal mass functions we consider in this
chapter are realistic. Generally, there is good motivation to consider only specific forms
of the mass function, particularly monochromatic, lognormal, or power-law shapes.
However, most of the behavior that characterizes our optimal mass functions is cap-
tured by doubly or triply peaked mass functions, and note that a population of PBH
with a multimodal mass function can easily be generated after inflation [233]. Thus,
while the exact form of our optimal mass functions might require fine-tuning of initial

conditions, approximate forms that retain a high or low merger rate are much more

194



generic. The non-trivial requirement is that a peak should fall near the DP window to
maximize discovery prospects. As yet, there is no direct evidence for such placement,
but only circumstantial evidence from the distribution of mergers observed thus far.

Our results are inherently subject to theoretical uncertainties in the computa-
tion of the merger rate. While the form of the merger rate employed here reflects one
of the most comprehensive estimates currently available, such formulae are best suited
only to computations at the order of magnitude level. For instance, one potential issue
in the rate calculation is the effect of other black holes in disrupting the formation of
a binary. In our calculation, as discussed by [54], we assume that two black holes of
mass m; and m; do not form a binary if another black hole of mass mj, > min{m;, m;}
is present in the volume between them. However, even if this were always the case,
it is also possible that somewhat lighter black holes would have a similar effect. This
would provide a mechanism for suppression of the merger rate, reducing the discovery
potential and weakening the constraint we draw in this chapter.

As a cross-check, we have also computed the merger rate for each of our optimal
mass functions using the formalism of Ref. [238]. Here, the influence of perturbing
black holes on the binary is calculated by an entirely different method, as discussed
in Section 4.2. For our optimal mass functions, the merger rates obtained in each
of the two formalisms are comparable, generally differing by an O(1) factor, but the
difference can be as large as O(10) for some points. On the one hand, this is quite
good agreement, given that these are two structurally different calculations with many
inherent uncertainties, applied to complicated mass functions which differ substantially

from standard benchmarks. On the other hand, the disagreement requires that we limit
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the interpretation of our results to the order-of-magnitude level.

Along similar lines, Ref. [239] recently showed numerically that including all
subsequent three-body encounters after binary formation can significantly reduce the
merger rate. The suppression described in that work can be as small as a O(2-20) factor,
or as large as a O(10?) factor, depending on the clustering properties of PBH. We thus
consider a reduction of our calculated merger rate by at least a factor of O(10) to be
physically well motivated. Thus, even at the order-of-magnitude level, it is possible that
we overestimate the merger rate somewhat.

In light of the differences between Ref. [54] and Ref. [238], and the uncertainties
suggested by Ref. [239], it is clear that any qualitative interpretation must include
these substantial systematics. We therefore include contours with a merger rate of
10yr~! in Figs. 4.6 and 4.7. In this case, LIGO’s discovery potential is reduced to

rpp > 1073, and constraint potential is lost completely: the 10yr—!

contour in Fig. 4.6
is covered almost entirely by the existing non-merger constraints. Note, however, that
if mergers of binaries formed in the early Universe are suppressed, binaries formed
in the late Universe may make an important contribution to the rate, particularly if
the density contrast in the late Universe is larger than expected. Ultimately, barring
extreme modifications to the merger rate, our qualitative results stand. In particular,
the gap between the maximal and minimal merger rates is very large at small rpp,
and is robust to adjustments in the calculation of the merger rate. However, further
refinement in the prediction of the merger rate is certainly motivated.

In this chapter, we have focused on the direct observation of DP black holes as a

smoking gun of the primordial-origin scenario. In the absence of such a direct signature,
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Figure 4.8: Contours with DP merger rate fixed to 1yr—! (dashed) and 0.1yr—! (dot-
ted), with and without observational constraints. The bottom of each band shows the
sensitivity with complete freedom in the mass function, and the top shows the sensi-
tivity when observational constraints are included. The blue curves show the minimum
merger rate, corresponding to the constraint potential. Note that the 10-yr minimum
curves with and without constraints are essentially identical.
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the SGWB associated with mergers over cosmic time may provide an additional probe
of the PBH abundance. We do not evaluate SGWB as a discovery mechanism simply
because such a detection would not constitute unambiguous evidence of new physics.
It is possible that features of the SGWB may be connected to the features of the
PBH population with enough precision to empirically test specific models, but since
other physical mechanisms might also contribute to the SGWB; significant additional
work would be required to confirm the existence of a population of PBH. However, we
emphasize that the SGWB is still a sensitive probe of black holes in the DP window.
In particular, mass function shapes that greatly enhance the merger rate can be ruled
out by SGWB limits. In our framework, while we do not examine the SGWB as a tool
for discovery, we do consistently include this observable as one of our constraints on the
mass function: all of the constrained optima we consider, including those with maximal
merger rates, are compatible with existing SGWB constraints. Significant improvement
of observational bounds on the SGWB might limit freedom in the mass function, and
might thus limit the discovery potential we infer in this chapter.

Our results show that while LIGO has limited power to constrain the abun-
dance of light PBH, it nonetheless has significant discovery potential. The major ob-
struction to such sensitivity is not the sensitivity of the LIGO instrument, but the
analysis pipeline. There are significant computational costs to conducting searches for
mergers of light black holes, as discussed extensively by [68], and these costs increase
further if one searches for mergers of light black holes with heavier black holes. How-
ever, the freedom in the mass function and the associated uncertainty in the merger rate

provides ample motivation for the refinement of methods for such searches, and even
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for the dedication of additional computational resources. A single observation of this
type would have immense value, and gravitational wave observatories are in a unique

position to make such a discovery.
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Chapter 5

Probing new forces with supermassive

black holes

5.1 Introduction

Beyond gravitational waves from individual mergers, pulsar timing arrays
(PTAs) are on the verge of a historic discovery: the detection of a stochastic gravi-
tational wave background (SGWB) produced by supermassive black hole (SMBH) bi-
naries. PTAs use the extremely stable timing of successive light pulses from pulsars to
detect gravitational waves (GWs) in the form of correlated timing distortions. In the
presence of GWs, the observed time between pulses deviates from the stable rhythm in
the frame of the source. The correlation of these deviations between pulsars exhibits a
characteristic dependence on their angular separation, known as the Hellings and Downs
curve [254], and this is considered the hallmark of a GW detection.

Three major pulsar timing collaborations are currently searching for the GW
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background: NANOGrav [255], the European Pulsar Timing Array (EPTA) [256], and
the Parkes Pulsar Timing Array (PPTA) [257]. The sensitivities of these experiments
vary based on their observational samples. Recently, the NANOGrav experiment has
found evidence for a statistically significant correlated signal among a collection of O(50)
pulsars in its 12.5-year dataset [258]. This may be the first signal of the SGWB from
SMBH mergers, which would mark a monumental event in the history of GW astronomy.
While the signal does not yet conclusively exhibit the Hellings and Downs angular
dependence, upcoming datasets from NANOGrav and the other collaborations will be
able to definitively confirm or refute the prospective discovery. Regardless of the fate of
this particular signal, upcoming radio telescopes such FAST [259] and SKA [260] will
be sensitive to stochastic backgrounds well below even the most pessimistic predictions
for the SGWB amplitude [261], so a conclusive detection is expected in the near future.

In this chapter, we point out that beyond astrophysical and cosmological ap-
plications, the study of the SGWB from SMBH mergers will open an entirely new
observable for particle physics: the spectral shape of the SGWB. If binaries are driven
to merge by gravitational radiation alone, then the frequency dependence of the SGWB
is cleanly predicted to be a power law with a known index. We show that physics be-
yond the Standard Model can modify this prediction of the spectral shape, and we thus
evaluate the possibility of using forthcoming observations of the SGWB from SMBHs
to test fundamental physics.

Previous work on using GW emission to detect new forces in binaries has been
focused on pulsar systems [262-264] such as the Hulse-Taylor binary [265] and indi-

vidual binaries with O(Mg) masses [263, 264, 266-270] using recent detections made
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by the LIGO/Virgo Collaborations [224, 229]. However, the unique evolution and en-
vironmental properties of SMBH binaries make them a rich laboratory to search for
physics beyond the Standard Model. SMBHs copiously accrete nearby matter as they
grow and they can develop powerful jets that accelerate particles to energies well above
the electroweak scale [271]. This may result in accretion or production of new particles,
resulting in these SMBHs and their surroundings acquiring exotic quantum numbers.
Moreover, SMBHs are known to be surrounded by a diffuse dark matter (DM) halo,
and if this halo influences the dynamics of SMBH binaries, then these objects may be
sensitive to dark matter interactions.

Such scenarios illustrate a range of new physics that may be discovered in
SMBH mergers. Thus, the imminent measurement of the SGWB opens up an oppor-
tunity to access a wide range of physics inaccessible to terrestrial experiments. In this
chapter, we focus on the simple possibility that SMBHs in merging binaries carry a
charge under a new (‘fifth’) force with a long but possibly finite range. We study how
the standard power-law prediction for the SGWB spectrum is modified in the presence
of such a new force, presenting the spectral index as a robust prediction.

For simplicity, we assume that the SMBHs themselves are charged, but our
results also hold if a bound cloud of charge surrounds each SMBH. Our main assump-
tion is that the charge distribution near each SMBH is pointlike on the scale of the
binary separation. Detailed mechanisms for the accumulation of charge on and near
SMBHs will be the subject of future work. We emphasize that any new physics which
impacts the dynamics of merging binaries is potentially observable via the SGWB spec-

trum. We study a new long-range force as a benchmark scenario because this case is
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easily parametrized and demonstrates the key implications for the SGWB spectrum,
but similar techniques can be applied in a variety of other scenarios.

This chapter is organized as follows. In Section 5.2, we review the dynamics of a
single binary in the presence of a new force. In Section 5.3 we present a calculation of the
stochastic spectrum, highlighting various potential systematic uncertainties. We present
our results in Section 5.4 in light of current constraints and the recent NANOGrav
measurement.

Throughout this chapter, we denote the binary component masses by M; and
M. We use w for the orbital angular frequency of the binary, f; for the GW frequency

in the frame of the source, and f for the observed GW frequency.

5.2 The spectrum of SMBH mergers

The SGWB from SMBH mergers has been studied extensively in the absence of
new physics [261, 272-277]. Despite the complex astrophysical environments of SMBH
mergers, the shape of the resulting SGWB spectrum can be predicted cleanly for a simple
reason: the SGWB is dominated by contributions from binaries in the final stages of
inspiral, where binary evolution is dominated by the emission of gravitational radiation
with little pollution from environmental influences. Thus, there is a tight relationship
between the radiated power and the hardening of the binary, leading in turn to a robust
prediction for the shape of the GW spectrum.

The amplitude of the SGWB spectrum at a given frequency f can be described

in several ways. To facilitate comparison with existing literature, we discuss the spec-
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trum in terms of the characteristic strain h.. This is related to the energy density Qgw

by [278]

3H?

f_l)ﬁr, (5.1)

where Hyj is the Hubble parameter, Agw is the dimensionless amplitude (the value of
the characteristic strain evaluated at an inverse-year), and § is the spectral index. For
a spectrum that is not a power law, we allow 8 to be frequency-dependent.

The full SGWB spectrum can then be computed by combining the spectra of
individual mergers over cosmic time. Following Ref. [279], the characteristic strain of

the SGWB observed at a frequency f is given by

BA(S) = (5.2)

2
3H? / drax dns _f dFaw|
272, f2 dzdX1+2z dfs |x

where ng is the comoving number density of GW sources, fs = (1+ z)f is the frequency
in the frame of the source, and dEgw /dfs is the energy spectrum produced by a single
source. Here X denotes the state variables needed to determine the spectrum of a single
source. If the sources are circular SMBH binaries, then in the absence of new physics,
X simply denotes the component masses.! As shown in the Appendix, the dominant
contribution to the integral arises from redshifts of z < 0.3 and SMBH masses between
108 Mg, and 10° M.

In the frequency range accessible to PTAs, the observable SGWB signal is
expected to be dominated by SMBH binaries in the late stages of inspiral, where grav-
itational radiation is the primary mechanism for the binary to lose mechanical energy.

As we review below, a merger driven by gravitational radiation alone produces a GW

!The binary separation is not an additional parameter of SMBH binary sources, since the spectrum
dEgw/dfs is obtained by integrating over all stages of binary evolution.
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spectrum with shape dEgw /dfs fs~1/3. This means that the frequency dependence in
Eq. (5.2) can be factored out of the integral, and we obtain h. oc f~2/3. Thus 8 = —2/3
independent of the properties of the binary population.

Our central result is that new forces between the binary components can mod-
ify this spectral shape by modifying the single-merger spectrum dEgw/dfs. We now
turn to the calculation of this spectrum in the presence of new physics, starting with
the calculation of the spectrum dEgw/dw as a function of the orbital frequency w.

The shape of the spectrum d Egw /dw is caused by the rise in orbital frequency
w as the SMBH separation r falls over time, according to

dEgw _ dEgw dt dr
dw  dt drdw’

(5.3)

The orbital frequency w is fixed by the SMBH separation through central forces acting

between the binary components, via
pw?r = F(r), (5.4)

where = My Ms/(My + M) is the reduced mass of the system. Orbital decay then
occurs as the mechanical energy Fpecn = % pr?w?+U (r) of the binary is lost to radiation,

with energy per unit time P,,q. Conservation of energy gives

_ dEmech

0
dt

+ Prag = prw? <2 +-0 (5.5)

After solving Eq. (5.5) for dr/dt, substituting into Eq. (5.3), and expressing the orbital
frequency in terms of the radiation frequency as w = 7 f;, the spectrum of GWs produced

by the merger of a single binary is

=— 25 1
dfs T fS r dfs Prad ,
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where 7 is determined as a function of fs by Eq. (5.4).

In the case that the evolution of the binary is dominated by gravity, the central
force is given by Newton’s law, F(r) = GM;My/r?, so that Eq. (5.4) yields the well-
known Kepler relation

o _ G(Mi+ My)

i (5.7)

Meanwhile, orbital decay occurs predominantly through quadrupole radiation of gravity

waves, with a power given by (see, e.g., Ref. [280])
32
P.q=Paow = gGMZwGTA. (5.8)

The spectrum of GWs radiated in a single merger, Eq. (5.6), becomes

dEqw _ M 7T2G2(M1 +M2)2 1/3 (5 9)
dfs 3 fs ’ '

which exhibits a spectral index of —1/3. This gives rise to the spectral index of 5 = —2/3
for the characteristic strain spectrum h. when integrated over cosmic time, according
to Eq. (5.2).

We now consider the effects of a new force mediated by a particle of mass m
on the SGWB spectrum, similar to the treatment of individual neutron star binaries
in Ref. [266]. We emphasize that our main assumption is that the charge distribution
remains pointlike relative to the binary separation, which is of order 1072 pc in the PTA
window. Thus, we do not require that the SMBHs themselves are charged. Still, we
note that the particle nature of the additional species has important implications for
charge stability in any concrete model where the SMBHs are directly charged. Firstly,

charged black holes can neutralize by emission of charged particles. For Standard Model
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electric charge, this process is very slow and can be neglected for SMBHs with masses
of order 10° Mg, [281]. This may or may not be the case for the new charge as well,
depending on the mass and coupling of the lightest charged state. Secondly, for a vector
mediator with m > 0 or for a scalar mediator, no-hair theorems suggest that charge
deposited directly onto an SMBH is not stable. For a massive vector, the effective
charge of the SMBH decays on a timescale of order m~! [282]. We will be interested
in extremely light mediators, corresponding to a relatively long timescale for decay. If
the SMBHs are charged by a mechanism that remains active throughout the evolution
of a binary, then no-hair theorems imply a reduction in the equilibrium charge, but do
not necessarily preclude significant charges on the SMBHs themselves. On the other
hand, a force mediated by a scalar can act directly on the SMBHs only in exceptional
circumstances.

We now proceed to compute the GW spectrum in the presence of the new
force, regardless of the particle nature of the interaction or whether the SMBHs are
directly charged. The net force between the SMBH binary components is modified by

the addition of a short-range contribution given by

_ GM M,

F
r2

(1 —aeT™(1 4 mr)) : (5.10)

where the potential-strength parameter o parametrizes the strength of the new force.
We use the convention that the force is repulsive if @ > 0. The potential-strength

parameter is given by

_ @Q1Qe
o= 12

= A1

where (01 and Q)2 are effective dark charges on the SMBHs. The normalization is chosen
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so that a = 1 for two extremal black holes if they were directly charged. Note, however,
that the effective charges might arise from a charged cloud of particles surrounding the
SMBHs. We defer a more detailed treatment of this scenario to future work.

The new force can supply another contribution to energy loss in the form of
dipole radiation, Fg;p. The precise dependence on the frequency depends on the spin of

the new mediator [262],

1- Z’j—;, (scalar)
Paip = 3Gy pPr?why /1 — ZL—; X (5.12)

2+ %22, (vector)
where the dimensionless dipole-strength parameter v characterizes the strength of radi-

ation and is given in terms of the SMBH charges and masses by

1 2
S e <§2411 — fé) . (5.13)

Since nonzero y sources dipole radiation, its effect on energy loss is paramet-
rically enhanced relative to the quadrupole gravitational radiation. The enhancement

is given by

Pip 592 ~ 20 2( 109 Mg, )2/3(yr_1>2/3
Pow  48r2w? — M + My w ’

(5.14)
where, in the second approximation, r has been traded for w using Eq. (5.7), assuming
« = 0 and m = 0. This shows that for v = 1, the power lost to dipole radiation is about

20 times larger than that lost to gravitational radiation for the GW frequencies probed

by pulsar timing experiments.
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5.3 New forces in the SGWB spectrum

We now predict the SGWB spectrum in the presence of new forces and compare
the novel spectral features to astrophysical systematics.

We compute the observed strain using Eq. (5.2) in combination with Eq. (5.6).
This calculation requires an estimate of the number density of merging SMBH binaries,
ns. SMBH binaries form when their host galaxies merge and their central BHs sink
to the center by dynamical friction [283], so the SMBH merger rate depends on the
galactic merger rate. The abundance and properties of galaxy pairs can be inferred from
astronomical observations, and empirical scaling relations can then be used to connect
galaxy properties to the properties of their resident SMBHs. To compute the SGWB
spectrum including the normalization, we follow the procedure detailed in Ref. [276],
taking the galaxy mass function from Ref. [284, 285], the black hole-bulge mass relation
from Ref. [286], and the pair fraction from Ref. [287]. We give the full details of this
calculation in the Appendix. Different choices of observational data from the literature
produce variations in the normalization of the spectrum, resulting in a factor of O(10)
uncertainty in the prediction of Agw. However, again, these uncertainties pertain to

the normalization of the SGWB, and not its spectral shape.

5.3.1 Spectral features from new forces

SGWB spectra with nonzero values of a and ~ are shown in the left and

right panels of Fig. 5.1, respectively. In both cases, the spectral index of the SGWB is

2/3

modified from the gravity-only prediction of h. o< f~*/° shown in black, and non-power-
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Figure 5.1: Predicted SGWB produced by a population of uniformly charged SMBH
binaries. The gray regions show current PTA sensitivities [255-257]. In each panel,
the black line shows the gravity-only prediction. Left: SGWB produced with nonzero
potential-strength parameter «, defined in Eq. (5.11), for a mediator mass of m =
10722 eV. The location of the feature in the spectrum corresponds to black hole radial
separations of order m ™!, and thus the location of the feature is offset from the mediator
mass, as given by Eq. (5.15). Right: SGWB produced with nonzero dipole-strength
parameter v, defined in Eq. (5.13), for a vector mediator with mass of 1072*eV. The
dot-dashed vertical line at fi, = m /7 indicates the threshold for dipole radiation in the
source frame.
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law behavior may be directly observable in certain regimes. Note that we assume that
all binaries have the same values of a and v, but nontrivial distributions can be studied
by taking X = {M;, M2, Q1,Q2} in Eq. (5.2). Below we discuss effects on the SGWB
spectrum from nonzero « and nonzero ~y separately.

In the case with o # 0 and v = 0 (left panel of Fig. 5.1), each SMBH carries
the same nonzero dark charge. Thus, there is a new force between the two objects in
addition to gravity. This modifies the usual form of Kepler’s law relating the binary
separation to its orbital frequency. For a massless mediator m = 0 and v = 0, the
effect of the new force (Eq. (5.10)) leads to a rescaling of Newton’s gravitational force
law by G — G(1 — «), and therefore preserves the shape of the SGWB spectrum
while modifying only its normalization Agw. In this situation, it would be difficult
to differentiate between new physics effects and astrophysical uncertainties in Agw.
However, for a mediator with nonzero mass m, a distinctive feature emerges, as shown
in Fig. 5.1. Since the nongravitational force is ineffective at separations r > m™!, the
spectrum departs from a power law at a frequency corresponding to this separation,

given by

fo = VG(M + Ma)ym? /7 + O(a)

M+ My \'? 0 m 32

= 1+ My

~ 107 eV [ =5 (o) (5.15)
10° M, 1072 eV

In the case with a = 0 and v # 0 (right panel of Fig. 5.1), only one of the
two SMBHs is charged, so there is no modification to the force law which relates binary
separation and orbital frequency. However, since the dark charge distribution now has a

sizable dipole moment, the binary can lose energy to dipole radiation of the light media-
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tor (here we assume a vector mediator such that we employ the lower case of Eq. (5.12)).
The losses to dipole radiation can easily exceed those to gravitational radiation, which
is sourced by the quadrupole moment. This leads to significant modification of the
spectral index.

As with the o« # 0 case, the v # 0 case exhibits additional features when
the mediator mass m is nonzero. In this case, the spectrum reveals a threshold w = m
above which dipole radiation becomes significant. The binary rapidly loses energy above
this threshold, producing a steplike feature in the spectrum around f ~ m/mw. For a
single merger, this feature is sharp, arising from the square root in Eq. (5.12). It is
slightly smoothed out in Fig. 5.1 by integration over the SMBH binary population
across different redshifts.

If v # 0 and the mediator is massless, then the spectrum sourced by a single

binary can be parametrized as

af. W ) (5.16)
where k is given by
K~ 2 x 1078 Hy (l>3 (Ml;M2> o (5.17)
0.2 10% Mg,
Thus, for a given binary, the spectrum transitions between spectral indexes § = —2/3
and 8 = —1/3 at a frequency of order x. This transitional behavior is also visible in the

integrated SGWB shown in Fig. 5.1, in which the curves with v > 0 exhibit a shallower
power-law index at frequencies f < 108 Hz.
In general, an SMBH binary can have both a nonzero a and a nonzero  such

that the spectrum will be a combination of the two limiting cases presented here.
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5.3.2 Distinguishing new forces from astrophysics

Predictions of the amplitude and shape of the SGWB spectrum from SMBH
mergers are sensitive to astrophysical uncertainties associated with galactic mergers.
Even in the gravity-only calculations, the details of the cosmological population of
such mergers determines the normalization of the spectrum. We seek to probe spectral
features which vary between different binaries at different redshifts. Thus, it is essential
to assess the full SGWB spectrum obtained by convolving the single-merger spectrum
of Eq. (5.6) with the statistics of galactic mergers.

The prediction of Eq. (5.2) depends on the validity of the single-merger spec-
trum. In the standard scenario, the single-merger spectrum of Eq. (5.6) is valid only
for circular binaries that are driven to merge purely by emission of gravitational radi-
ation. In the absence of new physics, these assumptions are robust in the late stages
of inspiral, for which the SGWB is most prominent, and it is this very simplicity that
makes the SGWB spectrum such a powerful probe of new forces. However, even in the
absence of new forces, there are other astrophysical processes that modify parts of the
SGWB spectrum. These modifications represent possible systematics, or, if they are
well understood, they may provide a new set of features for extensions of our analysis.
We thus briefly outline these processes and the implications for the SGWB spectrum.
Most importantly, these processes mainly influence the spectrum of GWs outside the
window probed by pulsar timing arrays.

Typically, the dynamics of a binary are governed by a single energy loss mech-

anism at any given time. At very large separations, corresponding to low frequencies
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in the SGWB, gravitational radiation is inefficient. The inspiral is instead driven by
dynamical friction from stars and Eq. (5.9) is invalid: the binary shrinks much faster
than would be expected from gravitational radiation alone, and thus the SGWB is sup-
pressed at these frequencies. At small separations, stellar dynamical friction becomes
inefficient as the binary depletes the region of stellar phase space that can remove en-
ergy from the binary (the “loss cone” [288]). At this point, in the absence of any other
energy loss mechanism, gravitational radiation dominates the evolution of the binary
for the remainder of the inspiral. The transition from stellar dynamical friction to grav-
itational radiation domination takes place at a characteristic separation corresponding

to a frequency of order [283, 289

M+ M. —3/8 M, + M 1/8
o) )" e

~10°Hz | —————
fer <(5 % 10° Mg, 10° M,
assuming that gas and stars shrink the binary on a timescale |r /7| ~ 108 yr. The merger

itself imposes an upper cutoff on the frequency corresponding to the separation of the

binary at the innermost stable circular orbit (ISCO), given by

11 M, -1
-~ ipHz (L 5.19
fisco = 5 5ann . Z<5><108M@) ’ (5.19)

where it is assumed that M, = M.

However, the spectrum of Eq. (5.9) is not typically valid at frequencies imme-
diately above fggr for two reasons: stalled mergers and eccentric orbits. At distances of
order a parsec, energy loss from gravitational radiation is not efficient enough to merge a
binary within the lifetime of the Universe. As a result, the evolution of merging binaries
from the end of star-driven dynamical friction until the era where gravitational radiation

becomes an efficient energy loss mechanism (separations below ~0.01 pc) is not known.
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This is known as the “final parsec problem” [288]. Candidate mechanisms include gas
dynamics [276, 277, 290-299] and asymmetry of galactic mergers [300]. In particular,
efficient gas infall can dominate the evolution of the binary up to a frequency of several
times fgr [283]. In the absence of any other mechanisms, binaries may even stall until a
subsequent galactic merger supplies a third SMBH, at which point few-body dynamics
can shrink the binary [261, 273]. Such processes have a significant effect on the nor-
malization of the SGWB, and gas dynamical processes may have a slight impact on the
spectral shape as well at the lowest frequencies in the pulsar timing window [301, 302].
(See also Refs. [291-293, 295, 303-305] for further discussion of the role of gas dynamics
in SMBH mergers.)

A more significant modification potentially arises from eccentricity of the or-
bits. The spectrum of Eq. (5.9) holds only for a circular binary. However, during the
stage of inspiral driven by stellar dynamical friction, stellar encounters tend to enhance
the eccentricity of the binary, so typical binaries in simulations have substantial eccen-
tricities at fgr [289]. These eccentricities are quickly reduced by gravitational radiation
through a process termed “circularization” [274, 275]. Nevertheless, there is still a range
of separations [and frequencies as given by Eq. (5.7)] in which binaries are driven by
gravitational radiation and yet deviating from Eq. (5.9). This may change the spectral
index of the SGWB in a range of frequencies above fgr. This spectral feature may
extend to frequencies of order 1072 Hz, or even as high as 1078 Hz in some projections.
In principle, this may mimic the effects of new physics. Claiming a discovery of a new
force may require restricting analysis to GW frequencies above 1078 Hz.

Finally, we note that realistic predictions of the SGWB are influenced by Pois-
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son noise at frequencies above 1077 Hz, as the SGWB is expected to be dominated
by relatively few sources in this regime [301]. We neglect this effect in our analysis,
as a modification to the spectral shape will still produce a significant modification to
the spectrum of a small number of sources. However, a full statistical treatment in
this regime should be performed using a Monte Carlo simulation rather than by direct

measurement of the spectral index.

5.4 Discussion

We have argued that the spectral index of the SGWB can be robustly predicted
in the absence of new physics and have explored how a new force can modify the spectral
index. We now discuss the implications of our results in light of the recent observation
of a stochastic process among the pulsars in the NANOGrav 12.5-year dataset [258] as
well as other GW detection experiments.

The NANOGrav Collaboration fits the spectrum to two types of power laws:
one present in only the five lowest frequencies (2 x 1072 Hz < f < 1 x 1078 Hz) and

~

one present among the thirty lowest frequencies (2 x 107%Hz < f < 7 x 1078 Hz). 2
While SMBH mergers are expected to produce GWs across the entire pulsar timing
frequency band, pulsar-intrinsic noise may contribute at high frequencies and mask the
GW signal [258], and, as such, we focus on the five frequency analysis. The measured

amplitude and spectral index for a power-law signal are depicted in Fig. 5.2. The

solid black line shows the predicted index for uncharged supermassive black holes. The

2The analysis is also carried out with a broken power law whose results are qualitatively similar to
those of using just the five lowest frequencies.

216



spectrum of charged black holes is not generally a power law and can have various
shapes depending on the mediator mass m, the potential-strength parameter «, and
the dipole-strength parameter . In the limit where the mediator mass vanishes and
the SMBHs carry a nonzero -y, the spectrum is approximately a power law across the
pulsar-timing window and we show the index evaluated at a frequency of (5yr)~! in
Fig. 5.2. We conclude that the additional dipole radiation will soften the spectrum, and
the current dataset can potentially constrain v ~ 1.

While the uncertainties on the values of the amplitude and spectral index are
still significant, pulsar timing arrays are rapidly improving in sensitivity. For iden-
tical pulsars, the signal-to-background ratio of a pulsar timing array analysis scales
o A% T"?/3N,, where T is the observation time and N, is the number of pulsars [306].
The large scaling with observation time suggest that NANOGrav will be able to sig-
nificantly improve the estimate of the spectral index and amplitude as it continues
observing the current pulsar set. Furthermore, combining the 12.5-year NANOGrav
data with the EPTA and PPTA datasets may be enough to detect the Hellings and
Downs correlation function between pulsars, which, if observed, would confirm the first
detection of a stochastic GW background. Once a discovery is made, the measurement
of the spectral index will be critical to measure the charges of the SMBHs and search
for additional forces.

Pulsar timing arrays are particularly well suited to measure stochastic GW
spectra at frequencies of order nHz-100 nHz. SMBHs that are emitting GWs in this
frequency band are near the start of their merger. As they progress toward the inspiral

phase, the emission continues, building a falling characteristic strain spectrum until the
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Figure 5.2: A comparison of the spectral index as measured in the NANOGrav 12.5-year
data set to the value predicted by merging supermassive charged black hole binaries.
The shaded and bounded regions correspond to the 1o and 20 posteriors derived by the
NANOGrav Collaboration [258]. The black lines correspond to charged binaries under
a new long-range vector force with different values of the dipole-strength parameter -,
assuming the potential-strength parameter is negligible (v = 0). Since this spectrum is

not strictly a power law, we evaluate the spectrum at roughly the peak sensitivity of
NANOGrav, f = (5yr)~ L.
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ISCO frequency of the heaviest black holes, ~1075 Hz [see Eq. (5.19)]. The measurement
of the spectrum might be extendable using space-based interferometers such as the Laser
Interferometer Space Antenna (LISA) [307, 308] or astrometry [309]. Confirmation of a
consistent spectral index and amplitude across this wide range of frequencies would be
a remarkable confirmation of gravity-only mergers. On the other hand, if a new force is
present with a mediator mass above the pulsar timing range and below that of higher
frequency detectors, it would show up as an observable break in the spectrum. This
displays the critical complementarity between the different GW searches.

Motivated by the imminent discovery prospects of a stochastic background of
GWs in pulsar timing arrays, we have focused our discussion on the detection of new
forces in SMBH binaries. However, other GW experiments may also detect stochastic
binary merger backgrounds. In particular, LISA is expected to see a stochastic back-
ground of white dwarf, neutron star, and lighter black hole binary mergers [310, 311].
While these backgrounds are highly anisotropic, it is also possible to look for new forces
in these new environments by incorporating directionality in Eq. (5.2). The white dwarf
background (as well as other stochastic merger backgrounds observed in the future) will
provide complementary searches for dark forces in different astrophysical environments.

Finally, we note that since the GW spectrum from SMBH binaries is yet to
be discovered, it is possible that SMBHs have charges so large that new force is strong
relative to gravity. In this case, we may uncover additional signals in the SGWB. First,
for sufficiently large dark charges, a repulsive force will stall the merger on cosmological
timescales. This could reduce the SGWB amplitude below lower bounds estimated

for gravity-only mergers [261]. Second, while gravitational radiation tends to rapidly
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circularize binaries, dipole radiation can have the opposite effect as the binary passes
through the mediator mass threshold and can have a dramatic effect on the spectrum.
Such phenomena do require a mechanism for the accumulation of large charges near
or on the SMBHs. We leave the study of such mechanisms and their consequences for

future work.
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Chapter 6

Cosmological implications of the KOTO

€XCess

6.1 Introduction

In the previous chapter, we showed how a cosmic background of gravitational
waves may provide new probes of ultralight species. We now turn to a somewhat
different use of cosmological observables: in particular, we show that with existing
observables, rare kaon decays in terrestrial experiments have significant implications for
cosmic history.

Ovi are widely recognized as

The rare kaon decays K™ — ntviv and K;, — 7
very sensitive probes of new physics (NP). In the Standard Model (SM), the branching

ratios of these decays are strongly suppressed, and can be precisely predicted [312, 313]
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to be

BR(K" — ntvp)gy = (8.4+1.0) x 10711 (6.1)

BR(K[ — 7v)sm = (3.4 £ 0.6) x 10711 . (6.2)

On the experimental side, several K™ — 77w candidate events have been observed by
the E787/E949 experiment [314-316] and the NA62 experiment [317], but a discovery
of K™ — 7w has still to be established. The current best limit on the branching ratio

is from a preliminary analysis of NA62 data and reads [318]
BR(K" — 7 00)exp < 244 x 10719 (95% C.L.), (6.3)

not far above the SM prediction. The NA62 experiment aims to measure the SM
branching ratio with O(10%) uncertainty. In the case of K — 7'v, the current most
stringent bound on the branching ratio comes from the KOTO experiment [319], and is

still two orders of magnitude above the SM prediction:
BR(K7, — m00)exp < 3.0 x 1077 (90% C.L.). (6.4)

Interestingly, in the latest status update by KOTO [320], 4 events are seen in the
signal box, with an expected number of 0.05 + 0.01 SM K; — 7vv events and
0.05 £ 0.02 background events. One of the events has been identified as likely back-
ground. If the remaining events are interpreted as signal, one finds a branching ratio
of BR(KL, — mv) ~ 2 x 1072 [321]. A branching ratio of this size would be a spec-
tacular discovery. Not only does it imply NP, it also violates the Grossman-Nir (GN)
bound [322], BR(K — 7%w) < 4.3 x BR(KT — ntvw) <1079, when combined with
the NA62 constraint in Eq. (6.3). The GN bound is very robust in models where the
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Figure 6.1: Decay chain accounting for the KOTO signal in our scenario.

K — 7w decays are modified by heavy new physics well above the kaon mass. However,
in the presence of light new physics, the GN bound can be violated and the observed
events at KOTO may find an explanation [321, 323-333].

Here we focus on a new physics scenario first discussed in [334]. Two new light
scalars S and P, neutral under the SM gauge interactions, are introduced such that K7,
can decay into a pair of the new particles, K7 — SP. If the decay S — 7P is allowed
and P is stable on the relevant experimental scales, then the decay chain K;, — SP —
7°PP can mimic the K, — mvu signature (see Fig. 6.1). The corresponding chain of
two-body decays does not exist for the charged kaon. A possible decay K+ — 7T SP is
suppressed by three-body phase space or may be forbidden entirely by kinematics.

If P is absolutely stable, it is also a candidate for cosmological dark matter. In
the minimal setup that can provide a NP explanation of the KOTO events, P couples
to the SM very weakly, implying that annihilation cross sections into SM states are
too small for production by freeze-out. We therefore investigate alternative scenarios
for cosmological production, and interpret overproduction of P as a cosmological con-
straint on the structure of the low-energy theory. We show that P is readily produced
non-thermally if the scale of reheating is low, close to but safely above the current obser-
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vational bound. We also show that this class of models can account for the KOTO excess
without requiring a low reheating temperature, but only in the presence of additional
interactions. We investigate prospects for testing this model with future experiments
and with additional data from KOTO, and show that much of the parameter space will
be probed in the near future.

This chapter is organized as follows: in Section 6.2, we present the model and
discuss how it can explain the KOTO events. In Section 6.3, we evaluate astrophysical
and terrestrial constraints on the parameter space of our model. In Section 6.4, we
consider cosmological production of P, and relate the production of P to the scale of
reheating. We discuss the implications of our results in Section 6.5 and conclude in

Section 6.6.

6.2 Model

We start with very simple kinematical considerations concerning the masses of
the two scalars S and P. Figure 6.2 shows the plane of the two scalar masses mg and
mp. As described in the introduction, we are interested in regions of parameter space
where the decay Kj — 7" PP, which mimics K — 7°v, can be realized as a sequence
of the two-body decay Kj — SP followed by S — 7°P. For mg too large, the decay
K — SP is kinematically forbidden, while for mg too small, the S — 7P decay is
not open, excluding the dark gray regions in the plot. In the light gray region one faces
potential constraints from the charged kaon decay K™ — w7 SP that is generically

expected in the models discussed below. In the white region, however, this decay is
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kinematically forbidden, while K, — 7%v7 remains open.
The plot also indicates two other interesting kinematical boundaries. If mp <

myo/2, the exotic pion decay 7°

— PP is possible which, as we will discuss in Sec-
tion 6.4, can impact cosmological production considerably. If mg > 3mp, the decay
S — 3P can be allowed, thus modifying the lifetime of S, which is a crucial parameter
for beam dump constraints. Note that low P masses may be subject to constraints from
supernova cooling, which we will discuss further in Section 6.3.1. A weaker lower bound
on the P mass also follows from assuming a particular thermal history, a point to which
we shall return in Section 6.5.

In the following sections, we will discuss four benchmark parameter points

covering the most interesting regimes:

BM1: mg = 400 MeV, mp = 10MeV,
BM2: mg = 350MeV, mp = 100MeV,
(6.5)
BMa3: mg = 300MeV, mp = 125MeV,
BM4: mg = 200MeV, mp =10MeV.
Next we discuss in detail the interactions of S and P with SM quarks. We first

focus on non-renormalizable effective couplings and identify viable regions of parameter

space. Then we comment on simplified UV models that map onto the effective couplings.

225



mg (MeV)

3 10 30 100
mp (MeV)

Figure 6.2: The plane of the scalar masses mg vs. mp. In the dark gray region the
K1 — 79PP decay cannot be realized as a sequence of 2-body decays. In the light
gray region the K+ — TSP decay is open. The black dots indicate four benchmark
scenarios that we consider later (Eq. (6.5)).

6.2.1 Effective interactions of the scalars and meson decay rates

We assume that the scalars S and P interact with SM particles via the effective

couplings
G iy + T i 1 5 (o) 1 B
Lint D iSP | <% (dd) + = (diysd) + =2~ (5s) + -=—(51 s)
2 5P (i) + 5 (i) + 2 (55) + 52 (s
gSP gSP
+z‘SP( sd_(5d) 4 =24 (§i75d)+h.c.). (6.6)
Anp Anp

The factors of ¢ in the above Lagrangian are reminiscent of considering S to be a CP-
even scalar and P to be a CP-odd pseudoscalar, a notational pattern that we will
retain when matching onto low-energy QCD later on. The coefficients ggf , g3F, f}gf ,
and ngP are purely imaginary (by hermiticity of the Lagrangian) while the gff and
gff coefficients can have an arbitrary complex phase. There could also be interactions

involving b quarks, but as long as they are not considerably larger than the interactions
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with the light quarks, their impact on phenomenology will be negligible.
In the following, we will also entertain the possibility of additional interactions

involving P? and S2, of the form

P2 B ~p2 B j22 ~p2
Ling D P? <idd(dd) + iﬂ(di%d) + Xi(gs) + gss(sz‘%S))
NP NP NP P

P2 ’*PQ

+ P2 Isd(50) + 5L (5iysd) + he. | . (6.7)
Anp Anp

While the interactions in Eq. (6.7) are not directly relevant for the KOTO signal, they

do have important implications for other meson decays and in particular for the dark
matter phenomenology as we will discuss in Section 6.4 below.

The decays relevant for an enhanced KOTO signal, K;, — SP and S — 7P

are induced by the couplings Re(gff ) and Im(g}gf ), respectively. For the corresponding

decay rates we find

1 fimi, (Re(@Sh) ’ 2 7,2 2 /02
[(Kp — SP) = & m? a Axp nQcp 4/ A (17mS/mKL7mP/mKL)7 (6.8)
1 f2m* (Im(357)\>
(S OP — T dd (1 2 2 2 2 6.9
(8 = 7°P) = 15 msm3< ) pgcp \fA(1m2a mmb/mE). (6.9)

with the phase space function A(a,b,c) = a® + b* + ¢ — 2(ab+ ac + be). The down and
strange quark masses in the above expressions should be interpreted as the MS masses
at a renormalization scale of u = 2 GeV. Leading-log QCD corrections are then taken

into account through the factor nqop

mo= (568) (50) () o

where M is the scale of new physics that is responsible for the effective interactions of

S and P with the SM quarks. Because of SU(2), invariance we expect M ~ /Anpv,
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where v = 246 GeV is the vacuum expectation value of the SM Higgs. Note that
including the nqcp factor is equivalent to evaluating the down and strange masses in
Egs. (6.8) and (6.9) at the scale M.

The coupling |¢5F| can lead to the decay K+ — 7t SP, if kinematically al-

lowed. The differential 3-body decay rate of K — 7S P is given by

dU(K* — 7t SP) 1 miy (165F\ m2,\?
nqcep | 1 —

dq? = 25673 m?2 Anp mi( N

X \/)\ (1,m%/q2,m%/q2)\/x\ (L,m2, /m2. ., ¢*/m2..), (6.11)

where we estimated the relevant scalar form factor as (7 |sd|K ) ~ (m3., —m2,)/m;
and ¢? is the invariant mass of the SP system, with (mp+mg)? < ¢* < (mg+ —m 4+ )2
Similarly to the Kj — SP decay, the interactions in Eq. (6.6) also lead to the

exotic eta decay n — SP, which has been identified as a possible source of the scalar S

at beam dump experiments [332]. Neglecting -7’ mixing, we find

3 f2m3
D — SP) = - (
S

2Im(g3l) — Im(g57)

Anp

2
> 1QCD \/)\ (1,m%/m%,m%/m%).
(6.12)

For completeness, we also provide the expression for the decay Kg — SP:

1 fkmie, (@)
F(KS — SP) g S ( d UQCD A (1,m%/m%€s,m%/m%@> (613)

327 mg ANP

In the presence of the P? interactions in Eq. (6.7), there are additional exotic

meson decays, 7 — PP, n — PP, Kj ;s — PP, and K™ — 7" PP, with the following
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decay rates:

2
1 famdo (Re(ghy) 4m?
(7’ - PpP)=_—""_~ dd nocn 1|1 — -2k (6.14
64m  m3 Anp @ 2, )
2
3 f2md (2Re(gh)) — Re(3h)) A2
I'(n— PP) = 1 = dd 1-—F 6.15
X )= 556r m? Anp Qe m? (6.15)
2
1 fimic, (Im(gh) 4m?
(K, — PP) = — L sd L Amp 616
(KL )= m? Anp | 7QCD T (6.16)
2
1 fimic, (Re(gh)) 4m?2
(Ks = PP) = — m2 Anp | QD s (6.17)
S
2
dINK* — 7+t PP) 1 m%+ \gﬁ; <1 m3r+ )2
dg? 12873 m2 \ Axp IQCD m2,
4m3, 5 AT
X 1- q2 \/A (17m7r+/m[(+7q /mK+) 5 (618)

In the K+ — 77 PP decay width, ¢> denotes the PP invariant mass, which lies in the
range 4m% < ¢% < (my+ — my+)>.

The interactions of S and P with quarks that we have introduced preserve
a Zo symmetry under which S and P are odd, while all SM particles are even. We
assume that the Zo symmetry is also respected by the scalar potential, such that P is

an absolutely stable dark matter candidate. Among the allowed Zy symmetric terms in

the scalar potential, the SP? interaction
ﬁjm D )‘SP3SP3 , (619)

will turn out to be relevant. When kinematically allowed, this interaction leads to the

decay S — 3P with rate

3
F(S — 3P) = m)\gpg,ms f(mp/ms), (620)
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where f is the three-body phase space integral,

(1—y)?
fy) =2 / de /X(L, 2,52 3 (L, g2/ 52/), (6.21)

y2
which is normalized to 1 in the limit y — 0. The S — 3P rate will modify the lifetime
of S and can therefore have a crucial impact on possible constraints from beam dump

experiments.

6.2.2 Events at the KOTO experiment

The model introduced in the previous section will lead to K; — 7°PP events
at the KOTO experiment. We now identify the regions of parameter space in which
this decay can mimic the KOTO signal.

The number of events that can be expected to be detected at KOTO can be

written as

BR(K}, — SP) x BR(S — 7°P)

N p—
BR(KL — 7'('01/5)51\/[

x R x Ngwm, (6.22)

where BR(K [, — 7%vi)sy = (3.4£0.6) x 10711 is the SM prediction for the K, — 7'vi
branching ratio [312, 313], Ngy = 0.0540.01 is the expected number of SM signal events

at KOTO [320], and

A(Kp — SP — 7n°PP)
A(Kp, — )

R= (6.23)

is the ratio of acceptances of the considered model signal and the SM signal at the
KOTO detector. As has been pointed out before [321, 331, 332], an exotic contribution
to the KOTO signal (in our case K;, — SP — 7w’ PP) can have a considerably different
acceptance. We determine the acceptance ratio R using a Monte Carlo simulation.
Details are provided in Appendix C. The result is given in Fig. 6.3, which shows R
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Figure 6.3: The acceptance ratio R of the K; — SP — wOPP signal over the SM

K1 — 7vp signal at KOTO as a function of the S lifetime 7g for the four benchmark
scenarios.

as a function of the S lifetime for our four benchmark points (Eq. (6.5)). For prompt
decays, g — 0, we find {Rpmi1, Reme, Rems, Reva}t ~ {102%, 51%, 10%, 73%}. Once
the lifetime of S becomes comparable to the size of the KOTO detector, 7¢ ~ 1m, R
starts to decrease as more and more S leave the detector before decaying.

In our setup, the lifetime of S is determined by the S — 7P and S — 3P

decays. In the four benchmark cases for the scalar masses defined above we find

{F(S — FOP)BNH,F(S — WOP)BMQ,F(S — WOP)BMg,F(S — WOP)BM4} ~

{ 1 1 1 1 }X (106 GeV>2 <a5(104 GeV))gﬁ, (6.24)

3.3cm’ 34cm’ 4.4cm’ 2.7cm Add as(M)

{r(s — 3P)pw1, (S = 3P)pum2, T'(S — 3P)BM4} =
1 1 1 Agps |2
2
{Z.Ocm’ 49cm’ 4.3cm} . (105> » (6:25)

where in the S — 7°P decay width we have defined Agq = Axp/Im(g3!). Note that
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S — 3P is not kinematically allowed in benchmark BM3. The S — 7P branching
ratio is given by BR(S — 7°P) = I'(S — 7'P)/[['(S — «°P) + T'(S — 3P)].

Finally, we find the following Kj — SP branching ratios

{BR(KL — SP)BMl,BR(KL — SP)BMQ,BR(KL — SP)BM3,BR(KL — SP)BM4} ~

12 2 4 8/7
{1.7, 1.8, 2.3, 4.0} x 1079 x (10 AGeV) @4;0@(;;\/)) , (6.26)
sd s

where we have defined Agq = Axp/Re(§37).

Figures 6.4 and 6.5 show the number of expected events in the A,4—Agq plane
for our benchmark cases in the absence of the S — 3P decay (Fig. 6.4) and in the
presence of the S — 3P decay induced by a coupling Agps = 107° (Fig. 6.5). Along
the solid green lines one expects 3 events, in the dark green regions one expects 2—
4 events, and in the light green regions one expects 1-5 events. In the gray regions
labeled “K; — 7° inv.”, the number of predicted events exceeds the limit from KOTO
(see Eq. (6.4)). The right vertical axis shows the lifetime of S corresponding to Agq. In
Fig. 6.5, the lifetime is approximately constant for Agzg > 107 GeV, as in this region of
parameter space, the lifetime is set by the S — 3P decay width.

For S lifetimes of 7¢ 2 1m, existing beam dump constraints apply (see Sec-
tion 6.3) as indicated in Fig. 6.4 by the dashed contours. A proposed upgrade of the
SeaQuest experiment might probe S lifetimes as low as 7¢ = 5cm. In the scenarios
shown in Fig. 6.5 with Agps = 1072, the S lifetimes are short enough throughout the
parameter space that existing beam dump constraints are avoided.

In Fig. 6.5 we also show additional constraints from other meson decays. The

known K7, branching fractions add up to a value compatible with 1 with very high
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precision. Any additional Ky, branching ratio, in particular Ky — SP, is thus bounded
above as BR(K, — SP) < 6.3 x 1074 [335]. In Fig. 6.5 the gray regions left of the

)

dashed vertical lines denoted “Kj — inv.” are excluded by this constraint. Note that
this gives an absolute lower bound A,q 2> few x 10° GeV.

The other meson decay constraints shown in Fig. 6.5 are less robust as they
depend on couplings that are in principle unrelated. If we assume that the coupling
g;'zlz (corresponding to (5d)P?) is of the same order as the coupling g5 (corresponding
to (5iy5d)SP), we find relevant constraints from the searches for K™ — ntvw. To
evaluate the constraints we compare the predicted K™ — 77 PP branching ratio with
the bound from NA62 given in Eq. (6.3). We correct for the different signal acceptances
of K* — nT PP compared to KT — 7Tvi that arise due to kinematical cuts on the
missing mass and the charged pion momentum. For the three P masses relevant to our
benchmarks, we find the bounds BR(KT — 7t PP) < 2.7 x 10719 for mp = 10MeV,
BR(KT — 7TPP) < 3.5 x 1071% for mp = 100MeV, and BR(K+ — 7"PP) <
2.4 x 1072 for mp = 125MeV. Setting ANp/\géjl = Anp/Re(§5F) = Asq, we find that
in Fig. 6.5, the regions left of the dotted vertical lines are excluded.

If we assume that the coupling §5; (corresponding to (divysd)P?) is of the
same order as the coupling g3 (corresponding to (diysd)SP), we find relevant con-
straints from the invisible branching fraction of the neutral pion, BR(7® — inv.) <
4.4 x 1079 [318]. Setting Axp/ Re(gﬂz) = Axp/Im(§5F) = Agq in the benchmarks BM1
and BM4, the regions below the dotted horizontal lines are excluded. For benchmarks

BM2 and BM3, the P mass is too large for the 7° — PP decay, so the couplings are

therefore completely unconstrained by BR(7? — inv.).
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6.2.3 Simplified UV models

The higher dimensional interactions in Eq. (6.6) that lead to the exotic meson
decays can be UV completed by simplified models in various ways. In this section, we

discuss briefly two possibilities: (1) vector-like quarks and (2) an inert Higgs doublet.

6.2.3.1 Vector-like quark model

We introduce two sets of heavy vector-like quarks D and ) which have quantum

numbers of the right-handed down quark singlets, D = (3,1)_1, and of the left-handed
3

quark doublets @ = (3,2)1, respectively. These quantum number assignments admit

6

the following terms in the Lagrangian:

L D mgQrQr+mpDLDr+Yop(QrDr)h+ Ypo(DLQr)R® + h.c.

+ XDd(DLdR)S + XDS(DLSR)S + ZQd(QRdL)iP + ZDS(QRSL)iP + he.. (6.27)

The first line contains the masses mg and mp for the vector-like quarks, as well as
interactions with the SM Higgs doublet h. The masses m¢, mp and the couplings Ygp,
Ypg are in general complex parameters. However, not all of their phases are observable.
Using the freedom to re-phase the vector-like quark fields, we will choose real mg, mp
and Ygp without loss of generality. The second line in Eq. (6.27) contains couplings of
the SM down and strange quarks with S and the vector-like quark D as well as with P
and the vectorlike quark (). The couplings Xp4, Xps, Zga, and Zgs contain physical
phases.

Note that the above Lagrangian is invariant under a Zy symmetry under which

all SM particles are even, while the vector-like quarks as well as S and P are odd. Thus
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P remains an absolutely stable dark matter candidate. In addition to the couplings
shown, the model could also contain Zs invariant couplings involving S and @ or P
and D. However, such couplings are not required to generate the desired low energy
interactions and we will neglect them in the following.

Integrating out the vector-like quarks at tree level (see Fig. 6.6, left diagram),

and matching onto the effective Lagrangian of Eq. (6.6), we find

SP . ~SP .
—1iYe DV * 1Y/ DU "
QD QmD
SP . _gp )
—iY DY * Y, DU N
/g\j\SIP - \/iQO Im(XDSZQS) ’ /g\S;P = \/57:5 m Re(XDsZQs) s
QD OmMD
SP ~SP .
g Yopv 1 * g Yopv i
o O 5(ZqsXpa— XpsZha) » 2= 9 (ZqsXpa+ XpsZHa) -

Axp  V2mgmp 2 Axp  V2mgmp 2

As required by SU(2)p invariance, the effective interactions gfjp /Axp and f]fjp /ANp
are proportional to the SM Higgs vev v ~ 246 GeV. If all couplings X;;, Y;;, Z;; are
of O(1), we can expect vector-like quark masses mgp ~ Axpv ~ 10GeV. The

couplings above are not all independent but obey the relation

SP ~SPx ~SP~SPx SP_SPx ~SP _SPx | ~SPx

_Sp SP , , SP
551 1P —1g5] P+2i Re(g5) 351 7) = G54 Gos *— 931 9ss  +i(G31 955 4354 *931 ) - (6.29)

One therefore expects that the flavor changing couplings are of the order of the geometric
mean of the flavor conserving couplings.

The vector-like quarks also give 1-loop contributions to kaon mixing. We
checked explicitly that those contributions scale as v?/ (mém%) and are completely

negligible.
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6.2.3.2 Inert Higgs doublet model

In a second scenario, we introduce an inert Higgs doublet H with mass mgy,
which couples to down and strange quarks, the SM Higgs, and the scalars S and P

through the following interactions:

L > m4HH + \sp(H'h + hTH)SP
+ Yaa(drdr)H + Yas(dpsp)H + Yeq(5pdr)H + h.c. . (6.30)

As in the vector-like quark scenario, this inert Higgs Lagrangian is invariant under a Zo
symmetry: S and P are odd, while all other particles are even. Additional Zy symmetric
quartic couplings of the inert Higgs involving e.g. S2 or P? are also possible but are
not required to generate the low energy interactions in Eq. (6.6), and we neglect them
in the following.

Integrating out the inert Higgs at tree level (see Fig. 6.6, right diagram), and

matching onto the effective Lagrangian of Eq. (6.6), we find

SP . ~SP .
944 Z/\SPU 944 ’L)\SP’U
=LL = Re(Yyq) , =gt = Im(Yy) , 6.31
Ane  V2m% (Yaa) Ane  V2m% (Yaa) (6.31)
SP . ~SP
9ds )‘SPU ¢ * Yds )‘SPU 1 *

In addition, integrating out the inert Higgs gives 4-fermion contact interactions of the
type (drsr)(drsr) that modify kaon oscillations. We find the following contributions

to the kaon mixing matrix element:

3 2
Mo |
KK
Mo =

= Im2m?, necpBaYsaYys (6.33)
where By ~ 0.78 [336] (see also [337, 338]) and nqcp is the QCD correction factor given

in Eq. (6.10), with M = mp. Modifications to the mixing matrix alter the neutral kaon
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oscillation frequency AMg and the observable ex that measures CP violation in kaon

mixing. The above contribution to M7, modifies these two quantities as

Im(Mlg)

AMK:AMIS(M+2RG(M12) , EK:€§(M+W .
K

(6.34)

Taking into account the SM predictions AMPM and €M from [339, 340], and the corre-

sponding experimental values from [341], we find the bounds

3 2 as(mH) 8/7

YoV 3x107° . '

Re(YeaYgs) < 7.3 x 1077 x (1 TeV> <as(1 TeV)> ’ (039
B 2 [ ag(mg) \*7

Im(YaY]) < 4.5 x 10712 e ' '

m(Ysq¥gs) <4.5x 1077 x (1 TeV> as(1 TeV) (639

Assuming |Yys| =~ |Yiq| and O(1) CP violating phases, the kaon mixing bounds are
compatible with A,y > 3 x 109 GeV. Also, note that the bounds are entirely avoided if

either of Y4 or Yy, is set to zero.

6.3 Astrophysical and terrestrial constraints

We now consider extant astrophysical and terrestrial constraints that may
apply to our model.

First, anticipating our treatment of P as a dark matter candidate, we note that
direct detection, indirect detection, and self-interaction constraints are not relevant for
our model in its minimal configuration (see Eq. (6.6)). If our P is the cosmological dark
matter, but the SM is only coupled to the current SP, then direct detection is only
sensitive to the inelastic scattering process P + SM — S 4 SM, which is kinematically
forbidden unless the dark matter is boosted. Similarly, indirect detection and self-
interaction processes require two vertices, and thus the cross sections are suppressed by
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AL,

Extensions of our minimal model containing couplings to P? (see Eq. (6.7))
may be subject to these constraints due to the presence of additional interactions.
However, we first treat constraints from supernova cooling and beam dump experiments,

which apply directly to the minimal model.

6.3.1 Supernova constraints

Supernova cooling provides powerful constraints on new weakly-coupled light
particles. Evaluating these bounds properly requires a detailed analysis that lies beyond
the scope of this work, but we can perform an order-of-magnitude estimate to determine
the regions of our parameter space that are likely to be subject to such constraints.

In the case of axions, the cross section for axion production NN — NNa is

constrained by SN1987A to lie in the range [342]

7 <1071, (6.37)

3x 1072 < — =
GeV

Below the lower limit, axions are not produced in sufficient numbers to affect the cooling
process. Above the upper limit, the produced axions are trapped within the supernova
environment, and are unable to cool the system more effectively than neutrinos. Many
details of the calculation for axions should be modified in our case, but we will make a
crude estimate of the constraints by requiring our production cross section to lie in the
same range.

Since P is stabilized by a Zy symmetry, it can only be produced in pairs, or

in association with S. The process NN — NNPP is mediated at the loop level in
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the minimal model, involving two insertions of the effective interaction vertex. Since

Tsn ~ 30 MeV [342], we estimate the cross section as

N ISN o 6w 10734 GeV 6.38
INNNNPP ™ Jera gt =0 ‘ 30 MeV ) O

lying below the constrained range of cross sections, even neglecting exponential suppres-
sion when mp 2 Tsn. In the case of SP production, NN — NNSP, since mg > Tsn,

we estimate the cross section as

1

5 e~ (ms+mp)/Tsn
4 A3,

ONN—NNSP ~

- - 35 mg + mp 30 MeV 107 GeV) 2
~7x 1072 GeV 2 = (1- . (6.39
x © oxp [ ( 350 MeV TSN >:| < Add > ( )

3
While parts of our parameter space are thus expected to be unconstrained by supernova
limits, it is important to note that if mp is small, or if Agg < 10° GeV, the estimated
production cross section enters the prohibited range. In particular, if Agg = 10 GeV,
then avoiding the bound requires mg +mp 2 450 MeV, favoring the larger P masses in
Fig. 6.2. However, in this naive projection of supernova constraints, our model remains

viable in a wide region of the parameter space.

6.3.2 Beam dump constraints

In minimal form, our model of the KOTO excess is potentially subject to
constraints from long-lived particle searches: the partial decay width of S — 7P is
bounded from below by the observed KOTO event rate, so in the absence of additional
interactions, the S lifetime can be O(m) or larger. Such lifetimes are probed very

effectively by beam-dump experiments with O(100m) baseline lengths. In such an
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experiment, a proton beam is directed at a target, potentially producing a large number
of S particles. The S particles travel unimpeded through shielding and earth over a
distance Lp, reaching an instrumented decay volume with length Lp. The § — 70P
events within the decay volume can be typically detected with an O(1) efficiency £.
Thus, the strength of the constraints is mainly determined by two factors: (1) how
many S particles are produced, and (2) what fraction of these undergo S — 7" P within
the decay volume.

First we estimate the number of S particles produced. There are at least two
channels to consider: direct production from nucleon-nucleon scattering, and secondary
production from kaon and other meson decays. Observe, however, that the fraction
of proton-proton collisions that produce an SP pair is of order (s/Anp)?/a%, which is
much smaller than the branching ratios BR(K — SP) and BR(Kg — SP) implied by
our interpretation of the KOTO excess. We also checked that the number of S from
eta decays n — SP is small compared to those coming from the kaon decays in our
scenarios.

Given N, protons on target, we expect that of order Ng ~ 10*2Np kaons are
produced [331], and this is sufficient for kaon decays to dominate production. However,
of these kaons, most will be stopped or scattered away from the axis of the beam
before they decay. The dynamics of kaon energy loss and deflection in materials are
complicated, but the nuclear interaction length for relativistic kaons in most materials
is Lpye ~ O(10cm) [341], so we will assume that any kaons traveling this far before
decaying are sufficiently slowed down or deflected such that only a negligible fraction

of the S particles are directed towards the detector. Thus, the number of S particles
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produced and directed towards the detector is of order

1 . D(Kx — SP) [ ( 'k Lnuc)]
Ng ~ = 102N, ——= "7 2 1] —exp [ — X ) | 6.40
2 Z P FK P YK x ( )

X=L,S X
where 7 is the boost factor. Now, accounting for the fraction of S particles which decay
in the decay volume, and accounting for the efficiency of the detector, the number of
events is given by

1
Np~ g Y 102N, BR(Kx — SP)BR(S — n"P)€
X=L,S

T, L I'sL T'sL
X [1 — exp (Iw)] exp < &l B> [1 — exp ( 5 D)] . (6.41)
TKx s s

~
avoid kaon deflection reach decay volume decay in decay volume

In the minimal scenario, with no additional interactions, BR(S — 7°P) = 1.

We now estimate the event counts in the CHARM [343] and NuCal [344] ex-
periments. CHARM conducted a search for decays of axion-like particles with 2.4 x 108
protons incident on a copper target at 400 GeV, a baseline length of 480 m, and a 35 m-
long decay volume. The detector efficiency is approximately 0.5. No candidate events
were observed. NuCal conducted a similar search, with 1.7 x 10'® protons incident on
an iron target at 70 GeV, a baseline length of 64 m, and a 23 m-long decay volume. One
candidate event was observed with an expected standard model background of 0.3. To
estimate the event counts that would be produced by our model, we set vx, = v5 = 10
for CHARM and reduce these proportionally for NuCal’s lower beam energy.

Assuming BR(S — 7°P) = 1, the resulting event count is shown as a function
of the § lifetime in Fig. 6.7. The minimum expected number of events at long S
lifetime is large unless 7¢ > 10°m, and lifetimes as large as 10° m may be excluded.

This potentially rules out a significant portion of our parameter space, as indicated
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< 1m, and

~

in Fig. 6.4. On the other hand, the event rate cuts off sharply for 7g
there is indeed a region of our parameter space where 7¢ ~ 1cm. These constraints
can be relaxed if the coupling of the SP? interaction in our model is non-zero, which
can shorten the S lifetime significantly if mp is small (see Fig. 6.5). The presence of
this additional interaction greatly extends the parameter space consistent with the null
results at CHARM and NuCal.

Looking towards future prospects, most proposed beam-dump experiments are
competitive in the same regime of S lifetimes. However, it has been suggested [345] that
the SeaQuest experiment [346] may be modified to serve as a short-baseline beam dump
experiment, with the instrumented area starting only ~5 m from the beam target. Such
an experiment would have sensitivity to lifetimes as short as 5 cm, and could probe most
of the parameter space in which the minimal model can account for the KOTO excess.
However, if the SP? coupling is unconstrained, the S lifetime can be shortened by many

orders of magnitude, potentially evading even these experiments.

6.3.3 Direct dark matter detection

Direct detection of P can occur in the extended model via the interactions
in Eq. (6.7). While the interaction terms containing (giysq)P? give rise to suppressed
velocity-dependent cross sections off of nucleons, the operators (gq)P? with ¢ = d, s
produce potentially detectable scattering off of nucleons. We define the integrated
nucleon form factors

MN N

BY = (Nlgg|N) = X g, (6.42)
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where fév are the form factors for nucleon N of quark ¢ [347]. The direct detection

cross section can be cast as

2 2
2mN Gy N 4 N\2(, P%\2 N\2(, P2\2
= MY )~ |(B B . (6.43
o= 2 (mPWNANP D)~ g Bk + (B )] (649

q=d,s
Using the central values BY ~ 6.77 and Bf =~ 0.50, it is clear that the dominant effect
is scattering off of d quarks if gij ~ gfj . The scattering cross section off of protons is

then

106 GeV'\?
oy~ T x 10738 em? (gl )?2 <e> , (6.44)
Anp
i.e., close to 0.1 pb. Cross sections of this order are above the expected neutrino back-

ground, and are within reach of future planned experimental sensitivity [348]. We will

return to direct detection prospects in Section 6.5.

6.4 Cosmological production

We now turn to the question of cosmological production of the dark matter
candidate P: which scenarios allow P to be produced with the observed dark matter
density?

The standard thermal freeze-out paradigm is not viable in our minimal sce-

nario. Estimating the freeze-out temperature by npo(PP — SM) ~ H(T'), we have

4 A? Anp
TFO ~ NP <

2
10° MeV 6.45
Mp] 1012 MeV) eV ( )

where Anp is the scale of new physics in question—for practical purposes, the lesser of

Asqg and Agq. For typical values of Axp consistent with the KOTO excess, Tro > mp,
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so P freezes out as a hot relic, with relic abundance

mp (9« mp
Oph2 ~ 1P ([ T ~0.1( ) 6.46
F keV( 100 ) 80eV (6.46)

Thus, for the masses and couplings considered in this chapter, P is generically over-

produced in the freeze-out scenario. If the P mass were small enough to be produced
with the right relic abundance, then P would be ruled out as a dark matter candidate
because of structure formation constraints on relativistic relics.

Departing from the minimal scenario outlined above opens up the possibility
that an additional effective interaction with SM species keeps P in thermal equilibrium,
and that the P relic abundance is set by thermal decoupling (freeze-out). Since generally
thermal decoupling happens at temperatures T' ~ mp/25, in order to avoid possible
constraints from BBN, one can assume that the effective interaction only involves SM

neutrinos:

1
vvPP. (6.47)

vv

LD

For the effective dimension five operator in the equation above, we find that the zero-
velocity thermally averaged product of the pair-annihilation cross section and relative
velocity is

1 1

A standard treatment of the relic abundance for the pair-annihilation cross section
above indicates that P would be produced in the right amount if A,, ~ 7 TeV. This
is several orders of magnitude above current limits for dark matter interactions with
SM neutrinos, independent of flavor [349]. Thus, if P were in equilibrium at high
temperatures, an effective interaction with SM neutrinos—which, incidentally, can be
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quite naturally embedded in the UV completions described above—could suppress the
P abundance to an acceptable relic density in agreement with observations.

In the absence of the additional neutrino portal described in the paragraph
above, the only alternative is production via freeze-in [350]. Here the dark species
is produced out of equilibrium by some standard model species, and the abundance
increases until cosmological expansion halts production. It is thus possible to avoid
overproduction of dark matter with extremely small couplings. Note that while other
mechanisms might allow for additional production of P, the freeze-in contribution is
unavoidable in the range of temperatures where our effective theory is valid.

Typically, freeze-in is applied to a UV-complete theory, where the dark matter
production rate can be computed starting at very high temperatures. In the context of a
renormalizable model, it can be shown that dark matter is produced primarily at lower
temperatures, so the details of the UV physics are unimportant. Thus, freeze-in can be
used to consistently calculate the non-thermal relic abundance, even though a formal
dependence on initial conditions remains. Note that this is in contrast to the freeze-out
paradigm, where equilibrium with the standard model bath erases any non-trivial initial
conditions in the dark sector.

However, in our scenario, the dark matter is produced through non-renormalizable
interactions, and the standard freeze-in mechanism cannot be directly applied: our ef-
fective theory cannot be applied at scales above some O(Axp) cutoff. At first, this
does not seem to be a problem: in standard freeze-in, production is IR-dominated, and
we can apply our effective theory in this regime. But for higher-dimension operators,

production is no longer IR-dominated, and it is no longer possible to self-consistently
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estimate the relic abundance unless an initial condition is fixed at a temperature where
the effective theory is valid.

Naively, one can place a lower bound on the relic abundance by fixing the
dark matter abundance to zero at T' ~ Anxp and computing the amount of dark matter
produced at lower temperatures, where the effective theory is valid. However, as we
shall see in the following section, this still leads to overproduction of P. Thus, in our
model, it would seem that dark matter is overproduced in the freeze-in scenario, even
with the most favorable initial conditions.

There is, however, a significant loophole in this argument: setting the dark
matter abundance to zero at T' ~ Ayp is in fact not the most favorable initial condi-
tion. If reheating occurs at a temperature 1, < Axp, then the dark matter abundance
should be set to zero at this lower temperature, allowing for a much lower relic abun-
dance. There is nothing particularly unnatural about this scenario: in general, freeze-in
production of dark matter depends on the reheating temperature. This dependence is
weak if the reheating scale happens to be much higher than any scale in the theory, but
the convenience of this arrangement does not constitute evidence for it. Moreover, if
T < Anp, then our effective theory can be used to self-consistently compute the dark
matter relic abundance independently of any UV completion. This paradigm is known

as UV freeze-in [351].

6.4.1 Computing the yield

First, we briefly review the computation of the dark matter relic abundance

in the standard freeze-in paradigm. The basic technology of UV freeze-in is identical to
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that of standard freeze-in, but the initial condition is fixed at the reheating temperature
T, which becomes an important free parameter of the theory. In certain scenarios, the
dark matter yield is quite sensitive to temperatures near Ty, and decreasing T}, can
significantly reduce the relic abundance.

The starting point is the Boltzmann equation,

i+ 3Hny = 3 [Ny (F) — Ny(I)] / d™ T " TTp(27) 6" (pr — pr) IMrs e P ] £
I,F icl
(6.49)

Here n, denotes the number density of a dark species x, I and F' index initial and final
states, Ny (S) denotes the number of x particles in the state S, dII; = g; d3p;/(27)32E;,
\M1—>F|2 is the spin-averaged squared matrix element, and fy, is the phase space density
of the species k. We assume Maxwell-Boltzmann statistics, and by conservation of
comoving entropy density, we rewrite the left-hand side of Eq. (6.49) as n, + 3Hn, =
SYX, where S = (27%/45)g,sT? is the entropy density and Y, = n,/S. In turn, since
T ~ —HT, we have SYX ~ vHSY)(z), where x = ;1/T for any fixed mass p.

In freeze-in, one assumes that the phase space density of the dark species is
always small, so that any initial state with N, (/) > 0 makes a negligible contribution
in Eq. (6.49). If all of the initial-state species are now in equilibrium, the phase space

densities f; can be replaced with equilibrium distributions e~ ##/7. Now Eq. (6.49) reads

1

TN
Yile) = zHS

X

>, Nx(F)/anHIanHF(QW)454 (p1 — pr) IMisp|* exp (—2Er/p).
I1#x,F
(6.50)

We will be interested in two types of processes: 1 — 2 decays and 2 — 2
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scattering. In the 1 — 2 case, with a process i — xf, we set u = m;, i.e., x = m;/T.

We recognize the decay width I';_,, s in Eq. (6.50), which becomes

1 gm?
s I Ny (F)T i g K () (6.51)

Y/ =
() o2 p2HS X

X

where K7 is a modified Bessel function of the second kind, and now N, (F) is either 1 or

2, depending on whether f = x. Substituting H = 1.66gi/2x*2m%Ml§ll, the total yield

can now be computed by performing a 1-dimensional integration of Eq. (6.51), as

Yy (o)

_ ASN(F)giMpiTisy s / * LUK (@) (6.52)

d
1.66 x 471'4777/12 min ’ 91/29*5

In particular, suppose that f = x, m, < m;, and ’Miﬁxx|2 = A\2. If production mainly
takes place during an epoch when g, and g,s are not changing rapidly, then we can

estimate the yield as

135N, (F)giMp 22 |1 Tmin <1

Y, (00) >~
* 1.66 x 8(277)49,1(/29*5771?

(6.53)
%\/%xfn/i €xp (_xmin) Tmin > 1.
Similarly, if the abundance of x is set by 2 — 2 processes of the form ij — xf, then

the integrals over the final-state phase space produce the cross section o;;,f, and

Eq. (6.50) becomes

. 3. d3p.
Y!(z) = ing)gzgj (27513 (2:)]3 ovexp (—zE;/p) exp (—xE;/p) . (6.54)

This remaining integrals can be reduced to a single 1d integral, following e.g. [352].

Integrating in x, the yield is then

_ #NY(F)gig; dz [
Yy (00) = 22 . 2HS . ds o(s)r_ryx

min

< AT (D V) exp (/) + K (e /) | (6.59)
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where my = |m; £ my|, r+ = (s — mi)l/Q, and Smin = min(m; + mj, my +myg)% As

in the 1 — 2 case, we can estimate the yield analytically for a process it — yx when
m; < my and the evolution of g, and g,s is negligible. If |./\/lii—>xx\2 = A2, then the

result is

45N, (F)g? Mp \? (3/8)mi/my Tmin < 1

Yy (o0 (6.56)

166 x 5127r5gi/2g*gmi
Lmin €XP (_2xminmx/mi) Tmin > 17

where Zmin = m;/Tmax. The analogous expression for m, < m; is obtained by inter-
changing m; and m,, and taking pr = m,, (i.e. Zmin = M, /Tmax). However, in our model,
2 — 2 processes are driven by effective 4-point vertices suppressed by a scale Axp, so

we should instead set \Mu‘—WX!Q = s/A%p. In this case, the result is

8 -2 1
45NX(F)gi2Mle2 ™ (mx/ml) Linin Tmin K 1
Yy(00) ~ X

1.66 x 1287?491/29*57711-1&12\“3

(6.57)

Tmin €XP (—2ZminMy /M) Tmin > 1.

This demonstrates a key difference between standard freeze-in and UV freeze-in: a
naive extrapolation of the production rate to arbitrarily high temperatures (small iy )
diverges. Of course, one should not expect to accurately compute the production rate
in the effective theory at T' > Anp. But even so, if Axp > Thax > max{m,,m;}, then
production can dominated by 2 — 2 processes, whereas 1 — 2 decays typically dominate
in standard freeze-in. In our case, m, and m; are MeV-scale, while Axp 2 10° GeV.
Thus, production by 2 — 2 processes at high temperatures is potentially very significant.

Using the approximate forms of the yield derived above together with the dark
matter abundance today, Y, (00) ~ 2 x 1075(m,/MeV), we can estimate the ranges

of parameters which account for all of dark matter—or, at least, those which do not
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overclose the universe. If dark matter in our model is produced dominantly by quark
annihilation via an interaction of the form Agdld(i%)cZSP, then the only important
parameters are Agg and xnmin. Note that if this is the only interaction at work, there is
no contribution from decays.

First, suppose that zpyi, < 1. Then the scale Agzg must satisfy

—3/4 1/2
9«7, Tin 10
> rh
Add = (> <GGV> 3 x 107 GeV. (6.58)

Per the analysis in Section 6.2.2, this is too large to account for the KOTO excess—and
this estimate accounts for only one production channel! In particular, if T}, > Ag4q, dark
matter is dramatically overproduced. At the very least, one requires Ty, < 100 MeV,
where the approximations made for this estimate are no longer trustworthy. However,
suppose instead that reheating indeed takes place near the MeV scale, so that i, > 1.
Then the situation is quite different: neglecting the difference between mg and mp, we

have

~3/4
. T.
ANaa 2 (91|[7)“rh> <101\/[th/) exp [— <Zji — 30)} 300 GeV. (6.59)

This bound poses no obstacle to accounting for the KOTO excess. When combined,
these two estimates naively suggest that our model can account for all of dark matter if
reheating takes place between 100 MeV and 10 MeV. While the scale of reheating is often
assumed to be much higher, the strongest observational lower bound on the reheating
temperature is in fact only Ty, = 5MeV [353, 354]. There is no particularly strong
motivation for a very high reheating temperature, and certainly nothing inconsistent

about reheating taking place at 10 MeV.

However, production at such low temperatures introduces a new complication:
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our simplistic estimates above have presumed not only that production is dominated by
2 — 2 processes, but also that the initial state consists of free quarks. If T}, < 100 MeV,
then quarks are confined into hadrons during the entire production period. One must
then modify the effective couplings to account for hadronic scattering, and since the
initial and final states are all (pseudo)scalars, the matrix elements no longer carry any
s-dependence. Additionally, since single hadrons can now decay to S and P, hadronic
decays can dominate the relic abundance, and must be included in the calculation of
the yield.

In the following section, we treat these issues in detail and calculate the relic

density numerically.

6.4.2 Determining the reheating temperature

Our estimates in the previous section suggest that P can be produced non-
thermally, and can account for all of dark matter, if the initial temperature of the SM
bath is between 100 MeV and 10 MeV. We now refine our estimate of the yield to
account for confinement and hadronic decays, and then numerically compute the yield
to establish the required reheating temperature in our model.

At T < 200 MeV, quarks are confined into hadrons, and the effective inter-
actions of the hadrons with S and P are well described by chiral perturbation theory
(chiPT). The effective couplings of hadrons to S and P are built from a combination
of the new physics scales and QCD parameters. Since the couplings in the quark-level
effective Lagrangian are proportional to A;I%), and the hadron-level 1 — 2 coupling must

have mass dimension 1, the latter must be of order AzhiPT /ANp, where Agyipr is some
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scale associated with low-energy QCD. Similarly, in the 2 — 2 case, the hadron-level
coupling should have the form Al .,r/Axp. As we will see momentarily, A((:&PT is a
combination of two constants, fr ~ 92MeV and By =~ 2666 MeV. To determine the
couplings explicitly, we match our effective quark-level Lagrangian onto the chiPT La-
grangian following [355, 356]. Our application of this method to light scalars is also
similar to the treatment in section 3.1 of [329].

The interactions of QCD degrees of freedom with our light scalars can be
written as the couplings of quarks to external currents s and p, respectively a scalar

and pseudoscalar. These take the form

Lqcpls,p] = —a(s(z) — ivsp(x)) a. (6.60)

Interactions of hadrons with these currents enter the chiPT Lagrangian via the current

X = 2By(s +ip). At lowest order, we have

2 i/
Ly D ijtr (XUT + UXT) . U=exp (z}[ @) : (6.61)

™

where @ is the PNGB matrix [see e.g. 355]. Now consider a quark-level interaction of

the form

1L (os ..o i Op -0
LD Ui (gijs - zgijsyg)) q;O0s + i (gijP - zgijP%) q;Op + h.c. (6.62)

where Og is a scalar (CP-even) and Op is a pseudoscalar (CP-odd). We can then

identify

(957 = 957") o, (6.63)

DN

(@] Ogx*
(gijs + gjis ) Os —

N

Sij =

pij = — (ggp + g}ﬁ”*) Op. (6.64)

M| .

~O ~O
(gijs - gjis*) Os —

N | <.
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Substituting these expressions into Eq. (6.61) with Og = S?, P2, and Op = SP gives
the interactions of S and P with the PNGBs. For instance, the interactions of S and

P with 70 are specified by

£2 5 Bofym” (SPTmgS) — $*Imgsy — P*Tm g, )

1
— 5Bo(x")? (SPRegil — S*Regl; — P2Regly )+, (6.65)

where the ellipsis denotes a series of higher-dimensional operators. We include all terms
up to second order in the PNGB fields in our analysis, and the form of the hadron-
level Lagrangian is as expected from dimensional analysis. Note that it is essential to
consider complex-valued g;; and g,;, without which some interactions will vanish.

We can now determine the reheating temperature required to produce the
observed dark matter density as a function of our model parameters. First, using the
normalization factors as they appear in Eq. (6.65), we can now estimate the relative
significance of decays and scattering, starting with Eqgs. (6.54) and (6.56). Assuming
that all dimensionless couplings are O(1), we set the coupling A for 3-point vertices
equal to By fr/Anp, and we set the coupling for 4-point vertices to By/Anp. In this

regime, we typically have m; > max{mp, Ty}, and in this limit,

y1-2 2 |1 mp < T K my
P (0) g (f") (6.66)

V(o) = g

3%(Trh/mi) exp (2m;/Tyn) Tin < mp < m;.
Our parameter space includes 1 MeV < mp < 200 MeV, so the ratio above can be large
or O(1) depending on the choice of the P mass, but it is never small. Note, however,

that increasing mp can also close certain decay channels. In particular, if there exist
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interactions allowing the decay 7% — PP, this channel naively dominates production at
low temperatures, but is closed for 2mp > mo.

Since decays dominate in most of the parameter space, we can make a first
estimate of the yield by considering only production via Kj — SP, the same decay
process which is necessary to account for the KOTO excess. Neglecting the distinction

between mg and mp, the yield is

4 Bf: \* M,
VAP (o) o 5 ( /. ) exp (—2ms/Tw),  (6.67)

166 x 4(2m)9/2g} % g, \mKxAsa) T

and the resulting upper bound on Ay is

KR T) B5Mev ) P\ T, ' '

For the typical parameter values selected above, this upper bound is towards the lower

edge of our parameter space of interest for the KOTO excess. Thus, although hadronic
decays significantly enhance production relative to the prediction of Eq. (6.59), this
channel on its own does not pose an obstacle to accounting for the KOTO excess.
However, in general, it is necessary to numerically evaluate the yield to de-
termine the extent of the viable parameter space—and, in particular, to identify the
reheating temperature that produces the observed relic density at each parameter point.
The resulting reheating temperatures are shown in Fig. 6.8, and are of order 10 MeV
throughout the parameter space of interest. The required reheating temperature is
mainly controlled by the smaller of Agg and Agzg, with a slight bias towards Agg, since
production by 1 decays is suppressed compared to production by K® decays due to
their relative masses. Note that all couplings except for gfdp and ggf are neglected in
Fig. 6.8, so, in particular, 7% — PP does not contribute to the relic density even when
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2mp < mjo. If we suppose that all of the couplings in the effective theory are of similar
order, the viable parameter space can change significantly.

; ; ; s _ Sp _ P? : o _

We can estimate this effect by taking g, ., = 970, = 9q.4, and setting go; =

O 0\1/2 o . . . . .

(stgdd) to fix gg;. The resulting reheating temperatures are shown in Fig. 6.9. With

these choices for the couplings, our two benchmark points with mp = 10MeV are

incompatible with freeze-in as a production mechanism, since the required reheating

temperature is below observational bounds throughout the relevant parameter space.

0 — PP decay, which is kinematically closed for the other

This is due to the open =
two benchmark points with mp = 100 MeV and mp = 125 MeV. For these points, the
required reheating temperature is again of order 10 MeV throughout the relevant param-
eter space. At the top-left of the corresponding panel of Fig. 6.9, the required reheating
temperature decreases with increasing Agq. This is just because of our assumption that
ggl is the geometric mean of gflod and ¢9: increasing Agq corresponds to decreasing gg)d,
so if ggl is held fixed, then ¢© must increase to compensate. This increases the relic
density, forcing a lower reheating temperature.

Finally, we note that the reheating temperatures shown in Figs. 6.8 and 6.9
are potentially imprecise, and should be viewed as lower bounds. Our calculation of
the yield assumes that all of the initial-state species are thermalized, but the mesons
freeze out at temperatures of the same order considered here. In particular, 70, KO,
and 7 freeze out at 3MeV, 10.5 MeV, and 11.6 MeV, respectively. In a scenario with a
high reheating temperature, this concern would be less significant: the mesons would

have a thermal distribution at early times, so as long as dark matter production is not

dominated by temperatures well below the mesons’ freeze-out temperatures, the effect
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should be small. However, we are speculating that the reheating temperature itself
is lower than e.g. the kaon freeze-out temperature in parts of our parameter space,
in which case the kaons may never be populated with anything resembling a thermal
distribution. It is thus possible that Eq. (6.50) overestimates the dark matter relic
abundance.

This does not have a significant effect on our qualitative results: we can safely
predict that DM is overproduced if T, = 15MeV, in which case all of the relevant
mesons are thermalized, so this is an upper bound on Ty,. Likewise, we can see that
DM would be underproduced for T}, below a particular value even if the mesons have
their equilibrium number densities.! This lower threshold is O(7MeV) if 7 — PP
is forbidden, and O(2MeV) if it is not. The only qualitative importance of out-of-
equilibrium effects is that it may be possible to construct a cosmologically-viable model
in which dark matter is not overproduced even if 70 — PP is open. However, such a

model would depend on the details of reheating, and this analysis lies beyond the scope

of this work.

6.5 Discussion

In the foregoing sections, we have introduced a model to account for the KOTO
excess and explored the cosmological effects. We now discuss the implications of our
results and future experimental prospects.

If the KOTO excess is interpreted at face value, this suggests apparent violation

1Since production is dominated by decays, the dark matter relic abundance is mainly determined
only by the number density of the parent mesons, and is fairly insensitive to other details of the phase
space distribution.
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of the GN bound. As has been discussed by several authors [321, 323-333], such a signal
at KOTO can be mimicked by a decay of the form K; — 7°X, where X denotes one or
more invisible species. In contrast to most studies, we focus on a new physics scenario

where the decay K; — 7°

inv. is realized through a sequence of two-body decays
Ki — SP — 7YPP, where S and P are light neutral scalar particles. Similar scenarios
were also studied in [332] where the light particles interact with the SM through a vector
or scalar portal. Here we instead analyze a setup where S and P are coupled to the SM
through effective operators at a characteristic new physics scale of Axp ~ 106-10? GeV.
We have stabilized P with a Zs symmetry under which SM species are even and our new
species are odd, and we have entertained the possibility of other interactions consistent
with such Zsy invariance, including an SP?3 term that could mediate the decay of S — 3P.
Our effective theory is readily UV-completed by e.g. very heavy vector-like quarks or
a TeV-scale inert Higgs doublet. Such UV completions can realize a minimal case in
which only interactions between SM quarks and SP are present at low energies, as well
as more generic cases that include interactions with S? and P2.

If the KOTO excess persists, the GN bound heavily constrains new physics
interpretations. A model of the type we consider, with new light scalars, is one of the
simplest and most elegant solutions. Since the scale Axp ~ 10°-10° GeV indicated by
the KOTO excess is so large, most other experiments are not substantially constrain-
ing (with the notable exception of beam dump experiments, to which we will return
shortly). In particular, in our scenario, there is a large region of parameter space which

can account for the KOTO excess while still unconstrained by other rare meson decays.

However, it is important to consider astrophysical constraints. Supernova cooling lim-
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its can potentially rule out lower P masses: as discussed in Section 6.3.1, supernova
temperatures are high enough, at tens of MeV, to probe the lightest S and P masses
that we consider in Fig. 6.2. These constraints are most significant for Agg < 10° GeV,
and it is important to note that establishing firm constraints from supernova cooling
requires a much more detailed analysis beyond the scope of this work. However, the
simplistic expectation is that P masses of O(10 MeV) and below are disfavored, making
our scenario easier to test.

Since the KOTO excess motivates the introduction of new feebly-coupled par-
ticles, it is natural to speculate that these new species might contribute to cosmological
dark matter—and indeed, we have shown that S and P can constitute all of DM even
in the most minimal scenarios needed to explain the KOTO signal. Nevertheless, this
comes at a cost: in the absence of additional interactions, there is no mechanism to re-
duce the DM abundance, and cosmological reheating must take place at very late times,
at a temperature of order 10 MeV. This requirement should be interpreted as a cosmo-
logical constraint on our model and similar models accounting for the KOTO excess.
The scale of the preferred reheating temperature originates mainly from the masses of
the new scalars: since the DM abundance is exponentially suppressed in mpy/Tyn, the
required reheating temperature depends only logarithmically on the couplings and other
scales of new physics.

Such a thermal history is necessary because the effective coupling lies in an in-
termediate regime: it is too small for freeze-out to deplete the DM abundance, but large
enough that UV freeze-in generically overproduces DM. Thus, an additional feature is

needed to prevent overproduction. The simplest mechanism to accomplish this, without
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any modification to the model, is to make a judicious choice of the reheating tempera-
ture. Since we are working with an effective theory, the DM relic density is inherently
sensitive to the reheating temperature—indeed, if Ty, = Axp, we cannot consistently
calculate the relic density, but only bound it below. Thus, since Ty, is necessarily a
parameter of our model, T, ~ 10MeV is as natural as any other choice. As we have
discussed, observational constraints are ineffective at temperatures above ~5MeV.

We note that in principle low-temperature reheating might leave an imprint on
early universe probes such as BBN and CMB. Unfortunately, such potential signals are
highly model dependent. Specifically, low-reheating temperature scenarios have been
shown in the literature to impart a significant effect on the synthesis of light elements,
primarily via (i) modifications to the Hubble rate around BBN by changing the energy
density of both relativistic and matter species; (ii) changing the momentum distribution
of electron-flavor neutrinos, which directly enters charged current interactions, in turn
governing the neutron-proton chemical equilibrium; and (iii) by entropy exchange that
can affect the ratio of neutrino to photon temperature, which in turn is testable with
CMB data.

Previous studies (see e.g. [357] and references therein) relied on simple assump-
tions such as a single massive matter species driving reheating, and decaying primarily
into neutrinos [354], or electromagnetically-interacting species [353], or hadrons [358].
Generally, testable effects arise for Ty, < 5 MeV, implying that no signal is expected for
the scenario discussed here, where Ty, = 10 MeV. However, it is important to point out
that the reheating scenario might include features that could manifest themselves when

more stringent probes of CMB become available in the future [359]. For instance, the
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field driving reheating might actually be an ensemble of fields, with different masses;
the S and P particles might be directly produced in the decay of the field(s) driving
reheating, changing the predictions for 7, made above; or new physics in the neutrino
sector could make reheating temperatures in the 10s of MeV visible once constraints on
Neg significantly improve.

There are other mechanisms which prevent the overproduction of dark matter
without requiring a particular temperature for reheating. One possibility is to add an
interaction with the SM to restore freeze-out as a viable thermal history, as we discussed
briefly in the context of a neutrino portal. This would be a heartening scenario: reheat-
ing can still take place at a very high temperature, and the coupling to leptons might
allow for additional experimental probes. However, there are several other possibilities.
In particular, it is possible that the DM abundance is depleted by additional interac-
tions within the dark sector. This is not possible in our effective theory, but one can
consider extensions which keep the DM in thermal equilibrium long after decoupling
from the SM bath, or which allow other number-changing processes at a sufficient rate
to allow for freeze-out at high temperatures. We emphasize again that our results im-
ply cosmological constraints on models of the KOTO excess: cosmology requires either
a restricted range of reheating temperatures or additional features of the low-energy
theory, regardless of what fraction of cosmological DM is composed of P.

Of course, one can also consider constraints which only apply if P makes up
a significant fraction of DM. The simplest of these is the Lyman-« constraint on warm
DM [360], which requires the P population to be non-relativistic at temperatures of

O(keV). If P is produced non-thermally via decays at 10 MeV, typical energies will
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be of order the masses of the parent states, i.e., O(100 MeV). Thus, in order for P to
be non-relativistic when T, ~ keV, we require that mp 2 10keV. This is a somewhat
weaker bound than one expects from supernovae, but it is not subject to the complicated
physics involved in such constraints.

The annihilation cross section into visible states is much too small (~ 10750 ¢cm?)
for indirect detection to be viable, nor is there any significant self-interaction in the dark
sector. However, the scattering cross section with nuclei could be as large as ~0.1 pb,
and thus potentially within reach of future, planned experimental sensitivity for sub-
GeV direct dark matter searches. It is thus possible (albeit not guaranteed) that future
experiments will probe such signatures associated with our model—particularly direct
detection—Dbut it is important to note that in the minimal scenario for the KOTO excess,
these signatures are substantially suppressed even compared to the generic expectation.
This is because the KOTO excess only requires SM interactions with the current SP,
and not PP. Since any DM accounted for by our model is composed entirely of P, this
means that any diagrams contributing to indirect detection must be suppressed by A;é.
Moreover, at lowest order, direct detection is only sensitive to the inelastic scattering
process NP — NS, which is kinematically prohibited for non-relativistic DM. It is thus
challenging to conclusively establish that P makes up cosmological DM through direct
observational means.

However, it is potentially much easier to determine whether a model like ours
accounts for the KOTO excess. If the excess persists at its present size, then as KOTO
reaches its design sensitivity, hundreds of events will be observed. With a sample of this

size, it is possible to distinguish our model from SM three-body decays kinematically in
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much of our parameter space, simply by measuring the pion’s transverse momentum. In
Fig. 6.10, we show the transverse momentum distributions expected at KOTO in the SM
and in our model. By sampling from these distributions and applying the Kolmogorov—
Smirnov test, we find that the pp distribution in our model can be distinguished from
the SM three-body decay at 50 with O(100) events in much of our parameter space.
Sensitivity is lost when mp is small and mg ~ mp, , and the distributions may also be
too close to distinguish at smaller mg if the S lifetime is shorter than O(10cm). Still,
there are good prospects for making such a determination within the next several years,
as KOTO continues to collect data.

There are also discovery prospects for S particles with meter- and centimeter-
scale lifetimes at future beam-dump experiments. In particular, as discussed in Sec-
tion 6.3.2, the SeaQuest experiment can probe much shorter lifetimes than those to
which CHARM and NuCal are sensitive. Backgrounds are relatively easy to control for
experiments of this type, and they remain sensitive even in our minimal scenario. The
figure of merit is the S lifetime, which is at least O(cm) in our minimal scenario. This
can be reduced by enhancing the SP? interaction in our effective theory, but nonethe-
less, searches for long-lived particles promise to be a powerful probe of our scenario in

the coming decade.

6.6 Conclusions

Taken together, the anomalous KOTO events and the Grossman—Nir bound

provide a strong hint for light new physics. In this chapter, we have introduced an effec-
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tive theory that accounts for the excess in the K7 — 7° inv. channel with a metastable
scalar S; a lighter, stable pseudoscalar P; and effective dimension-5 operators that me-
diate interactions between S, P and the d and s quarks. We provided two UV-complete
models that would produce an effective theory consistent with our assumptions. We
then investigated the implications of our effective theory for cosmology and vice versa.
In particular, we have shown that cosmological overproduction of P places important
constraints on the structure of the low-energy theory.

At face value, in our minimal scenario, P cannot account for either dark matter
or the KOTO excess unless the reheating temperature is close to 10 MeV. While it is
possible to escape this conclusion by augmenting the model, e.g. with couplings of
P to neutrinos, a low reheating temperature is unavoidable in the model’s simplest
incarnation. However, unless P is very light, the required reheating temperature is
compatible with current constraints from BBN and CMB, possibly even offering an
observational handle on the model once CMB Stage IV experiments further probe the
effective number of relativistic species.

Finally, we have discussed three experimental tests of our scenario. First, we
have shown that portions of our parameter space are within reach of future dark matter
direct detection experiments. Second, our metastable S may be discovered by upcoming
long-lived particle searches, particularly the planned SeaQuest upgrade. Finally, if P is
in our favored mass range, future KOTO data alone can discriminate between our decay
chain and the SM three-body decay on the basis of the neutral pion pr distribution.

There are thus strong discovery prospects for P dark matter within the next decade.
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Figure 6.4: Number of expected K — SP — wPP events at KOTO in the Ag—Agq
plane for four benchmark points of the S and P masses. The SP3 coupling is set to
zero. The right vertical axis indicates the S lifetime. One expects 3 events along the
solid dark green line, 2-4 events in the dark green region, and 1-5 events in the light
green region. In the gray regions labeled “K; — 70 inv.”, the number of predicted
events exceeds the limit from KOTO. The dashed lines show constraints from existing
beam dump experiments and the potential reach of the SeaQuest upgrade.
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Figure 6.5: Number of expected K;, — SP — wPP events at KOTO in the Ayy—Agq
plane for three benchmark points of the S and P masses. The SP3 coupling is set to
Agps = 107°. The right vertical axis indicates the S lifetime, which is approximately
constant for Agg > 107 GeV. One expects 3 events along the solid dark green line, 2-4
events in the dark green region, and 1-5 events in the light green region. The gray
regions are excluded by the KOTO limit on Kj, — 7% inv. or the bound on the invisible
K1, branching ratio. The dotted lines show the generic location of other constraints that
depend on additional model parameters. Benchmark BM3 is not shown, as the S — 3P
decay is kinematically forbidden.
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Figure 6.6: Feynman diagrams that show the matching of the vector-like quark model
(left) and the inert Higgs model (right) onto the effective SPqq’ interactions in Eq. (6.6).
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at SeaQuest as a function of the S lifetime. The top curve fixes I'(K7, — SP) to saturate
the experimental bound on the invisible K, width. The bottom curve fixes I'(K1, — SP)
such that BR(K; — SP) is equal to the ratio inferred from the KOTO excess, i.e.,
I'(K; — SP) is the smallest width for which this model can account for the excess.
Both curves assume that T'(K; — SP) = I'(Ks — SP) and that BR(S — 7°P) = 1.
Under these conditions, 1m < 7¢ < 10°m is ruled out. SeaQuest may eventually probe
lifetimes as short as 7¢ ~ 5 cm.
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Figure 6.8: Reheating temperature in MeV to produce the observed DM relic density,
including all production channels with no DM in the initial state. The couplings gfdp
and ggf are taken to be purely imaginary, while all other couplings are set to zero,
corresponding to the minimal scenario to account for the KOTO excess. In the leftmost
panel (BM1), all decay channels are open. In the middle panel (BM2), S — 3P is
kinematically closed, so there are no number-changing interactions in the dark sector:
S decays via S — 79P. In the rightmost panel (BM3), S — 3P and 7 — PP are both
closed, so there is no contribution to the relic density from 7° decays.
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Figure 6.9: Reheating temperature (in MeV) to produce the observed DM relic density,
including all production channels with no DM in the initial state, as in Fig. 6.8. Here
it is assumed that S?, P2, and SP couple equally to light quark bilinears, and that ggl
is the geometric mean of gg and gc(?d. The real and imaginary parts of all couplings are
taken to be equal. In the first panel (BM1), all decay channels are open, and production
is dominated by 7% decays. In the middle panel (BM2), 7° — PP is closed, but S — 3P
is still open. In the rightmost panel (BM3), both 7% — PP and S — 3P are closed,
so S decays only via S — 7OP. In the leftmost panel, since production is dominated
by 7 — PP, the relic abundance is controlled exclusively by Agg. In this case, the
required reheating temperatures are observationally inviable throughout the parameter
space. In the other two panels, production is dominated by K° and 7 decays, and their
relative importance depends on Agy and Agqy.
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Chapter 7

Complementarity between cosmology

and direct detection

7.1 Introduction

In the previous chapter, cosmological observables were used to tie terrestrial
experiments to cosmic history. Now we turn to a more direct use of cosmological data
for the study of DM: direct constraints on DM interactions. In this chapter, we will
demonstrate the powerful complementarity between cosmological constraints and the
next generation direct detection experiments. We will give a cursory treatment of the
direct detection experiments themselves, with more details to follow in Part III.

To date, direct searches for DM have largely targeted the weak scale. Most
extant direct detection experiments are designed to detect the scattering of DM with
atomic nuclei, and due to kinematic limits, they have poor sensitivity to a DM particle

with mass below 10 GeV [361-363]. Analyses of the phase space distribution of DM in
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dwarf spheroidal galaxies bound the mass of fermionic DM to mpy = 1keV regardless
of the production mechanism [364], and the Lyman-« forest imposes a comparable con-
straint on thermal relic DM of any kind [360]. But beyond these bounds, DM models
with mass between 1keV and 10 GeV are poorly constrained. Several well-motivated sce-
narios [e.g. asymmetric DM, 365] naturally feature masses between 1keV and 10 GeV,
making this range an appealing target for future direct detection experiments [366].

This has driven much interest in novel detection methods suited to light DM
particles, and several such experiments have been proposed in the last few years [367—
377] (see sections IV-V of [378] for a review). These experiments are designed to
be sensitive to the very small recoil energies characteristic of the scattering of light
particles, and as such, many are designed to search for the scattering of DM with
electrons instead of nuclei, a strategy first detailed in [367]. Several experiments now
constrain DM—electron scattering at masses as low as ~ 1MeV [379-384]. The more
recent proposal of [369], based on electrons in aluminum superconductors, is sensitive
to deposited energies of order 1 meV, allowing for the detection of particles as light as
1keV.

However, although the most generic astrophysical constraints do not restrict
DM at masses between 1keV and 10 GeV, it is well known that particular models can
be constrained by cosmological observables, especially for masses below 1MeV [385].
In particular, light DM interacting with electrons risks running afoul of the following

restrictions:

e The DM must not significantly alter successful predictions of the ratios of light
elemental abundances produced in big bang nucleosynthesis (BBN) [386-388];
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e To accord with measurements of the effective number of neutrino species (Neg),
the thermal history of the DM species must not significantly alter the temperature

ratio of photons and neutrinos at recombination [389];

e While a single species of DM particle may not account for the entirety of the

present-day DM density, no species may be produced with an abundance exceeding

that threshold.

In each case, such cosmological constraints bound the couplings between new species
and Standard Model (SM) particles, which also determine the event rates in direct
detection experiments. Thus, in a given model, the cosmological effects of light DM can
be related to the direct detection cross section. Given an experimental proposal and
a DM model, one can then determine the extent of the parameter space accessible to
the experiment and consistent with cosmology. Such an approach has been applied to
electron recoil experiments by [390] for a class of simplified models, and more recently
in a variety of model-dependent instances [391-399].

In this chapter, we show that cosmological constraints on a new light (sub-
MeV) species interacting with electrons can be greatly generalized with a small num-
ber of assumptions. Assuming a heavy mediator between DM and the SM, we study
the cosmological implications of a light DM species in an effective field theory (EFT),
and use the same EFT to evaluate direct detection prospects. We thus obtain model-
independent cosmological limits on the scattering cross section of DM with electrons in
an actual experiment. The model-independent methodology is similar in spirit to [400—

402], but applied to directly connect cosmological constraints and detection prospects
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in the sub-MeV regime.

This chapter is organized as follows. In Section 7.2, we describe our EFT
framework for modeling light DM coupled to electrons. In Section 7.3, we derive model-
independent cosmological constraints on the DM species. In Section 7.4, we evaluate the
DM-SM scattering cross section in our EFT, and compare cosmological bounds with
prospects in a fiducial experiment. Finally, we discuss implications for direct detection
experiments in Section 7.5. A complete set of constraints and tables of cross sections
are placed after the end of the text.

Throughout this chapter, we denote a scalar DM field by ¢ and a fermionic
DM field by ©. When speaking about the DM species generally, without specifying its

spin, we will denote it with .

7.2 Effective interactions of sub-MeV dark matter

In this section, we build a theoretical framework to study the effective interac-
tions of sub-MeV DM of spin 0 or % We study DM candidates that are singlets under
the SM gauge groups, and we consider both scalar and fermionic DM. We first specify
the working assumptions of our EFT framework, and we thereafter develop the scalar

and fermion cases separately.

7.2.1 The EFT framework

We assume that DM is dominated by a single particle species with a mass
below 1MeV. The MeV scale is cosmologically significant as the scale of big-bang
nucleosynthesis (BBN). The DM annihilation and scattering processes that we consider
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in this chapter always involve energy exchanges well below this scale, whether they take
place in the early universe or in a laboratory today. Thus, this situation lends itself well
to an effective low-energy description with an EFT that has a cutoff of order 10 MeV.
In general, the EFT can be valid up to higher scales, but since cosmological history
is poorly constrained at temperatures above a few MeV, we only apply the EFT at or
below this scale.

At energies well below the MeV scale, the only dynamical SM degrees of free-
doms are electrons and positrons (e*), neutrinos (v), and photons (7). We assume
further that there is no additional light degree of freedom besides the DM particle: all
remaining new physics is presumed to lie well above the MeV scale, including any medi-
ators between DM and SM particles. Physics at sub-MeV scales is thus well described
by an EFT in which only e*, v, v, and the DM y are dynamical degrees of freedom.
This is the theoretical framework we employ for our analysis.

Before presenting the EFT in more detail, it is instructive to take a step back
and discuss the conceptual starting point of our work: a renormalizable theory with DM
as well as mediator fields in the spectrum. The EFT language powerfully encodes the
many UV-complete realizations which give the same low energy physics. We make three

additional assumptions about the UV-complete theory, described below and graphically

summarized in Fig. 7.1:
1. The DM is stablilized by a Zs symmetry and is thus absolutely stable.

2. The couplings between mediators and SM fields respect electroweak gauge invari-

ance, in the sense that the y—ey coupling is equal to the y— coupling. We make
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this assumption to clarify the impact of the DM species on N.g, as discussed in

the next section. It does not influence the other constraints.

3. DM couples to the visible sector via mediator fields (;, with masses satisfying

TN < M,

When writing our EFT Lagrangian, it is convenient to take m¢, < Myeak ~
100 GeV, so that weak-scale degrees of freedom in the SM can be integrated out before
the mediators. It is then possible to define an intermediate EF T with weak scale particles
integrated out and mediators in the spectrum. However, our results do not depend on
this assumption—it simply clarifies how we should write the low-energy Lagrangian to
accommodate lower mediator masses.

Ultimately, our EFT will contain a mass scale Agpr which is related to the
mediator masses, and each operator will appear with a coupling (Wilson coefficient) g.
We ensure that we remain in the regime of validity of the EFT by enforcing Agpr >
TBBN, SO it is convenient to assume that g ~ O(1) and take Agpr to be the free
parameter in our analysis. Small deviations of ¢ from unity can then be absorbed by
rescaling Agpr. But if g is not O(1) in a typical UV completion, and Agpr is not many
orders of magnitude larger than Tggyn, we have reason for caution: rescaling Agpr to
absorb a very small g could violate the requirement that Agpr > Tean. Thus, when
the scale of the DM—SM interaction is smaller, it is important to separate g from any
non-O(1) coupling typical of UV completions. An intermediate EFT lying below the
weak scale guides our expectations for the size of the coupling in the effective theory

after integrating out the mediators.
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In particular, if a scalar ( mediates the DM-SM interaction, it is easy to
generate a factor of the electron Yukawa coupling y.. Coupling ¢ to the lepton doublet

L without breaking gauge invariance involves interaction terms of the form
Luv D MiCodTdp+ MoCHYH + ¢T¢HYH + y.LHeg + c.c. (7.1)

Thus, after EWSB, ( mixes with the Higgs boson h. To construct an EFT from the
Lagrangian in the broken phase, we must integrate out the mass eigenstates correspond-
ing to (¢, h), which will always produce a factor of y. in addition to the inverse of the
mediator mass scale.

Such a factor of y. in the EFT is also expected on general grounds if min-
imal flavor violation is assumed, regardless of the nature of the mediator. However,
in general, one can also write UV completions which do not generate a factor of y,,
e.g. by employing a vector mediator. Still other UV completions can be constructed
to introduce other small coefficients besides ¥, in the EFT. When we tabulate the EFT
operators, to facilitate comparison with arbitrary UV completions, we do not normalize
the operators with such any such factor. However, since a factor of . is well-motivated,
we will give our results in a format that shows constraints both with and without a
factor of ye.

Finally, note that we ignore any renormalizable couplings between the DM and
SM fields, assuming that all interactions are encoded in the EFT. Notice that no such
operators exist in the fermionic case under our assumptions, since we take the DM to
be a SM singlet, and the Zy symmetry forbids the lepton portal operator ¢ LH. In the

scalar case, on the other hand, this is something we impose. However, as we will discuss
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Dark sector Standard model

Weak scale h i t

Mediators - c

) v ) v ) v
-+ x (dark matter)

Figure 7.1: Schematic description of a UV completion of our effective theory. The
vertical direction on the diagram corresponds to the mass scale. Arrows denote renor-
malizable couplings. Note that there is no renormalizable interaction between the DM
and SM fields. The line labeled “BBN” corresponds to the scale of big bang nucleosyn-
thesis, T' ~ 1 MeV. Our results are unchanged if m¢; > Myeak-

shortly, this assumption has no consequences for the results of our analysis.
At energies at or below the scale of BBN, the effective Lagrangian schematically

reads

c
Lerr = Lsm + Lom + Z —70a. (7.2)
d>4,c ""EFT

Here Agpr is the mass scale associated with the EFT, which reflects the scale of the
heavy degrees of freedom in the theory; Ly is the SM Lagrangian with only the e*, v,

and ~ fields; and Lpy is the DM free theory contribution. The form of Lpy depends
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on whether the DM is a scalar ¢ or a fermion . If the DM is a scalar, then

%Oﬂgbﬁuqb — %miqﬁz real scalar
Loy =Ly = (7.3)

(09)T(0,0) — miqﬁ(ﬁ complex scalar,

and if the DM is a fermion, then

%&z&w — %mwﬁd) Majorana fermion
Loy =Ly = (7.4)

bidhp — mwﬁw Dirac fermion.
The remaining (infinite) sum over the higher-dimensional operators in Eq. (7.2) accounts
for the effective interactions between DM and SM fields. In our analysis, we will retain
terms up to dimension 6.
In the following subsection, we parametrize the interactions between DM and

electrons. All operators consistent with a Zo symmetry have the schematic form
O « By(x) el'e, (7.5)

where the function By(x) contains an even number of DM fields, and I denotes a set of
Lorentz indices. We will eventually truncate all operators beyond dimension 6, so for our
purposes, By(x) always contains two DM fields. This DM bilinear is multiplied by an

electron bilinear, for which the independent Dirac structures can be fully enumerated:
I'" € span {1, in°, 4, 497, o} . (7.6)

If the electron bilinear is not a Lorentz scalar, the contraction of its free Lorentz indices
with the ones of the DM bilinear ensures that the full operator in Eq. (7.5) is a Lorentz

invariant. We now discuss the allowed operators for scalar and fermion DM.
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7.2.2 EFT for scalar DM

To describe our EFT for scalar DM, we must enumerate all operators of the
form
0@ x Br(¢) el'e (7.7)
up to some mass dimension. Note that ¢ carries no Lorentz indices or spinor indices.
Thus, if the index set I carried by the electron bilinear is non-empty, the only option is
to insert derivatives in the scalar bilinear so that all indices are contracted.
A classification of all possible cases is provided in Table 7.1. Of the four
resulting operators, two are dimension-5, while the other two include a derivative and

are dimension-6. We use the notation

10,0 = 610,06 — (B8N (7.8)

Note that we omit the operator ((%d)T ¢+ ot 8Md>) eyte, since it vanishes under integra-

tion by parts and application of the equation of motion:
/d4x ((%qST o 3,@) evte = — /d4$ ) Jy (ey''e) = 0. (7.9)

Similarly, the operator ((%gb*qﬁ—l— ol a#gz)) év"~y%e is redundant: integrating by parts

again, we obtain

/d4x O ((15%)57“756 =— /d4:v ) Oy (67“756) (7.10)
= —Zime/d4x o' pere. (7.11)
(¢)

The resulting integrand is proportional to Op”, one of the other operators in our basis.
Moreover, this contribution is dimension-6 while (’)g) is dimension-5, so it is suppressed

in the Lagrangian with an additional factor of AE%T.
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In some cases, renormalizable operators are allowed, and might appear in ad-
dition to the effective operators discussed above. For instance, in the context of a Higgs
portal model [see e.g. 403] the operator ¢T¢ HTH is allowed without affecting DM sta-
bility. After electroweak symmetry breaking (EWSB), this operator produces a cubic
coupling ¢f¢ v h. Integrating out the SM Higgs boson generates an effective operator
proportional to Og¢). Thus, adding renormalizable couplings does not introduce any
new physical effects in our analysis. The only effect is to add a correction to the Wilson
coefficient of a single operator, with a size typically smaller than the values we consider
in our analysis.

At a qualitative level, we can guess at the relative prospects for direct detec-
tion in the case of each operator in Table 7.1. The operator Og¢) is easily generated by
integrating out a scalar mediator, so we can expect that the relative strength of con-
straints and detection prospects for this operator will be comparable to results found
in the context of simplified models with a scalar mediator [390]. Unlike O(S¢), the other
operators for scalar DM are suppressed by their momemtum dependence in the non-
relativistic limit, relevant for scattering. Each of these operators vanishes as the velocity
and momentum transfer are taken to zero. Thus, for scalar dark matter, we expect from
the outset that none of our operators will improve on the detection prospects of a sim-
plified model with a scalar mediator, and we will indeed confirm these suspicions in the
following sections.

With the effective operators in the scalar case now enumerated, we can con-

sider annihilation and scattering processes for each one. Matrix elements for 2 — 2

annihilation and scattering are given in Table 7.3. The corresponding cross sections are
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Symbol | Operator Real case
O(S¢) gAgéT dlgee Yes
(’)gb) i gAgéTqﬁw éve Yes
(’)&}b ) i gAEﬁT@ 3 uperte No
Off) i gAEﬁTqﬁT 3 udeviyte No

Table 7.1: Operators coupling the electron to a dark scalar ¢. The third column indi-
cates whether or not the operator survives when ¢ is taken to be a real scalar.

given in Tables 7.4 and 7.5.

7.2.3 EFT for fermion DM

If the DM is a fermion 1, the structure of the EFT is similar to the scalar
case. We again have a set of operators which are products of an electron bilinear and
a ¢ bilinear. Using generalized Fierz identities, it can be shown that operators of the
form (10O1e)(e021) are redundant, in that they can be written as linear combinations
of operators of the form (O1)(e0%e) [404]. Thus, we can construct a complete basis
of effective operators by enumerating the possible insertions O] and 0. All of the
electron bilinears from the scalar case appear here as well, and most of the possible v
bilinears are obtained from these by making the replacement e — 1.

In addition to these bilinears, we can form a spin-2 current at dimension 6,
e.g. of the form &JWW Since o0, is antisymmetric, the other bilinear must not be
symmetric in its Lorentz indices, so it must contain another insertion of o,,. Thus,

such an operator has the general form Wwamﬁa“”@béao‘ﬁ e. At dimension 6, the indices
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of Wvap can come only from two factors of the metric or one factor of the Levi-Civita
symbol €. In the former case, again due to antisymmetry of ¢*¥, the only nontrivial

contraction is
g;wcguﬁﬁalwwéaaﬁe- (7.12)

If W is instead formed from the Levi-Civita symbol, then the operator has the form
splpngmzﬁa“”@béa“ﬁe, where (p1, p2, p3, p4) is a permutation of (u,v,a, ). Up to an
overall sign, the indices p; can be rearranged into the latter order, so all such operators

are proportional to
o pe (z—:uuaﬁao‘ﬂ) e. (7.13)

But 5,“,&500‘5 = —22’0/“,75, so if we simply add iawﬁ5 to our list of insertions, we can
assume that W,z is a product of metric tensors. (We retain the factor of i to preserve
Hermiticity.) Further, the argument above demonstrates that it is sufficient to place
this insertion in only one of the two bilinears: the operator formed by inserting z'aw/y5
in both bilinears is redundant. We choose to place this insertion in the electron bilinear.

The complete list of operators for fermionic DM is shown in Table 7.2. Matrix
elements for 2 — 2 annihilation and scattering are given in Table 7.6. The corresponding
cross sections are given in Tables 7.7 and 7.8.

As in the scalar case, we estimate relative prospects for direct detection among
the operators in Table 7.2. The operator OSQ, like Og¢), is naturally generated by simpli-
fied models with a scalar mediator. While many of the other operators are momentum-

suppressed in the non-relativistic limit, as in the case of scalar DM, the operators OS@,

Ofﬂ, and O(TwT) are not. These operators may be expected to compete with or exceed
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Symbol | Operator Maj. || Symbol | Operator Maj.

O | gApirtv e OBd | ighgipinyee

- Yes B Yes
0§ | ighgirivere O | gAgirdrPvere
OV | gApirimaberte O | gAperdun ™ erte

_ No - Yes
OF) | gAgEdt evie OV | gAGEr v v Eyiade
(’)(TwT) LgAgpro L Ecte No O;QJ}T) LgAgpro b ect~yde | No

Table 7.2: Operators coupling the electron to a dark fermion . The third column in
each half of the table indicates whether or not the operator survives when 1 is taken to
be a Majorana fermion.

the detection prospects associated with (’)gg, an expectation that we will confirm in our

analysis.

7.3 Cosmological constraints

Cosmological constraints on DM are typically model-dependent. However, the
broad class of models which we consider admits only a very restricted set of thermal
histories for the DM species, which allows us to derive general cosmological constraints
in the context of our EFT.

We divide the thermal histories into two cases: either the DM is in thermal
equilibrium with the SM at high temperatures, and freezes out below some temperature;
or it never attains thermal equilibrium, and the abundance is instead set non-thermally.
It is possible that the dark species only enters equilibrium at late times, but this scenario
mirrors the thermal freeze-out case in almost every respect.
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In the freeze-out scenario, two constraints are particularly robust: first, if the
DM is thermalized and relativistic during the epoch of big bang nucleosynthesis (BBN),
its effect on the Hubble parameter is generally sufficient to perturb light elemental
abundances [388]. Second, if at some temperature the DM is in thermal equilibrium
with electrons and not with neutrinos, or vice versa, then entropy can be transferred
from the DM to neutrinos alone or to electrons and photons alone. This changes the
temperature ratio of the two thermal baths, which modifies the effective number of
neutrino species, Neg, as determined from the cosmic microwave background (CMB)
[389].

Finally, in the case of out-of-equilibrium (non-thermal) production, the DM
never attains thermal equilibrium, and so may evade these two constraints. However,
if the coupling to electrons is too large, DM will be overproduced even under the most
generous assumptions.

Note that new light species are also subject to constraints from energy loss
in stars and supernovae [342]. However, these constraints rely on complicated micro-
physical inputs that must be computed in detail for each model. Moreover, supernova
temperatures lie up to an order of magnitude above the scale of BBN, requiring our ef-
fective theory to be valid at higher energies. Thus, we do not evaluate these constraints
explicitly, but simplistic estimates suggest that they are at best comparable in strength
to our cosmological constraints over the mass range of interest.

We now examine each of our constraints in more detail.
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7.3.1 Freeze-out and primordial nucleosynthesis

Light element abundances today are a sensitive probe of cosmology at scales
near 1 MeV. If an additional light species is assumed to be in thermal equilibrium at
these scales, the standard predictions of big bang nucleosynthesis (BBN) are modified,
with observable consequences. Since thermal equilibrium in turn depends on DM inter-
actions, light element abundances translate to stringent constraints on the interaction
rates.

In a broad class of models, the DM species is in thermal equilibrium with the
SM bath at high temperatures, and eventually drops out of equilibrium below some
freeze-out temperature, Tro. In our framework, freeze-out is a generic requirement of
any scenario in which DM is in thermal equilibrium with electrons at temperatures
T < 1MeV, since the EFT is valid in this regime.

If the DM species freezes out during or after BBN, and the DM species is in
equilibrium at higher temperatures, then the predictions of light element abundances are
generally perturbed to a degree incompatible with their measured values [386-388, 405].
The ratios of these abundances are set by the temperatures at which interconversion
processes freeze out, which depend in turn on the Hubble parameter H. Since H is sen-
sitive to the energy density, adding a new species that stays in equilibrium and remains
relativistic for much of the epoch of BBN has a significant impact on the produced light
element abundances. Note that in a small range of our parameter space, equilibrium
during BBN is consistent with observables if the dark species enters equilibrium at a

specific time during BBN [394]. This is a very narrow exception to our framework, so
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we neglect it for the remainder of this chapter.

The temperature at which freeze-out occurs is fixed by the DM mass and
the couplings. The prospect of experimental detection by any particular apparatus
places a lower bound on the scattering cross section ye~ — xe~. However, for a
given interaction, the scattering cross section is directly related to the annihilation
cross section yx — ete” which regulates the thermodynamics of the DM species in
the early universe. A lower bound on the scattering cross section thus corresponds to a
lower bound on the annihilation cross section, which translates to an upper bound on
the freeze-out temperature.

For our purposes, we will only consider a model to be ruled out by light ele-
ment abundances if it predicts that DM is in equilibrium at T = 1 MeV. This choice
of threshold temperature is slightly different from some other treatments of BBN con-
straints in the literature. In particular, [389] find that sub-MeV DM is generally ruled
out by elemental abundances if the DM is in equilibrium after neutrinos decouple at
2.3MeV. However, these constraints assume that the DM is in equilibrium with only
one of electrons and neutrinos, and not both, so that the temperature ratio T, /T is
modified. We will discuss this scenario in detail in the following section, but for the
moment, we note that our EFT accommodates equilibrium with both electrons and
neutrinos, with decouplings taking place at different temperatures. In such situations,
constraints from T, /T, can potentially be relaxed in some areas of the parameter space.
Thus, there is not necessarily any connection between neutrino decoupling and BBN
constraints in our model.

Given more detailed information about the dark sector and its couplings to
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the SM, it is possible that BBN could place constraints on DM which decouples at even
higher temperatures. Between T' ~ 10 MeV and T' = 1 MeV, no SM species become non-
relativistic, so the SM bath is not heated relative to a decoupled dark sector. Thus, even
if the DM decouples from the SM bath at 10 MeV or above, it is possible that T\, =T,
during BBN, in which case sub-MeV DM will typically disrupt BBN. Additionally, if
DM is in equilibrium with only one of neutrinos and electrons after neutrino decoupling
takes place, then the constraints of [389] do apply.

We wish to place conservative constraints that are independent of these details,
and also independent of cosmological modifications at 7' > 1 MeV that might occur out-
side the context of our DM model. We regard 1 MeV as a reasonable fiducial threshold
for assessing BBN constraints. However, while it is possible to avoid the constraints
of [389] in our model, this takes additional tuning. Thus, we will give two versions of
the BBN constraint: one with a threshold of 1 MeV, and another with a threshold of
2.3 MeV, corresponding to the constraint of [389]. This also serves to demonstrate the
sensitivity of our constraints to higher thresholds.

The freeze-out temperature and relic density for a given model are found by
solving the Boltzmann equation in a relatively simple incarnation. In our framework,
we have only a single DM species x which interacts with electrons exclusively through
2 — 2 processes. For this case, using Maxwell-Boltzmann statistics, the Boltzmann

equation takes the form

2 AV negl@) (o) @) (( V(@) \’
Vede  HQ@) ((mm) ‘1>’ (71

where © = m, /T parametrizes cosmic time; o is the cross section for yx — ete;
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Y = n/s is the abundance of x, where n is the number density and s the entropy
density of x; and Yeq and neq are the equilibrium abundance and number density of
X, respectively. We identify I'4 = neq (o |v|) as the annihilation rate of x when in

equilibrium. The thermally-averaged cross section can be obtained as [352]

B fsojm ds (s —4m2) v/so K1 (v/s/T)
(ool = 8miTKa(m,/T)? :

(7.15)

It is clear from Eq. (7.14) that the abundance will stabilize once I'y/H < 1. This
condition gives an estimate of the temperature Tro at which y departs from equilibrium,
and thus allows us to test whether a set of parameter values is consistent with BBN
observables.

In particular, we can immediately estimate the impact of changing the thresh-
old used for assessing BBN constraints. Since the DM is relativistic at decoupling, the
freeze-out temperature can be estimated by the relation 7% (o |v|) ~ T?/Mp), where o
is the DM annihilation cross section. For our operators, the cross sections scale like
s/Appp or 1/A20r, so if we adjust Tro and determine the corresponding value of Agpr,
then Agpr is approximately proportional to T§é4 or Tli(/f. In particular, we expect the
difference between the 1 MeV threshold and the 2.3 MeV threshold to correspond to a
O(1) factor in the constraint on Agpr.

In general, when studying the decoupling of v, it is important to consider
the coupling to neutrinos as well as electrons. If y has a non-negligible coupling to
neutrinos, it is conceivable that the DM could be kept in equilibrium at later times via
thermal contact with the neutrino bath, which would tend to strengthen our constraints.

However, the coupling to neutrinos can always be set to zero independent of the coupling
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to electrons: we assume y couples to the neutrino only via the SU(2);, doublet, and x
can couple independently to eg and to er. Thus, when evaluating BBN constraints, we

ignore thermal contact with neutrinos in order to obtain the most conservative limits.

7.3.2 Effective number of neutrinos in CMB

Another powerful constraint applicable to a new light species is the effective
number of neutrino species, Neg, as measured from CMB. To establish constraints with
the greatest possible generality, we evaluate bounds from the CMB without regard to the
BBN constraints. As we will show, the bounds from BBN and the CMB are comparable
in reach, but imposing each independently means that exceptional cases that escape one
bound or the other can still be constrained.

Neg characterizes the contributions to the radiation energy density at recom-

bination from relativistic species apart from photons, and is defined by

i 7 g\ A3
ppad =1+ (11) Neg. (7.16)
3

In the absence of any other relativistic species, Nog ~ 3. The SM actually predicts
Neg = 3.046, accounting for the three neutrino species and for small effects due to
non-idealities in the decoupling process [406, 407]. This is consistent with analyses
of Planck data, which find Neg ~ 3.1 £ 0.2 [408]. Additional species are strongly
disfavored. A single additional relativistic degree of freedom, i.e., a real scalar, is weakly
consistent with current limits. However, CMB stage 4 experiments are expected to
measure ANeg = Neog — 3.046 to within £0.03, which is just sensitive enough to probe

the minimum contribution from a real scalar at 1o [409].
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But a new species need not be relativistic at recombination to alter Neg. The
introduction of a light DM species can change Nqg by modifying the ratio of the photon
and neutrino temperatures [385, 389, 410, 411], and hence the ratio of energy densities
in Eq. (7.16). In the absence of additional species, the chemical decoupling of electrons
and neutrinos takes place at TP ~ 2.3MeV [412]. Any entropy transferred from DM
to electrons after this decoupling leads to heating of the photon bath, and any entropy
transferred to neutrinos heats the neutrino bath. If the new species transfers entropy
differentially to the photon and neutrino baths at any time after the two baths decouple,
the temperature ratio of the baths is modified. Note that AN.g thus depends on the
relative size of the couplings to electrons and neutrinos, as pointed out in [410] and
detailed extensively in [413].

Typically, the DM will transfer its entropy to one or both baths as a conse-
quence of the conservation of comoving entropy density: when the DM becomes non-
relativistic while still in thermal equilibrium, the associated entropy must be transferred
to any relativistic species to which it is still coupled. Thus, these species are heated
when the DM becomes non-relativistic. Now, suppose that a sub-MeV DM species is
coupled to electrons and neutrinos when 7" < T g. If the DM species decouples from one
and only one of these two relativistic species before it becomes non-relativistic itself,
then the DM will reheat only one of the two baths, changing the temperature ratio. An
exception to this rule occurs when the DM enters equilibrium with one bath below T]%,
so that the DM accepts entropy of the same order that it loses upon decoupling later
on [391]. We will discuss this scenario further in Section 7.5.

We now examine the calculation of N.g in detail. We will write Txy to denote
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the temperature at which species X and Y lose direct thermal contact, i.e., the tem-
perature below which I'(X < Y)/H < 1 in our effective theory. The species X and Y
might be kept in thermal equilibrium by a third species Z in our framework, i.e., through
processes X <+ Z and Z <> Y that remain active. We define Tp to be the actual temper-
ature at which electrons and neutrinos drop out of thermal equilibrium with one another
once all inter-conversion processes have frozen out, including multi-step processes in-
volving the dark species. Thus, in the standard scenario, Tp = T, = T/% ~ 2.3MeV,
but the introduction of a new species can keep electrons and neutrinos in thermal equi-
librium at lower temperatures.

In particular, suppose that DM decouples from electrons instantaneously at
a temperature Ty, and from neutrinos at a temperature T),. If Tj% < min{T\¢, T\w },
then any entropy transferred to either photons or neutrinos can be shared between the
two, so DM reheats these species equally, and the standard calculation is unchanged.
However, if T\, < T 10) < T\y, then x remains in thermal contact with photons while
relativistic, reheating the photon bath but not the neutrino bath. This increases the
photon temperature, reducing Neg. Similarly, if Ty, < Tg < Te, then the reverse is
true: DM reheats the neutrino bath, and N.g increases.

The only other possibility is max{Tye, Ty} < T, in which case x acts as a
thermodynamic mediator between electrons and neutrinos below TB. In this situation,
electrons and neutrinos remain in thermal equilibrium until the temperature falls below
Tp = max {Tye, T\ }. If the electron is still relativistic throughout this process, then
the impact on Neg is determined by the ordering of Ty, and T,,. But if Tp < me,

the impact on Ngg is quite different: photons and neutrinos are still in thermal contact
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Figure 7.2: AN as a function of the two decoupling temperatures Ty, and T),, as-
suming that x is a Dirac fermion with mass 100keV. Side and top panels show entropic
degrees of freedom as a function of temperature. Gray shaded area indicates the region
consistent with current data at 20. Labeled regions can be understood qualitatively as
follows. Region A: Tye, Ty, > T9. Thus any entropy transferred by x is shared between
the v and v baths before they decouple. The standard calculation of Ng is unaltered.
Region B: Ty, < Tg < Ty,. However, x and et are relativistic at both decoupling
events, so little entropy is transferred to either the v or the v bath. Region C: Now
e becomes non-relativistic while still in thermal contact with the relativistic y. The
entropy ordinarily transferred by e* to 7 is now shared with y, so  is reheated less effi-
ciently, and Ng increases. Region D: Here Y is relativistic below both Tj% and T\, but
becomes non-relativistic before T, is reached. Thus, x reheats the v bath exclusively
upon becoming non-relativistic, decreasing Nqg. Region E: x becomes non-relativistic
above both T, and T\, so it reheats both baths. The impact on Neg in this region
comes from the delayed e*—v decoupling (see text). Region F: T Ye > Tyy, and x is
relativistic at T\.. Thus, in addition to the delayed et v decoupling, x reheats the v
bath. Region G: The electron and x are relativistic at T\, so here the impact on Neg
is due to x reheating the v bath.
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while electrons become non-relativistic, so the electron also transfers some of its entropy
to the neutrino bath. As we will see shortly, this can have a dramatic impact on Neg.
To calculate Neg, we follow the procedure described in [414]. In our scenario,
the DM species is non-relativistic at recombination, so we assume that Ngg is not modi-
fied by any additional degrees of freedom at recombination. Then, given the temperature

ratio of the neutrino and photon baths at recombination, Neg is given by

T \n T,

where IV, is the number of SM neutrinos (3). In turn, we can determine the temperature

4
) N, (7.17)

ratio from conservation of comoving entropy density.
Recall that the entropy density of a relativistic bosonic species i with g; internal
degrees of freedom is given by 27w2g;T3/45. Away from the relativistic limit, denoting

the true entropy density by s;, we say that this species has g,s = s;/ (27213 /45) entropic

92 (v)

degrees of freedom. Now, let g;s’ and gys denote the entropic degrees of freedom in

(a)

equilibrium with photons and neutrinos, respectively. Then g,;’ is given explicitly by
1/2
@ _y Lo / 2 — 22) [u? — 22]"

g )
s = 471'4 exp(u) £1

(7.18)

where x; = m; /T, and I indexes all species in equilibrium with species « (y or v). The
sign in the denominator is determined by the statistics of species ¢. It can be shown

[414] that if no entropy leaves the photon or neutrino baths after they decouple, then

1/3
g
()

rec Gxs

g7

T 9

% (7.19)

~

rec

However, in our scenario, it is possible for entropy to leave one of the two baths below
Tp: suppose the DM decouples from one of the two baths above T, and decouples from
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the other below Tp, but while still relativistic. At this second decoupling, the DM’s
remaining entropy leaves the bath to which it was last coupled. This only happens if
Tye <Tp <Tyyor Ty, <Tp < Tye.

To account for this possibility, we modify the calculation of the temperature
ratio as follows. Let us assume for the moment that T\, < Tp < T,,. Conservation of
comoving entropy density in a thermal bath o amounts to the assertion that g£?) lrT3a?
is constant, where a is the scale factor. For T < Tp, comoving entropy density is
conserved in each bath except when T, = T)., so the temperatures of the two baths

satisfy

T, = kia=' gl ?,

koo g7 T < T < Tp (7.20)
T, =

kga_lg,((z)gj/:g T, < Tye,

where the k; are constants. Generally, Tiec < Tye, 50

_ﬁ< W /. ()

~1/3
- *S g*s I'eC) . (7.21)
k3

T,
T,
Thus, to determine the temperature ratio, it is sufficient to identify the ratio ki /ks,

which can be done in two stages. First, since T, and T, are equal at Tp, we must have

= (o) [

1/3
. TD) . (7.22)

Similarly, at T\, gg) changes discontinuously while T, is continuous in a. Thus, k3

must satisfy
M \'?
k3 . g*s ‘T)Ze (7 23)
I GO ’ '
Gxs ‘T;;
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where T;fe denotes a temperature just above or below T,.. Now we have

() 1/3
T,| _ (o] 9l o (7.24)
T, ™| o ) '
rec Gxs" |y, Gxs ‘Tx_e 9xs’ |rec

A similar calculation applies if T\, < Tp < Ty.. Note that Eq. (7.24) still assumes that
x does not enter equilibrium below Tp, an exception we discuss further in Section 7.5.

From Eq. (7.24), it is easy to see why low DM decoupling temperatures can
have a large impact on N.g. In the standard scenario, gg)\TD includes photons (2) and
relativistic electrons (% x 4), which gives

()

2 4
g?j)““ == (7.25)
g*s |TD 2 + g X 4

But if neutrinos and photons remain in thermal contact after electrons become non-
relativistic, then gg)\TD includes only photons, and the above ratio is increased to 1.
This increases Neg by a factor of (11/4)%3 ~ 3.9, already leading to Neg ~ 12. If
Tye < Ty, then x reheats the photon bath when it becomes non-relativistic, reducing
Neg. But if T, < T\, then x reheats the neutrino bath, increasing N.g even further.
The impact of relative decoupling temperatures on Neg is shown in Fig. 7.2.

This approach assumes that the decouplings take place instantaneously, which
is generally a good approximation. However, the approximation is poor when the de-
coupling process overlaps the range of temperatures during which a species becomes
non-relativistic. In this case, the entropy of the species is changing rapidly, so it is dif-
ficult to estimate the amount of entropy transferred to other relativistic species before
decoupling is complete. The temperature ratio can be determined precisely by numer-
ical methods [see e.g. 413, 415], and while that lies outside the scope of the present
work, we note that instantaneous decoupling should be an effective approximation away
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from a narrow range of temperatures 7\, and 7T, corresponding to a very small span
of Agpr values in our parameter space.

To translate these results into constraints on the coupling between x and elec-
trons, we must make an assumption about the coupling between y and neutrinos. If
the coupling to neutrinos is very small, then y may maintain thermal contact with elec-
trons after decoupling from neutrinos. On the other hand, if the coupling to neutrinos
is very large, then x may remain in thermal contact with neutrinos after decoupling
from electrons. In our case, we will assume that x couples to v exclusively by coupling
to the lepton doublet (er,v.)". That is, we will assume that the x—v coupling is the
same as the y—ej, coupling.

Even in this framework, the impact on N.g depends on the relative strengths of
the x—er, and x—eg couplings. A non-zero coupling to er tends to keep x in equilibrium
with electrons to lower temperatures, meaning that x typically reheats the photon bath.
This reduces the temperature ratio of Eq. (7.19), producing AN.g < 0. However, if x
stays in equilibrium long enough to modify Tp, then we can obtain AN.g > 0, as
discussed above. Either way, increasing the coupling to e only strengthens the effect,
so we neglect this coupling to obtain conservative constraints. Note that this is different
from our assumption in evaluating BBN constraints, where conservative constraints are

obtained by neglecting the coupling to ey,.

7.3.3 Non-thermal production

A viable model of DM must (partially) account for, but not exceed, the ob-

served DM density of Qpyh? ~ 0.12 [416]. If the DM is produced by thermal freeze-out,
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then a larger annihilation cross section reduces the relic density, so larger couplings
conducive to direct detection are less likely to overproduce DM. But in the alterna-
tive scenario, if DM is produced out of equilibrium, the relic density increases with the
annihilation cross section. In this case, overproduction is an important consideration.

If the DM species never attains thermal equilibrium with the SM, the abun-
dance of DM will evolve toward its equilibrium value, but once I'y/H < 1, the abun-
dance will stay fixed. For renormalizable interactions, this out-of-equilibrium production
process is the standard freeze-in mechanism [350]. Out-of-equilibrium production has
also been studied for non-renormalizable operators in the context of so-called ultraviolet
freeze-in [351]. For temperatures below ~10MeV, within the constraints of our frame-
work, such non-thermal production represents the only alternative to the freeze-out
scenario.

The relic density of non-thermal DM is determined using the Boltzmann equa-
tion, much like the freeze-out case. The only difference is that the DM species x is not
in thermal equilibrium with e*, and thus we cannot assume that y has an equilibrium
phase space density. Instead, we assume that the density of  is negligible, such that the
fi term drops out of the Boltzmann equation. In other words, starting from Eq. (7.14),
we approximate Y/Yq ~ 0, which gives Y'(z) ~ neq(z) (o|v|) (x)/H(x). It follows that
the out-of-equilibrium yield can be estimated as

o0

g Mea@) (ovl) (z) (7.26)

Y (00) >~ Y (Zmin) +/ H)

Tmin
As with freeze-out, the relic density in the non-thermal case is determined by the DM

mass and couplings with SM particles. However, there is also a dependence on initial
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conditions in the form of xyi, and Y (zmin). In the freeze-out scenario, the abundance
of DM in the early universe is simply the equilibrium abundance: equilibrium effectively
erases the initial condition. But in the non-thermal scenario, equilibrium is never at-
tained, so the dependence on the initial abundance is retained. Typically, when DM
is produced by SM annihilations out of equilibrium, one calculates the relic density by
fixing the DM density to zero at very early times and evolving non-thermally. This
procedure requires that the interactions considered are renormalizable, in order for the
production process to be modeled consistently at very high temperatures. Our effective
operators are non-renormalizable, so we cannot determine the relic density precisely in
the non-thermal case: the result depends on the choice of UV completion.

However, we can still place a lower bound on the relic density. We require
that our effective theory is valid at scales below ~10MeV, so if we fix the abundance to
some value at 10 MeV, we can determine the resulting relic abundance. In particular, by
fixing the initial abundance to zero, we necessarily underestimate the relic density. This
corresponds to a choice of i, and the condition that Y (2yiy) = 0. With this initial
condition, we can exclude models on the basis of their relic densities even when they
never attain thermal equilibrium with the SM. Further, these constraints are determined
entirely by conditions below Tppn, and are thus completely independent of the UV
completion.

Note that if Agpr is sufficiently small, then even with this initial condition,
the DM species will thermalize with the SM between Tppn and the present day. In
this case, the relic density is set by the standard freeze-out paradigm, and Eq. (7.26) is

not valid. Even if the DM species does not quite enter thermal equilibrium, as long as
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it attains a non-negligible abundance, Eq. (7.26) can significantly overpredict the relic
density. Thus, while Eq. (7.26) is useful to understand the qualitative features of the
non-thermal relic density, we evaluate the constraint by numerically solving Eq. (7.14).

As in the previous cases, we need to specify the coupling to neutrinos to per-
form these calculations consistently. Since the neutrino bath has a temperature com-
parable to the electron bath, a light y can be effectively produced by neutrinos as well
as electrons. Thus, a coupling between v and y can significantly affect the relic abun-
dance. However, as with the coupling to electrons, the relic density is not monotonic
in the coupling to neutrinos. If the DM never enters thermal equilibrium with any SM
species, then a coupling to neutrinos tends to enhance the relic abundance by providing
another production channel. On the other hand, if DM does enter equilibrium with
neutrinos, then a larger coupling to neutrinos keeps it in equilibrium longer, reducing
the relic abundance. However, at most of the points of interest in our parameter space,
the constraint is driven by out-of-equilibrium production, so we neglect the coupling to

neutrinos when evaluating the relic density.

7.4 Constraints and detection rates

The constraints we place on sub-MeV DM are relevant for direct detection
experiments based on elastic electron-DM recoils. In principle, there are many such
experiments, but they share several important features. Generically, electron recoil ex-
periments prepare a low-temperature collection of electrons for scattering with galactic

halo DM, and by whatever mechanism, the experiment is sensitive to deposited recoil
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energies between some Fi, and E, .. We calculate the detector sensitivity following

[369], but the results are typical of electron recoil experiments with very low thresholds.

7.4.1 Estimation of the event rate

In the proposal of [369], the detector is constructed from an aluminum super-
conductor. At low temperatures, electrons move through the detector with velocities of
order the Fermi velocity vr, and with the appropriate instrumentation, recoil energies
as low as 1 meV may be detectable. We now review the calculation of the detection
rate, following [369] and [417].

To compute the detection rate, we will consider scattering events at fixed recoil
energy E'r. We label the initial and final DM momenta by p; and ps, and the initial
and final electron momenta by p, and p,. We do the same for the energies, so that
Er = Ey — B3 = E4 — Ey. We define the 3-momentum transfer by q = p; — p3. We
denote 4-momenta by P;, and we write ¢ = |q| and p; = |p;|. We denote the local DM
number density by n,, and the scattering rate by I' = (ncow1). The event rate per

unit detector mass is

dF(’l}X, ER)

n
[ v dEn (o) S, (7.27)

R:

Pdetector
where fy(vy) is the local DM velocity distribution in the lab frame. We take the
velocity distribution to be a Maxwell-Boltzmann distribution in the galactic frame with
rms velocity 220km/s and a cutoff at the halo escape velocity vesc ~ 500km/s. We
then determine f, (v, ) by taking the Earth velocity to be 244km/s in the galactic frame

[418].
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Now we turn to the evaluation of the scattering rate I'(vy, Er). Observe that
I" not only contains the scattering cross section, but also accounts for the effects of
Pauli blocking, effectively controlling the available phase space for scattering events.

Following [417], we estimate I" by

dl'(E1, ER) / d*py d’py d’py 4
dEg (27’(‘)3 (271‘)3 (27_‘_)3 W(pla P2, P3, p4)2fFD(E2)(1 - fFD(E4))5E5Pa

(7.28)
Here, 6;13 is a Dirac delta enforcing conservation of 4-momentum; dg fixes the recoil
energy, setting £y — E3 = Epr; frp(E) = 1/(1 + exp(E — p)/T) is the Fermi-Dirac

distribution; and we define

M|
W(P1ap2jp3ap4) = 161§1E‘2E>3E;’ (7-29)

where <|M\2> is the matrix element for the scattering process.
In many cases of interest, W is independent of the initial and final momenta

of the target (p, and p,), in which case the rate factorizes as

dI'(Ey, E d3
dr(Er, Br) _ / P35 W (b1, ps)S(Er. ). (7.30)

dER (2m)3

where S accounts for Pauli blocking, and is given explicitly by

S = | me@z)(l ~ fon(Ea))5h. (7.31)

In our EFT, W is not generally independent of the target momenta. However, we can
treat scattering in the non-relativistic limit, where such independence is guaranteed:
the denominator in Eq. (7.29) is independent of the momenta to first order, and can

be replaced with 16mimg. The squared matrix element depends on the momenta only
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through the Mandelstam variables s and ¢, which have non-relativistic limits
s = (me +my)?, t ~ 2p; - ps, (7.32)

SO <]/\/l]2> is also independent of p, and p, to first order. Thus, for the remainder of
this chapter, we will consider W to be a function of p; and ps only, and factorize the
rate as in Eq. (7.30).

We work in the low-temperature limit, where frp reduces to a Heaviside step
function, frp(E;) = O(Epr — E;), where Ep ~ 11.7€V is the Fermi energy of aluminum.
In this case, S(FER, q) can be evaluated explicitly. We perform the p, integral using the 3-
momentum—conservation delta function, and we use the remaining energy-conservation

delta function to integrate over cosfs. This leaves a 1-dimensional integral,

)~

© (Ep — E2)[1 - O (Ep — E» — Eg)|. (7.33)

2me ER — q2

Me
S(ER,q) = ?q /pQ dp2 © (1 - ‘ 50

This integral can be evaluated directly by comparing the arguments of the Heaviside

functions. The result is

Me (meER — Eg)

™q

S(Eg,q) = © (2m.Er — E};) (7.34)

where E2, = (QmGER - c12)2 /(4¢?) and E% is given by
E% = max (2m.(Ep — Eg), E3;) . (7.35)

To actually evaluate the rate in Eq. (7.28), we change coordinates to (ERg, q).
Since there is no dependence on the azimuthal angle, we obtain

P
Bpy = ”;”Xq dqdEg, (7.36)
1
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and the limits of integration are ¢ < ¢ < g4, where

s = \/ p? + p3 =+ 2p1ps. (7.37)

Under this change of coordinates, in the non-relativistic limit, ¢ ~ 2p? — 2m\Er — Q.
In particular, this means that W depends on p; and pj3 only through ¢, pi, and Ej.

Then the differential scattering rate dI'/dEg in Eq. (7.27) is given by

dar My

q+
- dg W (p1, Er,q)S(Er, q). 7.38
iEn ~ @n)m /q_ qdgW(p1, Er,q)S(ER,q) (7.38)

The limits of the Eg integral in Eq. (7.27) are set by the lower and upper
thresholds of the detector, which we take to be 1meV and 1eV, respectively. Note
that there are kinematical constraints on the minimum DM velocity (F;) required to
deliver a given recoil energy Er. Thus, the cutoff in the velocity distribution effectively

imposes a maximum Fr at fixed m,,.

7.4.2 Detection prospects and constraints by operator

We now examine our cosmological constraints in relation to the projected ex-
perimental reach for each of the operators in Tables 7.1 and 7.2. Figures 7.4 to 7.7 show
cosmological constraints alongside projected 95% CL direct detection constraints with a
1kgyr exposure. In order to point to some general features of our results, we duplicate
constraints for (’)gg) in Fig. 7.3. However, the following discussion applies to all of the
results in Figs. 7.4 to 7.7.

All of the interactions considered for ) a Dirac fermion can also be evalu-
ated for @ a Majorana fermion, and we do not consider matrix elements for Majo-

rana fermions separately. Rather, we can directly relate our cosmological constraints
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Figure 7.3: Constraints on a Dirac fermion ¢ interacting via the operator Oggq =
Aggrvee (g = 1). Background contours show scattering cross section, labeled as
logo(0scat/cm?). Black, DD: direct detection sensitivity (95% CL) with 1kgyr expo-
sure. Green, CMB: constraint from Neg. Orange, BBN: solid line: constraint from light
element abundances with a threshold temperature of 1 MeV. Dashed line: constraint
with a threshold temperature of 2.3 MeV (see Section 7.3.1). Blue, RD: constraint from
relic density.
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on a Dirac fermion to the Majorana case. Whereas the relic density is controlled by
nyl'y = nfp (o |v|) for a Dirac fermion, this expression double-counts the phase space for
a Majorana fermion. Since the relic density is inversely proportional to the annihilation
rate, it follows that the relic density of a Majorana fermion is simply twice that of a
Dirac fermion with the same mass and interactions [352, 419].

The annihilation rate also sets the freeze-out temperature for a species in
equilibrium with the SM, via the condition 'y ~ H. In general, I'y ~ A4E}’ff for a
dimension-k operator. All of our operators with DM a fermion are dimension-6, so to
go from the Dirac case to the Majorana case, it is sufficient to make the replacement
Appp — 27 YVER)Aper = V2Agpr. In principle, the value of N.g is also different in
the Majorana case, but in nearly the entire excluded parameter space, ANqg is large
compared with experimental uncertainty, sufficient to rule out a Majorana fermion as
well as a Dirac fermion. Thus, in sum, the cosmological constraint curves in Fig. 7.3 are
shifted up slightly by a factor of v/2 in the Majorana case, while the direct detection
projections are unchanged.

In each figure, the left vertical axis shows the suppression scale Agpr, effec-
tively corresponding to inverse coupling. Thus, a stronger constraint line appears higher
on the plot, and excludes the parameter space below. The left axis in each plot gives
the value of Agpr alone, and the coupling ¢ is taken to be 1. This is distinct from
fixing g/Agpr or g/ A%FT, since we must have AgpT > Tgpn at all points regardless of
the value of the coupling. Otherwise, the EFT would be applied outside its regime of
validity.

However, as discusssed in Section 7.2, many UV completions naturally generate
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a coupling of order y.. To account for this possibility, we show a second vertical axis
on the right of each plot, corresponding to the value of Agpr in the case that g = y..
For dimension-5 operators, which appear with a factor of AgéT, this corresponds to
A;:FT = y.AgrT. For dimension-6 operators, A;]FT = yé/ 2AEFT instead.

Where Appr < Tsen, the EFT may not be applicable. This is important,
e.g., for comparing the EFT to specific UV completions, but it has little effect on our
conclusions: in every case, our constraints become relevant at AEFT > TgpN, and a
significant range of direct detection cross sections can still be ruled out by cosmology.
In principle, cosmological constraints on cross sections that lie below ALpr ~ TN can
be evaded by models that have new MeV-scale degrees of freedom in addition to the
DM species. However, models of this kind do not generically alleviate the constraints.

The projected direct detection reach (DD, black) is generally the lowest line in
each figure, i.e., the weakest constraint. The next line, stronger at low masses by greater
than an order of magnitude in Agpr, is the constraint from light element ratios (BBN,
orange). In certain cases, a higher threshold temperature of 2.3MeV is appropriate,
see for instance [389] (see Section 7.3.1). The corresponding constraints are shown
as dashed curves. However, in general, we can only place a constraint at the lower
temperature of 1 MeV, shown with solid curves. In either case, a comparable constraint
is obtained from Ng as measured from T, /T, (CMB, green). The final constraint is
from overproduction of DM (RD, blue). The final constraint is from overproduction of
DM (RD, blue). Note that for some operators, there are narrow islands of parameter
space where the Nyg constraint is weakened. In these regions, the impact on Ngg is

transitioning between AN.g < 0 and ANgg > 0, as in Fig. 7.2. Similarly, some regions
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with small Agpr are not ruled out by overproduction, since the DM thermalizes and
freezes out at a lower abundance.

As anticipated in Section 7.2, when comparing direct detection prospects to
cosmological constraints, no operator improves on the prospects of (’)g@ for scalar DM.

For fermionic DM, on the other hand, we expect that the operators (’)S@, (’)1(472, and

Of(;bT) will be at least competitive with (’)(ng), and this is borne out by our results. Still,
we find no region of parameter space in which the projected direct detection constraints
exceed all three cosmological probes for any of our effective operators.

Simplistically, this suggests that any model with a heavy mediator detectable

by such an experiment is ruled out by cosmology. However, there remain possible

exceptions to these constraints, as we discuss in the following section.

7.5 Discussion and conclusions

In this chapter, we have derived cosmological constraints on a broad class of
sub-MeV DM models that can be compared directly with detection prospects in electron
recoil detectors. We now revisit the generality of our constraints, point out possible
exceptions, and discuss the outlook for sub-MeV DM at electron recoil experiments.

Effectively, our goal has been to derive cosmological constraints on the scat-
tering cross section between electrons and sub-MeV DM. Cosmology is mainly sensitive
to the DM annihilation cross section, and in order to connect the two cross sections,
we have produced these constraints in the context of an EFT. We have enumerated the

possible thermal histories for a single DM species in this framework. If the DM is in
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thermal equilibrium with electrons at high temperatures, then light element abundances
and Neg constrain the freeze-out temperature, and thereby constrain the interactions
between x and the SM. In the alternative scenario, if the DM is out of equilibrium at
early times, a lower bound can be placed on the relic density, providing an independent
constraint on the interactions. In both cases, a constraint is placed on the coupling
between DM and electrons, assuming a specific form for the interaction.

In general, the form of the operator coupling electrons to DM affects the
relationship between the annihilation cross section at early times and the scattering
cross section today. Typically, then, constraints obtained by these methods are model-
dependent. However, if the DM—SM mediator has a mass above ~ 10 MeV, then our
approach is quite general: our results are only sensitive to physical processes at lower
temperatures, where the EFT is valid and cosmological history is well-established. Still,
beyond the mediator mass, there are a few possible exceptions to the constraints derived
here.

First, some of these constraints can be evaded with an extended dark sector.
In principle, the overproduction constraint can be weakened: such models provide mech-
anisms to deplete the DM relic density, although we will discuss caveats to this scenario
shortly. However, even in this case, the existence of a light DM species is enough for
the BBN and N.g bounds to remain effective—adding additional dark degrees of free-
dom does nothing to improve the situation. One could still escape these constraints by
assuming that a phase transition takes place in an extended dark sector between Tgpn
and the present day, such that the EFT is not valid in both epochs.

Another class of exceptions consists of models in which the dark species enters
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thermal equilibrium with the SM below Tgpn, and thus below Tp, the temperature
of neutrino-photon decoupling. In this case, the entropy transferred to the SM bath
upon freeze-out can be comparable to the entropy accepted upon equilibration, so the
constraint from Neg can be circumvented [391]. This scenario is possible only in a very
limited segment of the heavy-mediator parameter space, which we estimate as follows.
We set the abundance of DM to zero at 1 MeV, and then determine the minimum value
of Agpr below which DM thermalizes before the temperature drops to 0.5 MeV, thus
still influencing BBN. Above this value of Agpr, it is possible to evade bounds from
BBN and N.g, depending on initial conditions. Typically, this minimal value of Agpr is
about one decade weaker than the BBN limit, and still out of reach of direct detection
projections across most of our mass range.

Note that the overproduction bound already assumes an initial condition with
zero DM abundance, so it cannot be evaded in this way. This is an example of the utility
of the several overlapping constraints: the most conservative assumptions are different
for each constraint, and correspondingly, exceptions apply differently as well. It is
thus necessary to consider all of our constraints simultaneously, even in cases where
one constraint appears to dominate. Our goal is to generalize the constraints to the
broadest possible class of models, and even though many regions of parameter space are
ruled out by multiple observables, it is important to carefully evaluate each constraint
independently.

Still, the fact that the overproduction constraint exceeds the constraints from
BBN and the CMB is itself a notable result. In general, there are many mechanisms

that can influence the dark matter density, so constraints from the relic density are
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typically confounded by significant model dependence. However, in the scenario of
interest, the model dependence is quite limited. To evade the constraint, one would
need a mechanism of depleting the dark matter density at temperatures well below
1 MeV.

There are some simple methods of accomplishing this depletion, e.g., entropy
dilution [420], a late phase transition in the dark sector, or late-time decay of a heavy
species into sub-MeV DM today. However, each of these can also be used to evade
constraints from BBN and the CMB, so they do not bestow any additional model-
dependence on the overproduction bound. It is conceivable that number-changing in-
teractions in the dark sector (e.g. 4 — 2 processes) could be used to deplete the DM
density without modifying the other constraints, and this model dependence is unique
to the overproduction bound. But even this strategy would only work in a narrow region
of parameter space, and in that sense, it is comparable to known exceptions in the usual
BBN and CMB bounds [391, 394].

The overproduction constraint thus sets a new target for future direct detection
proposals. Considering only BBN and CMB constraints motivates direct detection
experiments that probe scattering cross sections a few orders of magnitude beyond
the projections in this chapter. However, overcoming the overproduction bound requires
experimental proposals to reach several orders of magnitude beyond the BBN and CMB
constraints.

Finally, we note that it might be possible to evade our constraints by taking
some arbitrary linear combination of the effective operators in Tables 7.1 and 7.2. In

principle, in this high-dimensional parameter space, there might be points for which
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interference of the matrix elements in Tables 7.3 and 7.6 conspires to reduce the DM
annihilation or production cross section while preserving the scattering cross section.
Then each of our cosmological constraints would be weakened, while the projected
direct detection constraints would be maintained. However, in order for this to work,
the Wilson coefficients would have to be engineered to produce such a cancellation.

In light of these constraints, the outlook for extant electron recoil detection
proposals is brightest for DM masses 1 MeV < m, < 1GeV or for mediator masses
m¢ < 10MeV. In order to access parameter space which is viable in our framework,
and in particular to surpass the overproduction bound, future proposals must probe
scattering cross sections at least six orders of magnitude beyond current proposals. A
light mediator certainly remains a possibility, but is subject to additional constraints
[see e.g. 397]. The case of a light mediator is thus best studied in the context of simplified
models, as in the analysis of [390]. Inelastic scattering may also improve direct detection
prospects relative to cosmological constraints, and, of course, DM masses above ~1 MeV
remain an interesting target. However, if DM is dominantly composed of a single light
species, and interacts dominantly with electrons via a heavy mediator, then cosmological

constraints compromise the prospects of proposed experiments.
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Figure 7.4: Constraints by operator for DM a scalar ¢. Background contours show
scattering cross section, labeled as logy(0scat/cm?). Green, CMB: constraint from Ng.
Orange, BBN: solid line: constraint from light element abundances with a threshold
temperature of 1 MeV. Dashed line: constraint with a threshold temperature of 2.3 MeV
(see Section 7.3.1). Blue, RD: constraint from relic density. Black, DD: direct detection
sensitivity (95% CL) with 1 kg yr exposure. Note that the direct detection contour does
not appear for (’)1([?) or Off). For these operators, direct detection can constrain smaller
values of Agpr than shown on the plot, but our framework requires that Agpp 2 10 MeV.
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scalar or pseudoscalar bilinears. Background contours show scattering cross section,
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line: constraint from light element abundances with a threshold temperature of 1 MeV.
Dashed line: constraint with a threshold temperature of 2.3 MeV (see Section 7.3.1).
Blue, RD: constraint from relic density. Black, DD: direct detection sensitivity (95%
CL) with 1kgyr exposure.
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Figure 7.6: Constraints by operator for DM a fermion 1, for operators containing
a vector or axial vector current. Background contours show scattering cross section,
labeled as logyo(0scat/cm?). Green, CMB: constraint from N.g. Orange, BBN: solid
line: constraint from light element abundances with a threshold temperature of 1 MeV.
Dashed line: constraint with a threshold temperature of 2.3 MeV (see Section 7.3.1).
Blue, RD: constraint from relic density. Black, DD: direct detection sensitivity (95%
CL) with 1kgyr exposure.
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_ 2
Operator | ¢ 2A%FT Zspin ‘M ’(;ﬁqg—)e*e’

Ogd)) 25 — 8m?2

(’)g}) 2s

—2 944 2
Operator Ye 29 2AEFT Zspin ’M’¢q§—>e+e*

O | =8 (t—m2) (s+t—m2) +16m3 (t — m2) — $m?
ol?) —8t(s + 1) + 16mZt + 16m3 (t + m?) — 8mg — 8my

Table 7.3: Squared matrix elements for ¢p¢ — ete™ with ¢ a complex scalar, summed
over final spin states. The operators are as defined in Table 7.1. Note that the matrix
elements for (’)g} ) and (’)Xb) vanish if ¢ is taken to be a real scalar. The matrix elements
for scattering, ¢e~ — ¢e~, are obtained from these by the substitution s < t.
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Operator | g 2A%p10(dp — etTe™)

(#) Lo 932 2\ —1/2
@) Sra (3 4me) (s 4 )

é 1 1/2 —1/2
0 | L (s—am?)" (s - am2)

Operator | y- 29 2Apppo(dp — eTe™)

1 1/2 1/2
05?) 1975 (s + 2mg) (s — 4mg) (s - 4m5))
() 1 ConN3/2 0 9\1/2
Oy 195 (s 4m6) (s 4m¢)

Table 7.4: Cross sections for ¢¢ — eTe™ for each effective operator in Table 7.1, summed

over final spins. Note that the matrix elements for 0£/¢ ) and Off) vanish if ¢ is taken
to be a real scalar.

Operator | g 2A%pr0(pe™ — ge™)

1
Ogm T6ma2 [s* + 6m?Zs — 2m3,(3 +m?2) + m;ﬁ + mé]
1

Operator | y-2g 2Agppo(de™ — pe™)

2
(’)g}’ﬁ) s [52+2(m§+mi)s—(mg—mi) }
1
0 | L[ ome s omd (s 4 md)

Table 7.5: Cross sections for ge~ — ¢e~ for each effective operator in Table 7.1, aver-
aged over initial spins and summed over final spins. Note that the matrix elements for
Og}ﬁ) and O%) vanish if ¢ is taken to be a real scalar.
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_ 2
Operator | ¢ 2A%FT Zspin ‘Mw)ﬁﬁe*

0% | 4(s —4m2) (s — 4m?)

(’)g@ 48(8 — 4mz)

(’)gﬁg) 48(8 — 4m12/))

Og}l 452

OW) | 8(s+1)? + 82+ 16m? — 32m> ¢

O | 8(s+1)%+ 82+ 16m* — 32m2 ¢ — 32sm?

O | 8(s+6)*+8%+16m* —32m2 ¢ — 32sm?

OW) | 8(s+1)2+ 82+ 16m2 — 32m2t — 32m2 s + 2 (8memy)?

o) 8(s + 2t)2 + 32m4 — 16 (s + 4t) m2 + (8memyy)?

O | 8(s+2t)2 + 32m* — 16 (s + 4t) m?

Table 7.6: Squared matrix elements for 1) — ete™ with ¢ a Dirac fermion, summed

(not averaged) over initial and final spin states. The operators are as defined in Table 7.2.
Note that the matrix elements for Og}@v, Ogﬁ 21, O(TwT), and O(wa) vanish if ¢ is taken to be
a Majorana fermion. For brevity, we define m% = m? & mi The matrix elements for

scattering, ¥e~ — e, are obtained from these by the substitution s < t.
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Operator | g 2Atpro(Ph — ete™)
o | 1T
59 167 s
1 73
O(w) - te

ps 167 T,

) 1
Ogsp Tox Lelv

1 sT,
OW) - €

P 167 T

(¥) 1 T 2 2
Oyy ETTZ (s +2m¢) (s +2my)

R
O(w) - e 9 2

VA 127 ST¢ (S + m’l/))

@) I T.Ty 2
OAV m STE (S—|—2me)

() 1 Tero 2 2 22
Oya mﬁ[s — 4 (m3, +m?) s + 28mgm?]
oW | 1 Te 1 fom?) s 1 om? (s + 20m2)]

rr 247 sTy, ¢ v €
o® | LT r(g i om?) s om? (s — 16m?)]

T 247 sTy, ¢ v €

Table 7.7: Cross sections for ¢1) — ete™ for each effective operator in Table 7.2,

averaged over initial spins and summed over final spins. Note that the cross sections for
Og}@, (’)Sﬁ 21, (’)(leT), and (’);/)T) vanish if v is taken to be a Majorana fermion. For brevity,

we define Tf =s5— 4m22.

318



Operator | 487s3g 2Afppo (e — e™)

Ogg) st 4 Qmis?’ + 252 (3m§ — 14mzmi + Smfp) + 2mfm3_8 +md
OB | (4 dsm? md 4l — 2mds?) (577 — 2mdsd +m)
Og@ {mi (4s — 2m? + mi) + 352} (8;2 — 2mq2zjse+ + mi)
2

Og@; (3;2 — Qmisj + mi)
oW, | 25 (45> — 10m%s + 9m? + 22m2m?2 + 9ml) — 8mZms + 2m®
o) 2 <Se_2 —2mi, st + mfb) [(s+ s)? = 2m2 s + my]
(’)%} 2 [2s (25 —m? + Qm?p) +m] (se_z — Qm?psj + mi)
(’)XQ 252 (432 — 4mis —3ml + 46mgmi - Smfp) + 4m§rmf3 +2m8
Ogﬁé}) 252 (752 —13m?s + 6m; + 52mgmfp + Gmi) —2m2m* +2m®
O 2[s (m? +7s) +mt] (s07 - 2mdst +m}

T + - e wSe T My,

Table 7.8: Cross sections for e~ — e~ for each effective operator in Table 7.2,
averaged over initial spins and summed over final spins. Note that the cross sections for

Og}@, OE}Q, O(Tur}), and O(Tq?, vanish if 9 is taken to be a Majorana fermion.For brevity,

we define m% = m?2 + mfb and s = s +m?.
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Part 111

Direct detection of

light dark matter
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Invitation

In the previous two parts, we have explored new probes of DM and new physics
across a wide range of scales, from massive PBHs to ultralight bosons. In particular,
in Chapter 7, we demonstrated major complementarity between cosmology and di-
rect detection experiments for sub-GeV dark matter. At that time, we described the
experimental landscape in simplistic terms, introducing and treating superconducting
detectors only as deeply as necessary to provide a benchmark for comparison with cos-
mology. In this part, however, we delve into the other side of the complementary duo:
we develop prospects and proposals for sub-GeV direct detection in detail.

Direct detection in the sub-GeV regime has been a rapidly developing field
over the past decade, spurred by advances in quantum sensing technology. The goal of
this part, reflecting the goal of this thesis, is to develop the theoretical infrastructure to
leverage such new tools for DM searches. But first, we pause to consider the motivation
for new probes in the sub-GeV mass range. What should be the goalposts for new
searches?

Clearly defined benchmarks are invaluable for direct detection. While it is
extremely useful to have experiments that can test a multitude of models simultane-
ously, it is just as important to have some theoretical prior for the model space that
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experiments should probe. Absent any particular targets, one can always come up with
a larger and more sensitive experiment that searches for nothing in particular. With
this in mind, there are two important boundaries to target in the sub-GeV regime.

First, in the cross section itself, we can aspire to probe scattering cross sections
that are typical of benchmark simplified models in which the DM is produced with
the correct abundance while satisfying all constraints. There is always some model
dependence in such targets, and the space of simplified models is still not fully explored—
indeed, this is a goal of my ongoing work—but at least within a given model, freeze-in
production (see Chapter 6) corresponds to a well-defined target for direct detection.

Second, in the DM mass, we can aspire to design experiments sensitive to the
scattering of keV-scale DM. The guidepost arises from cosmological constraints: if DM
is fermionic, then its mass must be at or above the keV scale. Of course, if DM is
bosonic, lower masses are possible. But keV-scale fermions are still an excellent target:
probing scattering at these masses corresponds to sensitivity to energy deposits of order
1meV, which means that such experiments can also probe the absorption of bosonic DM
with masses down to this smaller scale. For bosons with masses far below 1meV, very
different experimental approaches are required. Thus, for traditional direct detection,
the keV scale is a meaningful target.

To understand how to probe keV-scale DM, it is first important to understand
why the current generation of experiments does not. This can be understood in terms
of kinematics: consider an elastic collision between an incoming DM particle, x, with a
stationary target, 7. The maximum fraction of the kinetic energy of the DM particle

that can be transferred to the target is given by 4m,mr/(m, + mr)? In the limit
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m, < mr, this becomes ~4m, /mp < 1, and the kinetic energy of the DM also scales
with m,. This means that the maximum amount of energy deposited in a detector
decreases rapidly when the DM mass becomes lower than the mass of the target particle.
In typical direct detection experiments, the target particle is an atomic nucleus with
an atomic number of @(10-100), so the maximum deposit shrinks quickly as the DM
mass goes below ~10GeV. For m, < 1GeV, the maximum deposit is smaller than the
threshold energy in typical experiments, and all sensitivity is lost.

As this situation illustrates, sensitivity to light DM is a matter of two indepen-
dent considerations. The first is kinematic matching between the DM and the target.
The DM must be able to transfer a large fraction of its kinetic energy to the detector.
The second consideration is the threshold of the detector itself—it makes no difference
how much kinetic energy is transferred if depositing all of the kinetic energy of the DM
still would not trigger a count in the detector. Thus, we need a system that is well
kinematically matched to light DM while allowing for a very low detection threshold.

A convenient way to configure a system with a low threshold is to use a system
with a small gap in its excitation spectrum. The system can be cooled to a temper-
ature well below the gap, such that thermal excitations are exponentially suppressed,
and then excitations above the gap can be attributed to DM interactions. Kinematic
matching is a trickier issue: detectors with macroscopic volumes are ultimately built
out of atoms, and nuclei have GeV-scale masses. But the electrons in such detectors
offer a complementary set of opportunities to probe DM interactions with electrons at
low masses, with a target mass at the MeV scale. In the eleven years since this was

first pointed out by Ref. [367], experiments based on electron recoils have successfully
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probed DM interactions at masses as low as 1 MeV.

Electronic systems also offer a convenient set of gapped spectra for direct
detection experiments. For example, the current generation of experiments uses atomic
ionization as the target process: here the gap is an ionization energy of order 1eV. In
recent years, it has become technologically feasible to register single ionization events, so
the thresholds of these experiments are now limited by the physical process itself, i.e., by
the size of the gap. Constructing experiments with sensitivity to meV deposits requires
a system with a much smaller gap, but there are numerous experimental proposals to
achieve this target. In particular, we will discuss superconducting detectors in some
detail. Here the gap is the binding energy of Cooper pairs, which is O(meV) for typical
superconductors. Thus, such systems can in principle probe DM scattering all the way
to the keV scale.

The future for electron recoil experiments seems bright. Does poor kinematic
matching doom efforts to probe nuclear couplings? Not necessarily: for small deposits,
the nuclei, being bound in a lattice, can no longer be treated as free particles. Instead
of prompting the recoil of a single nucleus, a DM scattering event can excite a collective
mode amongst the nuclei in the lattice, i.e., a phonon. The kinematics of phonons are
entirely different from those of free nuclei, and may enable sensitivity to interactions of
nuclei with keV-scale DM if single-phonon excitations can be reliably read out. Adapting
superconducting detectors for this purpose is one goal of my ongoing work.

However, the collective modes that may be a blessing for DM—nucleon scatter-
ing have also been the bane of DM—electron scattering. Collective modes are inherently

complicated: their properties are determined by condensed matter physics, and are dif-
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ficult to predict a priori. That is the problem that will occupy us at the beginning
of this part: how can one predict the scattering rate of DM with electrons when the
electrons are not free particles, but bound in a condensed matter system, with highly
nontrivial wavefunctions?

The answer, in Chapter 8, will turn out to be remarkably simple, and will
provide substantial intuition for behavior of electron recoil experiments, with important
implications for experimental design. In Chapter 9, we will go yet further with these
collective excitations, and demonstrate how quasiparticle excitations in superconduc-
tors can be used to design detectors with directional sensitivity, a key feature for DM
discovery. Finally, in Chapter 10, we will take a step back to the concrete, and we will
give real new limits on DM interactions in otherwise unconstrained parameter space
using a prototype superconducting detector. This detector is the first step towards re-
alizing extremely low thresholds for light DM detection, and we will detail the roadmap

towards achieving the goalposts we set for the future of direct detection.
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Chapter 8

Dark matter—electron scattering and the

dielectric function

Dark matter (DM)—electron scattering was first proposed for sub-GeV DM
detection less than a decade ago [367], and there has been enormous theoretical [368-
370, 372, 375, 376, 378-380, 421-447] and experimental [381-384, 448-457] progress
since then. Since electrons are not free particles, but are bound in atoms or delocalized
across solids, they have favorable kinematics for light DM scattering. However, the rich
complexity of condensed matter systems complicates the calculation of scattering rates.
Not only do bound electrons have different wavefunctions than their free-particle coun-
terparts [458], many condensed matter systems exhibit collective electronic modes such
as plasmons [459]. A formalism describing DM scattering with a single electronic state
[368, 436] can potentially miss important electron interaction and correlation effects,
and must carefully account for ‘screening’ where the electron density rearranges itself

to partially cancel out DM-induced perturbations [370].
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In this chapter, we propose to bypass the single-particle formulation entirely,
and frame the problem of DM-electron scattering in terms of matrix elements of the
many-body electron density operator. This perspective is inspired by a classic paper on
collective energy loss in solids [460], and since it does not rely on a particular choice of
eigenstates, it is equally applicable to all systems: atoms, molecules, metals, insulators,
or more exotic materials. Moreover, it intrinsically accounts for all electron interactions
and correlations in the target by relating the scattering rate to an experimentally-
measurable quantity, the complex dielectric function €(q,w). Crucially, since e(q,w) is
defined as a linear response function, the response of the target to a momentum transfer
q and energy deposit w is determined by density matrix elements which are the same
whether measured by DM—electron scattering or by an electromagnetic probe [461, 462].
The assumption of linear response applies as long as DM interactions are weaker than
electromagnetism.

The key result of this chapter is that the total scattering rate for DM with

mass m, and velocity v, in an arbitrary target is given by

rv) = [ v [ m (-5 (1)

where wq = q-v, — %, q = |q|, e is the electron charge, and V(q) is the non-relativistic
DM-electron potential. The full derivation can be found in Appendix D, and follows
mainly from the arguments made in Ref. [460]. The target-dependent object which

appears in the integrand,

(8.2)

Wi(qw) = Tm <_ L ) _ Imle(q,w)]

e(q,w) le(a,w)|?
is known as the loss function. The only assumptions we have made about the DM
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interactions in deriving Eq. (8.1) are () that the non-relativistic Hamiltonian coupling
DM to electrons takes the form Hi = >, V(ty —1;), depending only on the electron
position operators r; and no other operators such as spin or momentum, and (i) that
I:Iint can be treated perturbatively.

The consequences of Eq. (8.1) are of immediate importance for DM—electron
scattering. Spin-independent Hamiltonians arise in many common benchmark models,
including those for scattering through scalar and vector mediators. The presence of W
implies that all of these interactions are screened. The importance of screening was first
noted for a kinetically-mixed dark photon mediator in a solid-state target [370], and later
for a scalar mediator [445]. Our results show that a scalar force which couples equally
and oppositely to electrons and protons, whether short- or long-ranged, is screened
exactly like a kinetically-mixed dark photon. Furthermore, as long as ion contributions
to the loss function are negligible (as in semiconductors well above the gap), forces
that couple differently to nucleons and electrons are still screened identically. All such
screening effects are invisible in a single-particle picture.

Since W(q,w) is directly measurable through electromagnetic scattering, DM-
electron scattering experiments can be calibrated experimentally, exactly as was done for
DM absorption [371, 373, 463] using the measured real conductivity o1 (w) = (w/47)|e(0,w)|*W(0, w).
The advantage of our approach is that the loss function can also be modeled semi-
analytically in certain relevant energy and momentum regimes, and such models can
be compared directly to data. This enables rapid assessment of candidate experimen-
tal targets, and potentially bypasses the need for numerical electron wavefunctions to

determine the reach of novel detector materials.
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In the following sections, we show that in a material with free carriers, the
loss function scales as W(q,w) x ¢ at small w, which can be interpreted as the famil-
iar screening which partially suppresses the 1/¢* enhancement characteristic of a light
mediator. We then show that if W(0,w) is nonvanishing, a rate enhancement at small
g remains whenever w is kinematically accessible. This behavior of the loss function
can arise in two qualitatively different ways: interband transitions in insulators, and
long-range plasmons which are generically present in all materials. As we will show,
the low-energy plasmon tail may improve the sensitivity of superconducting detectors
to light DM by several orders of magnitude, and materials with Fermi velocities slower
than v, may allow DM to access the bulk of the loss function rather than the tail. We
illustrate these kinematic regimes in Fig. 8.1.

In this chapter, we adopt a generic form for the potential, V(q) = V(q) =

9x YGe

ZrmZo which is valid for DM coupling through a scalar mediator ¢ or vector V. We
@,V

compute scattering rates by integrating Eq. (8.1) over the DM velocity distribution,
for which we take the Standard Halo Model (see Appendix D for details). We frame
our results in terms of a reference cross section o = (u2, /m)|V (qo)|* where picy is the
electron—-DM reduced mass and gy = am, ~ 3.7 keV is a reference momentum. We
show results for a light mediator miv < ¢?, with heavy mediator results given in

Appendix D (Fig. D.6).
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8.1 Conventional superconductors

Ref. [369] first proposed using superconducting metals such as aluminum (Al)
as targets for DM—electron scattering. Ref. [370] soon pointed out that long-range
Coulomb forces among electrons would screen DM interactions if mediated by a kinetically-
mixed dark photon. This effect was incorporated by multiplying the free-particle matrix
element by 1/|erpa(q,w)|?, where egpa is the dielectric function of a free electron gas
(FEG) in the random phase approximation (RPA) at zero temperature.

Even within RPA, our formalism identifies two important corrections to the
DM interaction rate from Ref. [370]. First, all interactions coupling to electron density
are screened, including a light scalar mediator and a non-kinetically-mixed vector medi-
ator. This unifies the reach for all models considered in Ref. [370]. Second, the analytic
structure of the loss function imposed by causality implies a particular choice of branch
cut in egpa differing from that used in Ref. [370] (see Appendix D for details).

The latter correction improves the projected sensitivity of conventional super-
conductor detectors to DM scattering through a light mediator by several orders of
magnitude at low masses. We can understand this by examining egpa in the kinematic
regime q < kp, w < qup relevant for sub-MeV DM scattering near the Fermi surface,
where kr is the Fermi momentum and vr is the Fermi velocity, respectively 3.5 keV and

6.8 x 1073 in Al. The result is [468]

2 2
Mg | 3Twpw

p
,W) R — , 8.3
erpa(q, w) 242 ¢ 2q3v§’, (8.3)

where Atp ~ 3.8 keV is the Thomas-Fermi screening length and w, ~ 15V is the plasma
frequency. The imaginary part is typically smaller than the real part, so W(q, w) scales
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as L ~ wq, a much softer screening than the ¢* implied from 1/]el?
L ~ W, g ¢* implied from 1/[e[*.

Moving beyond RPA, we use the results of Ref. [464], which fits to data a
model containing both a 1-loop ‘local field’ correction to the electron vertex and a ¢-
dependent plasmon width I'y/w, =~ 0.1-0.3. The fit implies that the contribution from
the ion polarizability in Al is small, justifying our approximation that only electrons
contribute to the loss function. The projected reach for a 1 meV threshold is shown in
Fig. 8.2 for a light mediator, with comparisons to previous results given in Fig. D.5 of
Appendix D. The orange band reflects theoretical uncertainty in the proper form of the
loss function in the energy range of interest (see Appendix D).

In most materials, the loss function features a plasmon with a Lorentzian
lineshape peaked at w,, [459, 461] and a low-energy tail (see Fig. 8.1 and Appendix D).
In the parametrization of Ref. [464], W(¢ = 0,w) scales linearly with w for w < wy, and
the plasmon tail dominates over the RPA contribution. Our results suggest that a kg-yr
exposure of an Al target with a 1 meV threshold is sufficient to cover the entire freeze-
in thermal relic target [350, 367, 466, 467] above 10keV. However, this depends on
the extrapolation of the plasmon tail to meV energies, and existing measurements only
characterize the loss function at w 2 100 meV [469]. Thus, additional measurements of
W are crucial to accurately determine the sensitivity. There may also be contributions
to W from coherent scattering with the Cooper pair condensate for energies w ~ 2A,
as well as finite-temperature effects. We leave investigation of these effects for future

work [470].
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8.2 Semiconductors

In a typical semiconductor like silicon (Si) with a gap E, ~ eV, an energy
deposit w ~ E, requires a momentum deposit ¢ > E4/v, ~ keV for v, ~ 1073, in-
dependent of the DM mass, as shown in Fig. 8.1. The size of the first Brillouin zone
(BZ) in Si is 27 /a ~ 2keV, where a is the lattice constant. Thus, for w 2 2eV, DM is
probing interatomic distances rather than delocalized electrons, and the electrons may
be modeled as an FEG with an effective kp ~ 27 /a set by the total valence electron den-
sity. This approximation is an excellent match to both density functional theory (DFT)
calculations [471] and data [472] for ¢ ~ 5keV and w > E, in Si [473]; for sufficiently
large ¢ (~15keV, see Appendix D), the bound electron orbitals give large-momentum
tails not captured by the FEG.

Equation (8.1) and Fig. 8.1 show that at fixed w, the rate receives contributions

> 10MeV, so the FEG

~

from W(q,w) over many orders of magnitude in g for m,

4 weights the integrand most

approximation is best for a light mediator, where V(q) o ¢~
towards small g. Our formalism thus suggests a generic explanation for the behavior
of the DM—electron spectrum in the 5-15eV range (24 electron—hole pairs in Si [368])
from light mediator exchange in any conventional semiconductor. The projected reach
in Si under the FEG approximation with a 2e~ threshold is shown in Fig. 8.2 for a light
mediator.

The differences among various targets become most apparent when w ~ E,

where the band structure describing delocalized electrons with ¢ < 27/a becomes im-

portant. In addition to band structure effects, there is also an irreducible contribution
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from the plasmon [474], where the tail extends into the kinematically allowed region for
DM. This has important implications for rate predictions in currently-operating semi-
conductor detectors [455-457]. DFT calculations predict a rate which peaks in the 1- or
2-electron bin, corresponding to w < 8.3eV, for all DM masses for which these energies
are kinematically accessible [368]. Currently available measurements of VW suggest the
true rate in these few-electron bins may be somewhat larger. Near-gap effects are quite
difficult to model [473], but in our formalism, they can be accounted for by making
more precise measurements at w ~ Ey and ¢ ~ E,/vy.

On the other hand, for near-gap scattering in a narrow-gap semiconductor
(Ey ~ 10meV), we have gmin ~ 10eV < 27/a, so the delocalized electrons in the
uppermost valence band dominate the behavior of the scattering rate as ¢ — 0. We
may understand the absence of screening in these systems through the Lindhard form of
the dielectric function [468], which shows that e(q,w) has a finite limit as q — 0, with
the imaginary part proportional to the interband transition matrix element. The lack
of mobile charge carriers inhibits the screening present in metals. In the next section,

we discuss an example of such a narrow-gap semiconductor: a Dirac material.

8.3 Novel Materials

Our formalism suggests that optimal materials for sub-GeV DM detection will
have a loss function with large support for w < vyq (Fig. 8.1). For an ordinary metal
with an electron effective mass m* = m,, the loss function is maximized at large ¢ when

w = qup, where vp = kp/m* ~ 10v,. This is outside of the kinematically-allowed region
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for DM scattering. For small g, collective modes such as the plasmon will dominate, but
the plasmon is damped at momenta ¢ > ¢. =~ w,/vp [468] due to decay into the particle-
hole continuum. Therefore, DM can only excite the undamped plasmon if vy, > vp [442].
Here we explore two qualitatively different ways to achieve vp < vy: Dirac materials, in
which vp is not tied directly to free-electron properties, and heavy-fermion materials,
where strongly-correlated electrons can create a Fermi surface with a large m™.

Dirac materials, characterized by linear electronic dispersion w(k) = vpk with
widely-varying vg across materials [475], are promising targets for DM detection [375,
431, 438, 439]. Consider a gapless isotropic Dirac material with a single Dirac cone and
effective background dielectric constant x = Re[e(0,0)]. In typical materials, Re(e) >
Im(e) over the relevant q and w [438], and we may write the loss function as

62

WDirac(% w) @<w - UFQ)@(wmax - w)- (84)

T 12nK%vp
The loss function with a gap 2A is given in Appendix D; Wpirac(q, w) is constant as
q — 0 for all w > 2A, as anticipated. The loss function immediately displays two key
features of scattering in Dirac materials [375]: small vp increases the rate, and scattering
is forbidden if vy, < vp for w = wq. In Fig. 8.2, we show the sensitivity of an isotropic
Dirac material for a light mediator.

This analysis neglects many-body effects, including the plasmon contribution
to the loss function. Dirac materials are expected to exhibit two tuneable plasmon modes
distinct from the ordinary valence plasmon: a temperature-dependent mode which could
lie in the O(meV) range [476-478], and a zero-temperature mode tuneable with chemical

potential [479]. Therefore, measurements of the loss function in real materials are

334



crucial to accurately estimate the scattering rate, since the plasmon contribution may
dominate [480] as was the case for superconductors.

Another way to lower vg is to find materials with ordinary quadratic dispersion
but large effective masses. As an example, a number of materials containing f-electrons
are known as heavy-fermion systems because they display a Fermi surface with m* ~
(10-100)m, [481-483]. These materials are expected to have a plasmon at energy w ~
T*, the Fermi temperature of the heavy electrons [484]. One such material is URu2Sis,
a heavy-fermion superconductor with 7% = 75K = 6.5meV and m* ~ 6m, [485], from

which one may estimate vp ~ 6.5 x 107°, w*

y = T = 6.5meV, and ¢. ~ wy/vp ~

100eV. In reality, the measured loss function in URuaSiy [465] shows considerable
anisotropy with Lorentzian peaks at either 4 meV or 6 meV depending on the direction
of q, as well as a broad peak around 18 meV, which can also be interpreted as a heavy-
fermion plasmon (see Appendix D). Despite the extremely rich electron dynamics in
this material, in our formalism we may compute the DM rate unambiguously once W
is measured in the relevant kinematic regime.

The measured data (see Appendix D, Fig. D.1) show that W(w) o w above the
heavy-fermion plasmon peaks, consistent with the tail of the ordinary valence electron
plasmon. However, in contrast to spectra from conventional superconductors or semi-
conductors, the measured loss function in URusSis shows rich structure which could
be used to separate signals from backgrounds not due to fast-particle scattering. Inte-
grating over w from a threshold of 1 meV up to wpax = 74meV, the maximum value
where data exists, we obtain the projected reach in Fig. 8.2. The band spans measure-

ments of W(q,w) as q — 0 along two different crystal axes. We leave a full analysis
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of the anistropic response to future work [470]. As expected, the reach in URuySiy can
surpass Al in the mass range 5—40keV, where the DM kinetic energy is comparable
to the heavy-fermion plasmon energies. Our reach estimates motivate further study of

URu2Siz and similar materials as targets for light DM scattering.

8.4 Implications for experiments

The advantage of our formulation of the DM scattering rate is that no theoret-
ical input from e.g. DFT is required to compute the scattering rate; the DM energy loss
spectrum from spin-independent electron scattering may be precisely predicted from a
measurement with an electromagnetic probe in the appropriate kinematic regime. For
MeV-GeV DM, X-ray scattering covers the regime ¢ ~ keV and w ~ eV [462], while
for keV-MeV DM, momentum-resolved electron energy loss spectroscopy (EELS) can
cover ¢ ~ eV and w ~ meV [461, 486]. These techniques are standard in condensed
matter physics, and a rich literature on measurements of dielectric and loss functions
already exists for a number of systems of interest.

The downside of this formalism is that it does not directly predict how many
electron—hole pairs are created in the material per unit deposited energy, or how the
energy is down-converted from plasmon excitations to charge and phonons. However, if
individual quasiparticle contributions to W(q,w) can be modeled, this information can
be reconstructed. Moreover, the quasiparticle contributions may be determined empiri-
cally by correlating scattering events using an electromagnetic probe with the partition

of excitations read out by the detector, as has been done for nuclear recoil calibrations
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at higher energy. We argue that these measurements should be considered the primary
calibration mechanisms for DM—electron scattering, analogous to photoabsorption for
bosonic DM absorption [371, 373, 463].

Finally, our work may be applied to unify the electronic and phonon descrip-
tions of DM scattering with other sub-gap loss mechanisms that have not yet been
explored, such as dielectric heating in insulators or coherent scattering off the super-
conducting condensate. Dielectric skin depth in the long-wavelength limit q — 0 is
proportional to \/Re[e(w)]/(wIm[e(w)]), and thus materials with a small skin depth
for THz photons and calorimetric readout should respond efficiently to DM-electron
scattering, even for meV-scale energy deposits below the eV-scale electronic band gaps.
Many materials have THz absorption features, so high-resolution THz or infrared trans-
mission spectra are likely fertile ground for exploring new materials for keV-scale DM

scattering.
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Figure 8.1: Schematic depiction of the relevant kinematics for sub-GeV DM. The shaded
purple parabolas represent the kinematically-allowed region of ¢ and w for the labeled
DM masses, for a fixed DM speed v, = 103, with upper boundary w = qvy independent
of m,.. The blue and orange shaded regions represent the support of the plasmon part of
the loss function. The tail extends into the DM region for conventional materials such
as Al and Si, and for heavy-fermion materials such as URusSiz, the plasmon peak lies
in the DM region. The range of support for the free electron gas (FEG) loss function is
shown in shaded grey, and can be used to approximate the rate in both superconductors
and semiconductors over a limited range of w. The dot-dashed vertical line indicates the
size of the Brillouin zone (g =~ 2.3keV) of Si, while the horizontal dashed line indicates
the band gap above which electron scattering can produce ionization.
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Figure 8.2: The projected 3-event reach of a 1 kg-yr exposure target of Al (orange),
Si (purple), and URugSis (green), computed for a light scalar or vector mediator using
Eq. (8.1). For Al, the solid line uses W from Ref. [464], and the top of the shaded
region uses the FEG model, both with w € [1meV,1eV]. The URuxSiy loss function
is taken from Ref. [465] with w € [lmeV,74meV], and the shaded region spans W
measured along two crystal axes. Si is treated as a FEG with a 2e™ threshold, using
the ionization model of Ref. [368]. We also show the reach for a Dirac material with
density 10g/cm?, gap 2A = 20meV, Fermi velocity vp = 4 x 1074, background dielec-
tric constant k£ = 40, and Dirac band cutoff wpax = 0.5eV (red); existing constraints
from SENSEI [455], SuperCDMS HVeV [457], DAMIC [384], Xenon10 [380], DarkSide-
50 [381], and XenonlT [454] (shaded gray); and the theory target of a freeze-in model
when the mediator is a kinetically-mixed dark photon [350, 367, 466, 467] (dashed blue).
The corresponding plot for a heavy mediator is shown in Appendix D as Fig. D.6.
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Chapter 9

Superconducting detectors and

directional sensitivity

The identity of dark matter (DM) remains one of the most pressing open ques-
tions in particle physics and cosmology. Contrary to decades of theoretical expectations,
numerous experimental probes have found no conclusive evidence of DM at the weak
scale, leading to renewed interest in models of DM at much lower scales. Many new
ideas have recently been proposed to search for such light DM in the laboratory [367—
370, 372, 375, 376, 378-380, 421-447, 487], and several of these novel direct detection
exeperiments have already begun to probe significant parameter space [381-384, 448—
457]. Among the new ideas, superconducting targets stand out with the lowest possible
thresholds, giving them sensitivity to the lowest DM masses through DM-electron in-
teractions [369, 370, 435, 488]. With superconducting energy gaps of O(meV), such
detectors may eventually probe DM with mass as low as the keV scale, where cosmo-

logical constraints become significant [364, 489, 490)].
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Despite the impressive potential reach of superconducting targets, current pro-
jections assume that the detectors are insensitive to the direction of incoming DM.
Directional detection has long been recognized as a powerful tool in DM experiments,
including those in the keV-GeV regime [438, 487]: due to the halo wind, the local DM
distribution is not isotropic in the laboratory frame, leading to a characteristic modu-
lation of the signal that can be used to reject backgrounds and confirm a discovery. If
superconducting detectors can be made sensitive to the direction of the incoming DM,
then such targets will offer exceptional promise for future experiments. Such a detector
would be capable of making a definitive discovery of DM as light as a keV.

In this chapter, we show that even isotropic superconductors are capable of
directional detection via the angular distribution of the excitations produced by DM
scattering. For such a measurement to be viable, two key features are required. Firstly,
the direction of the initial excitations produced by the DM interaction should be cor-
related with that of the incoming DM particle. Secondly, the secondary excitations
produced by the initial excitations as they down-convert in the material should exhibit
directionality correlated with that of the initial excitations. As we will show, both fea-
tures indeed occur in superconducting targets, paving the way for directional detection
of keV-scale DM.

This chapter is organized as follows. We begin by considering the initial scat-
tering of DM with electronic states of a superconductor into excited quasiparticles.
Next we consider the down-conversion of these initial excitations in the material into
secondary quasiparticles and phonons, treating the general case with a new numeri-

cal code. We then present our results for directionality, and end with a discussion of
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experimental prospects.

Throughout this chapter, we use the following notation: for a 3-vector q, we
write ¢ = |q|. We use angles with two subscripts to denote the relative angle between the
two axes specified by those subscripts. All other angles are defined relative to the DM
wind axis. The Fermi energy and momentum are denoted by Er and pg, respectively.

Weset h=c=1.

9.1 Dark matter scattering

We first demonstrate the directionality of the initial excitations produced in a
DM scattering event in a superconducting target. This requires reformulating the de-
scription of the scattering process in terms of the appropriate degrees of freedom in the
BCS vacuum of the superconductor [491]. The DM scattering rate in superconductors
was originally computed by Ref. [370] considering only large energy deposits compared
to the superconducting gap, and so the DM—detector interaction was described in terms
of the DM, x, scattering with individual electrons, |x)|e”) — [x’) |[e”). This is not
suitable for studying the kinematics at small deposits. Here, the appropriate degrees of
freedom are Bogoliubov quasiparticles (QPs) [492], which are electron—hole superposi-
tions.

In this description, the DM excites the BCS vacuum by pair-producing QPs, as
IX) |0Bcs) — [X') |QP;, QP5). The total momentum of these two QPs is the momentum
transfer q imparted by the DM scatter. The wave functions of the electrons in the BCS

vacuum automatically account for Pauli blocking through a coherence factor, which has
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significant support only when one of the QPs is below the Fermi momentum and the
other is above. In Appendix F, we show that for energy deposits much larger than the
superconducting gap energy, the scattering rate becomes identical to that for scattering
with individual electrons. We use the labels 1 and 2 to refer to the two initial QPs
produced in the scattering process. QPs 1 and 2 are interchangeable, so we use the
label i for statements that apply to either label.

The QPs have a dispersion relation of the form

Eqp(p) = /&3 + A2, (9.1)

where &, = p?/(2m.)— EF is the Bloch energy relative to the Fermi surface and A is half
of the superconducting gap energy. Counterintuitively, the energy of a QP is minimized
for p = pr. The free-electron dispersion relation is recovered in the limit pqp > pr,
whereas the limit pqp < pr gives the energy of a hole far below the Fermi surface. This
nontrivial dispersion relation modifies the kinematics of DM scattering near the gap, and
thus significantly influences directional correlations and down-conversion. For energy
deposits w < keV, the momenta p; and p, will be well inside the first Brillouin zone
(BZ). For deposits w 2 keV, we expect Eq. (9.1) to receive band structure corrections
near the edge of a BZ of order tens of eV or less, small compared to this keV scale, so
Eq. (9.1) is a valid approximation for all the energy scales considered in this chapter.

The overall DM scattering rate is given by [488]

d3q 52q> [ 1 }
I'(vy) = / ——= |V —Im|—«F— |, 9.2
( X) (27_[_)3 | (q)‘ 62 EBCS(qa Wq) ( )
where v, = |v,| is the magnitude of the DM velocity; q is the momentum transfer;

Wq = q-Vy — q/ 2m, is the deposited energy; and epcs is the dielectric function of
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a superconductor in the BCS vacuum. In this chapter, we make the approximation
Im (—1/epcs) = Im (epes) / |eBCS\2 ~ Im (egcs) /|en|?. Here e, is the Lindhard form
of the dielectric function for a normal metal [468], which accounts for the effects of in-
medium screening and collective modes in the normal metal phase [488]. We compute
Im (egcg) in terms of the QP dispersion relation Eq. (9.1) and the BCS coherence
factor, which accounts for near-gap effects [493] and for Pauli blocking. Our approach
interpolates between the approximate superconducting dielectric response near the gap
and the normal-metal response far from the gap. A more complete treatment explicitly
computing the dielectric function in the BCS vacuum will be pursued elsewhere [494].
We take |V (q) ]2 = (gegy)? (q2+m35) ~2 where g, and g, are the couplings of the mediator
to the electron and the DM, respectively. This is appropriate for any spin-independent
interaction. Further details on DM interactions and the computation of Im (epcg) are
given in Appendix F.

At fixed DM velocity, the parameter distribution of the initial QPs prior to
down-conversion is proportional to the differential rate, which we determine by differ-
entiating Eq. (9.2) with respect to kinematical variables. In our numerical results, we
draw samples from the joint distribution fqp(cos6,cosfs, E1, Es), marginalized over
the DM distribution, where 6; is the angle between the QP momentum and the DM
wind axis. In certain regimes, the angular distribution of excitations can be understood
analytically by virtue of kinematical constraints. Conservation of energy yields a closed-
form expression for cosfg;, the cosine of the angle between QP i and the momentum
transfer q, in terms of ¢ and p;. Now consider small DM masses and light mediators,

where small deposits are favored. In the limit of small deposits, to leading order in
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Figure 9.1: Angular distributions of QPs produced by DM scattering in Al. The angles
shown are defined with respect to the axis of the DM wind. The distribution of DM
orientations in the Standard Halo Model is included. The left and right column show
the distributions in the light- and heavy-mediator limits, respectively. In each panel,
the colors correspond to different DM masses, and a dashed horizontal line at cos 6; = %
indicates the isotropic distribution. Thick lines interpolate between histogram values
(thin lines) for ease of visualization. The top and bottom rows show distributions of
QPs before and after down-conversion, respectively. In the bottom-right panel, several
solid curves overlap near the isotropic distribution. The dashed curves show angular
distributions obtained by restricting to events with total deposit w < 20A, for which

the effects of down-conversion are less significant.
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w — 2A, we have p; ~ prp. Then conservation of momentum requires

My Uy — \/2mx (%mxvi — 2A)
cos Ogi ~ Smor , (9.3)

where vy, = |v,/|, which implies 0 < cosfq S 2A/(vypr). For aluminum (Al), with
A = 0.3meV and Ep = 11.7¢V, this leads to the condition 0 < cosfq < 1074, so
excitations produced near the gap are nearly orthogonal to the momentum transfer q.
In turn, the direction of q is correlated with that of v,, so the distribution of cosf,; is
peaked at zero.

On the other hand, consider DM interacting via a heavy mediator, for which
large deposits are favored. In particular, for p, ~ pp, momentum transfers of order
pr are possible, corresponding to cosfgi ~ 1. For example, for p, = 2pp, if the DM
is fully stopped and its energy shared equally between the two QPs, then cosfy; is
given uniquely by cosfq; = \/m . For typical materials, v, < vp, so indeed
cosfqi ~ 1. In Al, this solution corresponds to cosfg ~ 0.93. Further, fully stopping
the DM implies that cosfyq = 1, so cos,; = cosfg;. Thus, when p, ~ pr and large ¢
is favored, the angular distribution can peak in the direction of the DM wind.

The marginal distribution of cos#; is shown by the solid curves in the top
panels of Fig. 9.1 for several DM masses in Al. We assume the Standard Halo Model
with the parameters of Ref. [418]. For light DM or a light mediator, small energy
transfers are favored, leading to a peak in the distribution orthogonal to the DM wind
axis. For heavier DM and mediators, larger energy transfers lead to a forward-peaked

distribution.
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9.2 (Quasiparticle relaxation

We have shown how the directions of the initial quasiparticles are related to
the direction of the incoming DM. The second requirement for directional detection is
that this directionality must be preserved after the initial excitations relax. Thus, we
now study the down-conversion of the initial QP excitations.

Following Refs. [495-497], we model down-conversion as a repeating sequence
of two distinct processes: first, energetic QPs relax by emission of phonons, and second,
energetic phonons decay into QP pairs. Quasiparticle pair production eventually stops
once all remaining phonons have energy below 2A. We treat such phonons as ballistic,
including them as part of the final state that is eventually read out by the detector. As
shown in Appendix G, phonon emission is kinematically forbidden for very low-energy
QPs, so the QPs eventually become ballistic as well. The down-conversion process is
finished when all particles are ballistic. For other approaches to the relaxation of highly
energetic QPs, see Refs. [498, 499].

We study the impact of down-conversion on directionality by explicit simula-
tion, implemented in a public code based on this chapter.! We begin with an ensemble
of initial excitations sampled from the distribution fqp, and then iterate the relaxation
processes described above until all QPs and phonons are ballistic. Computing the mo-
mentum of the outgoing excitations after each relaxation process requires knowledge of
the differential rate of these processes with respect to the kinematical parameters of the
final state. We take the differential rates for phonon emission and QP pair production

from Eqs. (16) and (27) of Ref. [500]. In each case, imposing conservation of energy and

http://github.com/benvlehmann/scdc
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momentum using the dispersion relation of Eq. (9.1) gives the distribution of final-state
angles. The differential rate of QP pair production by a phonon of energy wpy is given

by
dr Ei(wpn — Ei) + A?
XX )
dE; \/[E? _ AQ] [(wph B2 - AQ]

(9.4)

where Ej is the energy of one QP and wp, —Ej is the energy of the other. This distribution
is sharply peaked at E; ~ A and E; ~ wp, — A, corresponding to the case in which one
of the two QPs receives most of the phonon’s energy. Here, the dispersion relation of
Eq. (9.1) implies that the QPs are produced nearly orthogonal to the axis of the initial
phonon. Thus, for small deposits, the angular distributions of QPs and phonons in the
final state will peak in orthogonal directions.

We sample initial excitations and simulate the down-conversion process for
several DM masses in Al. The angular distributions of the resulting QPs are shown as the
solid curves in the bottom panels of Fig. 9.1. Directionality of the phonons is weaker (see
Appendix G). For light mediators, the initial QPs have excellent directionality, which is
well-preserved after down-conversion. For a heavy mediator, despite the directionality of
the initial QPs, the down-converted distribution is much closer to isotropic, particularly
for heavier DM. This is simply because heavy mediators and heavy DM favor larger
deposits, which lead to a larger number of relaxation events. For this reason, the dashed
curves in the bottom-right panel of Fig. 9.1 show the angular distribution including only
events with total deposits w < 20A. These dashed curves retain directionality associated

with the low-energy part of the initial angular distribution.

348



9.3 Results

Figure 9.2 shows the estimated sensitivity for the detection of the directional
DM wind, with impressive reach. Existing direct detection constraints are shown in gray.
(Complementary model-dependent probes may also apply [501-503].) Critically, since
the target is isotropic, there is no modulation in the overall rate, unlike many directional
detection schemes. Instead, the reach must be defined in terms of the anisotropy in the
distribution of the final-state excitations. The dashed lines in Fig. 9.2 show the projected
reach for a detector which counts final-state quasiparticles in each of two angular bins:
the “on-axis” bin, with [cos 6| > 3, and the “off-axis” bin, with |cosd| < %. Establishing
that the signal is not isotropic requires a certain number of events, which translates to a
minimal cross section for a fixed experimental exposure. Note that for a heavy mediator,
we impose a cut to include only small deposits, which reduces the overall rate, but lessens
the impact of down-conversion.

The two-bin configuration is the minimal experimental configuration for direc-
tional detection, and represents the most conservative projection. For heavy mediators,
a more ambitious projection is obtained by assuming precise resolution of cos . In this
case, the detailed shape of the angular distribution can be compared with the distribu-
tion under the null hypothesis of an isotropic background. This again translates to a
minimal number of events to detect directionality, and a corresponding minimal cross
section, shown by the dotted line in Fig. 9.2. Further details are given in Appendix H.
For light mediators, since directionality is manifest, this procedure gives almost exactly

the same result as the two-bin configuration, so the corresponding line is not shown.
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Figure 9.2: Directional detection discovery reach for DM scattering in an Al supercon-
ductor via a light (left panel) or heavy (right panel) mediator. Solid lines: 3-event reach
for a kilogram-year exposure, not including directionality. Dashed lines: estimated dis-
covery reach for directionality at 95% C.L. using only two angular bins. Dotted line:
estimated discovery reach for directionality in an experiment with high-precision mea-
surement of cosf. Blue dot-dashed lines show cross sections for example DM models
[378]. Shaded gray regions indicate existing constraints from SENSEI [455], SuperCDMS
HVeV [457], DAMIC [384], Xenon10 [380], DarkSide-50 [381], and XenonlT [454].



The dashed and dotted curves in Fig. 9.2 are representative of the directional
sensitivity of an experiment in the simplest and most sophisticated configurations. A
kilogram-year exposure of such an experiment would be capable of detecting direction-
ality for DM masses keV < m, < GeV. Both configurations discussed here would be
directionally sensitive at cross sections covering important cosmological targets that are

not currently probed by any direct detection experiments.

9.4 Discussion

In this chapter, we have shown that superconductors [369, 370, 488] can probe
DM directionally, even in the case of an isotropic medium. This has important implica-
tions for the design of directional superconducting detectors. Directionality will require
detectors to push resolutions lower, with thresholds close to the superconducting gap.
Detectors that can trap primary QPs are preferred as they will be able to take advan-
tage of the directional correlations in the DM signal. This is in contrast to the weak
directionality in the phonon system.

In order to scale detectors to kilogram-year exposures while retaining direc-
tional sensitivity, a massive multiplexing scheme will likely be required: typical detector
volumes will be of order 1cm? or smaller in order to attain high collection efficiencies
[370]. Intrinsic QP lifetimes do diverge for very low temperatures and QP occupancy,
even in the “dirty” limit [500].

For realistic applications of bulk superconducting targets, characterization of

mean QP diffusion length in real samples will determine which materials are best suited
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for directional DM detection. Such work has been done for large niobium (Nb) crystals
[504], but has largely been put aside over the last few decades. These programs will
need to be restarted in order to characterize samples with the appropriate properties
to detect small energy deposits in the regime relevant to directional DM detection. For
materials with a known diffusion length, this directionality can be converted to a rate
modulation by making a detector in which one path length to the sensor is much shorter
than this diffusion length, and the orthogonal path length is much longer. Chemical
Vapor Deposition—grown superconducting crystals of Nb or Al instrumented on their
large surface, with cross-sections of a few mm? and thickness of around 100 microns,
would achieve this behavior for typical diffusion lengths of a few hundred microns.
Our results demonstrate directional detection of DM in a target that is oth-
erwise isotropic, in contrast to most directional studies. Here, directionality is inferred
from the geometric properties of the excitations themselves, rather than from a rate
variation. Our results strongly suggest that for a gapless material with typical acoustic
phonon modes, no directional correlation is preserved between the initial DM scatter
and the outgoing excitations, as phonons can always be emitted in the limit A — 0. In
an anisotropic material, some correlations may still persist further above the gap due to
an increased number of forbidden transitions. As an example, indirect-gap materials, if
such superconductors exist, would be much more likely to preserve directionality even
in the limit of a small gap if large energies are required for inter-valley transitions. We

leave the exploration of such scenarios for future work [470].
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Chapter 10

New constraints from superconducting

nanowires

As highlighted in the preceding chapters, after decades of theoretical and ex-
perimental focus on DM at the electroweak scale, attention has recently shifted to
lighter masses, with sub-GeV DM capturing the limelight from both the theoretical [367—
370, 372, 375, 376, 378-380, 421-447] and experimental [381-384, 448-457] perspectives.
Direct detection of sub-GeV DM requires detectors with much lower thresholds than
traditional experiments, and this has motivated the development of many novel detec-
tion techniques. Among the proposed detectors, superconductors [369, 370, 435] stand
out: due to their exceptionally small band gaps of O(meV) and correspondingly small
detection thresholds, these materials are capable of detecting light sub-MeV DM. In
principle, they are sensitive to the scattering (absorption) of DM with mass as light as
~1keV (~1meV).

Realizing the full potential of superconducting detectors for DM will require
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additional technological developments [505]. However, existing devices being used for
other applications can already play a meaningful role for dark matter detection. Super-
conducting nanowire single-photon detectors (SNSPDs) are one such established sensor
technology, with numerous applications from quantum sensing to telecommunications
(see e.g. Refs. [506-508]). These devices are sensitive to the deposit of extremely small
amounts of energy, with proven sub-eV thresholds and low dark count rates [435, 509
511, 511-515] and potential to measure the spectrum of energy deposits [516]. Under
certain conditions, they may even be sensitive to the direction of the deposited momen-
tum [517]. In Ref. [435], we proposed to apply this mature technology for the first time
to the DM hunt by using the SNSPDs simultaneously as the target and for readout: i.e.,
the SNSPD is both the material with which DM interacts and the sensor that registers
the deposited energy and momentum.

In this chapter we report on a 180-hour measurement performed with a pro-
totype SNSPD device that we use to place new bounds on DM, including the strongest
terrestrial constraints to date on dark matter with sub-MeV (or sub-eV) masses that
scatters with (or is absorbed by) electrons. For the first time, we evaluate bounds using
a novel theoretical framework that accounts for the many-body physics of the detector
and includes an enhancement due to the thin-layer geometry. Our results represent
novel constraints on DM interactions from a superconducting detector system, realizing
prospects envisioned nearly a decade ago and providing a new driver for the develop-
ment of quantum sensing technology. We present a roadmap for the development of
future experiments and demonstrate the prospects for SNSPDs to lead exploration of

the light DM parameter space. Throughout this chapter we use natural units, where
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Figure 10.1: SEM images of the prototype WSi SNSPD device taken at different mag-
nifications. Left: the entire device with two contact pads and active area of 400 pm
by 400 pm. Top right: View of the detector area in the center. Bottom right: Several
individual nanowires.

c=h=1.

10.1 Experimental setup

SNSPDs operate by maintaining a bias current in a superconducting nanowire,
keeping the device in the superconducting phase very near the edge of the supercon-
ducting transition. Under these conditions, any deposited energy above threshold can
cause a portion of the device to undergo a transition to the normal metal phase, lo-
cally increasing the resistance of the wire. This results in a brief but significant voltage
pulse that can be amplified and then read out. Typical events produce pulses with an
amplitude of order 1 mV lasting for several nanoseconds for absorbed energy ranging
from 0.1 meV to 10eV. Further information on energy thresholds and calibration can
be found in Ref. [518].

Scanning electron microscope (SEM) images of our prototype device are shown
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Figure 10.2: Schematic cross section of a single nanowire. Layers are not drawn to scale.

in Fig. 10.1. The device is a square array of nanowires measuring 400 pm on a side,
with two contact pads for the readout electronics. Each nanowire in the array measures
140nm in width, and the spacing between each wire and the next is 200 nm, corre-
sponding to a pitch of 340nm. Each nanowire consists of several layers, illustrated in
Fig. 10.2. The thin tungsten silicide (WSi) layer is the active detector layer, but the
other layers still modify the detector response to deposited energy and momentum, as
we discuss below. The device was fabricated from a 7nm-thick WSi film which was
sputtered on a 150 nm-thick thermal silicon oxide film on a silicon substrate at room
temperature with RF co-sputtering. Additionally, a thin 2nm Si layer was deposited
on top of the WSi film in-situ to prevent oxidation of the superconductor. A layer of
ZEP520A, a high performance positive tone electron beam resist, was spin-coated onto
the chip at 5000 rpm, which ensured a thickness of 335 nm. The ZEP520A pattern was

then transferred to the WSi by reactive ion etching in CF4 at 50 W. The ZEP520A
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Figure 10.3: Sketch of the experimental setup. The prototype device was embedded in
a light-tight box and cooled to a temperature of 0.3 K. The high-frequency signal was
carried out of the cryostat though a low-noise cryogenic amplifier to the read-out, while
the DC path was connected to a low-noise voltage source. A low-temperature bias tee
decoupled the high-frequency path from the DC bias path at the 3K stage.

thickness is estimated to be 250 nm after etching and is left on the top surface. The
prototype device is contained inside a light-tight box at 0.3 K as shown in Fig. 10.3.
The signal was amplified at the 3 K stage by cryogenic low-noise amplifiers with a total
gain of 56 dB and then sent to a pulse counter. To minimize the effect of blackbody
illumination, the optical path was disconnected. The cryostat also has several layers of
shielding at the 3K and 40 K stages. For the science run, the bias current was fixed to
4.511A, and the device was exposed for 180 hours, with four dark counts observed. The
device threshold is at most 0.73eV. The observed dark counts may be due to cosmic
ray muons, Cherenkov photons generated in the optical setup, or high-energy particles
excited by radioactive decay events. The data is further described in Ref. [519], which
studies DM absorption in a haloscope configuration.

We use this data to set world-leading bounds on DM—electron interactions, as

explained below.
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Figure 10.4: New constraints and updated expected reach for DM—electron scattering in
SNSPDs via a light mediator at 95% C.L. as a function of DM mass. The shaded blue
region indicates the new bound placed by our prototype device with 4.3 ng exposed for
180 hours with four dark counts observed. The dot-dashed blue curve indicates results
from our previous run [435] with an exposure of 10000 seconds, now updated to include
in-medium effects. Other curves show the projected reach for WSi, NbN, or Al targets
with the indicated exposures and thresholds, assuming that sources of dark counts
are eliminated. Solid curves conservatively neglect thin-layer enhancements. Dashed
curves include these enhancements following Ref. [520]. Dotted curves conservatively
include estimated effects of dissipation in neighboring layers (see text). The 177ng
exposure corresponds to a 10 cm x 10 cm area of NbN at 4nm thickness and a 50% fill
factor, and 248 (124) meV threshold corresponds to a 5 (10) pm wavelength. In shaded
gray we show the existing constraints from SENSEI [455], SuperCDMS HVeV [457],
DAMIC [384], Xenonl0 [380], DarkSide-50 [381], and XenonlT [454].
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Figure 10.5: New constraints and updated expected reach for DM—electron scattering in
SNSPDs via a heavy mediator at 95% C.L. as a function of DM mass. The shaded blue
region indicates the new bound placed by our prototype device with 4.3 ng exposed for
180 hours with four dark counts observed. The dot-dashed blue curve indicates results
from our previous run [435] with an exposure of 10000 seconds, now updated to include
in-medium effects. Other curves show the projected reach for WSi, NbN, or Al targets
with the indicated exposures and thresholds, assuming that sources of dark counts
are eliminated. Solid curves conservatively neglect thin-layer enhancements. Dashed
curves include these enhancements following Ref. [520]. Dotted curves conservatively
include estimated effects of dissipation in neighboring layers (see text). The 177ng
exposure corresponds to a 10 cm x 10 cm area of NbN at 4nm thickness and a 50% fill
factor, and 248 (124) meV threshold corresponds to a 5 (10) pm wavelength. In shaded
gray we show the existing constraints from SENSEI [455], SuperCDMS HVeV [457],
DAMIC [384], Xenonl0 [380], DarkSide-50 [381], and XenonlT [454].
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10.2 DM interaction rate

The concept of our experiment is that local DM particles may interact with the
electrons in an SNSPD. In this case, a DM particle may occasionally exchange sufficient
energy with these electrons to overcome the threshold of the detector, producing a count
in the device when no other sources are present. In order to translate rate measurements
of an SNSPD device to bounds on the DM-electron interactions, for both scattering
and absorption processes, it is necessary to compute the rates of these processes in the

detector.

10.2.1 Bulk interaction rate

For small energy and momentum transfers, electrons in the detector cannot be
considered free particles, and the many-body physics of the target material becomes im-
portant. We compute the DM interaction rates using a new theoretical method recently
developed by Ref. [488] (see also Ref. [521]). This technique is based on the dielectric
response of the target material as characterized by its loss function, and naturally in-
corporates the many-body physics of the detector, eliminating substantial uncertainties
associated with first-principles approaches. The key input quantity, the dielectric func-
tion, can be either measured experimentally or computed theoretically using established
models from condensed matter physics.

The loss function (or, equivalently, the dielectric function) is readily measured
by X-ray or electron scattering in the relevant regime of energy and momentum transfers.

However, to our knowledge, no data is yet available for the loss function in WSi at the
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relevant values of q and w. Therefore, in this chapter, we compute the loss function
using the well established Lindhard model [468]. In the Lindhard model, also known as
the random phase approximation or the free electron gas model, the dielectric function

can be written in closed form in the low-temperature limit as

2
[

2
eL(qw) =1+ 3%; {;+Zg (1-@Q?%)Log (?ji) +]f; (1-Q%)Log <gi - D}
(10.1)
where w, = (drane/ me)'/? is the plasma frequency, for n. the number density of elec-
trons; kp is the Fermi momentum; vp = kp/me is the Fermi velocity; and Q4+ =
q/(2kr) £w/(qur). The Lindhard dielectric function exhibits a resonance at the plasma
frequency wp. In the form above, this resonance is present but infinitely narrow. A non-
zero width is obtained under the replacement w — w-+1i/7, where the excitation lifetime
T can be fitted to experimental data. Such a width may enhance the loss function at
deposits very far from the peak of the resonance [488]. In this chapter, we estimate
1/7 = %wp, a typical width for a metal.

We consider both DM scattering and absorption processes. For DM scattering,
we place limits on the DM-electron scattering cross section. These hold for any spin-
independent interaction that couples the DM to the electron density [488], including
both scalar and vector mediators. For absorption, we consider a fiducial theory of a
dark photon Aj, with field strength F),, = 0,4], — 9,4}, kinetically mixed with the

Standard Model photon. That is, we assume a Lagrangian of the form

LD —LikF, F'™. (10.2)
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The absorption rate per unit volume can then be written as
Ta = K*m W(py,my) (10.3)

where m, is the DM mass and p, is the momentum of the incoming DM particle.
The kinetic mixing parameter x is the quantity that we bound in our experiment (see

Fig. 10.6).

10.2.2 Interaction rate in a thin layer

Each unit of our prototype detector is composed of a stack of thin layers of
different materials, as illustrated in Fig. 10.2. For a low-dimensional target system, or for
heterogeneous systems with interfaces, the dielectric response of the detector is different
from that of a bulk sample of material, and these differences should be accounted for
in the rate. These effects are newly explored in Ref. [520], which derives the DM
interaction rate in a thin layer. In particular, if the layer width is small compared to
the inverse momentum transfer in the interaction, the response of the layer itself is
significantly modified, and features a new resonance for small energy deposits. Thus,
the DM scattering rate per unit volume for a thin layer can be enhanced significantly
with respect to a bulk detector.

Preliminary estimates suggest that the absorption rate is subject to even larger
enhancements, but the approach of Ref. [520] cannot be directly applied in this kinematic
regime, where the deposited momentum is much smaller than the deposited energy. We
do not quantify this enhancement in this chapter, but leave this as a task for future

experimental characterization.
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The thin-layer interaction rate derived by Ref. [520] assumes that the detector
layer is the only dissipative component of the system, such that energy deposited in any
other layer is eventually dissipated there. However, experimental characterization of
our prototype detector suggests that dissipation in the other layers is in fact significant:
only large deposits far above the threshold in the other layers produce measurable events
in the WSi layer. Thus, in what follows, we also show a conservative result that includes
dissipation in all layers, and neglects deposits outside the detector layer. Further details
are given in Appendix E. Our treatment yields a conservative bound on DM-electron
interactions compared to what could be achieved with more complete knowledge of
the prototype device response. Future study of the prototype nanowire to accurately
characterize sensitivity to energy deposits outside the WSi layer, as a function of their
magnitude and location, will allow for even stronger DM limits.

Each nanowire contains layers of Si and SiOs in addition to WSi. The dielectric
function of Si can be approximated using the Lindhard model with Ep = 18.9eV,
which originates from a phenomenological fit [488]. For SiOy, we use the fit provided
by Ref. [522]. We model the ZEP520A top layer with a constant and real dielectric

function, taking the (real) index of refraction to be ~1.5.

10.3 Results

Our new constraints are summarized in Figs. 10.4 and 10.5 for DM—electron
scattering with light and heavy mediators (left and right panels, respectively), and

in Fig. 10.6 for DM absorption. Existing terrestrial constraints are shown in shaded
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Figure 10.6: New constraints and updated expected reach for DM absorption in SNSPDs
as a function of DM mass, for a relic kinetically mixed dark photon. As in Figs. 10.4
and 10.5, the shaded blue region indicates the new bound at 95% C.L., and other solid
curves indicate projections for future experiments, neglecting possible geometric effects.
The shaded gray region shows existing terrestrial constraints from Xenon data [523],
SuperCDMS [382], DAMIC [384], EDELWEISS [456], FUNK [524] and SENSEI [455],
while the yellow region indicates model-dependent stellar bounds [523, 525, 526].
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gray, and model-dependent stellar constraints are shown in yellow. (Other model-
dependent cosmological constraints may also apply; see e.g. Refs. [527-529].) Our
previous nanowire bounds [435], updated to incorporate in-medium effects via the di-
electric formalism, are indicated by dot-dashed blue curves. Notably, our prototype
detector already provides the strongest constraints to date on the electronic interac-
tions of sub-MeV (sub-eV) DM via scattering (absorption) processes, with an exposure
of only 4.3ng x 180h or equivalently 8.8 x 10~ kgyr. We also show projections for
future SNSPD experiments with larger exposures in NbN and Al detectors. All bounds
and projections are given at 95% confidence level (C.L.) for one-sided Poisson statistics
and computed using the Lindhard model for the dielectric function [468], which agrees
well with available measurements at zero momentum transfer.

Scattering results are shown in terms of a reference scattering cross section
O = % ,ugxgggi [(aEMme)2 + mi] _2, where e, is the reduced mass of the DM-electron
system; g, and g, are the couplings of the mediator to the electron and DM, respectively;
and apyv &~ 1/137 is the fine structure constant. Absorption results are shown in terms
of the size of the kinetic mixing k of a dark photon—essentially its coupling to the
electromagnetic current. We take the Fermi energy Er to be 7eV in both WSi and
NbN, and we take the densities to be 9.3 g/cm? and 8.4 g/cm?, respectively. The Fermi
energy and density of Al are taken to be 11.7eV and 2.7 g/cm?, respectively. We assume
a local DM density of 0.3 GeV /cm? with velocities distributed according to the Standard
Halo Model, i.e., with probability density fy(v) o< ©(vesc — |v]) exp [—(v + vg)?/v3].
We take vg = 220km/s, vg = 232km/s, and vesc = 550 km/s.

The impressive reach for scattering and absorption at the smallest masses is
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due to the low device threshold of 0.73 eV, assisted by its low dark count rate. Future
realizations of this experiment may be able to achieve substantially lower thresholds,
sensitive to much lower masses. The projections for the reach of future NbN detectors
assume thresholds of 248 and 124 meV, which would extend the experimental reach to
DM masses of order 50-100keV. Indeed, sensitivity at the 10 pm-wavelength scale—
corresponding to a 124 meV threshold—has already been demonstrated in SNSPDs [509].
We also show the projected reach for a superconducting Al detector with a 10 meV
threshold. Such a detector would be capable of detecting DM with mass of order ~keV,
below which structure formation considerations rule out fermionic DM [364, 489, 490].
Solid curves are computed neglecting thin-layer effects, i.e., treating the detec-
tor as a bulk volume. Dashed and dotted curves show the projections including these
effects: dashed curves neglect dissipation in the other layers, following Ref. [520], while
dotted lines incorporate this dissipation in the most conservative form. (See Appendix E
for details.) Geometric effects do not significantly affect the reach of the constraints for
the current experimental configuration, but these effects are an important consideration
for future experimental design: thin-layer effects were not exploited in the original de-
sign of the prototype, and have arisen incidentally from the necessarily low-dimensional
structure of SNSPDs. Sensitivity of the WSi detector layer to deposits in other layers of
the device may allow for enhanced reach even at high DM masses, effectively increasing
the detector volume. Such sensitivity may be possible for deposits far above threshold,
and could be quantified experimentally. Deliberate optimization of the target geometry
may enable even more significant enhancements, particularly in the absorption rate.

The geometric effects included in this chapter are estimated in a simplified
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framework. We do not quantify the geometric effects on the absorption rate here, and
in the case of scattering, additional corrections may arise from the lower layers of the
geometry in Fig. 10.2 or from local-field corrections [530, 531]. The accurate impact of
the geometry of the device on the DM interaction rate can be quantified experimentally

in a robust manner, and is expected to further improve the reach.

10.4 Discussion

We have reported on a new search for DM—electron scattering and absorption
in a prototype SNSPD detector. Our results place the strongest terrestrial constraints
to date on DM-electron interactions for sub-MeV (sub-eV) masses for scattering (ab-
sorption) processes. This is the first time that superconducting detectors have been used
to probe unconstrained parameter space for DM scattering, a crucial milestone in the
program of light DM searches that heralds significant collaboration between the DM and
quantum-sensing communities. The constraints presented in this chapter are computed
using the dielectric function formalism, accounting for the many-body physics of the de-
tector material, and we have also accounted for geometric effects that can significantly
enhance the predicted DM interaction rate.

Our small-scale prototype is able to exceed previous experimental constraints
thanks to the remarkably low 0.73 eV threshold of the SNSPD detector, along with its
extremely low dark count rate. Future iterations of this experiment promise to reach
even lower thresholds with even lower dark count rates. At present, we place constraints

on DM interactions assuming that the dark counts are due to backgrounds. In the future,
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experimental improvements will allow the use of rate modulation [532, 533] and possibly
even spectroscopic measurements [516] to differentiate between backgrounds and a DM
signal. The SNSPD platform is being heavily developed for numerous applications in
quantum sensing and precision metrology, and given the rapid pace of development,
Figs. 10.4 to 10.6 can be treated as a realistic indication of the reach of future experi-
ments. The Al projections, with their 10 meV thresholds, represent an ambitious target:
achieving such thresholds will require considerable technological development, but there
is no fundamental obstacle to constructing such a device.

An additional important challenge is to scale the prototype device to a large-
scale experiment. Thus far, SNSPD devices are small: our nanogram-scale prototype is
typical. Sensitivity to cross sections as small as those probed by experiments at higher
DM masses will require significantly larger detectors at the gram scale and beyond.
While the electron lithography techniques used to fabricate our prototype do not scale
easily to larger devices, it is possible that optical lithography or other technologies would
enable the production of a larger detector.

Finally, future experiments will be in a position to leverage geometric enhance-
ments to the interaction rate. Our prototype detector was designed to demonstrate the
capabilities of SNSPDs for DM detection with existing technology and fabrication tech-
niques, and such geometric enhancements were not a design consideration. However, the
theoretical methods introduced by Refs. [488, 520, 521] make it possible to accurately
compute these geometric effects when designing future detectors. The phenomenology
of thin layers and interfaces has been studied thoroughly in the condensed matter liter-

ature, and this should allow for the fabrication of designer materials or heterostructures
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with highly customized dielectric responses. Such materials could feature even larger
geometric enhancements to the DM interaction rate, allowing near-future experiments

to delve deep into uncharted parameter space.
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Closing remarks
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The bright future of dark matter science

I began this thesis by laying out the perilous position of dark matter phe-
nomenology: the field has spent decades preparing for a future that may never be
realized. The viability of the WIMP paradigm continues to dwindle, and we must now
confront the vast space of alternative models. If nature has been unkind, it is en-
tirely possible that the identity of the DM species will be experimentally inaccessible
to us for centuries. Amidst this context, I hope to close this thesis by justifying my
sense of tremendous optimism for the future study of DM, cosmology, and associated
new physics. Notice that I have reverted to the first-person singular: these remarks
are strictly my opinion, and my poor predictions of the future should not tarnish my
collaborators.

First, to set the record straight, any pessimism over the future of particle
physics is extremely premature. After all, the crisis that we face now is less than ten
years old. There are numerous reasonable scenarios in which significant discoveries really
do lie around the corner. I point to history: physics has been apparently stagnant for
long periods in the past, but nonetheless, we have rarely gone more than a few decades
without revolutionary progress.

However, in taking lessons from history, we should be attentive to the typical
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modes of progress after impasse. One lesson is widely acknowledged both in and out of
the field, almost to the point of cliché: that scientific progress is not smooth, but follows
a series of punctuated equilibria, with tensions slowly becoming crises that explode into
Kuhnian revolutions. This has become such a strong expectation for the resolution of
long-standing scientific mysteries that DM phenomenology has become a frequent target
of armchair philosophers of science. If I had a nickel for every time I explained to a
skeptical layperson that particle DM is still the best hypothesis, I would have earned a
sum comparable to the UC Santa Cruz stipend after the average student’s rent.

A less trumpeted conclusion from recent history is that the progress of science
tracks the development of tools more closely than the development of ideas. Most
scientific revolutions can be traced to some new discovery, often a completely unexpected
finding, that was enabled by new instrumentation rather than brilliant theory. For
example, thermodynamics arose as a science in parallel with the development of practical
heat engines in the 18th and 19th centuries. Relativity and quantum mechanics were
each formulated within years of the key experimental inputs. The Standard Model of
particle physics was incrementally constructed as colliders reached higher and higher
scales. Even Newton’s development of classical mechanics quickly followed and built on
advances by Kepler and Galileo, whose work was in turn enabled by the newly-invented
telescope.

This is understandably an uncomfortable notion: it suggests that there are
severe limits on what we can accomplish with sheer cleverness in the absence of exper-
imental methods. More subtly, it stands in opposition to the “great man” theory of

scientific history, since it asserts that the accomplishments of these great men had more
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to do with their time and place than with their unique individual characters. To be clear,
there were certainly rare geniuses who played instrumental roles in scientific history—I
would not dispute that. But it should be clear that if any of these rare geniuses had
never lived, scientific progress would not have been long delayed. (For instance, if any-
one would claim that Newton was irreplaceable in scientific history, Messrs. Hooke and
Leibniz would famously beg to differ.)

What does this have to do with the future of DM science? To me, it suggests
that the most pragmatic path forward is to bring new tools to bear on the problem,
and to rapidly explore wide swathes of parameter space, looking for a surprise of any
kind. Formal theory and phenomenology for its own sake is extremely important, but
we should recognize that our field has vast reservoirs of creativity that are more than
adequate to the task of positing explanations for the phenomena that we already ob-
serve. Indeed, this underlies what some consider to be a distressing overproduction of
theoretical results in particle physics. The challenge for the future of DM, and particle
physics more generally, is to connect particle physics model space with a broad new set
of experimental and observational tools.

This is a fundamentally different exercise from the bread and butter of the
last four decades. In the past, the field had a very strong prior for the nature of DM,
and a very clear idea of what would constitute the next step in its characterization:
the detection of DM particles in an laboratory experiment, perhaps, or a clear collider
signature. There was a straight and narrow path towards writing down the Lagrangian
of the dark sector. Even at my most optimistic, I admit that we may still be many

years away from accomplishing that feat. But such a detailed characterization of DM
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microphysics does not need to be our immediate goal. Generic constraints are still
extremely powerful, and ultimately shape our concept of DM.

However, such a broad goal presents significant challenges for the design and
implementation of experiments. What can we use to build our prior for “reasonable”
DM models? After all, broadening the search does not mean discarding all scruples.
Simple, concretely realizable models are still the best motivated. The laziness of nature
is our best guiding principle, even if scientific history does not adhere to it as a rule.
But parsimony does not substantially distinguish many classes of “miraculous” models
that lie across the viable DM mass range, and that is precisely why the next generation
of experiments must search for a broad variety of representative models across the
spectrum.

(Here it is worth remembering that parsimony provides one of the strongest
pieces of motivation to search for DM in the first place. Consider that we already know
a tremendous amount about the DM species from astrophysics and cosmology. Why
bother pursuing its mass, spin, and couplings, other than for academic reasons? The
most direct answer is that we would be extremely surprised to find that the nature of
DM has nothing to do with any of the other open problems in particle physics and
cosmology. That, too, is parsimony in action.)

With these grand principles in mind, what I have attempted to do in this thesis
is to advance the connective tissue between new tools and new physics. I have argued
in the foregoing chapters that new astronomical observables, new gravitational wave
probes, and new quantum sensing capabilities open up powerful opportunities to probe

DM models across the spectrum. Ultimately, I hope that one of these new observables
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will find something surprising—perhaps something not even connected directly to DM,
but nonetheless something that spurs a new set of questions.

Looking at recent history, I would be astonished if no grand surprise appeared
on the timescale of my career—and that is what underlies my optimism. I do not know
if I will live to know the mass, spin, and couplings of the DM particle. But I do expect
to see new positive qualitative statements about the nature of DM, and I do expect to
see the field reorganize around new and promising lines of inquiry.

And now, I must emphasize that one such grand surprise might be the revival
of the SUSY WIMP. Despite general pessimism in the field, the parameter space is
extremely broad, extremely complicated, and far from exhausted. SUSY remains an
remarkably well-motivated paradigm, both in general and at the weak scale specifically.
My personal focus on broadening the search for DM is not blind to this possibility.
Indeed, if WIMPs are discovered, that will be the start of an exciting era, and by no
means the end of a broad search. The WIMP theory space is sufficiently complicated
that broad tools will still serve an important role even if these waning ideas turn out to
be substantially correct. Such a development would put us back in the shoes of particle
physicists from the 1970s and 1980s, in exciting times when our tools turned out to be
so much more capable than we had a right to hope.

Finally, I stress that the tools discussed in this thesis are only a small subset
of the new tools that may be available to us in the near future. Since methods devel-
opment is driven by adancements in parallel fields, it is interesting to consider the DM
applications of areas that are advancing rapidly today. Notably, the coming decades

should see extraordinary advances in both quantum information science and machine
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learning, and these are already quietly revolutionizing many areas of physics. Methods
from quantum information science have already made their way into direct detection
techniques, and machine learning undergirds many analysis methods in collider exper-
iments and astronomical surveys. It is a sure bet that we have yet to realize the full
power of these and other nascent tools in the DM community.

So, despite the viability of nightmare scenarios, I remain extremely optimistic.
DM physics is undergoing a kind of phase transition: in the coming years and decades,
a vast range of uncharted territory will be probed by new kinds of experiments, and new
methodological ideas will transform our search. I cannot predict what these new tools
will discover, and I hardly dare to hope that they will serve us the DM Lagrangian on a
platter. But I do hope and believe with reasonable confidence that interesting surprises

are not far down the road.
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Appendix A

Numerical validation of PBH abundance

optimization

Given a set of constraints, it is also possible to use numerical methods to find a
mass function which maximizes the PBH density. There are significant caveats to such
an approach. Most importantly, a maximization algorithm may converge to a local
optimum rather than a global optimum. Additionally, computational costs may render
numerical approaches impractical unless the functions involved are discretized sparsely.
Even so, numerical optimization can be used to validate our analytical results: if the
same set of masses is used for discretization, then the numerical result should never
reach a greater normalized mass (cf. Eq. (1.19)) than that of our corresponding semi-
analytical result. Numerical methods can also be used to check that our semi-analytical

optimum is a stationary point of the normalized mass functional.
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A.1 Direct validation

We implement these validation steps using a simple Monte Carlo algorithm, as
follows: we begin with an initial mass function of the form (M) oc M1, which assigns
equal PBH density to each log-spaced mass bin. We then perturb the value of ¢y in a
random bin k by a value selected from a Gaussian distribution with mean 0 and variance
o%4pg(My)?, where o is a parameter of the maximization. We denote the resulting mass
function by ¢ (M). If 1 (M) > 0 and M1] > M), we accept the step, replace
1o by 11, and repeat. For simplicity, we do not accept any steps which reduce the
normalized mass. This is not necessary in order to test whether our semi-analytical
optimum mass function is a stationary point. We also reject steps which increase the
normalized mass by less than 1071° to avoid exceeding the numerical precision of the
semi-analytical result.

In order to make the problem numerically tractable, we use only 10? log-spaced
mass bins. This discretization is different from the one used in Table 1.1, and it does
not capture sharp features of the constraints. Consequently, in order to compare the
numerical results with semi-analytical results, we regenerate the semi-analytical mass
function with the same discretization. Note that this affects both the form of the optimal
mass function and the calculated fiax anl-

We implement the numerical optimization with o = 1072. In what follows, we
denote the numerical mass function by ¥y, and the semi-analytical optimum by ga .
The left-hand side of Fig. A.1 shows fppy for the numerical mass function at each step

as a fraction of the semi-analytical fraxan. The numerical fppu converges to fmax all
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and immediately stabilizes, and in particular, in no step does fppn exceed fmax all-

In principle, ¥n need not converge to ga even given that fpgy converges
t0 fmax,all, since the mass function with maximal density is not necessarily unique.
However, in the top-right panel of Fig. A.1, we show that ¢n tends to ¥gs in the
L? norm. To compute this distance consistently, we treat the Dirac deltas of 1)sa as
constant functions in their respective bins. As an additional test of convergence, we
compute the acceptance rate, i.e., the fraction of steps which are accepted, during each
window of 10* iterations. The acceptance rate vanishes as 1n approaches tga, which
further demonstrates that g is a stationary point of the normalized mass.

The numerical and semi-analytical mass functions are shown in Fig. A.2. In
order to compare Dirac deltas with the smooth mass function ¢, the figure shows the
integral of the mass function in each bin rather than ¥y and ¥ga themselves. It is clear
that in this case, the numerical algorithm converges to the semi-analytical optimum.
We have established via analytical arguments that this is not simply a local optimum,

but indeed the global maximum of the normalized mass.

A.2 Sensitivity to the constraint prescription

Our analytical work is based on the prescription of [39] for evaluating con-
straints on extended mass functions. Since other prescriptions have been considered in
the literature, it is important to determine the robustness of our results to variations on
the constraint prescription. Assessing this analytically is intractable, as it requires the

development of independent analytical frameworks for even slight modifications. How-
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Figure A.1: Left: fppu attained in each step during numerical maximization, shown as
a fraction of the semi-analytical fiaxan. The dashed red line indicates fppH = fmax,all-
Right top: L? norm of the difference between vx (numerical) and 1sa (semi-analytical)
mass functions for each step, shown as a fraction of ||¢)ga||. In computing the norm,
1gp is treated as a step function on the mass bins. Right bottom: acceptance rate in
bins of 10* steps.
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Figure A.2: Blue: numerically-optimized mass function v after 10% steps. Red: semi-
analytical optimum gs. Each curve shows the integral of the mass function in each
bin, i.e., the total contribution of that bin to fppy.

ever, numerical methods allow for a comparison of the bounds we obtain analytically
with those that would result from any other specified prescription. We thus perform
numerical optimization under the prescriptions of [40] and [29], and compare these with
our semi-analytical results.

The situation is particularly simple for the constraint prescription of [40]: the
major difference is that a mass function is allowed if it is allowed according to each
individual constraint, rather than according to their statistical combination. Thus, the

normalized mass M[t)] is replaced by

J dM (M)
max;—1,.. N Cj[1h]

M) = (A.1)

It is straightforward to implement numerical optimization with respect to M [¢] in place
of M[¢]. For the case shown in Fig. A.2, these two numerical maxima agree to within
1%.
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We also implement the constraint procedure of [29], for which the constraints
are treated as step functions on a set of mass bins. There is no universal prescription
for the size of the bins across all constraints, but they should be chosen small enough
that the minimum of each constraint function is not very different from its maximum

within any single bin. Altogether, the procedure is as follows:

1. The mass range is divided into bins Iy, ..., I,.

2. In each bin, the dominant constraint is identified. If a bin captures the transition

between two dominant constraints, the bin is subdivided at the transition point.

3. We evaluate the constraint of Eq. (1.2), considering only the dominant constraint
in each bin. We treat v as a smooth function, using a more refined set of bins for

its numerical representation.

As in Appendix A.1, we take a relatively coarse binning of the mass range for numerical
testing purposes. We have evaluated the maxima attained for a range of different
constraint bin counts, and we find that our determination of fyax an is robust to changes
in binning at the 10% level.

We note as well that prescriptions of this kind have been criticized in the liter-
ature for the fact that it is not trivial to determine the range of validity of the individual
constraints, and hence to determine the limits of integration for each constraint curve
in Eq. (1.17). This is indeed a concern when individual constraints are considered, and
it introduces significant potential uncertainty in cases where there are masses for which
all constraints are at the edge of their range of validity. In these scenarios—for instance,
with the constraints of set A—there are effectively “windows” in the constraints that
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make any upper bound on the density of PBH quite uncertain. However, in the other
cases that we consider, the dominating constraints in a given mass range generally in-
tersect well within their respective ranges of validity. Thus, modifying the limits of

integration does not substantially impact our results.
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Appendix B

Distribution of SMIBH binaries

The prediction of the SGWB spectrum relies on the statistical properties of
the sources, which must be extracted from astronomical observations. This enters into

the calculation of Eq. (5.2) via the quantity

dng dng

= B.1
dzdX  dzdM;dMy’ (B-1)

where ng is the comoving number density of SMBH binaries. The parameter distri-
butions of such binaries are not measured directly. Instead, observations measure the
population statistics of galaxies and the rate at which these galaxies merge. Following
Ref. [276], we combine these data with observational relations between galaxies and
SMBHs to infer the properties of the SMBH binary population.

This process can be carried out in many different ways, using different astro-
nomical datasets and SMBH-host relations. We now detail the method we use to predict
the observed SGWB. As detailed in Ref. [276], the various prescriptions introduce an
order-of-magnitude uncertainty in the amplitude of the SGWB. The amplitude is rela-
tively unimportant for the present study since we are most interested in modifications
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to the spectral shape. However, note that the spectral shape is in principle sensitive
to the redshift distribution of sources, so uncertainties in the relative populations of
sources at each redshift propagate to (small) uncertainties in the shape.

We infer the distribution of SMBH binary mergers from the distribution of
galaxy mergers, under the assumption that each galaxy hosts an SMBH with mass
related to the galaxy mass. Given an SMBH mass M;, we will denote the host galaxy
mass by MiG. To better conform with the astronomy literature, we let M7 denote the
mass of the heavier SMBH, and we use the mass ratio ¢ = M§' /M < 1 instead of M§*
directly. We write the differential merger rate of galaxies per unit comoving volume as

ang _ o0MF2) 1 AF(ME.gat

dzdMFdg  MSElog107(z, ME, q) dg dz

(B.2)

Here dt/dz converts the rate with respect to time into a rate with respect to redshift;
¢(Mg) = dng/dlog;y Mg is the observed galaxy mass function as reported in the
astronomy literature; 7(z, MlG, q) is the merger timescale of a given galactic pair; and
F(z, Mg, q) is the differential pair fraction, i.e., the fraction of galaxies of mass Mg in
binaries with mass ratio ¢ at redshift z. We take the pair fraction directly from Ref. [287].
We take the galaxy mass function for z > 0.2 from Ref. [284], and we interpolate from
z = 0.2 to the z = 0 mass function of Ref. [285]. We take the merger timescale 7 from
Eq. (10) of Ref. [534], and following Ref. [276], we include an additional factor of =3
We assume that the resulting SMBH binary merges instantaneously, so that Eq. (B.1)
and Eq. (B.2) are equivalent up to the change of variable (My, Mz) + (M, q). In other
words, we compute the characteristic strain as

dng fs  dEgw 3H§
dzdMPdgl+2z dfs MlG,q27T2Pcf2.

RE(f) = / dzdMy dgq (B.3)
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Figure B.1: Differential contribution to the squared amplitude of the SGWB as a func-
tion of Mj and z in the gravity-only case. Here M; denotes the more massive component
of the binary.

To relate the galaxy mass to the SMBH mass, there are two steps: first, we
estimate the stellar mass of the galactic bulge, Myyge. Second, we use the scaling
relation of Ref. [286] to determine the SMBH mass from the bulge mass. We approximate
the bulge fraction fiyge = Mpuige/Mc as a function of Mg, following Ref. [276]: the
bulge fraction should be ~0.9 for galaxy masses above 10 My, and ~0.25 for galaxy
masses below 10'° M. We smoothly interpolate between these two bulge fractions as
foulge(Mc) = 0.55 — 0.22tan"1(4 — 1.3 x 1071Mg/Mg).

This approach is useful for making a simple estimate with appropriate redshift
and mass ratio dependence. However, certain choices must be made to arrive at a

single prediction of the SGWB amplitude: Ref. [276] computes many projected strains
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based on different observed mass functions, pair fractions, and scaling relations. These
estimates span more than a decade in Agw, but the values are slightly lower than other
estimates, and are used as a “pessimistic” projection by the NANOGrav Collaboration
[255]. Therefore, when following the calculation of Ref. [276], we make an optimistic set
of choices to bring the normalization of the SGWB into line with the scenario considered
to be “moderate” by the NANOGrav Collaboration. In particular, as discussed in that
work, we add the uncertainties to the fitted mass function parameters and further add
0.1 dex (i.e., multiply by 10%!) to account for systematics. We likewise add the scatter
in the SMBH-host scaling relations to the fitted parameter values. We determine the
masses of the SMBHs from the properties of the merged galaxy using the “double
accretion” prescription of Ref. [535].

Figure B.1 shows the differential contribution to the squared amplitude Aéw
of the SGWB as a function of M; and z in the gravity-only case, i.e., the integrand of
Eq. (B.3) evaluated at f = 1yr~!. This indicates the relative contribution of different
masses and redshifts to the SGWB signal given the observational data and scaling
prescriptions used in this chapter. In particular, Fig. B.1 demonstrates that the signal
is dominated by binaries with primary masses between 108 M and 10° M, and redshifts

2z <0.3.
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Appendix C

KOTO simulation

In this appendix, we provide details of our calculation of the quantity R intro-
duced in Eq. (6.23). R is the acceptance of the K;, — SP — 7YPP signal relative to
the SM K — 77 acceptance at KOTO. Our calculation is based on a Monte Carlo
simulation following steps similar to the ones described in [321, 332].

The layout of the KOTO beamline and the KOTO detector is described e.g.
in [536]. We start by generating Kj momenta, pg,, and K decay vertex locations,

2K, , based on the distribution

(21, — Zexit)mKL> 7 (C.1)

f(pKL7ZKL) X g(pKL) X exXp <—
TKPK;,

where zexit = 20m is the distance of the beam exit from the target and g(px, ) is the
measured K, momentum distribution at the beam exit from [536]. We include a small
transverse component of the Kj; momentum such that the beam profile at the beam
exit is constant within an 8.5cm x 8.5 cm square and zero outside [536].

In the case of the SM decay, we generate pion momenta using the K — =
form factor from [537]. In the case of the K; — SP — 7°PP decay, we first generate
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momenta for S, based on the fixed energy of S in the Ky, rest frame, Eg = (m%(L +m§ —
m%)/(2mg, ). We then decay S with a decay length distribution that is determined by
the S — 7P and S — 3P partial widths. The pion momentum is generated based on
the known pion energy in the S rest frame, Eo = (m% +m2, —m%)/(2msg).

Both in the SM case and the NP case, we let the pion decay promptly into
two photons, each with energy E, = m,0/2 in the pion rest frame. We reject events
with photons produced less than 2.5m after the front face of the front barrel (which
starts 1.507m after the beam exit), as they would be rejected by photon veto collar
counters. All other photons are propagated to the calorimeter located 6.148 m after the
front face of the front barrel [536]. The energy and location of the detected photons in
the calorimeter is smeared using the parameters given in [538].

Based on the smeared energy and smeared location of the photons in the
calorimeter, the transverse momentum and decay vertex location of the pion is inferred
following the procedure described in [536]. If there is more than one solution for the ver-
tex location in the decay volume, we pick the location further away from the calorimeter.
We then perform the event selection as in [319], taking into account all cuts but timing
and shape related cuts and the trigger related cut on the center of energy deposition.
We use the updated signal region in the plane of the inferred pion transverse momentum
and the pion decay vertex location from [320].

The results for R in our benchmark scenarios are shown in Fig. 6.3 as function

of the S lifetime.
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Appendix D

Derivations and details in the dielectric

formalism

In this appendix, we provide a number of derivations and further details to
support the results in chapter Chapter 8. Appendix D.1 derives our main result for
the DM scattering rate in terms of the loss function. Appendix D.2 outlines a number
of simple analytic models for dielectric functions in various materials, and compares
them to measured data for Al (representative of an ordinary superconductor), Si (a
typical semiconductor), and URusSis (an example of a heavy-fermion superconductor
with meV-scale plasmons). We compare the free-electron gas (FEG) model for Si to
the spectrum computed using crystal form factors generated by the publicly-available
QEdark code [368], and show good qualitative agreement in the range 5-15e¢V. Ap-
pendix D.3 is devoted to a detailed comparison of our results for superconductors with
other results in the literature, justifying our claim of a stronger reach by several orders

of magnitude compared to previous estimates, and gives the projected reach for heavy
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mediators.

D.1 Scattering rate in terms of the loss function

Here we derive Eq. (8.1) and show how the scattering rate for all spin-independent
DM-electron interactions is governed by the loss function. Suppose DM couples to elec-

trons through a low-energy Hamiltonian of the form
Hip =Y V(iy — 1), (D.1)
i

where the sum runs over all electrons in the target. Fourier transforming the potential,

3 . ~ ~
Vi i) = [ et V() (D.2)

we can write the interaction Hamiltonian as

~ 3 . A
i = [ e V(@) (D3)

where the momentum-space electron density operator is defined as
p(q) = / BPx Y S(x — By)e X =Y el (D.4)
i i
By Fermi’s Golden Rule (equivalently, the Born approximation), we can compute the
transition rate I'(vy) from the ground state |0) for a given incoming DM velocity v,
treating the incoming and outgoing DM as plane waves with energy and momentum

(Ey,py) and (E},p)) respectively. We take the ground state to have zero energy
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without loss of generality. The transition rate is given by [436]

o 2
T(vy) = Y _|{f: Py | Hint0; py) | 276 (wy + B — Ey)
7

3
:/(;1%()13’V(q)|22‘<f‘[)(q)O>‘227T6(Wf—wq)7 (D.5)
f

where |f) is a final state with energy w; and the sum runs over all possible final states
of the system, and we recall that

2

q

Note that the only assumption that was made here was that ﬁim is sufficiently weak
compared to the unperturbed Hamiltonian Hy of the target system; this is the case
in Ref. [460] for ordinary electron-electron scattering, so it must be the case for DM-
electron scattering where the couplings are much weaker. Note this implies one cannot
directly apply our result to regions of parameter space where DM and electrons are
strongly coupled, as would be relevant for regions in parameter space where DM may
not reach underground detectors due to multiple scattering [424-426, 429, 434].

The insight of Ref. [460] is to relate the density matrix element |(f|5(q)|0)|?
to an experimentally measurable quantity, the dielectric function e(q,w). The dielectric
function is defined as the linear response of the target to the longitudinal electric field of
a test charge. For simplicity and to elucidate the formalism, in this chapter we consider
the case of an isotropic material where the dielectric function is a scalar rather than
a tensor, and relegate the treatment of the anisotropic case to upcoming work [470].
Since a test charge will also perturb the electron density of the target, it can be shown

that this is equivalent to defining the dielectric function as a density-density correlation
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function [539]. Of course, the electrons will also couple to ions, and strictly speaking
the ion density operator should also appear in the measured loss function. In what fol-
lows, we will assume that these contributions are negligible, which is the approximation
always made in the condensed matter literature. This assumption makes our formalism
independent of the DM coupling to protons or neutrons, and even if ion contributions
are significant, the measured loss function will give exactly the correct rate for a dark
photon mediator.

Because the dielectric function is defined as the linear response of the sys-
tem, the same assumptions are implicit in the setup of [460] (with an electromagnetic
probe) as are present in the DM scattering setup: the test charge interactions are weak
compared to the internal interactions Hy. Therefore the Coulomb potential of the test
charge may be factored out in Fourier space, separating the (weak) perturbation due to
the probe and the (possibly strong) response of the system to such a probe. The result
is [460, 539]

1

2
- 0 2 wWr —w). .
I (‘M) -z ij\<f|p<q>\o>} (s — ) (D7)

Here we are using Heaviside-Lorenz conventions for the electron charge e as is common
in high-energy physics, which differs from the Gaussian unit definition common in con-
densed matter physics by a factor of v/47r. (Note also that Eq. (9) of [460] is missing a
factor of m.) Plugging Eq. (D.7) into Eq. (D.5), we obtain our main result, Eq. (8.1).
For reference, the sum over final states on the right-hand side of Eq. (D.7) is (up to
factors of 7) conventionally defined in the condensed matter literature as the dynamic
structure factor.

Notice that we have made no assumptions whatsoever about the character of
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the final state |f). It is an exact eigenstate of the (in general very complicated) many-
body condensed matter Hamiltonian, and the only requirement is that it represents some
rearrangement of the electrons in the target so that it has a nonzero matrix element with
the electron density operator with respect to the ground state. In this sense our treat-
ment is distinct from Ref. [436], which defines a general dynamic structure factor (with
slightly different normalization compared to the condensed matter conventions) very
similar to the sum in Eq. (D.5), but one which is excitation-specific and requires quan-
tization in terms of single-quasiparticle states in the case of electron scattering. When
all many-body states are included, the structure factor defined in Ref. [436] for electron
scattering is identical to the loss function defined through the complex dielectric func-
tion, is directly measurable without the need to compute single-particle wavefunctions,
and automatically includes all in-medium effects. (Our formalism is philosophically
similar to Ref. [540], which parameterizes non-relativistic potentials using only general
principles such as the Kallén-Lehmann spectral representation, without relying on the
assumption of the perturbative exchange of a single mediator.) On the other hand,
the formalism of Ref. [436] is useful when DM couples differently to electrons, protons,
and neutrons than the photon, in an energy regime where density perturbations to
both electrons and ions are relevant, as might be the case for sub-gap single-phonon
excitations.

Finally, we note that other UV Lagrangians considered in Ref. [446] also gen-
erate non-relativistic potentials which couple to the electron density, but are often ac-
companied by other spin- or momentum-dependent operators which may complicate our

arguments, so we focus on the case of spin-independent scattering. In particular, if DM
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is a Dirac fermion x which couples to a scalar ¢ of mass my through the scalar current
L D gy dxx, or to a vector V,, of mass my through the vector current £ O g, V,Xv"x,
and if the mediator couples to electrons in an analogous fashion but with coupling ge,

the resulting potential is the same in both cases [446]:

9xYe
Vig) =V(g) = 55—
q +m¢7v

(D.8)
Similar formulas apply when DM is a complex scalar. Note that in contrast with
Ref. [446], we leave the DM-electron coupling as its ‘bare’ value and place all in-medium
corrections to this coupling entirely within the loss function. In the case where g. e,
as would be the case for a kinetically-mixed dark photon mediator or when the DM is
millicharged, the factors of 1/e? cancel in Eq. (8.1) because the DM-induced pertur-
bation to the electron density is exactly proportional to an ordinary electromagnetic
probe.

For completeness, we give the expression for the energy spectrum from DM-

electron scattering,

drR Px

3 2
dw  272e2prm. min 9 bl D
dw  2n%e2prmy dg ¢’V (9) (g, w)n(vmin(g, w)) (D.9)

where pr is the mass density of the target, 7(vmin) is the mean inverse DM speed

fvmin d3VX f(vy)/vy, and vmin = %—i— ﬁ is the minimum DM speed required to produce
an excitation with momentum ¢ and energy w for DM of mass m,.. To compare with the
literature, we take f(v,) to be the standard halo model with dispersion vy = 220 km/s,
escape velocity vesc = 550 km /s, and Earth velocity vg = 232km/s in the galactic frame.
Integrating Eq. (D.9) over w within the dynamic range of a given experiment gives the

total scattering rate.
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D.2 Models and measurements of the loss function

In our formalism, the detector response and its influence on the scattering rate
are entirely captured by the complex dielectric function €(q,w) via the loss function
W of Eq. (D.7) and Eq. (8.2). In principle, this quantity is directly measurable with
electromagnetic probes in a given material. However, most measurements presently
available in the literature are made at values of (q,w) different than those of interest for
the detection of light DM (see Fig. 8.1). Thus, for a first estimate of the scattering rate,
we employ analytical approximations to the dielectric function. Important consistency
checks can be implemented based on the fact that e~! is defined as a causal correlation
function, and thus must have certain analytic properties. In particular, the following
two ‘sum rule’ relations are satisfied exactly by W(q,w) in the limit of an isotropic

system [541]:

/0 dwwW(q,w) = 5 (D.10)
T R AAC T (D.11)

Equation (D.10) is effectively a manifestation of charge conservation, which explains

the appearance of the plasma frequency

wh = , (D.12)

which is proportional to the total electron density n. in the FEG limit, while Eq. (D.11)
follows from causality. Causality also implies that W(q, —w) = —W(q,w) [541], which
has important consequences for the projected reach in superconductors, as we will see
below.
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D.2.1 RPA dielectric function for a homogeneous electron gas

An analytic form for the dielectric function of a homogeneous electron gas can
be derived from first principles under the random phase approximation (RPA). Here a
word about terminology is in order: screening effects arise from Coulomb interactions
between electrons, but in RPA these are embodied in the total scalar potential for the
system which is solved for self-consistently [541]. Thus RPA captures only a certain
subset of electron interactions without including electron-electron interactions directly
in the Hamiltonian; in QFT language, it sums the series of ladder diagrams constructed
from the 1-loop vacuum polarization to obtain the resummed photon propagator, but
does not include higher-loop diagrams involving additional electron lines. This is the
sense in which the electrons are treated as ‘free’ and egpa is sometimes referred to as
the dielectric function for the free electron gas (FEG). Below we will consider further
improvements to this approximation.

The resulting dielectric function at zero temperature is given by Eq. (5.4.21)

of Ref. [468] as

T
3wp [1 kg q R TR
€rPA(Q,w) =1+ =+ = 1—( £ e
( ) UF { 9 4(] QkF qu 21€F _ wHilp 1
q
q

qUF

w+il'p
kg q W+F kp + qup +1
— — L . (D.13
+ 4(] ( (2]{]? + qup ) ) 08 <k + wtil'p, 1 ( )

qUF

Here Log denotes the principal value of the natural logarithm, kr and vg are the Fermi
momentum and Fermi velocity respectively, and I'j, is a free parameter controlling the

width of the plasmon which can also be interpreted as a quasiparticle lifetime. The
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plasma frequency can also be written in the form

_ ATRUR _ VR [€ 3\1/4
wp ="t = L = (2Brmd)"] (D.14)

where \rp is the Thomas—Fermi screening length. We expect the zero-temperature RPA
result to be an excellent approximation for w > 2A, where 2A is the superconducting
gap. As mentioned in the main text, this approximation ignores possible enhancements
to the loss function from scattering off of the condensate at energies near or below the
gap, which will be considered in future work [470]. In the literature, Eq. (D.13) is known
as the Lindhard dielectric function, though Lindhard’s formalism may also be applied
to semiconductors as well as metals; in what follows, we will use the terms ‘Lindhard,’
‘RPA, and ‘FEG’ interchangeably to refer to Eq. (D.13).

Observe that the arguments of the logarithms in Eq. (D.13) are in general
complex. For some values of ¢ and w, these arguments lie along the negative real
axis in the narrow-width limit I, — 0, and the imaginary part of ¢ then depends
crucially on the choice of branch. The branch choice is fixed by the causality condition

W(q, —w) = —W(q,w), which is automatic for positive real values of I',, but the I'), — 0
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limit is non-trivial. The causal result is given by Eq. (5.4.22b) of Ref. [468] as

ReeRpA(q,w)_l—i-? <2+4q(1—Q_)log Q- —1 +Zq(1—Q+)10g Q+_1 >a
(D.15)
2w/vp R+ <1
ng
Im egpa (9, w) =~ PN 3kp(1-Q%) /4 Q- <1< Q4 (D-16)
0 Q-] > 1.

where Q4+ = % + quF. The acausal branch prescription was employed in Ref. [370],
which as we will see in Appendix D.3 below, artificially suppresses the scattering rate
for low DM masses.

The imaginary part of the Lindhard dielectric function naturally contains the
plasmon as a Lorentzian peak at w = w, of width I',. For the purposes of light DM
detection, kinematics favor energy deposits w < wp. The plasmon has then typically
been neglected in the literature in the computation of the scattering rate, i.e., the rate
is computed in the limit I', — 0. However, for realistic values of I',, the tail of the
plasmon peak may significantly contribute to or even dominate the loss function at the
relevant values of w.

For DM—electron scattering in semiconductors, if the deposited energy is O(5eV)
or greater, the minimum momentum transfer is ¢ 2 5keV independent of the DM mass
(see Fig. 8.1 in the main text). Since kp ~ 2w/a ~ 5keV for typical interatomic spac-

ings a, this means that the behavior of this part of the spectrum will be determined
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by the loss function in the region ¢ 2 kp. For these values of ¢, the DM is probing
length scales smaller than the distance between lattice sites, so we might expect that
the inhomogeneities due to the lattice become unimportant and the response is simi-
lar to a FEG. For ¢ > 2kp the loss function peaks when Q_ = 0, corresponding to

2 2 . . . . .
w=LE = 9 which is elastic scattering from free electrons at rest. For a given ¢
Qkp 2m5 ? i

the loss function is nonzero over a range Aw ~ 2qur around the peak, reflecting the
fact that electrons at the Fermi surface have a nonzero velocity. Note however that
the loss function vanishes when |Q_| > 1, which can happen for sufficiently small w at
sufficiently large g. This is an artificial feature of the FEG which is not present in semi-
conductors, where the valence (and core) electron wavefunctions have a tight-binding
character with a momentum-space tail that extends to arbitrarily large values. This
regime corresponds to q 2 Zeg/ag ~ 15keV where ag is the Bohr radius and Z.g ~ 4 is
the effective nuclear charge felt by the valence electrons in Group 14 elements (carbon,
silicon, and germanium). The large-¢ behavior is especially apparent in some materials
like germanium, where the 3d shell may become energetically accessible for w exceeding
the binding energy. A corresponding feature is seen in the spectrum in models using
tight-binding wavefunctions [421] as well as those using density functional theory (DFT)

techniques [368].

D.2.2 Plasmon pole approximation and local field corrections

In the limit that the plasmon dominates, the dielectric function may be derived

by modeling the atomic response as a damped harmonic oscillator. This is known as
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the Frohlich model [542], and the result is

w

2
er(q,w) = €. + L .
¢ (W —w?) —iwly

(D.17)

Here €. denotes the contribution from core electrons, which is assumed to be independent
of q and w, and wy, is an average band gap which can be set to zero for metals. The
corresponding loss function features a Breit—Wigner-like peak, with the form

2
wpwl'p

Wr(q,w) = (D.18)

&2 (w2 +wi/e —w?)” + w2
This function satisfies the sum rules of Egs. (D.10) and (D.11) with €, = 1 and w, = 0.
Note that this form of the loss function is linear in w for w < wy,.

The low-energy loss function is also subject to effects which are not included in
the Lindhard dielectric function. Ref. [464] (hereafter denoted ‘GSRF”) fits the plasmon
in aluminum including a local-field correction and accounting for the polarizability of

atomic cores Ycore, resulting in a dielectric function of the form

EG(qv w) =1+ [w + er(q)] [ERPA(C],U)) -1+ 47TXCOI‘6] -

6RPA(qy w) -1+ 477Xcore

w (1 —G(q)[erralq,w) —1]) +il'y(q) (1 — G(q) [erpa(q, 0) — 1])

where G(q) is known as the exchange parameter and arises in the microscopic theory
from 1-loop corrections to the electron-photon vertex [541]. Ref. [464] provides fits to
G and I', as functions of q. Complex values of G' produce damping, which influences
the form of the loss function at small values of w. However, ImG(q) # 0 can lead
to unphysical negative values of the loss function at the smallest values of w, thereby
violating the positivity requirements imposed by the sum rules, and moreover G as
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computed in various microscopic theories tends to be real [541]. Following Ref. [464],
we divide our treatment into two cases, one with complex-valued G (‘damped’) and one

with real-valued G (‘undamped’).

D.2.3 Dielectric function for Dirac materials

Dirac materials are characterized by electrons with the approximately linear
dispersion characteristic of relativistic Dirac fermions, rather than the usual quadratic
dispersion expected at a band minimum. In real materials, there are typically two
such bands, one below and one above the Fermi energy, with dispersions Fy (k) =
+4/v Fk2 + A2, Here, A plays the role of the fermion mass and the Fermi velocity vp
is the analogue of the speed of light; the gap at the Dirac point with k = 0 is 2A.
The band structure may be anisotropic, with different Fermi velocities along different
lattice directions, but for pedagogical purposes we will focus here on isotropic materials;
see Refs. [438, 439] for a detailed investigation of anisotropic Dirac materials for DM
detection.

In the approximation that only two nondegenerate bands contribute to the
Dirac electron spectrum, the dielectric function may be computed using Lindhard’s
formalism in the Bloch wave basis [468]. At zero temperature, with the valence (—)

band full and the conduction (4) band empty, this reads

Vucd?’k 2 q- 2

irac(@, w) = 1+1i — |(k + q; (" k; —
(D.20)
where |k; £) represents a Bloch wavefunction with crystal momentum k in the band — or

+, V is the crystal volume, the factor of 2 is for spin degeneracy, and the integral is taken
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over the first Brillouin zone (BZ) in the continuum limit using the unit cell volume to
regularize the momentum sum, Y, — [ Vie d®k/(27)3. There are some complications
with this procedure in the case of anisotropic materials [438], but it yields an accurate
estimate for the imaginary part in isotropic materials, which is dominated by the small-
est gaps and hence the bands other than the Dirac bands may be neglected. However,
as noted in Ref. [438], Re[e(0, 0)] acts as a background dielectric constant receiving con-
tributions from the entire BZ and thus cannot be reliably calculated analytically. We
may therefore estimate the real part as simply Re(epirac) = k > 1 independent of q and
w over the relevant kinematic range.

To obtain the imaginary part, we may use the identity Im(lim,_o ﬁ)
md(x) and perform the integral using spinor wavefunctions with the matrix element given
in Ref. [375]. Note that this is precisely analogous to performing the phase space integral
over the valence and conduction bands in the single-particle formalism for determining
the scattering rate; the dielectric function allows us to express the results of Ref. [375]
in a more convenient and generalizable formalism. Equivalently, we may recognize that
with the replacements A — m, and vp — ¢, the imaginary part is identical to that of
the 1-loop vacuum polarization in relativistic quantum electrodynamics (QED), which

is proportional to the cross section for v* — eTe™ by the optical theorem [543]. The

result is

Im 6Dirac((L w) 2

2 42 2A2
€ 1 <1 . .
w? —v5q

= - O(w?—v%g?—4A?), (D.21
12mvp wQ—U%qz > (w Urq )7 ( )

where the coefficient e2/(127) is (up to a factor of 7) the familiar 1-loop beta function

coefficient of QED. Indeed, the physics of the dielectric function is the same in Dirac
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materials as it is in the true QED vacuum; the screening of bare charges due to Im(e)
at g ~ 2m, is known as the Uehling potential.

As long as vp is not too small, Im(e) < 1. (Otherwise perturbation theory
would break down, as noted in Ref. [375].) Then if x > 1, we may approximate
Im(—1/¢€) ~ Im(e)/x? and thus

2

e 4A2 2A2
WDiraC(q7w) = m 1- w2 - v%qQ (1 + wg _ U%qg) @(wz_v%q2_4A2)@(wmaX_w)

(D.22)
Setting A = 0 gives Eq. (8.4) in the main text. The last factor may be explained as
follows. In real materials, the Dirac band structure does not extend throughout the
entire BZ, but deviates from linearity at some point. In Ref. [375] this was expressed
as a momentum cutoff A, which is required to regularize the real part of epirac. Here,
since we are dealing with model functions rather than real materials, we instead impose
a cutoff wpax on the depth of the Dirac band, which has typical values of wpax =~
0.5eV in e.g. ZrTes [375]. Finally, note that Wpjzac violates the causality requirement
Whirac(¢; —w) = —Whirac(q,w). This indicates that Wpjrae as computed here does not
represent the entire loss function, and in particular (as noted in the main text) it is

missing plasmon contributions.

D.2.4 Measurements of the loss function in various materials

Measurements of the loss function in the vicinity of the plasmon peak are avail-
able in the literature for certain materials, so it is already possible to fit the Frohlich
model directly to data and to assess the significance of the plasmon tail at w < wp.
Figure D.1 (left) shows such a fit to measurements in Al. While the fit is excellent in
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Figure D.1: Measurements of the loss function W(q,w) = Im(—1/e(q,w)) in Al, Si,
and URusSis along with model fits when appropriate. Left: loss function for Al at
g = 0 in the vicinity of the plasmon peak from Ref. [464], fit with the Frohlich model
of Eq. (D.18). The best-fit parameters are (wp, I';) = (14.9€V, 0.863eV). Error bars
indicate the accuracy with which the data points could be transcribed from Ref. [464].
Center: loss function for Si at large momenta ¢ > 27 /a, measured from X-ray scattering
in Ref. [472]. Dashed lines show the Lindhard RPA loss function with I'), = 0, kp =
mevr, and w, = 16.67eV [474]. The Fermi velocity is treated as a free parameter and
is fixed here to the best-fit value of vy = 2.59 x 108 cm/s = 8.6 x 1073 in natural units,
which is comparable to Fermi velocities of metals with similar densities. Right: loss
function in URusSiz at ¢ = 0 measured along two different crystal axes a and c at
T = 9K [465] (solid), along with a linear fit to both datasets (dashed). If interpreted as
the tail of a valence electron plasmon, the slope should be I, /wg. The fit gives a slope
of T)p/w? >~ 14 (9) x 1073eV~! along the a (c) axis which implies T'/w, ~ 0.21 (0.13)
for wy, ~ 15V, values which are typical for other metals.
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the vicinity of the plasmon peak, the behavior at w < w), should be viewed only as a
benchmark: other physical effects contribute at these energies, notably those encapsu-
lated by the Lindhard dielectric function which incorporates electron screening effects.
See Fig. D.4 and Appendix D.3 below for further details.

High-precision measurements of the loss function at nonzero ¢ have also been
performed for Si using X-ray scattering [472]. The plasmon is clearly visible at small ¢,
but here we focus on the behavior at large g. Figure D.1 (center) shows the measured
loss function along the [100] crystal direction (solid lines), compared to the RPA loss
function for the homogeneous electron gas taking w, = 16.67 eV for the measured plas-
mon frequency [474]. While semiconductors and insulators do not, strictly speaking,
have a Fermi velocity at zero temperature where there are no free carriers, we may
regard vr as a tuneable parameter which governs the behavior of the loss function at
small w. With vp = 8.6 x 1073, on the same scale as vp for typical metals, the fit is
quite good, especially for w < 25eV. On the other hand, at ¢ = 10keV, the RPA loss
function vanishes identically for w < 12eV, which is likely unphysical given that atomic
tight-binding wavefunctions have support in this kinematic range. The purpose of this
comparison is not to advocate for using this extremely simplified model—indeed, data
should be used to compute DM rates whenever possible—but rather to demonstrate
how in the absence of data a simple model may provide an accurate estimate for the
light-mediator spectrum for w € [5eV,10eV], where the rate integral is dominated by
q € [5keV,10keV]. Indeed, the success of the RPA model suggests that this part of the
spectrum from scattering in any semiconductor or insulator with eV-scale bandgaps is

nearly universal, determined only by the valence electron density and an effective Fermi
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velocity. This model may be seen as an extension, accounting for screening, of earlier
simplified models for scattering in semiconductors using atomic orbitals or tight-binding
wavefunctions [379, 421].

To complete our survey of sample loss functions, we show in Fig. D.1 (right)
the measured loss function at ¢ = 0 for URusSis along the a and ¢ crystal axes, mea-
sured with Fourier transform infrared spectrometry [465]. URusSis has been extensively
studied for decades [544] due to its unusual ‘hidden order’ below 17.5K, and thus has
been synthesized as ultra-pure single crystals. Below T, = 1.5 K it behaves as a conven-
tional superconductor [545]. A number of features are present below 20 meV which may
be interpreted as heavy-fermion plasmons, as we discuss in the main text. Based on
this interpretation, to perform our rate estimates in the main text, we extrapolate the
loss function as independent of ¢ out to ¢ = g. ~ 100eV. Indeed, this is the standard
approximation made in scattering experiments near the plasmon pole [474]. Then, we
see from Eq. (D.9) that the spectrum is largely determined by the shape of the zero-
momentum loss function W(w), with the inverse mean speed 7 only serving to enforce
the kinematic condition ¢ > w/v,. All of the approximations we have made may easily
be dropped once momentum-resolved data on W(q,w) within the DM regions shown in
Fig. 8.1 is available.

It is also interesting to note that at larger w, the loss function is linear to an
excellent approximation, in the ¢ direction above 20meV and in the a direction above
50meV. In Fig. D.1 we show a linear fit to both loss functions with zero offset. In
the Frohlich model Eq. (D.18), the plasmon tail gives a loss function Wrp(q = 0,w) ~

w x (Tp/w?) at small w. The slope of the linear fit is consistent with I, /w, ~ 0.1 — 0.2
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and w, ~ 15eV, which would be reasonable parameters for the ordinary valence electron
plasmon in a generic metal. This data therefore provides some preliminary indication
that the linear tail of the plasmon in ordinary superconductors like Al may extend
down to the meV scale. We emphasize again that dedicated measurements are needed

to confirm this.

D.2.5 Semiconductor spectrum in the free-electron gas approximation

In order to relate the energy loss function to the crystal form factor [368, 436],

we compare

rv) = [ S L VP Saw (D.23)

to Eq. (8.1), which gives the relation between the dynamic structure factor S(q,w)
defined in Ref. [436] and the loss function via

2
S(aq,w) = %W(q,w). (D.24)

On the other hand, the dynamic structure factor in a semiconductor, computed
in the basis of single-particle states, can be related to the crystal form factors |f;aca|?

via [368, 436]

d3k d3k’
Saw =23 / G2 B = Eac— w)2n (K ~ ke + Gl = ) funaca™
1,1’ G
(D.25)

where the momentum integral is taken over the first BZ, G runs over all reciprocal
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Figure D.2: Loss function comparisons in Si for various ¢, as a function of w. Error bars
indicate the accuracy with which the data points could be transcribed from Ref. [472].
The shaded purple region represents the kinematically-allowed region for v, = 1073.
The measured loss function agrees fairly well with both the loss function computed
from the single-particle basis from QEdark [368] and the Lindhard FEG approximation
in the range 5-10eV for w, but there are large differences at both small w near the gap,
and near the plasmon energy w, ~ 17eV for small gq.
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Figure D.3: Recoil spectra in Si at fixed @, = 10737 cm?, for light and heavy mediators
(scalar or vector). Solid curves are computed with QEdark [368]. Dashed curves are
computed from Eq. (8.1) with the Lindhard RPA loss function, Eq. (D.13) with vp =
8.6 x 1073, kr = m.vp, and w, = 16.67eV.

lattice vectors, and i and ¢ run over all valence and conduction bands, respectively.

Thus we can compute an equivalent loss function from QEdark [368] crystal form factors

Waw =5 Y [ I o — B - 2K ~ -+ Gl - )l el
(D.26)

Using Eq. (D.26), we can compare the measured loss function to the loss func-

tion computed in the single-particle basis by QEdark, as well as the Lindhard dielectric
function for the FEG with the best-fit vr in Fig. D.1. The results are shown in Fig. D.2.
Note that for a given ¢, the range of w which is accessible is w < qv,, which only com-
prises a small piece of the total support of W(q,w). Regardless, we see that QEdark

tends to slightly underpredict the measured loss in the kinematically-allowed region.
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Furthermore, QEdark accurately reproduces the measured loss in the near-gap region
w € [1eV,5eV] where Lindhard fails to do so, as expected. On the other hand, QEdark
fails to capture the plasmon which is seen in the measured loss function because the
single-particle band structure states do not account for collective effects.

Overall, though, the nearly-linear shape of the measured loss function in the
range w € [5eV,15eV] is reproduced fairly well by the Lindhard model, and matches
that of QEdark. We therefore expect that the spectral shape (though perhaps not the
normalization) will be captured in this energy range by the simple Lindhard model
for the loss function. Moreover, since the Lindhard model loss function goes to zero
at sufficiently large ¢ for small w, and since the rate recieves contributions from all
q > w/vy, we expect the Lindhard approximation to be best for a light mediator which
weights the rate integrand by |V(¢)|?> o 1/¢*. The results are shown in Fig. D.3.
Indeed, the Lindhard FEG model matches the spectrum fairly well for the light mediator,
roughly independent of the DM mass as long as the DM kinetic energy is well above the
gap. The spectrum for a heavy mediator is a poorer match, especially at large w where
the kinematic mismatch between the FEG and the bound atomic wavefunctions becomes
more important. We emphasize once again that these simple arguments are not meant
to replace a measurement of W in the relevant kinematic range, which would predict
the spectrum unambiguously. However, they do highlight a qualitative understanding
of the spectrum in a limited energy range based on simple material properties like the
effective vp, which may be useful for identifying other detector materials suitable for
DM-electron scattering. Furthermore, the part of the spectrum where the FEG model

performs best corresponds to the 2-electron bin in Si, which is of considerable practical
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importance to experiments: the l-electron bin is typically dominated by backgrounds
such as leakage current and Cherenkov radiation [447], while the rates in the bins with
3 or more electrons drop precipitously, at least based on estimates from the single-
particle loss function. Integrating the FEG spectra from a threshold of w = 4.7 eV,
corresponding to a 2e” threshold in the model of Ref. [368], we obtain the reach curve

shown in Fig. 8.2 in the main text.

D.3 Updated reach projections for superconductors

In Ref. [369], the scattering rate in a superconductor is first computed treating
the electrons as free particles, with screening included afterwards in Ref. [370] via a
correction to the matrix element. We now show that the result of Ref. [370] at "= 0 is
exactly reproduced by our Eq. (8.1) when ¢(q,w) is taken to be the Lindhard dielectric
function in the limit of vanishing plasmon width.

In a relativistic formalism for single-particle scattering, the superconductor

scattering rate is given by

_ (& (MP) S(aw)
Hv) _/ (27r)>§ 16E\E,E.E! |e(q,w)|*’ (D-27)

where q = p,, — p, denotes the 3-momentum transfer, p} denotes the momentum of the
scattered dark matter particle in the final state, and S(q,w) (not to be confused with
the dynamic structure factor defined in Eq. (D.24) above) characterizes the available
phase space, to be defined shortly. The presence of |¢|? in the denominator of Eq. (D.27)
accounts for screening and was treated in Ref. [370] as an in-medium modification to
the dark photon propagator. In the non-relativistic limit, any interaction of the class

444



considered in Eq. (D.8) gives rise to a matrix element of the form

2
(M%) Iy Ye 2
~ — |V D.28
16EE} E E! q> +m§w Vil ( )

where ¢ = |q|. Equation (D.27) is trivially transformed to an integral over q, and the

rate becomes

_ d3q 2 S(qvw)
T(vy) = / o V@ 5 (D.29)

Thus, to agree with Eq. (8.1), it is sufficient to have

2¢>
S(q,w) = 7 Ime(q,w). (D.30)

Equation (D.30) holds exactly in the low-temperature limit for the form of S
used in Refs. [369, 370], where the superconductor is treated as a free electron gas. In

this case, S is given by

3 3./
S(aw) =2 / gf)g (‘;ﬁ’)g (@m) 54 (P + Po— P, — P fen(E:) [1— fro(E))], (D31)

where frp is the Fermi—Dirac distribution and the P; denote 4-momenta. We reserve p;
for the magnitudes of 3-momenta. The integration over p., is readily performed using
the 3-momentum delta function. Writing the p, integral in spherical coordinates and

performing the trivial integral over the azimuthal angle produces

2 dp, d(cos 0 2 4 2p.qcos b
S(q,w):2/pe e dlcos )(5<w—q T 2Peq o8

(2m)? 2m. > fro(Ee) [1 - fFD(Eé)] , (D.32)

where 6 denotes the angle between p, and q. The remaining delta function can be used
to evaluate the integral over cos#, but here care must be taken to enforce |cosf| < 1.
With the appropriate Heaviside function, the final integral becomes

2mew — ¢°

2peq

S(q,w) = /dpe BPe 1 - fep(EL)] © (1 - ‘

™q

) . (D.33)
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Now the zero-temperature Fermi—Dirac distribution can be inserted and the integral

can be performed analytically. The result is

;

w 0<w<|E_]
mg E 2
S(q,w):?q EF—% E_|<w< E4 (D.34)
0 otherwise,

where E, = ¢?/2m, and Ex = E, + qup. The conditions in Eq. (D.34) are equivalent
to those in Eq. (D.16), i.e., the imaginary part of the Lindhard dielectric function in
the limit that the plasmon is infinitely long-lived. Equation (D.30) follows by direct
comparison.

Given this agreement between the single-particle and dielectric-function for-
malisms, Eq. (8.1) can reproduce prior calculations of the scattering rate in super-
conductors; essentially, the final-state phase space integral is pre-computed in Im(e).
However, Eq. (8.1) is more flexible than the traditional calculation in that we are not
limited to the narrow-plasmon limit of the Lindhard dielectric function. Any model or
measurement of the loss function can be inserted directly in Eq. (8.1).

To evaluate the event rate in a superconducting detector, we take the velocity

of the DM in the galactic frame to have a modified Maxwell-Boltzmann distribution,

f(vy) x exp (—Vi/vg) O (Vese — [Vy)- (D.35)

For our reach projections, we take vg = 220 km/s and vese = 550km /s, and we take Earth
to have a velocity vp = 232km/s in the galactic frame. This matches the conventions of
Ref. [375]. In order to facilitate comparison with other results in the literature, we also
show some results with vy = 0 and vesc = 500 km/s, matching the conventions of e.g.
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Figure D.4: Left: loss function for each of several models for Al, for ¢ = 10eV. The
curve labeled ‘Acausal’ shows the loss function used in [370], which involves an unphysi-
cal choice of branch cut in the complex logarithm. The Frohlich model fit is the same as
that shown in Fig. D.1, for which measured data are only available within the red band.
The Lindhard model is the RPA dielectric function Eq. (D.13) with I'), = 0, and the
GSRF models use fit parameters for Eq. (D.19) from Ref. [464], with ‘undamped’ cor-
responding to ImG = 0 and ‘damped’ corresponding to Im G # 0. The damped curve
becomes negative at small w, which is an unphysical consequence of the GSRF model.
The curve labeled ‘Data’ shows the fit to ¢ = 0 measurements provided by Ref. [469].
We use dashes to indicate the continuation of the fit beyond the range of measured data.
The gray band shows the reference range of 1 meV-1eV deposits. Right: recoil spectra
corresponding to each of these loss functions, assuming (m,, mgy) = (10keV, 11eV)
and 7. = 1073 cm?.
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Figure D.5: Projected reach for an aluminum superconductor target for several forms
of the loss function for scalar or vector mediators. The dotted curve is computed with
the simple halo model (vg = 0, vese = 500km/s), and all others assume the standard
halo model. The dashed line (‘unscreened’) is computed in the single-particle formalism
with no correction for screening, i.e., without the factor of |e|? in the denominator of
Eq. (D.27); this is unphysical for any spin-independent DM-electron interaction.

Refs. [369, 370]. We refer to this as the ‘simple halo’ scenario. Finally, for illustrative
purposes, we show selected results for a hypothetical halo with vy = vese = 104 km/s
and vg = 0. In this ‘fast DM’ scenario, the plasmon peak is kinematically accessible,
and this is directly visible as a feature in the recoil spectrum.

The various models for the loss functions in Al are shown in Fig. D.4, together
with the corresponding DM recoil spectra for a kg-yr exposure. The undamped GSRF
model and the Lindhard model with I', = 0 correspond to the boundaries of the shaded
region in Fig. 8.2. We also show the result obtained by choosing the acausal branch
in the Lindhard dielectric function. It is clear from Fig. D.4 that at low energies, a
naive extrapolation of the plasmon tail dominates over the Lindhard loss function with

its infinitely long-lived plasmon. Moreover, the energy range of interest for light DM
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Figure D.6: Top left: recoil spectra in an Al superconductor for (m,, mg) =
(1GeV, 1MeV) and 7, = 107*2 cm? assuming the GSRF loss function without damp-
ing for several DM velocity distributions. See text for details. The fast halo scenario is
unrealistic and is shown for illustrative purposes only: in this case, the plasmon peak
is kinematically accessible, and the recoil spectrum exhibits a corresponding kink at
w = wy. The shaded areas indicate two fiducial experimental configurations, one sen-
sitive to deposits 1 meV—-1eV (orange), and the other sensitive to deposits 1eV—1keV
(green). Bottom left: projected reach in an Al superconductor for a 1 kg-yr exposure
assuming a heavy mediator. Orange curves show the reach for the low-threshold sce-
nario, and green curves show the reach for the high-threshold scenario. Projections for
the standard halo, simple halo, and fast halo scenarios are shown by the solid, dotted,
and dot-dashed curves, respectively. Right: projected reach for a 1 kg-yr exposure of
a Dirac material, Si, and the two Al superconductor configurations assuming a heavy
scalar or vector mediator. The parameters of the Dirac material are taken as in Fig. 8.2,
with gap 2A = 20meV, Fermi velocity vp = 4 x 1074, background dielectric constant
k = 40, and Dirac band cutoff wp.x = 0.5eV. The projected reach for Si assumes a
two-electron ionization threshold. The projected reach of URusSis lies above the top
edge of the plot. All curves assume the standard halo model. For the Al target, the
shaded regions indicate the range of variation in different models of the loss function.
The solid lines are computed using the GSRF loss function without damping, and the
top of each shaded band is computed using the Lindhard loss function. An example of
the target parameter space for thermal freeze-out through a heavy dark photon media-
tor [378] is shown in dashed blue.
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detection is precisely where the effects of damping in the GSRF loss function become
important. While the loss functions given here are valuable benchmarks, the true loss
function likely falls somewhere between the Lindhard result and the plasmon tail. This is
also suggested by fitting the measurements of Ref. [469], which go down to w = 100 meV
and lie somewhat below the plasmon tail. (See the purple line in Fig. D.4.) To accurately
predict the DM scattering rate, it is both essential and feasible to measure the loss
function in the entire relevant regime of 1meV < w < 1eV.

Figure D.5 shows updated reach curves for an aluminum superconductor target
alongside the results of Refs. [369, 370]. The reach curves are specified with respect to

a reference cross section defined by

1672, e
7. = Hex@efx (D.36)

((OéEMme)2 + mé)Q

where pi,. denotes the reduced mass of the electron-DM system, m, is the mediator
mass, and qe, = gzyx/ (47) in terms of the couplings which define the potential in
Eq. (D.8). In Fig. D.5, ‘light mediator’ means mg < agmme (defined with respect to the
ordinary electromagnetic fine-structure constant agy ~ 1/137) and ‘heavy mediator’
means mg > apmme. All reach projections are computed in the zero-temperature limit
and assume that the detector is sensitive to deposits between 1meV and 1eV. We
show reach curves for a high-threshold experiment sensitive to deposits 1eV—1keV for
a heavy mediator in Fig. D.6, along with recoil spectra for selected model points. We
also illustrate the appearance of a feature in the recoil spectrum at w, in the fast halo
model, where the plasmon peak is kinematically accessible. To facilitate comparison

with the literature, we show reach curves corresponding to an event rate of 3kg=! yr—!,
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which corresponds roughly to a 95% C.L. constraint.

Figure D.5 in particular underscores the importance of properly treating the
material response. For any interaction of the kind we consider in this chapter, screening
is significant at low DM mass or for a light mediator. However, the implementation of
screening in Ref. [370] overestimated the size of the effect for a vector mediator: at the
lowest DM masses, the causal branch choice in the logarithms of Eq. (D.13) yields a rate
as much as seven orders of magnitude greater than that produced by the acausal choice.
Furthermore, accounting for the non-zero width of the plasmon peak further enhances
the rate by an order of magnitude or more. The lingering uncertainty in analytical
predictions of the loss function can be easily resolved by directly measuring the loss

function in promising target materials.
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Appendix E

Geometric enhancement to the DM

interaction rate

The rate of Eq. (8.1) is written in a form appropriate for the scattering rate
in a bulk volume. However, for thin layers, the dielectric response of the detector is
different from that of a bulk sample of material. In particular, the relationship between
the scattering rate and the dielectric function is modified: W][e] is replaced by a new
response function V[e]. This can significantly influence the DM interaction rate. This
thin-layer response function can still be measured experimentally, but in the absence
of experimental data, it is also possible to predict V[e] given a model for the dielectric
function e.

These effects are newly explored in Ref. [520]. Ref. [520] derives a function
R[e] such that V = 1 Re(R), where d is the thickness of the detector layer (WSi in
our prototype), and shows that the scattering rate per unit volume is exactly as given

in Eq. (8.1) with the replacement YW — V. The response function V is determined
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by solving the Poisson equation subject to the appropriate boundary conditions for a
perturbing source with charge density p = poe!(@*~“) and evaluating the time-averaged
power deposited in each layer. Schematically, one makes the ansatz ¢ = w(z)ei(q“_m),
where z is the coordinate normal to the layers. Then the Poisson equation reduces to

an equation for v(z), with the form

—%(2) + 2iq. (2) + 4" (2) = —po/e(2). (E.1)

After imposing the appropriate boundary conditions and solving for 1, the thin-layer

loss function can be written as

V= i Re [il /dz (m(z) + & ’(z)ﬂ : (E.2)
d P q>
Note that the integral in Eq. (E.2) is taken over all space, and the integrand has support
outside the detector layer.
For a layer of thickness d < ¢, the resonance at the plasma frequency is
suppressed compared to the bulk loss function. However, the thin-layer loss function

exhibits a second resonance at smaller deposits, at w ~ (gd/2)"/?

wp, in the most im-
portant kinematic regime for light DM scattering. Thus, the DM scattering rate per
unit volume for a thin layer can be enhanced significantly with respect to a bulk detec-
tor. Like the loss function W, the thin-layer response function ) is measurable for a
particular target system.

One can make a first estimate of the geometric enhancements to absorption
by assuming that the relationship between absorption and scattering is preserved, i.e.,
that the bulk response function W in Eq. (10.3) can also be replaced with the thin-

layer response function V. An estimate carried out in this manner suggests that the
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absorption rate can be enhanced by one or two orders of magnitude in some regimes.
However, Eq. (E.2) is derived under the assumption that the momentum transfer g is
much larger than the deposited energy w, which is not the case for absorption. Thus,
we do not show thin-layer curves in Fig. 10.6, and leave a quantitative treatment to
future work.

In the absence of experimental data, we use the calculation of Ref. [520] to
assess the relevance of the detector geometry to the DM scattering rate, considering
only the WSi detector layer and the immediately adjacent SiOs layers. This calculation
requires the dielectric function € to be purely real outside the detector layer, meaning
that these layers are dissipationless. We enforce this condition by explicitly taking the
real part of € outside the detector layer. This approximation is valuable to highlight a
unique effect that takes place when the detector layer is much more strongly dissipative
than the other layers: in this case, deposits in those other layers must be conducted to
the detector layer before they can dissipate. This means that the detector is sensitive
to deposits far from the detector layer, dramatically enhancing the effective volume of
the system. This is also the reason for the integral in Eq. (E.2) to be extended over all
space. Indeed, in the presence of dissipation in all space, this integral would diverge.

However, in our prototype, dissipation in the other layers is in fact non-
negligible. Preliminary experimental results suggest that a deposit in another layer must
be above the threshold by a factor of O(100) in order to reliably trigger the SNSPD,
and understanding the effective available detector volume as a function of the deposited
energy requires more detailed laboratory characterization. We thus show an additional

conservative benchmark (dotted curves in Figs. 10.4 and 10.5) in which the dielectric
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function is allowed to be complex everywhere, but only deposits within the WSi detector
layer are included, i.e. the domain of the integral in Eq. (E.2) is restricted. In addition
to the SiO9 layers, we include the ZEP520A layer, treating it as semi-infinite in extent.
This simplistic estimate demonstrates that when ¢ is allowed to be complex everywhere,
the scattering rate is enhanced even when deposits outside the detector layer are ne-
glected. Ultimately, direct experimental characterization can eliminate uncertainty in

our treatment of geometric effects for both scattering and absorption.
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Appendix F

Dark matter interactions in

superconductors

In this appendix, we detail our treatment of DM—electron interactions in the
language of QP pair production. In particular, we compute Imepcs using the BCS
coherence factor Fpcs(pi,p2), and we show that the free electron scattering picture
is recovered in the limit of large deposits. Throughout this section, ¢ denotes the 4-
momentum transfer (w, q).

Consider a DM—electron interaction mediated by a scalar particle ¢, with in-

teraction Lagrangian
Liny = P XX + ged)@w ) (Fl)

where x is a spin-1/2 DM fermion and 1) is the electron. Using the projection operator
P = (1++%)/2, we can project out the so-called “large part” [546] of the electron field

s, where s =1, | refers to the two different spin states. This gives, at lowest order, the
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interaction Hamiltonian for the electron—mediator interaction:

Hioe = g x00) (4000016 + 0] 000, x) (F2)

The DM—-mediator interaction is governed by a Hamiltonian of the same form with the
replacement ¢ — x. Higher-order terms are discussed by Ref. [547]. (Similarly, as
shown in that reference, for a light vector mediator A*, we will have in the low-energy
limit Ly = gXonTX + geAotpTep. Higher-order terms and magnetic interactions will
be suppressed by factors of v, /c in the low-energy limit. In the case of a heavy vector
mediator, the Ay interaction will again dominate, because the currents in the interaction
A .j will be suppressed by factors of v, /c. Thus, light and heavy vector mediators should
also be described by interaction Eq. (F.2) in this limit.!) Defining the density operator

pe(x) =, Pl (x)1hs(x), its Fourier transform is

3
plw = [ (;‘;)’* (F.3)

where ¢, ¢ annihilates an electron with momentum p and spin s. A similar expression

is obtained for p,. We can then write the interaction Hamiltonian as

Hos =~ [ x00) (9.00(x) + 90,()) . (F.4)

!One might object that a propagating A should be suppressed in the non-relativistic limit,
by virtue of the constraint 0,A" = 0. Indeed, one can compute the time-ordered propagator
[dt d*x exp(ig®t — iq - x)(0|T{A¥(x,t), A¥(0,0)}|0) in the interaction picture and verify that it is not
Lorentz-covariant, and that its 00 component is highly suppressed when |q| < ma. However, the ab-
sence of a kinetic term for Ap in the Lagrangian introduces an additional terms in the Hamiltonian to
precisely cancel this suppression. The effective propagator becomes the Lorentz-covariant propagator
—i/(q* —m% +ie)(n" —q"q” /m?), which is unsuppressed for ¢° < |q|, or when coupling to a conserved
current. This is equivalent to the statement that an off-shell vector can be polarized in any direction.
See Sec. 6.2 of Ref. [548] for further insight.
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At second order in perturbation theory, the S-matrix will therefore contain a term

S® 5 —gegy / d*z d*z’ x(2)x(2)Ax — ") (2" )(a')

dq . pl(@) pelq)
== — e ) A 3 F.5
ggx/(27r)4 ZqQ—mé—l—zs (F5)

where
pe(q) = pe(q,w) = / dt e pe(q,t) = / dt e™tetol p (q) e~ ot | (F.6)

with Hy the free Hamiltonian. In the presence of the lattice potential, an effective
electron-electron potential is induced through a phonon loop [549]. The energy eigen-
states in the presence of this effective potential are now given by the Bogoliubov QPs,
with creation/annihilation operators 1, v respectively [492]. To implement the unitary

transformation to the QP basis, we simply replace

Cpt = UpTVpt + vp’yipﬂi, cT_p,i = —VUppt + up’yT_pi, (F.7)

where the coefficients up and vy satisfy

woa(rrm) e mm)

with £ and Eqp defined as in Eq. (9.1). We can then isolate the term in p. that creates

two quasiparticles (breaks a Cooper-pair):
’p . ]
) > [ G e + o oy (F.9)
giving, according to Eq. (F.6),

’p )
pe(a,w) = / W(Upmvp + Up“p+q)7T_p_qﬂz,¢(27T)5(w — Eqr(p) — Eqp(p+q)) -

(F.10)
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Figure F.1: The BCS coherence factor, Fpcs(pi, Pa), for several fixed values of |p,].
Note that Fpcs(pi, P2) = FBcs(Pg, P1)- When both momenta are far from the Fermi
surface, the coherence factor reduces to the Pauli blocking factor. Pauli blocking only
permits the creation of an electron—hole pair if the electron is above the Fermi surface
and the hole is below. Accordingly, if both of p; and p, are on the same side of the
Fermi surface, the coherence factor vanishes rapidly. Otherwise, it quickly approaches
1. That Fpcs(pr,pr) = 1 is a consequence of the sign in the coherence factor for the
interactions considered here. For interactions with the opposite sign, Fpcs(pr, pr) = 0.
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Plugging this into the S-matrix of Eq. (F.5), and using the fact that the scat-
tering rate is given by I' = % pF |(f|S]i)|2, we find that the lowest order Cooper-pair

breaking rate is then simply given by

‘u;)lUPQ + up2vik>1 ‘2
|(py + p2)? +m3 — w?[*
(F.11)

d3p, &®p
T(vy) = 9295 / (%)13 (%)23 276 (Wp1+p2_EQP(p1)_EQP(p2)>

where wp 1p, = (P1 +P2) - vy — (P1 +P2)?/2m, is the energy deposited. The quantity

FBcs(P1P2) = ‘uplvp2 + up2v;§1| = 2(1 - EQP(ll)1)2EQP(p2) (F.12)

is the BCS coherence factor? [493]. The &p, Ep, term can be dropped if p; or p, (or
both) are integrated over, provided the remainder of the integrand is even in p; and p,.
But if e.g. py is fixed to be q — p;, then this term must be kept when integrating over
Pi-

It is straightforward to see that this matches onto the rate for free electron
scattering when p; and p, are away from the gap (|p?/2m. — Er| > A). In this limit,
the matrix element for QP pair production becomes that for electron scattering, the
coherence factor becomes a Pauli blocking factor, and the two QPs become an electron—
hole pair. In particular, because of the functional form of the coherence factor, we
always have p; < v/2meEr and py > /2meEF (or vice versa), with Fpcs(p1,p2) =~ 1.
Then E(p;) ~ Er — p?/2m, and E(p,y) ~ p3/2m. — Ep, so the energy delta function
in the rate of Eq. (F.11) reduces to

5(w—E1—E2)—>5{w—<p% - p%>]. (F.13)

2me  2me

2The signs of the various terms in the coherence factor depend on the type of interaction. See, e.g.
[491, 493].
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That is, the kinematical constraint reduces to that of ordinary non-relativistic scattering.

Meanwhile, the quantity

S(a,w) = [(flpe()|0)*6(w — Ey) (F.14)
f

is known in the literature as the dynamic structure factor, in terms of which we have,

at lowest order in perturbation theory,

-1 2
Im (6(1)(%) = ?S(q,w) . (F.15)

In our case, the structure factor is simply given by

o

3P1 d3P2

Sla,w) = / (27)3 (2m)3

Fisos(p1, p2)(2m)*8% (a—py —p2)6 (w—Eqp(p1) ~ Eqr(py)) -

—~

(F.16)
allowing the loss function, Im(—1/epcg), to be expressed in terms of the QP dispersion
relation and the BCS coherence factor. When higher order terms are included, we can
resum the series (at zero temperature) in the random phase approzimation (RPA) [460,
541):

4 T

A d*q¢ . px(q) pe(q) 1
2,RPA X
S( )5 —gegx/(27r)4 Zq2 — mé e E(RPA)(q) , (F.17)

where eRPA) (q, w) = 14 x(q,w), for 1 — x(q,w) = —1/e(M(q,w). Importantly, we have

-1 2
Tm eRP) (g, w) = Tm | ———— | = Im x(q,w) = —5S(q,w) . (F.18)
e(q,w) q
Putting everything together, we have
* 3 2
DRPA) () = 9292/ d*p, d®py  [u, Vb, + p, v}, | 1
) =
IXJ (2m)3 (2m)? (P + P2)? + mi — w2‘2 |€BPA) (D) + o, wWp, 4p,) |2

X 2775(wp1+p2 - EQP(pl)_ EQP(P2)> ) (Flg)
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and writing the coherence factor in terms of e!) gives

d? Vig* 2q° -1
) = / (277(;3 \deLA)((q)’ e Im <e(1)( ))
(

q,wq)| q,wWq
d3q |V q)!2 2q> RPA)
N /(277)3 |e(RPA) (q, wq)|? €2 tm (6( (a. Wq))
d’q 229 -1
B — | —mEy ) F.2
/(271')3 V(q)] o2 m (G(RPA)(q, Wq)) (F.20)

To the accuracy that e®PA) represents the true dielectric function €, we have derived
Eq. (9.2).% The full form of ¢(®PA) in the BCS vacuum will be discussed in future work

[494]. In this chapter, we make the approximation

(RPA)

-1 Ime (q,wq)
Im ~ BCS 24l F.21
(gmg) = ot (F-21)
(RPA)

where the Lindhard function [460, 468] €, = eppo~ is the RPA dielectric function

for a free electron gas (FEG), and accounts for screening and in-medium effects in a

normal metal. Fortunately, by Eq. (F.18), Im e](BRC};A) can be evaluated from the dynamic

structure function without knowing the full form of e](BRCP;A) (q,w):

2
Im (6](31:EJPSA) (q7 UJ)) = ?S(qv W)

e? /d3P1 d3P2
(2m)3 (2m)3

= 27(12 Fecs(Pys Pa) X (F.22)

(27)*6®) (@ — py — P2)d(w — Bqp(p1) ~ Eqp(py)) -

This is because the imaginary part depends only on the spectrum of the Hamiltonian
and on its relation to the operator pe. It corresponds precisely to the sum over states

in the scattering rate.

3Note the subtle difference in our approach (following Ref. [460]) from Ref. [521]. We define S(q,w)
to be given strictly by Eq. (F.14), while e®PA) has been resummed in perturbation theory. One may
optionally redefine S in terms of a resummed density operator p®F) following Ref. [460].
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Appendix G

Quasiparticle downconversion in

superconductors

We simulate QP down-conversion following a similar procedure to the calcu-
lations of Refs. [498, 500, 550, 551]. The principal difference is that we track the full
momentum vector for scattered particles to retain information about the scattering di-
rection relative to the momentum of the initial scattering event. Here we review the
relevant scattering rate calculations, and we derive the emission angles of QPs and
phonons in each relaxation process. We compare the final result to the well-established
normal metal case described in Refs. [552, 553]. Down-conversion in the limit of high-

energy initial QPs is also discussed by Refs. [498, 499].

G.1 Phonon Scattering at the Fermi Surface

We treat QP-phonon interactions following Ref. [500]. The simplified model

in this treatment contains a single acoustic phonon branch with the dispersion relation
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Figure G.1: Angular distributions of phonons produced by DM scattering in Al. The
angles shown are defined with respect to the axis of the DM wind. The distribution of
DM orientations in the Standard Halo Model is included. The left and right panel show
the distributions in the light- and heavy-mediator limits, respectively. In each panel,
the colors correspond to different DM masses, and a dashed horizontal line at cos 8; = %
indicates the isotropic distribution. Thick lines interpolate between histogram values
(thin lines) for ease of visualization. In the right panel, the curves include only events
with total deposit w < 20A, for which the effects of down-conversion are less significant.
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wg = qcs, where q is the phonon momentum and c; is the sound speed in the material.
For the dynamics of the problem, scattering is contained to the first Brillouin zone
(¢ < %”), so we do not include an explicit upper limit in momentum in the rate integral.
As significant down-conversion already occurs at energies well below the optical phonon
modes in most superconductors, we do not explicitly include optical phonon emission
in our calculations. This is compatible with the conclusions of past down-conversion
codes (see e.g. Refs. [498, 550]).

For acoustic phonon emission, we first adopt the result of Ref. [500] for the

emission rate of an acoustic phonon of momentum ¢ in the zero-temperature limit:

dr’ 2

Fop —w A2
) = ?OQQF<q) e (\/(EQPQi wq)j— N) " [1 - Eqp(Eqp —wq) (€D

dwg

where Zj is the “renormalization parameter” defined in Ref. [500] (Typically Zy ~ 2).
We have also assumed that o?(q)F(q) ~ bwg, the Debye solution for this quantity [552].

The QP energy Eqp is defined in Eq. (9.1).

G.2 Computing the Scattering Angle

Given the general scattering rate of Eq. (G.1), we also need to determine
the scattering angle for a phonon of energy wq = gcs emitted by an QP of energy
Eqp(k). We find this angle by first solving for k' from the conservation of energy
relation, Eqp(k’) = Eqp(k) — qcs, where Eqp(k) = Eqp(k) as defined in Eq. (9.1).
Solving, we get

1/2

k? = 2me [(Eqp (k) — wq)® — A?] "7 + pp. (G.2)
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In a normal metal or a semiconductor, the pp dependence cancels. However, for a
superconductor with A > 0, the pr dependence is retained.

We can now use momentum conservation to solve for scattering angle. Writing
k = k/+q, we have k"? = k?+¢>—2kq cos t4. Solving explicitly for k in the QP dispersion

relation gives

k= [2me (EF +5\/EZp — A2>] 2 (G.3)

where s = +1. An analogous sign s’ appears in the solution for &’. We then find

2
s

W2+ 49°A [5\[(B3p — A2) = o/ \/(Bqr — wg)” — A7
1/2 )

%mec

A

cosll, =

2
Il

drywy {EFA + A4 /(Egp — A?)
(G.4)

We now consider a few limiting cases to understand the angular spread in the
phonon spectrum. First, observe that for QPs far from the gap, with A < Fqp < EF,

the scattering angle is unrestricted. In this limit, we have

1w, [ A V2 A2 . Eqp [ A 1/2
COSGq_@K <EF> + s’y B —i—(s—s)’yw—q B . (G.5)

For typical materials, v is O(1) and Er > A. Thus, if s # &, the last term dominates in
the limit of small w,, and | cos§,| = 1 is allowed. On the other hand, if s = &', then the
last term vanishes. The first term can be made arbitrarily small in the small-w, limit,
and can even be made to cancel with the second term, which is itself always small. In
this case, cos0; = 0 is allowed.

On the other hand, consider the near-gap regime, where k ~ pr. Here we can
write Eqp = (1 4+ §)A with 6 < 1, and since the final-state QP energy is at least A,

we must have wy = adA with 0 < a < 1. Inserting these expressions into Eq. (G.4) and
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expanding for small § gives

cos 0, ~

s5—sVi—a < A >/ (C.6)

(6/2)1/2(a/) \ Er

However, the phonon emission process is kinematically forbidden if |cosf,| > 1, and

minimizing Eq. (G.6) over a gives

_ Ee\ " Be [2
aérzé%)COSqu(A) N 5—1 . (G.7)

Thus, phonon emission is only kinematically allowed for sufficiently large 6, i.e., for

2v*(Er/A)?

) Z 5min = (GS)

This result is self-consistent: in typical materials, v is O(1), and Er > A, 80 Opin < 1.

This gives rise to a condition for phonon emission:

42 E2m,
3/2
(2EF/ + Ay/2mec?

QPs with energies below this threshold are ballistic: no phonon emission is allowed.

EQP > A+ >2A (Gg)

The angular distribution of final-state phonons is peaked oppositely to that of
final-state QPs, and is closer to the isotropic distribution. The distribution is shown

explicitly in Fig. G.1 for the same cases as in Fig. 9.1.

G.3 Relation to Normal Metal Scattering

It is instructive to compare Eq. (G.1) to the equivalent rate in the normal

metal case. In a normal metal, this emission rate becomes [552]

I(Ey) = 27 / |ag|* 6(Ex — By —wq)d® (k=K' — q), (G.10)

(2m)?
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where aq is the coupling for electron-phonon scattering. If we assume that scattering
is isotropic, we can make a change of variables such that [ dp’ o [ dwyd(cos @), where
cos 0 is the scattering angle between k and k’. For scattering near the Fermi energy in

the metal, conservation of momentum gives
2 _ 12 12 / 2
q° = k*+ k" — 2kk' cos 0 = 2pp(1 — cos ) (G.11)

where pp = /2mEF is the Fermi momentum. This implies d(cos§) = —qdq/p?, which
in turn allows us to write the differential scattering rate for w, < Eqp as

T Bop) = 2702 F(q) (G.12)
dwq

Here the subscript n indicates the normal metal case; Ny is the normal metal density of
states at Er; and o?F(q) is the coupling-weighted phonon density of states, given by

No

2
a’F(q) = —
Qp%

qmax
/ dg'¢'la16(q" — q) - (G.13)
0

For the scaling used earlier this gives the normal result that the acoustic scattering rate

2
7

goes as Eép when integrated over energy, and the differential spectrum goes as w

When we derive the emission rate for superconductors, there are two important
modifications required to get from Eq. (G.10) to the final differential rate in emitted
phonon energy. First, we modify the dispersion relation to that of the QPs in the

superconductor. In the metal, we had Ej = & = p?/(2me) — Er relative to the Fermi

surface, but in a superconductor, the gap energy modifies this to

EQp(k) =/ 51( + A2, (G.14)

In the normal metal phonon interaction, the total coupling has a density of states term
that is valid in the metal, but not in the superconductor, since there are no states at
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By < A. We can use the fact that the total number of states is the same to find the
modified density of states at a given energy, i.e., we have dE Ny(E) = d€ N,,(€), where

the subscript s indicates the superconductor case. We thus find that

de E
Ny(E) = No— = Nop—eee.
(B) = No gz = No—rresy

(G.15)
Thus, to rescale a?F(q) for the superconducting case, we have to rescale by the ratio of
superconducting to normal states at a given energy. This gives us the first additional
factor in the superconducting rate equation. Ref. [493] points out that, in principle, the
gap function is complex-valued, hence the need to take only the real part.

The second correction factor is the coherence factor described in the previous
section. This is a purely BCS effect that arises from the collective nature of the super-
conducting states. This factor ensures that the divergence in the density of states does

not lead to a divergence in the phonon scattering rate. Taking the type I coherence

factor for phonon emission from Ref. [493], we find

1 A2
Fees(A, Eqp,wg) ~ Z (1 ~ Fogp(Bqp = wq)> , (G.16)

using the same normalization procedure as Ref. [500]. Combining this with the previous
correction factor and multiplying by the normal metal scattering rate produces the
scattering rate of Eq. (G.1). This heuristic argument elucidates the origin of Eq. (G.1)

in the low-temperature limit with a less formal approach than that in Ref. [500].
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Appendix H

Directional reach estimation in

superconductors

In this appendix, we detail the methodology used to produce Fig. 9.2 in the
main text, and we demonstrate the impact of total-deposit cuts on the directionality
of the signal. As in the main text, we assume the Standard Halo Model (SHM), i.e.,
fx(v) o< O(Vesc —v)e‘”z/""g in the galactic frame, taking vy = 220km/s, vesc = 550 km/s,

and Earth velocity vg = 230 km/s relative to the galactic frame [418].

H.1 Statistical methods

The directional reach in Fig. 9.2 is estimated in two distinct ways. The dashed
curves are based on measurement of an asymmetry in the counts of final-state QPs
between two bins of equal solid angle, and the dotted curve is based on comparison of

the full angular distribution against the null hypothesis.
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H.1.1 Two-bin reach

We first discuss the two-bin reach estimate. The premise of this test is that an
isotropic background gives rise to an isotropic distribution of final-state quasiparticles,
and, in particular, produces statistically-indistinguishable counts in any two bins of
equal solid angle. Since the DM wind is not isotropic, it is possible to statistically
distinguish the counts in the two bins given a sufficient number of events.

We make the simplifying assumption that the angles of the final-state QPs are
independent random variables. This is not strictly the case, since QPs that originate
from the same event have some angular correlation. However, given a large number of
events, such correlations are extremely sparse. Moreover, by simulating an ensemble
of isotropic DM scattering events, we have directly checked that such correlations are
irrelevant at the number of events needed to establish directionality. Having made this
assumption, the assignment of an angular bin to each QP can be treated as a Bernoulli
trial. We can then use the binomial test to determine whether to reject the isotropic
distribution given a particular set of QPs.

This procedure allows us to determine whether a particular sample of final-
state QPs is consistent with an isotropic signal. Next, we must translate this to a
minimum number of events needed to establish directionality. To that end, we randomly
draw samples of Nqp = 2,3,4,... QPs and evaluate the binomial test for each sample,
repeating the process many times for each fixed N to obtain a median p-value. We
advance Nqp until this median p-value drops below the threshold value of 0.05, and

we interpret the resulting value of N as the typical number of QPs needed in order to
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establish directionality. Finally, this number of QPs must be translated to a number
of scattering events. We estimate this number as N, = Nqp/n, where 7 is the average
number of final-state QPs produced by a scattering event. This N, is indicated by the
dashed curves in Fig. 9.2.

For the heavy mediator case, we introduce an additional step. As we discuss
below, the distribution of final-state QPs produced by an event approaches the isotropic
distribution as the deposit becomes much larger than the superconducting gap 2A.
Thus, it is advantageous to restrict attention to events with total deposit below some
cut, even at the cost of a reduced event rate below the cut. The dashed curve in the
right panel of Fig. 9.2 is a composite of two reach curves obtained with cuts w < 10A
and w < 50A. Due to the complicated relationship between the total deposit, the initial
directionality, and the effects of down-conversion, each of these cuts preserves overall
directionality for a different mass range, and the combination of the two gives directional
sensitivity over the entire mass range. Due to the large deposits favored in the heavy-
mediator case, a cut on the total deposit is essential to establish directionality for all
but the lowest masses.

This simplistic treatment produces a rough upper bound on the number of
events needed to detect directionality, and admits a very direct interpretation. Even at
the level of a two-bin experimental configuration, more sophisticated statistical treat-
ments may yield slightly stronger results. In particular, it is possible to extract direc-
tionality using the Skellam distribution, as in rate modulation experiments [487]. Here
one treats the count in each bin as a Poisson random variable, so that the difference in

the number of counts between the two bins is a Skellam-distributed random variable. It
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is then possible to test whether the two Poisson counts are produced with the same rate.
However, our case is simpler than a traditional rate modulation experiment in that the
target is isotropic, so the total rate is fixed. We have checked that using the Skellam
distribution offers a slight enhancement to the two-bin reach, but does not qualitatively

change the result.

H.1.2 Full angular distribution

Figure 9.2 also includes an estimate based on the full angular distribution of the
final-state QPs, assuming an experimental configuration with great angular precision.
For this estimate, we begin with an ensemble of simulated DM scattering events. Next,
a second “null” ensemble of DM scattering events is simulated with an isotropic distri-
bution of DM directions, using the same speed distribution as the Standard Halo Model.
For each simulated event, we compute the mean angle of the final-state QPs, (cos 6;).
We thus obtain two sets of samples {(cos 6;) }sum and {(cos 6;) }nun for the two ensem-
bles. We then determine the average number of events needed to reject at 95% C.L. the
hypothesis that the “SHM” and “null” samples are drawn from the same distribution,
using the two-sample Kolmogorov—Smirnov test. Note that unlike the binomial test
of the previous case, the samples being compared in this case are truly independent:
since each mean angle corresponds to a single event, and vice versa, all of the values we
draw originate from different scattering events, and they are thus independent random
variates.

For light mediators, the two procedures give a nearly identical result, and

Fig. 9.2 shows only the simpler two-bin result. This is easily understood in light of the
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typical number of QPs produced in a scattering event: for a light mediator, a typical
final state consists of an O(1) number of QPs, and deviation of these QPs from the
isotropic distribution generally gives rise to a two-bin asymmetry. In fact, for large DM
masses, taking the mean angle in each event discards information to the point that the
distributional test slightly underperforms the two-bin test. For a heavy mediator, on
the other hand, a typical final state may consist of @(10%) QPs for large DM masses.
The angular mean (cos#;) will typically be very close to zero, and distinguishing the
distribution of these means from the isotropic case becomes a problem of precision
measurement. The large number of QPs makes this a realistic possibility. However,
we estimate that achieving the high-resolution dotted curve in Fig. 9.2 would require a

measurement precision of O(1072) in cos ;.

H.2 Energy dependence of directionality

In this section, we demonstrate the dependence of final-state directionality on
the deposited energy. As noted in the main text, larger deposits allow for a larger
number of relaxation events during the down-conversion process, which attenuates the
correlation between the directions of the final-state excitations and those of the initial
excitations produced by DM scattering. This is illustrated for particular realizations in
Fig. H.1. In the left panel, the relatively small number of relaxation events and the low
energies of the emitted phonons guarantee that the directions of the initial QPs are well-
preserved, and no additional QPs are produced. In the right panel, on the other hand,

the larger deposit allows for a larger number of relaxation events, with additional QP
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Quasparticle Phonon —DM X Pair production Phonon emission

Figure H.1: Simulation of the QP down-conversion process for two initial energy de-
posits. The black line indicates the direction of the incoming DM. For visualization
purposes, each line terminates at an angular coordinate corresponding to its angle from
the incoming DM axis. Thus, the directions of the plotted excitations are represented
by their endpoints, not by their slopes. Left: since w = 2.09A, neither initial QP can
emit a phonon with energy above 2A, so no phonons can produce QP pairs. Thus,
the only QPs in the final state are those produced in the DM scattering event, with
their directions barely altered. Right: now w = 12.44A and the emission of above-gap
phonons is allowed. Thus, a chain of phonon emissions and decays erases much of the
initial directionality, although a preference for off-axis final states remains visible.
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pair production. While there remains a directional correlation between the final state
and the initial QPs, this correlation is partially erased by down-conversion. Directional
information is effectively lost for very large deposits.

The impact of down-conversion means that small deposits are favorable for
directionality even if the directionality of the initial QPs is smaller in this regime. We
can demonstrate this explicitly by evaluating the final-state asymmetry as a function of
the deposited energy. To facilitate quantitative discussion of directionality, we introduce
a quantitative “two-bin asymmetry” As, defined as follows. As discussed above, we
divide the final-state QPs into two bins of equal solid angle: the “on-axis” bin, with
lcos 0] > £, and the “off-axis” bin, with |cos@| < . We denote the counts in these two

bins by ng, and neg, respectively, and then define

7q‘OI‘l

Ay =2 X ———
Non + Noff

—1]. (H.1)

In particular, the isotropic distribution gives Ay = 0, and a totally asymmetric distri-
bution gives As = 1.

The left panel of Fig. H.2 shows A5 for the final-state QPs produced by a single
QP injected at fixed energy w with cos@ = 1. This serves as a proxy for the preservation
of directionality at fixed deposit. Directionality is almost perfectly preserved for very
low-energy QPs with w < 3A. Above this threshold, it becomes possible for the QP
to emit an above-gap phonon, with Ej;, > 2A. Such a phonon subsequently decays to
another pair of QPs, which have only weak angular correlation with the original QP.
The nature of the 3A threshold is also clearly visible in the right panel of Fig. H.2,

which shows the fraction of the total energy that resides in the QP system after down-
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Figure H.2: Directionality of final-state QPs resulting from the down-conversion of a
single QP of energy w oriented with cosf = 1. Left: asymmetry As of final-state QPs
(blue) and phonons (orange). Directionality of the final excitations is quickly erased
for w > A, and Ay approaches zero in the large-w limit. Right: Fraction of the total
energy residing in the QP system after down-conversion. The gray band shows the range
of asymptotic results 0.57-0.60 obtained in the literature for bulk Al superconductors
[498, 550].

conversion. For Fqgp < 3A, the QP relaxes almost all the way to the gap by emission
of sub-gap phonons, which cannot produce any additional QPs. Thus, the final state
consists of a single QP with Eqp ~ A, and a set of phonons with all the remaining energy
from the deposit. The fraction of the initial energy in the QP system is approximately
A/w. Upon reaching w > 3A, emission of above-gap phonons produces additional QPs
in the final state, sharply raising the fraction of the total energy in the QP system.
At large w, this fraction asymptotically reaches ~0.6. This is consistent with previous
studies of down-conversion in the high-energy limit, which find fractions between 0.57
and 0.60 [498, 550] (gray band in Fig. H.2).

Naively, Fig. H.2 suggests that the smallest deposits will yield the strongest

directionality. However, imposing an upper limit on the deposit also influences the
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Figure H.3: Top panels: total event rates as a function of initial deposit in the on-axis
(Jcos 6] > 3, solid) and off-axis (Jcos 6] > 1, dashed) bins for several DM masses, for light
(left panel) and heavy (right panel) mediators. Normalization of each pair of curves is
arbitrary and fixed for ease of visualization. Bottom panels: ratio of off-axis to on-axis
QP counts. The left and right panels assume a light and heavy mediator, respectively.
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directionality of the initial excitations, and, of course, the rate of events which fall
below the cut. To study the total directionality as a function of the deposited energy,
in Fig. H.3, we show the spectrum of final-state QPs in each of the two angular bins
(“on-axis” and “off-axis”) for several DM masses in the light- and heavy-mediator limits.
The bottom panels of Fig. H.3 show the ratios of these spectra, i.e., a signed and shifted
version of the two-bin asymmetry As.

For light mediators, directionality is quickly lost for deposits well above the
gap, and the ratio approaches 1. Moreover, the ratio is generally above 1. For heavy
mediators, due to the directionality of the initial excitations, the ratio declines less
noticeably, but it is near 1 throughout the plot and asymptotically reaches 1. As
anticipated in Fig. 9.1, light mediators always enhance the off-axis rate, while heavy
mediators can enhance either the off-axis or on-axis rates, depending on the DM mass:
since scattering through a heavy mediator can produce a QP distribution peaked either

in the forward direction or off-axis, the ratio can be either below or above 1.
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